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Chapter 1
 

Plasmids and Their Usefulness in
Molecular Cloning

INTRODUCTION

PROTOCOLS

Introduction to Preparation of Plasmid DNA by Alkaline Lysis with SDS (Protocols 1—3)

1

2

3

Preparation of Plasmid DNA by Alkaline Lysis with SDS: Minipreparation

Preparation of Plasmid DNA by Alkaline Lysis with SDS: Midipreparation

Preparation of Plasmid DNA by Alkaline Lysis with SDS: Maxipreparation

Introduction to Preparation of Plasmid DNA by Boiling Lysis (Protocols 4 and 5)

D
c
m
N
Q
U
‘
I
-
D

11

12

13

14

15

16

17

18

19

20

21

22

23

Preparation of Plasmid DNA by SmaII-scale Boiling Lysis

Preparation of Plasmid DNA by Large-scale Boiling Lysis

Preparation of Plasmid DNA: Toothpick Minipreparation

Preparation of Plasmid DNA by Lysis with SDS

Purification of Plasmid DNA by Precipitation with Polyethylene Glycol

Purification of Plasmid DNA by Chromatography

Purification of Closed Circular DNA by Equilibrium Centrifugation in CsCI-Ethidium

Bromide Gradients: Continuous Gradients

Purification of Closed Circular DNA by Equilibrium Centrifugation in CSCI-Ethidium
Bromide Gradients: Discontinuous Gradients

Removal of Ethidium Bromide from DNA by Extraction with Organic Solvents

Removal of Ethidium Bromide from DNA by Ion-exchange Chromatography

Removal of Small Fragments of Nucleic Acid from Preparations of Plasmid DNA by
Centrifugation through NaCl

Removal of Small Fragments of Nucleic Acid from Preparations of Plasmid DNA by

Chromatography through Sephacryl 5-1000

Removal of Small Fragments of Nucleic Acid from Preparations of Plasmid DNA by
Precipitation with Lithium Chloride

Directional Cloning into Plasmid Vectors

Attaching Adaptors to Protruding Termini

BIunt-ended Cloning into Plasmid Vectors

Dephosphorylation of Plasmid DNA

Addition of Synthetic Linkers to BIunt-ended DNA

Ligating Plasmid and Target DNAs in Low-melting-temperature Agarose

The Hanahan Method for Preparation and Transformation of Competent E. coli:

High-efficiency Transformation

1.31

1.32

1.35

.38

.43

.44

.47

.55

.59
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1.72

1.78

1.93

1.98

1.103

1.105
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24 The lnoue Method for Preparation and Transformation of Competent E‘ coli:

“Ultra-competent” Cells

25 Preparation and Transformation of Competent E. coli using Calcium Chloride

26 Transformation of E. coli by Electroporation

27 Screening Bacterial Colonies Using X-gal and lPTG: u-Complementation

0 Alternative Protocol: Direct Application of X-gal and IPTG to Agar Plates

28 Screening Bacterial Colonies by Hybridization: Small Numbers

29 Screening Bacterial Colonies by Hybridization: Intermediate Numbers

0 Alternative Protocol: Rapid Lysis of Colonies arid Binding of DNA to Nylon Filters

30 Screening Bacterial Colonies by Hybridization: Large Numbers

31 Lysing Colonies and Binding of DNA to Filters

32 Hybridization of Bacterial DNA on Filters

INFORMATION PANELS

Ch|oramphenico|

Kanamycins

pBR322

Tetracycline

Ampicillin and Carbenicillin

X-gal

a-Complementation

Ethidium Bromide

Condensing and Crowding Reagents

Purification of Plasmid DNA by PEG Precipitation

Lysozymes

Polyethylene Glycol

Cesium Chloride and Cesium Chloride Equilibrium Density Gradients

DNA Ligases

Adaptors

Electroporation
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.112

.116

.119
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.125
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4138

.143
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.149

.149
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.160

.162

PLASMIDS ARE EXTRACHROMOSOMAL MOLECULES or DNA that vary in size from 1 kb to more

than 200 kb. Most of them are double—stranded, covalently closed, circular molecules that can be

isolated from bacterial cells in a superhelical form. Plasmids:

are found in a wide variety of bacterial species; most plasmids have a narrow host range and

can be maintained only in a limited set of closely related species.

are extrachromosomal elements that behave as accessory genetic units that replicate and are

inherited independently of the bacterial chromosome.

have evolved a variety of mechanisms to maintain a stable copy number of the plasmid in their
bacterial hosts and to partition plasmid molecules accurately to daughter cells.

are dependent, to a greater or lesser extent, on the enzymes and proteins encoded by their host
for their replication and transcription.  
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o frequently contain genes coding for enzymes that are advantageous to the bacterial host. These

genes specify a remarkably diverse set of traits, many of which are of great medical and com—

mercial significance. Among the phenotypes conferred by plasmids are resistance to and pro-

duction of antibiotics, degradation of complex organic compounds, and production of col—

icins, enterotoxins, and restriction and modification enzymes.

 

The word "plasmid," introduced by Joshua Lederberg in 1952, was defined as an extraehromosomal genet-
ic element. It was supplanted for a while by “episome,” a term proposed byJacob and Wollman (1958) to
describe an accessory genetic element that is transmissable from cell to cell and may be propagated either
in the cytoplasm or, after insertion, as part of the bacterial chromosome. However, operational difficulties

soon arose in deciding whether some extrachromosomal elements were plasmids, because they were
never seen to insert into the host chromosome, or episomes that inserted at very low frequency. Hayes
(1969) therefore suggested that the term episome “should be thanked for its services and sent into hon-
ourable retirement." This has not happened: Both words are now in common use, and the distinction
between them has become blurred. However, most of the vectors discussed in this chapter are plasmids
as defined by Lederberg and not episomes as defined by Jacob and Wollman. So, for readers who desire
firm guidance in this matter, we say that “plasmid” is more correct than "episome” most of the time, but
there are of course always exceptions.   
 

THE REPLICONS OF PLASMIDS DEFINE THEIR COPY NUMBER

A replicon is a genetic unit consisting of an origin of DNA replication and its associated control

elements. In plasmids, the origin of replication is a defined segment of DNA several hundred base

pairs in length: Its set of associated cis-acting controlling elements contains sites for diffusible

plasmid- and host-encoded factors involved in initiation of DNA synthesis. A plasmid replicon

can therefore be defined as the smallest piece of plasmid DNA that is able to replicate autonomous—

ly and maintain normal copy number.

 

The term ”replicon” was first used at the 1963 Cold Spring Harbor Symposium (Jacob et al. 1964) in a theo-
retical paper explaining how circular, extrachromosomal DNA molecules in bacteria might replicate. Since
then, many of the predictions of the original prokaryotic model have been validated by biochemical and genet-
ic experiments, and the definition of replicon has expanded to include chromosomal and extrachromosomal 1

replication units in both prokaryotes and eukaryotes. 1 
 

More than 30 different replicons have been identified in plasmids. However, almost all plas-

mids used routinely in molecular cloning carry a replicon derived from pMBl, a plasmid origi-

nally isolated from a clinical specimen (Hershfield et al. 1974). Plasmids carrying the primeval

pMBl replicon (or its close relative, the colicin E1 [colEl] replicon [Balbas et al. 19861) maintain

between 15 and 20 copies in each bacterial cell However, over the years, the pMBl/colEl replicon

has been extensively modified to increase the copy number, and hence the yield, of plasmid DNA.

High—copy-number plasmid vectors are available in huge variety, are the workhorses of molecu—

lar cloning, and are used for almost all routine manipulation of small segments of recombinant

DNAs (<15 kb in size). By contrast, low—copy—number vectors, which carry replicons from

sources other than pMBl/colEl (Table 1—1), are required for special purposes. These include (1)

cloning of DNA sequences that are unstable and genes that are lethal when propagated in high-

copy-number plasmids and (2) constructing bacterial artificial chromosomes (BACs), which are

vectors used to propagate large ( ~ 100 kb) segments of foreign DNA as plasmids in Escherichia coli

(please see Chapter 2).  
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TABLE 1-1 Replicons Carried by Plasmid Vectors
 

 

PLASMID REPLICON COPY NUMBER REFERENCES

pBR322 pMBl 15—20 Bolivar et 31. (l977b)

pUC modified form of pMBl 500—700 Vieira and Messing (1982, 1987); Messing

(1983); Lin—Chao et a1. (1992)

pMOB45 pKN402 15—1 18 Bittner and Vapnek (1981)

pACYC pISA 18—22 Chang and Cohen (1978)

pSClOl pSC101 ~5 Stoker et a1. (1982)

(01151 c01E1 15—20 Kahn et a1. (1979)
 

REPLICATION OF PLASMIDS

Stringent and Relaxed Replication

The copy number of a plasmid is defined as the average number of plasmids per bacterial cell or

per chromosome under normal growth conditions. Controlled by the plasmid rep1icon, the copy

number can increase or decrease within a narrow range in response to changes in the growth con—

ditions of the bacterial culture. At steady state, the popu1ation of plasmid doubles at exactly the

same rate as the population of host cells, and the copy number remains constant.

Plasmids, whatever their rep1icon, maintain harmony between their rate of replication and

that of the host by rationing the supply of a molecule that affects the frequency of initiation of
plasmid DNA synthesis. In plasmids carrying the pMBl/colEl rep1ic0n, this positive regulatory
molecule is an RNA, known as RNAII, which is used to prime initiation of leading—strand DNA

synthesis. However, the regulatory molecule of other rep1icons (e.g., pSC101) is a cis—acting pro—

tein (RepA) that acts positively on the origin of replication and negatively regulates the tran—

scription of its own gene (Linder et a1. 1985; for reviews, please see Nordstrdm 1990; Nordstrc’im

and Wagner 1994; Helinski et a1. 1996). In a11 cases, the synthesis and activity of positive regula—
tory RNA and protein molecules are modulated by ancillary trans-acting products whose con-

centration is responsive to plasmid copy number or to alterations in the physiology of the host
bacterium.

Plasmids whose positive regulatory molecule is an RNA molecule generally have high copy
numbers and do not require any plasmid—encoded proteins for rep1ication. Instead, they rely
entirely on long—lived enzymes and proteins supplied by the host, including chaperones, DNA
polymerases 1 and III, DNA-dependent RNA polymerase, ribonuclease H (RNase H), DNA
gyrase, and topoisomerasel ( for review,p1ease see Helinski et a1. 1996). These plasmids, which are
said to replicate in a “relaxed” fashion, continue to duplicate when protein synthesis is inhibited
by amino acid starvation (Bazaral and Helinski 1968) or by addition of an antibiotic such as chlo—
ramphenicol (Clewell and Helinski 1969) (please see the information panel on CHLORAMPHENI-

COL). Because protein synthesis is required for initiation of each round of host DNA synthesis but
not for plasmid replication, the content of p1asmid DNA in cells exposed to chloramphenicol
increases relative to the amount of chromosomal DNA (C1ewe11 1972). Over the course of sever—
al hours of amplification, thousands of copies of a relaxed plasmid may accumulate in the cell; at
the end of the process, plasmid DNA may account for 50% or more of the total ce11ular DNA. By
contrast, plasmids such as pSC101 require ongoing synthesis of the RepA protein for replication,
and their copy number cannot be amplified, nor their yield increased, by inhibiting cellular pro—
tein synthesis. Such plasmids are said to replicate under “stringent” control.  
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Initiation of DNA Synthesis at colEl Origins Is Primed by RNA"

Initiation occurs within a 600-nucleotide region that contains all of the cis—acting elements

required for replication. Synthesis of leading-strand DNA is primed by RNAII (Figure 1-1) (for

review, please see Eguchi et al. 1991).

Synthesis of the precursor to RNAII is initiated at a promoter 550 bp upstream of the ori-

gin, proceeds through the origin, and terminates at one of a number of closely spaced sites locat—
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FIGURE 1-1 DNA Synthesis at the colE1 Replicon: Interaction between RNAI and RNAII

(A) Genetic map of the coIE1 replicon with transcription patterns of this region. (B) RNAlI serves as the
primer for DNA synthesis at the coIE1 replicon. During synthesis of RNAII, the 5' region of the nascent
molecule folds into a specific conformation that allows the growing 3 ’end to form a persistent DNA-RNA
hybrid with the DNA template at the origin of replication. The 3’region of RNAII is processed by RNase
H to generate a primer that is used for synthesis of the leading strand by DNA polymerase I. (C) The “kiss-
ing complex” between RNAI and RNAII is stabilized by binding of dimeric Rom/Rop protein. (D) Blow up
of the ”kissing complex” between RNAI and RNAII. The stable complex between RNAI and RNAI! pre-
vents DNA synthesis by suppressing the formation of the stable hybrid between RNAII and DNA.
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ed ~150 nucleotides downstream. The 5‘ end of the ~750—nuc1e0tide primary transcript folds
into a complex secondary structure that brings a G—rich loop in RNAI] into alignment with a C-

rich stretch of plasmid DNA located 20 nucleotides upstream of the origin on the template

strand. The RNAII transcript is then processed into mature primer by RNase H, which cleaves the

RNA within a sequence of five A residues at the origin. The resulting 555-nucieotide mature

RNAII is used as a primer by DNA polymerase I to initiate synthesis of the leading strand (for

reviews and references, please see Kites and Stahl 1989; Cesareni et al. 1991; Helinski et al. 1996).

Extension ofthe stable DNA—RNA hybrid exposes sites on the complementary strand of DNA at

which discontinuous synthesis of the lagging strand is initiated. Because lagging—strand synthesis

is blocked ~2O nucleotides upstream of the origin by the unhybridized segments of RNAH, repli—

cation progresses unidirectionally in Cairns or 9 structures in plasmids carrying pMBl/colEl

replicons.

RNAI Is a Negative Regulator of Replication

The colEl replicon is unable to influence the activity of the host enzymes required for plasmid

replication and, therefore, is unable to alter the speed or course of events that occur after DNA

synthesis has been initiated. Consequently, control of copy number must be exerted at or before

initiation of DNA replication. Synthesis of plasmid DNA depends on the formation of a persis—

tent DNA—RNAII hybrid at the origin of replication. Under normal circumstances, initiation is

controlled by altering the equilibrium between correctly folded RNAII, which can form the per-

sistent hybrid, and inappropriately folded structures of RNAII, which cannot.

Sway over this equilibrium lies chiefly in the hands of RNAI, a small transcript of 108 bases

encoded by the antisense strand of the RNAII gene. RNAI folds into a Cloverleaf structure that

binds to the nascent RNAII precursor and thereby prevents its folding into the secondary struc—

ture required for formation of the persistent hybrid (Lacatena and Cesareni 1981).

The mechanism by which RNAI and RNAII interact has been described in great detail by

Tomizawa and his colleagues (e,g., please see Tomizawa 1990a). The picture that emerges is one

ofdynamic interactions between RNAI and short—lived folding intermediates of RNAII. The fold—

ing of RNAI] is particularly vulnerable to interference by RNAI When the nascent RNAII tran—

script is between 80 and 360 nucleotides in length. The initial contacts occur between stem—loops

in the two RNA molecules and lead to formation of a segment of double—stranded RNA that

involves the 5' sequences of RNAH and the entire length of RNAI. RNAI therefore controls plas—

mid copy number by acting as a negative regulator of initiation of plasmid DNA synthesis.

me copy number of the pUC family of plasmidsIS much higher than that of other plasmids carrying a pM81
or coIE1 replicon. ThisIS because pUC plasmids carry a point mutation that alters the secondary structure of

‘ the positive regulatory molecule t'RNAII)in a temperature--dependent fashion. At 37°C or 42“C RNAII appears ‘
. to fold into a conformation thatIS resistant to inhibition by RNAI. initiation of DNA synthesisIS enhanced,
Esuitingin abnormally high copy number. When the bacterial cultureis grown at 30"C, the copy number of

 

1

UC plasmidsIS restored to normal (Lin-Chao et al. 1992). i
A ,i

The simplest hypothesis to explain the maintenance of p1asmid copy number is that the
steady—state concentration of cytoplasmic RNAI is determined by gene dosage (Tomizawa 1987;
Chiang and Bremer 1991). Thus, if the copy number of the plasmid increases above normal, the
concentration of RNAI will rise and plasmid DNA replication will be inhibited. However, this
coupling between plasmid copy number and fluctuations in inhibitor concentration can work
only if the half—life of RNAI is short (Pritchard 1984) and if the rate of degradation of RNAI is
proportional to the rate of growth of the culture. These two conditions both appear to be fulfilled  
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under normal conditions of cell growth, where the half—life of RNAI is 1—2 minutes. Kinetic cal—

culations show that this period is sufficiently short for the molecule to act as a real—time sensor of

plasmid copy number (Brendel and Perelson 1993).

Degradation of RNAI proceeds in two stages. First, the five 5’—terminal nucleotides are

removed by endonucleolytic cleavage by RNase E. The truncated molecule can still bind to RNAII

but is now susceptible to degradation by a ribonuclease whose activity is responsive to growth rate

(Lin-Chao and Cohen 1991). This regulation provides a mechanism to maintain a constant num—

ber of plasmids even when the growth rate of cells is fitful.

The Rom/Rop Protein Empowers the Negative Regulatory Activity of RNAI

The efficiency of binding of RNAI to RNAII is improved by a plasmid—encoded protein known as

Rom (RNAI modulator) or Rop (repressor of primer). By improving the efficiency of hybrid for—

mation between RNAI and RNAH, Rom enhances the negative regulatory action of RNAI.

Accordingly, deletion of the rom/rop gene increases the copy number of colEl plasmids by at least

two orders of magnitude (Twigg and Sherratt 1980). For example, deletion of the rom/rop genes

raises the copy number of the old war horse pBR322 from 15—20 copies to more than 500 copies

per bacterial cell, whereas insertion of a segment of foreign DNA into the rom/rop gene causes

lethal runaway plasmid DNA replication (Giza and Huang 1989).

 

Rom is a homodimer of a 63-amino-acid polypeptide encoded by a gene lying 400 nucleotides downstream
from the c0|E1 origin of replication (Twigg and Sherratt 1980; Tomizawa and Som 1984). Each subunit of the

dimer consists of two 01 helices connected by a sharp bend; therefore, the dimer is a tight bundle of four (x
helices exhibiting twofold symmetry (Banner et al. 1987). Rom binds to RNAI and RNAI] with similar affinities
(Helmer-Citterich et al. 1988) and drives unstable intermediates formed between the two complementary ‘
RNAs into a more stable structure (Lacatena et al. 1984; Tomizawa and 50m 1984; Tomizawa 199Gb). Most 1
probably, each of the two subunits of Rom recognizes sequence and structural elements in both RNAI and ‘
RNAI]. Rom binds to a stem on the interacting RNAs, stabilizing the “kissing" complex (Tomizawa 1985) and
initiating formation of a perfect RNAI-RNAII hybrid (Eguchi and Tomizawa 1990).
 

1NCOMPATIBILITY OF PLASMIDS
 

When two plasmids share elements of the same replication machinery, they compete with each

Other during both replication and the subsequent step of partitioning into daughter cells. Such

plasmids are unable to coexist without selection in bacterial cultures. This phenomenon is known

as incompatibility ( for reviews, please see Davison 1984; Novick 1987).

 

Plasmids carrying the same replicon belong to the same incompatibility group and are unable to be maintained ‘
within the same bacterium. Plasmids carrying replicons whose components are not interchangeable belong to ‘
different incompatibility groups and can be maintained in the same bacterium. Examples of plasmids that are
compatible with coIE1-type plasmids are p15A, R6K, and F.
 

Plasmids carrying the same replicon are selected at random from the intracellular pool for
replication. However, this does not guarantee that the copy numbers of two plasmids will remain
constant in a bacterial population. Larger plasmids, for example, require more time to replicate
than do smaller plasmids and are at a selective disadvantage in every cell of the bacterial popula—
tion. Plasmids of similar size may also be incompatible because of imbalances in the efficiency of
initiation resulting from stochastic processes within individual bacterial cells. Such turns of

mm-- ...,..... ....— - w_w-_-w—————-—-—-——~._‘ ,  
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TABLE 1-2 Control Elements That Regulate Replication

 

INCOMPATIBILITY NEGATIVE CONTROL
GROUPS ELEMENT COMMENT

collil, pMBI RNA] controls processing of pre—RNAII into primer

lncFIl, pT181 RNA controls synthesis of RepA protein

P I, F, 116K, prlOI, p 1 5A iterons sequesters RepA protein
 

chance can lead rapidly to drastic differences in the copy number of the two plasmids. In some

cells, one plasmid might dominate, whereas in other cells, its incompatible partner might pros-

per. Over the course of a few generations of bacterial growth in the absence of selection, the

minority plasmid may be completely eliminated from some cells of the population. Descendants

ofthe original cell may contain one plasmid or the other, but very rarely both.

The regions of plasmid DNA that confer incompatibility can be identified by introducing

segments of the DNA into an unrelated multicopy replicon and determining the ability of a test

plasmid to coexist with the hybrid. For example, the incompatibility locus of the stringent, low—

copy-number plasmid pSCIOI maps to a series of directly repeated ~20-bp sequences known as

iterons, located at the origin of replication. The iterons, in conjunction with the nearby cis—acting

par locus, appear to “handcuff” plasmid DNA molecules by sequestering the plasmid-encoded

RepA protein so that it can no longer facilitate binding of host—encoded proteins to the origin (for

review, please see Nordstrbm 1990). By contrast, in the case of colEl described above, incompat-

ibility is defined by the inhibitory activity of RNAI (for review, please see Novick 1987). Any two

plasmids that are isogenic for RNAI and use it for regulation are incompatible, whether or not

they share any other functions (Tomizawa and Itoh 198 I ).

As discussed earlier, m05t vectors in current use carry a replicon derived from the plasmid

pMB1.These vectors are incompatible with all other plasmids carrying the colEI replicon but are

fully compatible with iteron—binding replicons such as those in pSCIOI and its derivatives. Table

1—2 lists several well—known plasmids and negative control elements involved in regulating their

replication.

HPLASMID VECTORS
 

Selectable Markers

Plasmid vectors contain genetic markers that confer strong growth advantages upon plasmid—bear-

ing bacteria under selective conditions. In molecular cloning, these markers are used:

0 To select clones ofplasmid—bearing bacteria: In the laboratory, plasmid DNA can be introduced
into bacteria by the artificial process of transformation. However, even under the best condi—

tions, transformation is generally inefficient, and plasmids become stably established in only a
small minority of the bacterial population. Selectable markers carried by the plasmid allow

these rare transformants to be selected with ease. These plasmid-encoded markers provide spe—

cific resistance to (i.e., the ability to grow in the presence of) antibiotics such as the

kanamycins, ampicillin and carbenicillin, and the tetracyclines, The properties and modes of

action of these antibiotics are discussed in information panels at the end of this chapter.

a To indemnify transformed bacteria against the risks imposed by their burden ofplasmid DNA
or plasmid-encoded proteins: Plasmids present at low copy numbers (<2O copies/cell) do not

~ ..._..t._.......__.__.._____..,.__. u __
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appear to unduly handicap their host cells. However, much evidence shows that high—copy-

number plasmids and large quantities of recombinant proteins can severely hamper the

growth, and even the survival, of transformed cells (Murray and Kelley 1979; Beck and Bremer

1980). To prevent the emergence of bacteria from which the plasmid has been eliminated, it is

important to sustain selective pressure by including the appropriate antibiotic in the culture

medium at all times.

In the early 1970s, selectable markers, typically kanr or ampr or tet-r, were introduced into plas—
mids carrying the pMBl (or colEl) replicon (please see the information panels on KANAMYCINS,

TETRACYCLINE, and AMPICILLIN AND CARBENICILLIN). The first plasmids used as cloning vectors

— pSC101 (Cohen et al. 1973) eolEl (Hershfield et al. 1974), and pCRl (Covey et al. 1976) —

were limited in their versatility: Either they replicated poorly or they carried unsuitable selectable

markers, and none of them contained more than two restriction sites that could be used for

cloning. The first plasmid to combine all of the then—available desirable features was pBR313
(Bolivar et al. 1977a,b; please see the information panel on pBR322 ). It replicated in a relaxed fash-

ion, contained two selectable markers (tet r and ampr), and carried a number of useful restriction

sites. However, pBR313 was unnecessarily large; more than half of its DNA was not essential for

its role as a vector. The first phase of plasmid vector development ended with the construction of

pBR322 (Bolivar et al. 1977b), a plasmid of 4.36 kb from which most of these unnecessary

sequences had been eliminated. pBR322 was the most widely used cloning vehicle ot~ its day, and

many of the plasmid vectors in current use are its distant descendants (for review, please see

Balbas et al. 1986).

This period saw the evolution of clunky plasmids such as pBR322 into vectors that were smaller
in size, higher in copy number, and able to accept fragments of foreign DNA generated by cleav-
age with a wider range of restriction enzymes. There is no strict upper limit to the size of DNA

fragments that can be cloned in plasmids. However, there are advantages in reducing the size of

plasmid vectors to a minimum. Plasmid copy number, stability, and transforming efficiency all

increase as the size of their DNA is reduced. Smaller plasmids can accommodate larger segments

of foreign DNA before their efficiency begins to deteriorate. In addition, because smaller colEl

plasmids replicate to higher copy numbers, the yield of foreign DNA is increased and hybridiza—
tion signals are fortified when transformed colonies containing cloned foreign DNA sequences

are screened with radiolabeled probes.

In the late 19705 and early 1980s, the problems of unwieldiness and inefficiency were

addressed when streamlined derivatives of pBR322 were constructed. These plasmids lacked

ancillary sequences involved in the control of copy number and mobilization. Unfortunately, the

first—generation high-copy-number plasmids, of which pr3 (Hanahan 1983) and pAT53 (Twigg

and Sherratt 1980) were the best known, suffered from a major defect: Foreign DNA sequences

could be inserted only at a limited number of restriction sites located within the “natural“

sequences used to construct the plasmid. Within a year or two, these plasmids had been replaced

by a revolutionary series of vectors (pUC vectors), in which the number of restriction enzyme

cleavage sites was expanded and their distribution within the vector was rationalized (Messing

 



1.10 (flmptcr 1: Plasmids and Their Usefulness in Molecular Cloning

1983; Norrander et al. 1983; Yanisch-Perron et al. 1985; Vieira and Messing 1987). The pUC vec—

tors were the first plasmids to contain a closely arranged series of synthetic cloning sites, termed

polylinkers, multiple cloning sites, or polycloning sites, that consist of banks of sequences recog—

nized by restriction enzymes. In most cases, these restriction sites are unique; ie., they are not

found elsewhere in the plasmid vector. For example, the polycloning site from the vector pUCl9

consists of a tandem array of unique cleavage sites for 13 restriction enzymes: HindIH,SphI,Pst1,

Sail, Acc1,Hinc11,Xba1, BamHI,Sma1,XmaI,Kpn1, Sad, and EcoRI.

Such arrays of recognition sequences provide a vast variety of targets that can be used singly

or in combination to clone DNA fragments generated by cleavage with a large number of restric—

tion enzymes. Furthermore, fragments inserted at one restriction site can often be excised by

cleavage of the recombinant plasmid with restriction enzymes that cleave at flanking sites.

Insertion of a segment of DNA into a polycloning site is therefore equivalent to adding synthetic

linkers to its termini. The availability of these flanking sites greatly simplifies the task of mapping

the segment of foreign DNA.

A potential disadvantage of drawing together all cloning sites into one location in a plasmid

is the inability to use inactivation of a selectable marker to screen for recombinants. This method

had been used extensively with first—generation p1asrnids,such as pBR322, that carry two or more

different selectable markers, e.g., tetrand ampr, each containing a “natural” restriction site.

Insertion of foreign DNA sequences into one of these sites inactivated one of the two markers.

Bacteria containing recombinant plasmids could therefore be distinguished from those carrying

the empty parental vector by Virtue of their ability to grow in only one of the two sets of selective

conditions (please see the information panel on AMPICILLIN AND CARBENICILLIN).

Insertional inactivation is not possible with pUC vectors, which carry only one antibiotic

resistance gene (typically ampr) and an aggregated set of cloning sites. However, recombinant

plasmids can be readily distinguished from parental pUC plasmids by screening the color of bac—

teria] colonies. pUC vectors and many of their derivatives carry a short segment of E1 roli DNA

that contains the regulatory sequences of the lacZ gene and the coding information for the

amino—terminal 146 amino acids of B—galactosidase. Embedded in the coding information, just

downstream from the initiating ATG, is a multiple cloning site. The small amino-terminal frag-

ment of B—galactosidase expressed by pUC vectors in transformed bacteria has no endogenous B—

galactosidase activity. However, the amino—terminal fragment, known as the ot—fragment, can

complement certain mutants of B-galactosidase, which are themselves inactive, producing an

enzyme that has abundant catalytic activity. oc-complementation occurs when pUC plasmids are

introduced into strains of E. coli that express an inactive carboxy—terminal fragment (the to-frag-

ment) of fi—galactosidase.

\Vhen a segment of foreign DNA is cloned into the multiple cloning site of pUC vectors, the

sequence encoding the oc—fragment is disrupted, and a—complemention is either greatly sup—

pressed or abolished altogether. Bacterial colonies containing recombinant plasmids are therefore

amp' and contain little or no B—galactosidase activity. By contrast, bacteria1 colonies containing

empty plasmids are ampr and are able to hydrolyze nonfermentable, chromogenic substrates such

as 5—bromo-4-chloro—3-indole—B—D-galactoside (X-gal) (Horwitz et al. 1964; Davies and Jacob

1968; please see the information panels on X-GAL and on a-COMPLEMENTATION). The two types

of colonies can therefore be distinguished by a simple, nondestructive histochemical test (Miller

1972). When X-gal is included in the agar medium, colonies carrying parental nonrecombinant

plasmids become deep blue, whereas those containing recombinant plasmids either remain an

ordinary creamy white or become tinted in pale egg—shell blue (for more details, please see the

information panel on a-COMPLEMENTATION).
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The latest phase of construction of plasmid vectors has involved the incorporation of ancillary

sequences that are used for a variety of purposes, including generation of single—stranded DNA

templates for DNA sequencing, transcription of foreign DNA sequences in vitro, direct selection

of recombinant clones, and expression of large amounts of foreign proteins. These specialized

functions are discussed briefly here and in more detail in later chapters.

Plasmid Vectors Carrying Origins of Replication Derived

from SingIe-stranded Bacteriophages

Many plasmid vectors in current use carry the origin of DNA replication from the genome of a

single-Stranded filamentous bacteriophage such as M13 or fl (please see Chapter 3). Such vectors,

which are sometimes called phagemids, combine the best features of plasmid and single—strand-

ed bacteriophage vectors and have the advantage of two separate modes of replication: as a con~

ventional double-stranded DNA plasmid and as a template to produce single-stranded copies of

one of the phagemid strands. A phagemid can therefore be used in the same way as an orthodox

plasmid vector, or it can be used to produce filamentous bacteriophage particles that contain sin—

gle-stranded copies of cloned segments of DNA. Since their introduction in the early 19805,

phagemids have eliminated much of the need to subclone segments of foreign DNA from plas-

mids into conventional single—stranded bacteriophage vectors.

Production of single-stranded DNA is induced when bacteria carrying a phagemid are

infected with a helper bacteriophage that carries the genes required to (l) generate single—strand-

ed DNA from a double—stranded template and (2) package the single—stranded DNA into fila-

mentous virus particles. The defective filamentous virions secreted from a small-scale culture of

infected bacteria contain sufficient single—stranded DNA for sequencing (please see Chapter 12;

for preparation of radiolabeled single-stranded probes, please see Chapter 9 or for site-directed

mutagenesis, please see Chapter 13).

In most cases, pairs of plasmid vectors are available that differ in the orientation of the bac-

teriophage origin of replication. The orientation ofthe origin determines which of the two DNA

strands will be encapsidated into bacteriophage particles. By convention, a plus sign { +) indicates

that the origin in the plasmid and that in the bacteriophage particle are in the same orientation.

For more details on the design and use of phagemids, please see Chapter 3.

Plasmid Vectors Carrying Bacteriophage Promoters

Many plasmid vectors carry promoters derived from bacteriophages T3, T7, and/or SP6 adjacent

to the multiple Cloning site (MCS). Foreign DNAs inserted at restriction sites within the MCS can

therefore be transcribed in vitro when the linearized recombinant plasmid DNA is incubated with

the appropriate DNA—dependent RNA polymerase and ribonucleotide precursors (please see

Chapter 9). These promoters are 50 specific that RNA polymerase from SP6, for example, will not

synthesize RNA from any other bacteriophage promoter located elsewhere in the plasmid.

Many commercial vectors (e.g., vectors of the pGEM series or the Bluescript series) carry

two bacteriophage promoters in opposite orientations, located on each side of the multiple

cloning site (Short et al. 1988). This organization allows RNA to be synthesized in vitro from

either end and either strand of the foreign DNA, depending on the type of RNA polymerase used
in the transcription reaction. The RNAs generated in this way can be used as hybridization probes

or can be translated in cell—free protein-synthesizing systems. In addition, vectors carrying the T7
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promoter can be used to express cloned DNA sequences in bacteria expressing T7 RNA poly—

merase (please see Chapter 9, Protocol 8) (Tabor and Richardson 1985).

Positive Selection Vectors

Identifying plasmids with DNA inserts can be frustrating and time-consuming. However, a vari—

ety of cloning vectors have been developed that allow growth only of bacterial colonies carrying

recombinant plasmids (for reviews, please see Burns and Beacham 1984; Hengen 1997). Bacteria

containing the empty parental plasmid are unable to form colonies under selective conditions.

Typically, the plasmids used in these systems express a gene product that is lethal for certain bac-

terial hosts; cloning a segment of foreign DNA into the plasmid inactivates the gene and relieves

the toxicity. For example, Bochner et al. (1980), Maloy and Nunn (1981), and Craine (1982)

describe conditions under which transformed bacteria carrying plasmid vectors coding for tet I

will die, whereas recombinant plasmids carrying a segment of foreign DNA within the ref ' gene

will grow. Other conditionally lethal genes used in various positive selection vectors include those

encoding the bacteriophage lt repressor (Nilsson et al. 1983; Mongolsuk et al. 1994), EcoRI methy—

lase (Cheng and Modrich 1983), EcoRI endonuclease (Kuhn et al. 1986), galactokinase (Ahmed

1984), colicin E3 (Vernet et al. 1985), transcription factor GATA-1(Trudel et al. 1996), the lysis

protein of ¢Xl74 (Henrich and Plapp 1986), the cch gene of E. coli (Bernard 1995, 1996), and

barnase (Yazynin et al. 1996). Ingenious as these positive selection systems may be, few of them

have found wide use. In many cases, the number of potential cloning sites is limited, the efficien—

cy of the selection may be variable, special host cells may be required, and the plasmids may be

devoid of desirable features (e.g., bacteriophage promoters and bacteriophage M13 origin of

DNA replication). In consequence, most investigators prefer to reduce the background of empty

plasmids by other means, for example, by optimizing the ratio of vector DNA to insert in the lig—

ation reaction, dephosphorylating the vector, or using directional cloning. Colonies containing

the desired recombinant are then identified by hybridization in situ to radiolabeled probes,

restriction analysis of small—scale preparations of plasmids, and/or polymerase chain reaction

(PCR) amplification of inserts.

Low—copy—number Plasmid Vectors

By contrast to conventional high-copy—number plasmid vectors, which carry souped—up versions

of the colEl replicon, low—copy—number plasmid vectors are built around replicons such as R]

that keep plasmid DNA synthesis under a very tight rein.

The first generation of low—copy vectors — rather bulky and fairly rough-hewn by today’s

standards — was designed to solve problems of toxicity that arose when particular types of for—

eign genes and DNA sequences were cloned in plasmid vectors. Many genes coding for membrane

and DNA—binding proteins fall into this class, as do certain promoters and regulatory sequences

(e.g., please see Fiil et al. 1979; Hansen and von Meyenberg 1979; Little 1979; Murray and Kelley

1979; Beck and Bremer 1980; Spratt et al. 1980; Claverie-Martin et al. 1989). Sometimes, these

DNA sequences and gene products are so toxic to the host bacteria that it is simply impossible to

isolate transformed strains using high-copy—number vectors. If transformants are obtained, their

growth rate is often frustratingly slow, and the cloned foreign DNA sequences are often unstable.

To solve these problems, multipurpose low—copy-number vectors have been developed that carry

tightly regulated prokaryotic promoters with a low level of basal expression, for example, the pET

series of vectors, and prokaryotic transcription terminators to prevent spurious transcription of

foreign DNA sequences from upstream plasmid promoters. These low—copy-number vectors now

come equipped with multiple cloning sites, origins of replication of single-stranded bacterio—
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phages, T3 and T7 promoters, and other useful modular conveniences of proven worth. Most
modern low—copy—number vectors also carry par 10ci that promote accurate partitioning of plas-
mid molecules into daughter cells during cell division. Problems of plasmid instability may also
be solved by using an E. coli strain that suppresses replication of colEl plasmids. Most strains of
E. coli used as hosts for colEl plasmids carry a wild-type version of a gene known as pan, which
codes for poly(A) polymerase.Wi1d-type pan promotes the decay of RNAI, the negative regula—
tor of copy number of colEl plasmids, by adding adenylate residues to the 3' terminus of RNAI.
In its polyadenylated form, RNAI is highly unstable and is therefore unable to prevent formation
of RNAII, the primer for plasmid DNA synthesis. In strains of E. mli bearing a mutant pan allele,
RNA] remains unadenylated and its half—life is extended. Processing of RNAII is suppressed and
the copy number of colEl plasmids is thereby reduced by a factor of ~10. Many recombinant
colEI plasmids that are unstable in conventional E. coli hosts can be grown successfully in pan
mutant strains (He et a1. 1993; Ellis et al. 1995; Podkovryov and Larson 1995; Pierson and Barcak
1999).

Runaway—replication Plasmid Vectors

Runaway vectors replicate in a normal fashion at temperatures up to 34°C. However, their copy
number increases as the temperature of the culture is raised until, at 39°C, plasmid replication
becomes uncontrolled. Vectors based on the low-copy-number IncFII plasmid R1 have been con—
verted to runaway-replication vectors by artificially increasing the rate of synthesis of repA
mRNA, for example, by placing the repA gene under the control of the bacteriophage 71 pR or pI
promoter. The activity of this promoter is in turn controlled by the temperature—sensitive l
repressor 61857 (for review, please see Nordstrom and Uhlin 1992). Because runaway amplifica—
tion occurs in the presence of protein synthesis, the expressed product of a foreign DNA cloned
in a runaway plasmid may eventually constitute 50% of the protein in a bacterial cell in which
plasmid replication has gone amok (e.g.,p1ease see Remaut et al. 1983).

Runaway plasmid replication and associated production of plasmid—encoded proteins place
the cell under severe metabolic strain that is reflected in a decreased growth rate and, sometimes,
cell death (Uhlin and Nordstrom 1978; Uhlin et a1. 1979; Remaut et al. 1983). For this reason, it
is important to ascertain the time of induction required to obtain maximal yields of the intact
target protein.

Plasmid Expression Vectors

A large number of plasmid vectors have been constructed that contain powerful promoters capa—
ble of generating large amounts of mRNA in Vivo from cloned foreign genes. Nowadays, the activ—
ity of many of these promoters can be stringently regulated so that there is (1) minimal basal
expression of the target gene under repressed conditions and (2) fast and dramatic induction of
expression of the cloned gene in response to simple changes in the conditions of culture. For
native proteins to be produced in large quantities, the vector must contain an efficient Shine—
Dalgarno sequence upstream of the initiating ATG codon. The distance between the Shine-
Dalgarno sequence and the ATG codon is crucial (Shine and Daigarno 1975) if maximal expres—
sion of the foreign protein is to be achieved.

In many cases, plasmid expression vectors are designed to express foreign proteins that are
not linked to any prokaryotic sequences; more commonly, however, expression vectors generate
fusion proteins that are encoded partly by the vector and partly by an open reading frame in the
cloned segment of foreign DNA. The foreign protein is therefore synthesized as a fused polypep—  
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tide containing a tract of amino acids that are not normally part of the native protein. In the early

days of cloning, the tract of foreign amino acids was often large enough to produce dramatic

changes in the physical and biological properties of the protein under study. Solubility and sta—

bility could be altered for better or worse, and there was a good chance that the biological prop—

erties of the protein would be compromised, at least to some extent.

During the last few years, the sequences contributed by the vector have shrunk dramatical-
ly in size. In most cases, they are less than a dozen residues in length and generally do not affect
the function of the protein under study. Frequently, these “tags” are antigenic determinants (epi—
topes) that are recognized by specific antibodies. Epitope-tagged proteins can be purified with an
existing epitope—specific antibody ( for reviews, please see Kolodziej and Young 1991; Keesey
1996). The same antibody can be used to detect the epitope tag in a variety of expressed proteins.

The virtues and limitations of expressing proteins in these three forms — as native proteins,
as fusion proteins, and as epitope-tagged proteins — are discussed in more detail in Chapter 18.

Finding Plasmid Vectors Appropriate for Specific Tasks

When looking for common or garden—variety plasmids that can be used for a wide range of gen—
eral purposes, the first port of call should be the catalogs of commercial suppliers. Often, these
companies will have something with a suitable combination of markers, modules, cloning sites,
and epitopes that can be used without extensive engineering. These off—the—shelf vectors have
been tested under a wide variety of conditions in many laboratories. It does not take a rocket sci—
entist to make them work well.

Unfortunately, there is no easy and certain way to search the literature for descriptions of
plasmid vectors with unusual properties that are suited to particular purposes. Obviously, the abil—
ity to carry out Boolean searches of databases such as Medline, Entrez, and PubMed with the logic
operators AND, OR, and NOT is a great advantage. For example, trawling most Medline—based
databases with the string (pISA or IncFII)[TWl AND T7[TW] AND low—copy—number should
generate a list of references to papers whose title includes “low-copy-number” and whose text con—
tains the words “T7” and either“p15A” or “IncFII.” In addition, papers describing specialized or
novel plasmid vectors are still published regularly in archival journals such as Gene and
BioTeclmology. Once one or two promising papers have been identified — either from the scientif—
ic literature or by Boolean searching - they can be used as starting points for an expanded search
of databases for additional papers on the same or closely related topics. The PubMed system, which
can be accessed via the Internet, is very good at assembling clusters of papers on topics related to
a particular keyword. The address of PubMed is http://www.ncbi.n1m.nih.gov/PubMed/ .

One never knows whether a vector unearthed from the literature will work as advertised
and if it is actually the best currently available. The authors of the paper are usually able to offer
sensible advice in this regard. However, beware if they start talking about making improvements
to the published vector. This is a sure sign that the original vector did not work as well as adver—
tised; the chances are that the improved version will not be much better. If possible, find out the
names of other investigators who have used the vector and who may have found ways to identify
and solve the problems.

Choosing an Appropriate Strain of E. coli

Most investigators want to use strains of E. coli that are easy to transform with plasmid DNA (e.g.,
DH] or MM294; for a full list of useful strains, please see Appendix 3). The vast majority of
colEl-type plasmids introduced into these strains replicate to high copy number and can be iso—
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lated in high yield. However, a significant minority of recombinant plasmids transform strains of

b. coli such as D111 and MM294 with low efficiency, generate transformed colonies that are small-

er than usual, and produce low yields of plasmid DNA. Most of these “difficult” plasmids can be

shown to encode a protein that is toxic to E. coli or to contain inverted or repeated DNA

sequences.

The problem of toxic proteins can be alleviated by switching to an amplifiable low—copy-

number vector or to a high-copy—number vector containing prokaryotic transcription termina-

tion signals that suppress readthrough transcription of foreign DNA sequences. Another possi—

bility, however, is to use strains of E. coli that suppress the copy number of colEl—based plasmids.

Several commercially available strains of E. coli (e.g., ABLE C and ABLE K strains from

Stratagene) reduce the copy number of colEl plasmids (and hence the level of plasmid-encoded

toxic proteins) by four- to tenfold. The yield of plasmid DNA from such strains, albeit reduced,

is sufficient for most purposes in molecular cloning.

If there is reason to suspect that a plasmid may carry repeated DNA sequences that are sub-

strates for the general recombination systems of E. coli, consider the possibility of switching to a

recombination—deficient strain. For example, strains carrying a recA mutation have almost no

recombination capacity (Weinstock 1987) and are the preferred hosts for many targeting vectors

used in gene knock-out experiments in mice, such as vectors that contain two copies of a viral

thymidine kinase gene. Wayward inserts can also be stabilized in strains carrying recB mutations,

which inactivate exonuclease V and reduce general recombination to a few percent of normal.

Finally, improved yields of certain plasmids have been reported in strains deficient in SOS repair

or DNA repair that carry mutations in the umuC and uvrC genes (Doherty et al. 1993).

Inverted repeat sequences are often lethal to their carrier plasmid. Thus, recombinant plas—

mids containing perfect or near—perfect inverted repeats longer than ~300 bp fail to transform

conventional host strains of E. coli or do so with very low efficiency. In many cases, the forced

propagation of such clones provokes internal deletions or other rearrangements that remove the

center of symmetry of the palindrome (e.g., please see Hagan and Warren 1983). Sequences con—

taining head—to—head palindromes are lethal, perhaps because they inhibit DNA replication by

interfering with the passage of replication forks or because they deleteriously affect the state of

supercoiling of the plasmid, leaving it open to attack by nucleases (Collins and Hohn 1978; Lilley

1980; Collins 1981; Mizuuchi et al. 1982; Hagan and V\’arren 1983).

No strain of E. coli exists that is guaranteed to propagate all recombinant clones containing

palindromic sequences. E. coli strains carrying mutations in recBC and schC genes will support

growth of plasmids containing certain palindromic sequences of a variety of sizes and sources.

However, plasmids with a colEl origin are unstable in recBC, schC hosts because they form lin—
ear multimers (e.g., please see Cohen and Clark 1986), which apparently interfere with replica—
tion and partition of chromosomal DNA (Kusano et al. 1989). Multimer formation is dependent

on a subset of proteins involved in the RecF recombination pathway function and does not occur
in cells that are deficient in RecF, Rec], RecA, RecO, or RecQ function.

 

Only a few strains deficient in recBC and schC genes also contain mutations that eliminate all known restric-
tion systems. These include PMC128, which is mcrAA(mchC—hsd—mrr)recBCschC (Doherty et al. 1993), and
SURE, and SRB (Stratagene), which carry similar mutations.

 

Finally, if plasmid vectors are used to propagate methylated DNA (e.g., mammalian genom—
ic DNA or DNA synthesized in vitro using methylated analogs of deoxynucleoside triphosphates),
then it is essential to use a strain that is deficient in the McrA, MchC, and Mrr/Mcf restriction
systems. The McrA and MchC systems recognize and restrict certain DNA sequences containing
methylated cytosine residues (Raleigh and Wilson 1986), whereas the Mrr/Mcf system recognizes

um...” mmmw.‘ , ~~ .»W”.  
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and restricts certain DNA sequences containing methylated adenine DNA residues (Heitman and

Model 1987), as well as additional DNA sequences that contain methylated cytosine residues.

Further information on restriction modification systems can be obtained from REBASE,

the Restriction Enzyme Database at http://Www.neb.com/rebase. For more details on the proper—

ties of useful E. coli strains, see Appendix 3.

EXTRACTION AND PURIFICATION OF PLASMID DNA

Many methods have been developed to purify plasmids from bacteria. These methods invariably

involve three steps:

0 growth of the bacterial culture

0 harvesting and lysis of the bacteria

o purification of the plasmid DNA

Growth of the Bacterial Culture

Wherever possible, plasmids should be purified from bacterial cultures that have been inoculat-

ed with a single transformed colony picked from an agar plate. Usually, the colony is transferred

to a small starter culture, which is grown to late log phase. Aliquots of this culture can be used to

prepare small amounts of the plasmid DNA (minipreparation) for analysis and/or as the inocu—

lum for a large—scale culture. The conditions of growth of the large—scale culture depend chiefly

on the copy number of the plasmid and whether it replicates in a stringent or relaxed fashion

(please see Table 1-3). At all times, the transformed bacteria should be grown in selective condi—

tions, i.e., in the presence of the appropriate antibiotic.

Harvesting and Lysis of the Culture

Bacteria are recovered by centrifugation and lysed by any one of a large number of methods,

including treatment with nonionic or ionic detergents, organic solvents, alkali, and heat. The

choice among these methods is dictated by three factors: the size of the plasmid, the strain of E.
coli, and the technique used subsequently to purify the plasmid DNA. Although it is impractical

to give precise conditions for all possible combinations of plasmid and host, the following gener—

al guidelines can be used to choose a method that will give satisfactory results.

Large Plasmids (> 15 kb in Size) Must Be Handled with Care

Plasmids >15 kb in size are susceptible to damage during both cell lysis and subsequent handling.

Gentle lysis is best accomplished by suspending the bacteria in an isosmotic solution of sucrose

and treating them with lysozyme and EDTA (ethylenediaminetetraacetic acid), which removes

much of the cell wall. The resulting spheroplasts are lysed by adding an anionic detergent such as

SDS. For methods for tender handling of large DNAs, please see the information panel on MINI-

MIZING DAMAGE T0 DNA MOLECULES in Chapter 2.

Smaller Plasmids (< 15 kb in Size) Are More Durable

When handling smaller plasmids, more severe methods of lysis can be used, and no special care

need be taken to minimize shearing forces. Typically, bacterial suspensions are exposed to deter-
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TABLE 1-3 Plasmid Growth and Replication

REPLICON (EXAMPLE)

STRINGENT

COPY NUMBER OR RELAXED COMMENTS
 

Modificd‘pMBl (pUC) several hundred relaxed pUC plasmids contain a modified pMBl replicon and replicate to

roll"! (pBR322

iSCIOI (pSClOl)

a very high copy number. Further amplification of the copy num—

ber by addition of chloramphenicol to the growing bacterial cul—

ture is unnecessary; instead, the culture should be grown to late

log phase with vigorous shaking.

5—20 relaxed The yield Of pBR322 and other relaxed plasmids that maintain a

low—moderate copy number in transformed cells can be dramat-

ically increased by adding chloramphenicol (ti nal concentration

170 pg/ml) to mid—log phase cultures and continuing incubation

for a further 8 hours

Chloramphenicol inhibits host protein synthesis and, as a result,

prevents replication of the host chromosome. However, replication

of relaxed plasmids continues, and their copy number increases

progressively for several hours.

~b stringent Stringently replicating, low—copy—number plasmids can be a chal~

lenge to grow. Obviously, adding chloramphenicol to the culture

is not an option and the only available variable is the culture

medium. For example, “Terrific Broth,” which has been reported

to increase the yield of difficult plasmids (Tarmf and Hobbs

1987) might be a better option than standard Luria Broth (LB).

As discussed above, the copy numbers of the current generation of plasmids are now so high that selective amplification in the presence of chloram~

phenicnl is no longer required to achieve high yields of plasmid DNA. However, some investigators continue to use chloramphenicol, not necessarily to
inurctisc the yield of plasmid DNA but to reduce the bulk of bacterial cells in large—scale preparations. Handling large quantities ofviscous lysates of con-
(entrated auxpcnsions of bacteria is a frustrating and messy business that can be avoided if chloramphenicol is added to the culture at mid—lng phase.
Because some amplification Ofcopy number — even of such feverishly replicating plasmids as pUC — occurs in the presence of chloramphenicol‘ equiv-
alent yields “(plasmid DNA are obtained from smaller numbers of cells that have been exposed to the drug as from larger number otcells that have not.

gent and lysed by boiling or treatment with alkali. This disrupts base pairing and causes the lin-

ear stretches Of sheared or disrupted chromosomal DNA of the host to denature. However, the

strands of closed circular plasmid DNA are unable to separate from each other because they are

topologically intertwined. When conditions are returned to normal, the strands of plasmid DNA

fall into perfect register and native superhelical molecules are re-formed.

Prolonged exposure to denaturing conditions causes closed circular DNA to enter an irre-

versibly denatured state (Vinograd and Lebowitz 1966). The resulting collapsed coil, which can-

not be cleaved with restriction enzymes, migrates through agarose gels at about twice the rate of

native superhelical closed circular DNA and stains poorly with intercalating dyes such as ethidi-

um bromide. Varying amounts of this collapsed form of DNA can usually be seen in plasmids

prepared by alkaline or thermal lysis of bacteria.

Some Strains of E. coli Should Not Be Lysed by Heat

Some strains of E. coli, particularly those derived from HBIOI, release relatively large amounts of

carbohydrate when they are lysed by detergent and heat. This can be a nuisance when the plas-

mid DNA is subsequently purified by equilibrium centrifugation in cesium chloride (C50)—

ethidium bromide gradients. The carbohydrate forms a dense fuzzy band close to the place in the
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gradient (p z 1.59) occupied by the superhelical plasmid DNA. It is therefore difficult to avoid

contaminating the plasmid DNA with carbohydrate, which inhibits the activity of many restric—

tion enzymes and polymerases. Boiling should therefore not be used when making large—scale

preparations of plasmids from strains of E. coli such as HB101 and TG1.

The boiling method also is not recommended when making small-scale plasmid prepara—

tions from strains of E. coli that express endonuclease A (endfifi strains), which include HBlOl.

Because endonuclease A is not completely inactivated by the boiling procedure, the plasmid DNA

is degraded during subsequent incubation in the presence of Mg2+ (e.g., during incubation with

restriction enzymes). This problem can be avoided by including an extra step — extraction with

phenolzchloroform — in the purification protocol.

Purification of the Plasmid DNA

All three methods of lysis yield preparations of plasmid DNA that are always contaminated with

considerable quantities of RNA and variable amounts of E. coli chromosomal DNA. Crude prepa~

rations of plasmid DNA can be readily visualized in agarose gels and can be used as templates and

substrates for most restriction enzymes and DNA polymerases. However, contaminants must be

removed —— or at least reduced to manageable levels — whenever purified plasmids are necessary

or desirable, for example, when transfecting mammalian cells,

For the last 20 years, descriptions of “new” purification schemes have appeared in the sci—
entific literature at an average rate of one a week. Notwithstanding the virtues claimed by their
inventors, very few of these methods have found widespread acceptance. Many of them, in fact,
are but minor variations or questionable embellishments of much older methods. By and large,
these original older methods are entirely satisfactory and they continue to find widespread use.

Old or new, all schemes for purification of plasmids take advantage of the relatively small
size and covalently closed structure of plasmid DNA The most venerable method for separating
closed circular plasmid DNA from contaminating fragments of bacterial DNA is buoyant densi-
ty centrifugation in gradients of CsCl-ethidium bromide (Clewell and Helinski 1969). This tech—
nique is still regarded as the standard against which all others should be judged. Separation
depends on differences in the amounts of ethidium bromide that can be bound to linear and
closed circular DNA molecules. Ethidium bromide binds very tightly to DNA in concentrated salt

solutions. The dye intercalates between the bases, causing the double helix to unwind and leading
to an increase in length of double-stranded linear or relaxed circular DNA molecules (for review,
please see Vinograd and Lebowitz 1966). Closed circular DNA molecules have no free ends and
can unwind only by twisting. As more and more ethidium bromide molecules intercalate into the
DNA, the density of superhelical twists becomes so great that the addition of further ethidium
bromide is prevented. Linear molecules, which are not constrained, continue to bind ethidium
bromide until saturation is reached (an average of one ethidium bromide molecule for every 2.5
bp; Cantor and Schimrnel 1980). Binding of ethidium bromide causes a decrease in the buoyant
density of both linear and closed circular DNAs. However, because linear DNAs bind more ethid—
ium bromide, they have a lower buoyant density than closed circular DNAs in CsCl gradients con—
taining saturating amounts of ethidium bromide (linear double-stranded DNAs, 1.54 g/cm3;
closed circular DNAs, 1.59 g/cm3). Closed circular DNAs therefore come to equilibrium at a lower
position than linear DNAs in CsCl gradients containing saturating amounts of ethidium bromide
(for a more detailed discussion, please see the information panel on ETHIDIUM BROMIDE).

For many years, equilibrium centrifugation in CsCl—ethidium bromide gradients was the
method of choice to prepare large amounts of plasmid DNA. However, this process is time—con—
suming (3—5 days) and requires expensive equipment and reagents. Today, equilibrium centrifu-  
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gation is used chiefly for the purification of(1) very large plasmids that are vulnerable to nicking,

(2) closed circular DNAs that are to be microinjected into mammalian cell, and (3) plasmids that

are used for biophysical measurements. Nowadays, less expensive and faster methods are available

to purify smaller plasmids (<15 kb) for use as substrates and templates in all enzymatic reactions

and procedures commonly undertaken in molecular cloning. The great majority of these purifiv

cation schemes rely on differential precipitation, ion—exchange chromatography, or gel filtration

to separate plasmid DNA from cellular nucleic acids.

A variety of kits for plasmid purification are available from commercial vendors. These kits

consist of disposable chromatography columns that are used for batch absorbtion and elution of

plasmid DNA. Many different matrices are available, including glass, diatomaceous earth, and,
most popular Of all, anionic resins such as DEAE (diethylaminoethyl) or QAE (diethy1[2-hydrox-

ypropyl]aminoethyl). It is certainly a convenience to have the necessary buffers, resins, and dis-

posable columns ready for use. However, this convenience comes at a price and one must wonder

whether it is worthwhile to use on a routine basis expensive kits that do not perform significant—

ly better than standard reagents which can easily be prepared in bulk by any competent laborato—

ry worker. Certainly, kits are unnecessary for minipreparations of plasmid DNA to be used for

routine analysis. Of the hundreds of methods to purify plasmid DNA described in the literature,

the alkaline lysis method (Birnboim and Doiy i979; Ish-Horowicz and Burke 1981] is by far the

most popular because of its simplicity, relatively low cost, and reproducibility. Alkaline lysis has

been used successfully for more than 20 years in hundreds of laboratories to generate millions of

minipreparations. For larger—scale preparations, the method of choice is alkaline lysis followed by

differential precipitation of plasmid DNA with polyethylene glycol (Lis 1980; R. Treisman,

unpubl.), which yields DNAs that are clean enough for transfection of mammalian cells and all

enzymatic reactions, including DNA sequencing. In those rare circumstances where ultrapure

closed circular DNA is required (e.g., for microinjection into mammalian cells), there is a choice

between using centrifugation to equilibrium in CsCl-ethidium bromide gradients or a commer-

cial kit. If choosing to use a kit, follow the manufacturer’s instructions precisely as their protocol

has presumably been tested extensively and optimized.

CLONING IN PLASMID VECTORS
 

In principle, cloning in plasmid vectors is very straightforward. Closed circular plasmid DNA is

cleaved with one or more restriction enzymes and ligated in vitro to foreign DNA bearing com-

patible termini. The products of the ligation reaction are then used to transform an appropriate

strain of E. coli. The resulting transformed colonies are screened by hybridization, by PCR, or by

digestion with restriction enzymes to identify those that carry the desired DNA sequences.

This sounds easy enough. However, planning and thought are required if cloning in plas—

mid vectors is to be as smooth in practice as in prospect. Before a pipette is lifted, decisions must

be made about:

0 the choice of a plasmid vector suitable for the task at hand

0 the choice of restriction sites within vector

0 the optimal conditions for the ligation reaction

0 the strain of E. coli best suited to propagate a plasmid carrying the foreign DNA of interest

0 the methods used to screen transformants and the techniques used to validate clones of
interest
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0 whether special steps are required to decrease the background of transformed colonies that

contain “empty” parental plasmid

o the controls that are necessary at each stage

After these matters have been settled, the next step is to make a detailed plan and a timetable

so that fragments, plasmids, competent cells, and probes can be prepared in the correct order and

in good time. In most cases, several different strategies can be used to create a particular recom-

binant in a plasmid vector. It is important to have a backup scheme in case the original plan

proves to be unexpectedly difficult.

Cloning DNA Fragments with Protruding Ends

The easiest DNA fragments to clone are those with 5' or 3” protruding ends. These single-strand-

ed termini, 1—6 bp in length, are most easily created by digesting the vector and the target DNA

with restriction enzymes that cleave asymmetrically within the recognition sequence (please see

Figure 1—2). When the ends protruding from the DNA fragment and the vector are compatible,

they can anneal to form a linear hybrid molecule whose two parts are held together by pairing

between the bases in the protruding termini. Formation of a circular recombinant plasmid capa—

ble of transforming E. coli, therefore, occurs in a two—step reaction (please see Figure 1-3):

a an intermolecular reaction between linear plasmid and incoming DNA, which generates a non—

covalently bonded, linear hybrid

a an intramolecular reaction, in which the protruding termini of the linear hybrid are joined

together, forming a noncovalently bonded, circular recombinant molecule

Annealing brings the 5’-phosphate and 3’-hydroxyl residues on vector and target DNAs into

close alignment, which allows DNA ligase to catalyze the formation of phosphodiester bonds.

The circular monomeric plasmids can have the foreign DNA fragment inserted in either

orientation (please see Figure 1—4). Monomeric circular recombinant plasmids are, however, only

one of a large number of potential products formed in ligation reactions between DNA molecules

with compatible protruding termini. Other, less desirable products include linear and circular

homo— and heteropolymers of varying sizes, orientations, and compositions. Ligation reactions

should be designed with care so as to maximize the yield of circular monomeric recombinants.
This is not a simple task. The first, intermolecular stage of the reaction requires high concentra-

+ EcoRI Pstl +

5P—‘GlAAT TC|_30H 5'p 30H

3‘OH—c T T ifx s'—5‘P 3'0H 5'p

5' protruding ends 3‘ protruding ends

5 P—‘G 3‘0H 5'P A A T T c—3'0H 59 3‘0H 5'p 3b”
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FIGURE 1-2 Cloning 5’ and 3’ Protruding Ends
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intermolecular reaction
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|
intramolecular reaction
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FIGURE 1-3 Inter- and Intramolecular Reactions

Vector sequences are represented by darker shading, and insert sequences by lighter shading.

tions of DNA, whereas the second intramolecular reaction works most efficiently when the con—

centration of DNA is low. However, as a general rule, acceptable yields of monomeric circular

recombinants can usually be obtained from ligation reactions containing equimolar amounts of

plasmid and target DNA, with the total DNA concentration <10 pg/ml (Bercovich et al. 1992).

For a discussion of the reason why this should be so, please see Sambrook et al. (1989). If the

molar ratio of plasmid vector to target DNA is incorrect, then the ligation reaction may generate

an undesirably high proportion of empty plasmids (containing no insert at all) or plasmids car—

rying tandem inserts of foreign DNA. The number of inserts in each recombinant clone must
always be validated by restriction endonuclease mapping or by some other means. The orienta-

tion of the foreign DNA insert must also be ascertained.

Directional Cloning

So far, we have been dealing with ligations in which all DNA termini are equivalent, as is the case

when both plasmid and foreign DNAs are prepared by cleavage with a single restriction enzyme.

 

FIGURE 1-4 Cloning Bidirectional Insert DNA into a Single Site

Vector sequences are represented by darker shading, and insert sequences by lighter shading.
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Psu coheswe ends EcaFU coheswe ends EcoRt cohesive ends Psll COheStVe erds

intermolecular reaction

 

Psrt coheswe ends + EcuRi site Psrl coheswe ends

 

EcoRt SHE Psrl Stle

 

FIGURE 1-5 Directional (Forced) Cloning in Plasmid Vectors

Vector sequences are represented by darker shading, and insert sequences by lighter shading.

One way to increase the yield of circular monomeric recombinants is to use a cloning strategy in
which the termini in the ligation reaction are not all equivalent; for example, when the foreign
DNA fragment is produced by digestion with two restriction enzymes with different recognition

sequences. In this case, the termini of the foreign DNA fragment will be noncomplementary and
unable to ligate to each other. However, the foreign DNA will ligate eagerly to a plasmid vector
that has been prepared by cleavage with the same two enzymes, generating a high yield of circu-
lar recombinants containing a single insert in a predefined orientation. This process is known as
forced ligation or directional cloning (please see Figure 1-5).

Cloning BIunt-ended DNA Fragments

Fragments of foreign DNA carrying blunt-ended termini may be cloned into a linearized plasmid
vector bearing blunt ends (please see Figure 1-6). Ligation of blunt-ended termini is a compara-
tively inefficient reaction. The following are optimal conditions for cloning blunt—ended DNA
fragments (Sgaramella and Khorana 1972; Sgaramella and Ehrlich 1978):

a low concentrations (0.5 mM) of ATP

0 the absence of polyamines such as spermidine

0 very high concentrations ofligase (50 Weiss units/ml)

0 high concentrations of blunt—ended termini

The last condition is the main key to success. At high concentrations, blunt-ended DNA
molecules form fruitful, if temporary, liaisons that bring their 5'-phosphate and 3'—hydr0xyl
residues into close alignment. DNA ligase seizes upon these short-lived substrates and forges pcr—
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l ligate usmg high concentrations

of T4 DNA ligase

 

dilute ligation mix

and continue I|gation

 

transform E. coli and plate onto

‘ medium containing the

appropriate antibiotic

antib|otic»reS|stant colonies

FIGURE 1-6 Clonigng BIunt-ended Molecules

Antibiotic-resistant colonies arise due to the presence of vector reclosing, vector dimers, and vector-insert
recombinants. These colonies are screened for those carrying vector-insert recombinants. Vector
sequences are represented by darker shading, and insert sequences by lighter shading.

manent phosphodiester bonds between residues on different molecules. The resulting linear,

covalently joined hybrids may be converted to circular recombinant plasmids capable of trans-

forming E. coli by an intramolecular ligation reaction between the blunt termini. Ideally, the first

reaction contains high concentrations of DNA, whereas the second works most efficiently when
the concentration of DNA is low. Some investigators therefore carry out the first stage of the lig-

ation reaction at high DNA concentrations. After incubating for 1 hour, the reaction is diluted 20—

fold with ligase buffer, supplemented with fresh ligase, and incubated for a further 4 hours

(Bercovich et al. 1992; Damak and Bullock 1993).

When DNA is in short supply, the problem of attaining adequate concentrations of blunt

ends can be ameliorated by including in the reaction mixture substances that increase macro-

molecular crowding (e.g., 50/0 polyethylene glycol 8000 [PEG 8000]) (Pheiffer and Zimmerman

1983; Zimmerman and Pheiffer 1983; Upcroft and Healey 1987) or substances that cause DNA
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molecules to condense into aggregates (e.g., 1.0 mM hexamminecobalt chloride) (Rusche and

Howard—Flanders 1985). These crowding and condensing agents accelerate the rate of ligation of

blunt—ended DNA by one to three orders of magnitude, promote intermolecular ligation, and

suppress intramolecular ligation (please see the information panel on CONDENSING AND

CROWDING REAGENTS).
Despite its power and usefulness, cloning in plasmid vectors is based on a remarkably small

number of basic methods, which are easy to master. Protocols 17 and 19 describe fundamental

techniques for joining plasmid vectors to DNA fragments with protruding ends and blunt ends.

Protocols 18, 20, 21, and 22 describe various strategies for optimizing the recovery of the appro—

priate recombinant. These techniques, each one simple in itself, can be woven together to build

recombinant plasmids of complex beauty and high sophistication.

KREPARATION AND TRANSFORMATION OF COMPETENT E. COLI

Nucleic acids do not enter bacteria under their own power, but require assistance traversing the

outer and inner cell membranes and in reaching an intracellular site where they can be expressed

and replicated. The methods that have been devised to achieve these goals fall into two classes:

chemical and physical.

Chemical Methods

E. coli cells washed in cocktails of simple salt solutions achieve a state of competence during which

DNA molecules may be admitted to the cell. Most of the chemical methods currently used for

bacterial transformation are based on the observations of Mandel and Higa (1970), who showed

that bacteria treated with ice-cold solutions of CaCl2 and then briefly heated to 37°C or 42°C

could be transfected with bacteriophage A DNA. The same method was subsequently used to

transform bacteria with plasmid DNA (Cohen et al. 1972) and E coli chromosomal DNA (Oishi

and Cosloy 1972).

This simple and robust procedure regularly generates between 105 and 106 transformed

colonies of E. coli per pg of supercoiled plasmid DNA. This is more than enough for routine tasks

such as propagating a plasmid or transferring a plasmid from one strain of E. coli to another.

However, higher efficiencies of transformation are required when recovery of every possible clone

is of paramount importance, for example, when constructing cDNA libraries or when only

minute amounts of foreign DNA are available. Starting in the 19705 and continuing to this day,
many variations on the basic technique have been described in the literature, all directed toward
optimizing the efficiency of transformation of different bacterial strains by plasmids. The varia-
tions include using complex cocktails of divalent cations in different buffers, treating cells with
reducing agents, adjusting the ingredients of the cocktail to the genetic constitution of particular
strains of E. coli, harvesting cells at specific stages of the growth cycle) altering the temperature of
growth of the culture before exposure to chemicals, optimizing the extent and temperature of
heat shock, freezing and thawing cells, and exposing cells to organic solvents after washing in
divalent cations. By all these treatments and more, it is now possible on a routine basis to achieve
transformation frequencies ranging from 10" to 109 transformants/ug of superhelical plasmid
DNA (for reviews, please see Hanahan 1987; Hanahan et al. 1995; Hanahan and Bloom 1996;
Hengen 1996).

The improvements in transformation frequency are a tribute to the power of empirical
experimentation. How these combinations of chemical agents and physical treatments induce a
state of competence remains as obscure today as in Mandel and Higa’s time, as does the mecha—
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nism by which plasmid DNA enters and establishes itself in competent E. coli. Nevertheless, the

improvements made since the late 19705 have eliminated the efficiency of transformation as a

potential limiting factor in molecular cloning.

There are two ways to obtain stocks of chemically induced competent E. coli. The first

option is to purchase frozen competent bacteria from a commercial source. These products are

very reliable and generally yield transformants at frequencies >10B colonies/ug of supercoiled

plasmid DNA. However, they are many times more expensive than competent cells prepared in

the laboratory. Commercially produced competent cells are nevertheless an excellent yardstick to

measure the efficiency of locally generated stocks of competent cells — and they are a godsend to

investigators who carry out transformations so infrequently that it is not economical for them to

expend the effort required to produce their own competent cultures. In addition, several compa—

nies sell competent stocks of strains of E. coli that carry specific genetic markers and are used for

particular purposes in molecular cloning. Examples of these include (1) SURE strains, which

carry disabling mutations in DNA-repair pathways responsible for the high rate of rearrangement

of certain eukaryotic genomic sequences, and (2) strains deficient in methylases such as Dam and

Dcm. Plasmids propagated in these strains can be cleaved by restriction enzymes whose activity

is normally blocked by methylation of overlapping Dam or Dcm sites. It is cost-effective and far

less aggravating to purchase competent stocks of strains such as these, which are tricky to grow

and difficult to transform.

For laboratories using standard strains of E. coli, it makes sense to prepare stocks of com—

petent bacteria in-house. The procedure for high—efficiency transformation (Hanahan 1983),

described in Protocol 23, works well with K—12 strains of E. coli such as DHI, DHS, and MM294

and yields competent cultures that can be either used immediately or stored in small aliquots at

770°C until required. If prepared carefully, these competent bacteria can yield up to 109 trans-

formed colonies/ug of supercoiled plasmid DNA. Similar efficiencies can be achieved with the
method using “ultra—competent” bacteria (Inoue et al. 1990), described in Protocol 24, in which

the bacterial culture is grown at room temperature. However, as discussed above, such high fre-

quencies of transformation are required only rarely; for most routine cloning tasks, competent

bacteria prepared by simpler procedures are more than adequate. As a general rule, the more

sophisticated the method used to prepare competent cells, the more inconsistent the results. The

final method in the series oftransformation protocols (Protocol 25) (Cohen et al. 1972) is both

robust and durable and yields competent cells that generate 10" to 107 transformed colonies/pg

of supercoiled plasmid DNA.

Physical Methods

Exposure to an electrical charge destabilizes the membranes of E. coli and induces the formation

of transient membrane pores through which DNA molecules can pass (Neumann and Rosenheck

1972; for reviews, please see Zimmerman 1982; Tsong 1991; Weaver 1993). This method, which is

known as electroporation, was originally developed to introduce DNA into eukaryotic cells

(Neumann et a1. 1982) and was subsequently adapted for transformation of E. coli (Dower et al.

1988; Taketo 1988) and other bacteria by plasmids (Chassy and Flickinger 1987; Fiedler and

Wirth 1988; Miller et al. 1988). It is the easiest, fastest, most efficient, and most reproducible

method for transformation of bacterial cells with DNA.

0 Transformation efficiencies in excess of 1010 transformants/ug of DNA have been achieved by
optimizing various parameters, including the strength of the electrical field, the length of the
electrical pulse, the concentration of DNA, and the composition of the electroporation buffer
(Dower et al. 1988; Tung and Chow 1995).
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0 More than 80% of the cells in a culture can be transformed to ampicillin resistance by electro—

poration, and efficiencies approaching the theoretical maximum of one transformant per mol—

ecule of plasmid DNA have been reported (Smith et a]. 1990).

o Plasmids ranging in size from 2.6 kb to 85 kb can be introduced with efficiencies ranging from

6 x 10”J transformants/pg of DNA to 1 x 107 transformants/pg DNA, respectively. This is 10—20
times higher than can be achieved with competent cells prepared by chemical methods.

Transformation frequencies of this magnitude are especially useful when constructing large

and highly complex cDNA libraries (please see Chapter 11).

o Electroporation works well with most commonly used laboratory strains of E. coli (Dower et

al. 1988; Tung and Chow 1995).

Unlike chemical transformation, the number of transformants generated by electropora—

tion is marker-dependent. For example, when pBR322, which carries genes conferring resistance

to two antibiotics (ampicillin and tetracycline), is introduced into E. coli by electroporation, the

number of tetracycline-resistant transformants is ~100-fold less than the number of ampicillin—

resistant transformants (Steele et al. 1994). This effect is not seen when the plasmid is introduced

into the bacteria by chemical transformation. A likely explanation is that damage or depolariza-

tion caused by the pulse of electrical current prevents or delays insertion into the inner cell mem—

brane of the antiporter protein responsible for tetracycline resistance.

Of course, the ease and efficiency of electroporation come at a price. Electroporation is an

expensive business, requiring costly electrical equipment and highly priced specially designed

cuvettes. Nevertheless, for many investigators, electroporation, because of its reproducibility and

lack of mumbo—jumbo, is the preferred option. For a method for the electroporation of bacterial

cells, see Protocol 26. For more details, please see the information panel on ELECTROPORATION

SCREENING FOR RECOMBINANT PLASMIDS
 

Only rarely is it possible to determine by looking whether a colony of transformed bacteria car—

ries a recombinant plasmid or an empty vector. In a few exceptional cases, colonies containing a

recombinant plasmid may be smaller than normal because the plasmid expresses a foreign pro—

tein that retards growth of the host cells. This situation can arise when foreign DNA sequences

encoding regulatory or membrane proteins, for example, are cloned in plasmid expression vec—

tors. However, foreign proteins are normally not expressed to significant levels in plasmid vectors

commonly used for cloning.

Over the years, many methods have been devised to distinguish bacteria transformed by
recombinant plasmids from those carrying empty wild—type plasmids. The most durable and gen-
eral of these methods uses a nondestructive histochemical procedure to detect B-galactosidase
activity in transformed bacteria. This procedure is commonly used as a test to distinguish
colonies of bacterial cells that carry recombinant plasmids from those that do not.A1ternatively,
in situ hybridization methods may be used to identify with certainty bacterial colonies that have
been transformed with recombinant plasmids which carry specific sequences of foreign DNA.
Other generally useful methods are available to analyze the size of recombinant plasmids and to
screen transformed colonies by PCR.

We have not included here any protocols dealing with the use of any of the “positive-selec—
tion systems” that allow bacteria transformed by recombinant plasmids to grow while suppress—
ing the growth of bacteria transformed by nonrecombinant plasmids. These positive selection
systems are rarely used, and, indeed, it is possible to spend an entire lifetime working with recom—  
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binant DNA without ever needing them. Investigators who have an appetite for esoterica of this

type should read the discussion on page 1.12 of the introduction to this chapter and the papers

Cited therein.

Identifying Recombinant Plasmids by a-Complementation

Many plasmid vectors (e.g., the pUC series, Bluescript, pGem, and their derivatives) carry a short

segment of E. coli DNA containing the regulatory sequences and the coding information for the

first 146 amino acids of B~galactosidase Embedded in the coding region is a polycloning site that

maintains the reading frame and results in the harmless interpolation of a small number of amino

acids into the amino—terminal fragment of B-galactosidase. Vectors of this type are used in host

cells that express the carboxy-terminal portion of B-galactosidase. Although neither the host—

encoded fragments nor the plasmid-encoded fragments of B—galactosidase are themselves active,
they can aSSociate to form an enzymatically active protein. This type of complementation, in

which deletion mutants of the operator—proximal segment of the lacZ gene are complemented by

B-galactosidase—negative mutants that have the operator—proximal region intact, is called a-com—

plementation (Ullmann et al. 1967) (for more information, please see the information panel on

(1-COMPLEMENTATION). The 11chr bacteria that result from a—complementation are easily recog—

nized because they form blue colonies in the presence of the chromogenic substrate X-gal

(Horwitz et al. 1964; Davies and Jacob 1968) (please see the information panel on X-GAL).

However, insertion of a fragment of foreign DNA into the polycloning site of the plasmid almost

invariably results in production of an amino—terminal fragment that is no longer capable of a—

complementation. Bacteria carrying recombinant plasmids therefore form white colonies. The

development of this simple color test has greatly simplified the identification of recombinants

constructed in plasmid vectors. It is easy to screen many thousands of transformed colonies and

to recognize from their white appearance those that carry putative recombinant plasmids. The

structure of these recombinants can then be verified by restriction analysis of minipreparations

of vector DNA or by other diagnostic criteria. For procedures for screening recombinants using

a—complemetation, please see Protoc0127. Screening by (x-complementation is highly dependable

but not completely infallible:

o 1nsertion of foreign DNA does not always inactivate the complementing activity of the a—frag—

ment of B—galactosidase. If the foreign DNA is small (<100 bp) and if the insertion neither dis—

rupts the reading frame nor affects the structure of the oc—fragment, on-complementation may

not be seriously affected. Examples of this phenomenon have been documented, but they are

very rare and of significance only to the investigator who encounters this problem.

a Not all white colonies carry recombinant plasmids. Mutation or loss of lac sequences may

purge the plasmid of its ability to express the Ot—fragment. However, this is not a problem in

practice because the frequency of ME mutants in the plasmid population is usually far lower

than the number of recombinants generated in a ligation reaction.

Identifying Recombinant Plasmids by Hybridization

In the mid-19605, after Nygaard and Hall (1963) had shown that single—stranded DNA could be

immobilized on nitrocellulose filters, Denhardt (1966) and Gillespie and Spiegelman (1965)

demonstrated that nucleic acids fixed in this way could be detected with exquisite sensitivity by

hybridization to radiolabeled probes. The method quickly became a mainstay of molecular biol—

ogy and was used in an essentially unchanged form for an entire decade.
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In the mid 19705, radical extensions to the technique came from two different continents.

In Scotland, Ed Southern (1975) showed that hybridization could be used to detect specific

sequences in complex populations of DNA fragments. In this method, DNA fragments generated

by digestion with restriction enzymes were separated by electrophoresis through agarose gels and

then transferred onto nitrocellulose filters for hybridization with specific probes. In the same year,

Grunstein and Hogness (1975) in California adapted the method to screen large numbers of bac-

terial colonies for plasmids that carry specific sequences of foreign DNA. Bacterial colonies grow-
ing on the surfaces of nitrocellulose filters were lysed in situ, and the released denatured single—
stranded DNA was fixed to the filter and hybridized to radiolabeled nucleic acid probes, essen—
tially as described by Denhardt (1966). Although minor modifications have been introduced over
the years, the protocol originally described by Grunstein and Hogness has proven to be remark-
ably durable. It remains the most commonly used technique to identify individual bacterial
colonies carrying cosmids or plasmids that contain DNA sequences of interest.

The last protocols in this chapter describe methods used to transfer bacterial colonies from
plates to filters (Protocols 28, 29, and 30); to release, denature, and immobilize the bacterial and
plasmid DNA (Protocol 31); and to hybridize the fixed DNA with radiolabeled probes and to
recover from a master plate the colonies that hybridize specifically to the probe (Protocol 32).
These techniques are designed to be used with probes that are on average longer than 100
nucleotides in length. For methods for screening bacterial colonies with shorter radiolabeled
oligonucleotides, see Chapter 10. No matter whether the probes are long or short, the techniques
described here and in Chapter 10 can be used to screen many hundreds of thousands of colonies
simultaneously and to identify colonies that carry recombinant plasmids. The structure of these
plasmids is then verified by restriction analysis and Southern hybridization of minipreparations
of plasmid DNA.

 

Louis Pasteur’s theory ofgerms is ridiculous fiction.

Pierre Pachet, Professor of Physiology at Toulouse, 1872 
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A NEW PLASMID ARRIVES IN THE [ABORATORY

In our laboratories at least, more plasmids arrive by mail than by the work of our own hands. All plasmids,
whether supplied by a commercial vendor or an academic scientist, must be validated as soon as they enter
the laboratory, before they are used in experiments. The following procedure, which protects both senders

recipients, should be used no matter how well the senders are known and trusted, no matter whether

they work in the next laboratory or on the other side Of the world.

Send a written letter of thanks acknowledging that the plasmids/strains have arrived. In the letter, list
the material in the package using the names on the labels. Explain that the plasmid/strains are current-
ly being validated.

Photocopy any written material sent with the plasmid. The original written material should be stored in
a logbook recording details of the shipment.

Bacterial Strains

Bacterial strains (either untransformed or transformed with a plasmid) are usually mailed as agar stab
cultures. Transfer a loopful of the stab culture into 3 ml of liquid medium containing appropriate antibi—
otics and any necessary supplements. Incubate the liquid culture at the appropriate temperature for
18—24 hours with vigorous shaking.

When the liquid cultures have grown, streak them onto agar plates containing appropriate antibiotics
and any necessary supplements. Incubate the plates overnight at the appropriate temperature.

Check that all colonies on the plates are identical in appearance and look and smell like E. coli. Streak
individual colonies onto the appropriate selective media to verify the genotype of the strain. Establish
smaII-scale (3 ml) liquid cultures from isolated colonies. It the bacteria have been transformed with a
plasmid, use ~2 ml of the cultures to produce small-scale preparations of plasmid DNA. Digest sever-
al aliquots of the DNA, each with a different restriction enzyme, and analyze by agarose gel elec-
trophoresis. Compare the sizes of the observed bands with the sizes predicted from maps provided by
the sender or published in the literature.

Plasmid DNA

If a plasmid arrives as a DNA precipitate in 70% ethanol, recover the DNA by centrifugation and dis-
solve it in TE (pH 8.0) at a concentration of 100 ugml.

Digest several aliquots of the DNA each with a different restriction enzyme and analyze by agarose gel
electrophoresis. Compare the sizes of the observed bands with the sizes predicted from maps provid-
ed by the sender or published in the literature.

At the same time, use an aliquot of the plasmid DNA to transform an appropriate strain of E. CO/I.

Establish small-scale (3 ml) liquid cultures from several independent transformants. Use ~2 ml of the
cultures to produce smaII-scale preparations of plasmid DNA. Digest an aliquot of the DNA with a num-
ber of restriction enzymes and analyze the products by agarose gel electrophoresis. Compare the sizes
of the observed bands with the sizes predicted from maps provided by the sender or published in the
literature.

If the structure of the plasmid appears to be correct, grow a large-scale culture from one of the trans-
formants. Prepare a batch of plasmid DNA, verify its identity by several restriction endonudease diges-
tions, and store it in aliquots in TE at —20°C

It viable cultures cannot be established from the material provided, or if the genetic markers of the
bacteria do not seem to be correct, or if the structure of the plasmid seems to be incorrect, contact the
senders immediately, telling them exactly what has been done and asking for suggestions.

If, as is usually the case, everything is satisfactory, follow the protocol on storage of bacterial strains and
plasmids in Appendix 8 and place aliquots of the liquid cultures of bacteria into long-term storage at
—70"C,
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Introduction to Protocols 7, 2, and 3
 

Preparation of Plasmid DNA by
Alkaline Lysis with SDS

A LKALINE LYSIS, IN COMBINATION WITH THE DETERGENT SDS, has been used for more than 20

years to isolate plasmid DNA from E. coli (Birnboim and Doly 1979). Exposure of bacterial sus—

pensions to the strongly anionic detergent at high pH opens the cell wall, denatures chromoso—

mal DNA and proteins, and releases plasmid DNA into the supernatant. Although the alkaline

solution completely disrupts base pairing, the strands of closed circular plasmid DNA are unable

to separate from each other because they are topologically intertwined. As long as the intensity

and duration of exposure to OH_ is not too great, the two strands of plasmid DNA fall once again

into register when the pH is returned to neutral.

During lysis, bacterial proteins, broken cell walls, and denatured chromosomal DNA

become enmeshed in large complexes that are coated with dodecyl sulfate These complexes are

efficiently precipitated from solution when sodium ions are replaced by potassium ions (Ish-

Horowicz and Burke 1981). After the denatured material has been removed by centrifugation,
native plasmid DNA can be recovered from the supernatant.

Alkaline lysis in the presence of SDS is a flexible technique that works well with all strains

of E. coli and with bacterial cultures ranging in size from 1 ml to >500 ml. The closed circular
plasmid DNA recovered from the lysate can be purified in many different ways and to different
extents, according to the needs of the experiment (please see Table 1—4).

TABLE 1-4 Small-, Medium-, and Large-scale Preparations of Plasmid DNA

‘ PROTOCOL 1
MINIPREPARATIONS (1—2 ML)

Many minipreparations can be processed
simultaneously.

Yields vary between 100 ng and 5 pg of
DNA, depending on the copy number of
the plasmid.

DNA is A suitable substrate for restriction

en/ymes, but the yields are generally too

Inw for transfection of mammalian cells.

hirther purification is required for DNA

wquencing (please see the information
panel on PURIFICATION OF PLASMID

DNA BY PEG PRECIPITATION).

«wwm -——-~~ ~

PROTOCOL 2

MIDIPREPARATIONS (10 ML)

The rate—limiting step in this protocol is
column chromatography, which limits the
number of preparations that can be
processed simultaneously.

Yields of high—copy-number plasmids
range from 20 to 50 pg of DNA.

After purification by column chromatogra-
phy, the plasmid DNA may be used to
transfect cultured mammalian cells.

PROTOCOL 3

MAXIPREPARATIONS (500 Ml)

This method is slow and very expensive if
CsCl—ethidium bromide equilibrium den»
sity gradients are used for purification
(Protocols 10 and 11).

Alternative purification procedures include
PEG precipitation (Protocol 8) and column
chromatography (Protocol 9).

Yields of high—copy—number plasmids range
from 1 to 3 mg per large—scale culture. As the
efficiency of growing, purifying, zmd analy7—
ing plasmid DNA has improved, the need
for large—scale preparations has greatly
diminished. Maxipreparations are now
almost an extinct species.

1.31  
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Preparation of Plasmid DNA by Alkaline Lysis
with SDS: Minipreparation

 

PLASMID DNA MAY BE ISOLATED FROM SMALL-SCALE (1—2 ml) bacterial cultures by treatment with

alkali and SDSi The resulting DNA preparation may be screened by electrophoresis or restriction

endonuclease digestion. With further purification by treatment with PEG, the preparations may

be used as templates in DNA sequencing reactions (please see the information panel on PURIFI-
CATION OF PLASMA DNA BY PEG PRECIPITATION).

MATERIALS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components Of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Alkaline lysis solution I

Alkaline lysis solution II
Solution ll should be freshly prepared and used at room temperature.

Alkaline lysis solution III

Antibiotic for plasmid selection
Ethanol

Phenol:chlor0form (7:7, v/v) <!>

Optional, please see Step 8.

STE
Optional, please see Step 3.

TE (pH 8.0) containing 20 pg/ml RNase A

Media

LB, YT, or Terrific Broth

METHOD

Preparation of Cells

1. Inoculate 2 ml of rich medium (LB, YT, or Terrific Broth) containing the appropriate antibi—
otic with a single colony of transformed bacteria. Incubate the culture overnight at 37°C with
vigorous shaking.

1.32
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Lysis of Cells
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To ensure that the culture is adequately aerated:

. The volume of the culture tube should be at least four times greater than the volume of
the bacterial culture.

0 The tube should be loosely capped.
a The culture should be incubated with vigorous agitation.

2. Pour 1.5 ml of the culture into a microfuge tube. Centrifuge at maximum speed for 30 sec—

onds at 4°C in a microfuge. Store the unused portion of the original culture at 4°C.

3. When contrifugation is complete, remove the medium by aspiration, leaving the bacterial

pellet as dry as possible.

This step can be conveniently accomplished with a disposable pipette tip or Pasteur pipette attached
to a vacuum line and a side arm flask (please see Figure 1—7). Use a gentle vacuum and touch the tip
to the surface of the liquid. Keep the tip as far away from the bacterial pellet as possible as the fluid

is withdrawn from the tube. This minimizes the risk that the pellet will be sucked into the side arm
flask. Alternatively, remove the supernatant using a pipettor or Pasteur pipette and bulb. Use the
pipette tip to vacuum the walls of the tube to remove any adherent droplets of fluid.

The penalty for failing to remove all traces of medium from the bacterial pellet is a preparation of
plasmid DNA that is resistant to cleavage by restriction enzymes. This is because cell—wall compo-
nents in the medium inhibit the action of many restriction enzymes. This problem gun be avoided

by resuspending the bacteria] pellet in ice—cold STE (0.25x volume of the original bacterial culture)

and centrifuging again.

4. Resuspend the bacterial pellet in 100 til of ice—cold Alkaline lysis solution I by vigorous vortexing.
Make sure that the bacterial pellet is completely dispersed in Alkaline lysis solution I. Vortexing two
microfuge tubes simultaneously with their bases touching increases the rate and efficiency with

which the bacterial pellets are resuspended.

The original protocol (Birnboim and Doly 1979) called for the use of lysozyme at this point to
assist in dissolution of the bacterial cell walls. This step can be safely omitted when dealing with

bacterial cultures ofless than 10 ml in volume.

gentle suction
—>

disposable pipette tip

pellet

vacuum line

vacuum traps

FIGURE 1-7 Aspiration of Supernatants

Hold the open microfuge tube at an angle, with the pellet on the upper side. Use d disposable pipette tip
attached to a vacuum line to withdraw fluid from the tube. Insert the tip just beneath the meniscus on the
lower side of the tube. Move the tip toward the base of the tube as the fluid is withdrawn. Use gentle suc-
tion to avoid drawing the pellet into the pipette tip. Keep the end of the tip away from the pellet. Finally,
vacuum the walls of the tube to remove any adherent drops of fluid.
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Add 200 pl of freshly prepared Alkaline lysis solution 11 to each bacterial suspension. Close

the lube tightly, and mix the contents by inverting the tube rapidly five times. Do not vortex]

Store the tube on ice.

Make sure that the entire surface of the tube comes in contact with Alkaline lysis solution 11.

Add 150 pl of ice-cold Alkaline lysis solution 111. Close the tube and disperse Alkaline lysis

solution III through the viscous bacterial lysate by inverting the tube several times. Store the

tube on ice for 3—5 minutes.

Centrifuge the bacterial lysate at maximum speed for 5 minutes at 4°C in a microfuge.

Transfer the supernatant to a fresh tube.

(Optional) Add an equal volume of phenolzchloroform. Mix the organic and aqueous phases

by vortexing and then centrifuge the emulsion at maximum speed for 2 minutes at 4°C in a

microfuge. Transfer the aqueous upper layer to a fresh tube.

Some investigators find the extraction with phenolzchloroform to be unnecessary, Hmvever, the

elimination of this step sometimes results in DNA that is resistant to cleavage by restriction
enzymes.

The purpose of extracting with chloroform is to remove residual phenol from the aqueous phase.
Phenol is slightly soluble in H70, but it can be displaced into the organic phase by chloroform.
Years ago, it was common practice in some laboratories to detect residual phenol in DNA prepara-
tions by smell. This practice is no longer recommended.

Recovery of Plasmid DNA

9.

10.

11.

12.

13.

14.

15.

Precipitate nucleic acids from the supernatant by adding 2 volumes Of ethanol at room tem-

perature. Mix the solution by vortexing and then allow the mixture to stand for 2 minutes at

room temperature.

Collect the precipitated nucleic acids by centrifugation at maximum speed for 5 minutes at

4°C in a microfuge.

It is best to get into the habit of always arranging the microfuge tubes in the same way in the
microfuge rotor, i.e., in order, with their plastic hinges always pointing outward. The precipitate
will collect on the inside surface furthest from the center of rotation. Knowing where to look makes
it easier to find visible precipitates and to dissolve “invisible“ precipitates efficiently. Labeling both
the sides and tops of tubes provides clear identification of each tube, even if the ink smudges.

Remove the supernatant by gentle aspiration as described in Step 3 above. Stand the tube in

an inverted position on a paper towel to allow all of the fluid to drain away. Use a Kimwipe

or disposable pipette tip to remove any drops of fluid adhering to the walls of the tube.

Add 1 ml of 70% ethanol to the pellet and invert the closed tube several times. Recover the

DNA by centrifugation at maximum speed for 2 minutes at 4°C in a microfuge.

Again remove all of the supernatant by gentle aspiration as described in Step 3.

Take care with this step, as the pellet sometimes does not adhere tightly to the tube.

Remove any beads of ethanol that form on the sides of the tube. Store the open tube at room

temperature until the ethanol has evaporated and no fluid is Visible in the tube (5—10 minutes).

lfthe pellet of DNA is dried in a desiccator or under vacuum7 it becomes difficult to dissolve under

some circumstances and may denature (Svaren et al. 1987). Drying the pellet for 10—15 minutes at
room temperature is usually sufficient for the ethanol to evaporate without the DNA becoming
dehydrated.

Dissolve the nucleic acids in 50 pl of TE (pH 8.0) containing 20 pg/ml DNase—free RNase A (pan-
creatic RNase). Vortex the solution gently for a few seconds. Store the DNA solution at —200C.

Fur recommendations on troubleshooting, please see Table 1-5 in Protocol 3.
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Preparation of Plasmid DNA by Alkaline Lysis
with SDS: Midipreparation

 

PLASMID DNA MAY BE ISOlATED FROM lNTERMEDIATE-SCALE (20—50 ml) bacterial cultures by treat-

ment with alkali and SDS. The resulting DNA preparation is suitable for analysis by elec~

trophoresis or restriction endonuclease digestion. After further purification by column chor—

matography, the preparations may be used to transfect mammalian cells.

MATERIALS
  

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions
Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Alkaline lysis solution I
For preparations of plasmid DNA that are to be subjected to further purification by chromatography
(please see Protocol 9), sterile Alkaline lysis solution I may be supplemented just before use with the
appropriate volume of 20 mg/ml DNase—free RNase A (pancreatic RNase) to give a final concentration
of 100 pg/ml. Addition of RNase is not recommended at this stage if the DNA is to be further purified
by other methods (please see Protocols 10 and 11).

Alkaline lysis solution II
Solution II should be freshly prepared and used at room temperature.

Alkaline lysis solution III

Antibiotic for plasmid selection

Ethanol

Isopropanol

Phenol:chloroform (7:7, v/v) <!>

STE

Optional, please see Step 3.

TE (pH 8.0) containing 20 pg/ml RNase A

Media

LB, YT, or Terrific Broth

Centrifuges and Rotors

Sorvall 55-34 rotor or equivalent

1.35
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7METHOQ
 

Preparation of Cells

Lysis of Cells

1. Inoculate 10 ml of rich medium (LB, YT, or Terrific Broth) containing the appropriate antibi-

otic with a single colony of transformed bacteria. Incubate the culture overnight at 37°C with

vigorous shaking.

To ensure that the culture is adequately aerated:

0 The volume of the culture tube should be at least four times greater than the volume of
the bacterial culture.

. The tube should be loosely capped.

o The culture should be incubated with vigorous agitation.

Transfer the culture into a 15-ml tube and recover the bacteria by centrifugation at 2000g

(4000 rpm in a Sorvall 55—34 rotor) for 10 minutes at 4°C.

Remove the medium by gentle aspiration, leaving the bacterial pellet as dry as possible.

This step can be conveniently accomplished with a disposable pipette tip or Pasteur pipette
attached to a vacuum line and a side arm flask (please see Figure 1—7)4 Use a gentle vacuum and
touch the tip to the surface of the liquid. Keep the tip as far away from the bacterial pellet as pos—
sible as the fluid is withdrawn from the tube. This minimizes the risk that the pellet will be sucked
into the side arm flask. Alternatively, remove the supernatant using a pipettor or Pasteur pipette
and bulb. Use the pipette tip to vacuum the walls of the tube to remove any adherent droplets Of
fluids

The penalty for failing to remove all traces of medium from the bacterial pellet is a preparation of
plasmid DNA that is resistant to cleavage by restriction enzymes. This is because cell-wall compt»

nents in the medium inhibit the action of many restriction enzymes. This problem can be avoided
by resuspending the bacterial pellet in ice—cold STE (0.25x volume of the original bacterial culture)
and centrifuging again.

Resuspend the bacterial pellet in 200 ttl of ice-cold Alkaline lysis solution I by vigorous vor—

texing, and transfer the suspension to a microfuge tube.

Make sure that the bacterial pellet is completely dispersed in Alkaline lysis solution [. Vortexing two
microfuge tubes simultaneously with their bases touching increases the rate and efficiency with
which the bacterial pellets are resuspendcd.

The original protocol (Birnboim and Doly 1979) called for the use of lysozyme at this point to
assist in dissolution of the bacterial cell walls. This step can be safely omitted when dealing with
bacterial cultures of less than 10 ml in volume.

. Add 400 pl of freshly prepared Alkaline lysis solution II to each bacterial suspension. Close

the tube tightly, and mix the contents by inverting the tube rapidly five times. Do not vortex!
Store the tube on ice.

Make sure that the entire surface ofthe tube comes in contact with Alkaline lysis solution I].

Add 300 pl of ice—cold Alkaline lysis solution HI. Close the tube and disperse Alkaline lysis
solution III through the viscous bacterial lysate by inverting the tube several times. Store the
tube on ice for 3—5 minutes.

Centrifuge the bacterial lysate at maximum speed for 5 minutes at 4°C in a microfuge.
Transfer 600 pl of the supernatant to a fresh tube.
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Add an equal volume of phenolzchloroform. Mix the organic and aqueous phases by vortex-

ing and then centrifuge the emulsion at maximum speed for 2 minutes at 4°C in a microfuge.

Transfer the aqueous upper layer to a fresh tube.

Recovery of Plasmid DNA

9.

10.

11.

12.

13.

14.

15.

Precipitate nucleic acids from the supernatant by adding 600 pl of isopropanol at room tem-

perature. Mix the solution by vortexing and then allow the mixture to stand for 2 minutes at
room temperature.

Collect the precipitated nucleic acids by centrifugation at maximum speed for 5 minutes at

room temperature in a microfuge.

Remove the supernatant by gentle aspiration as described in Step 3 above. Stand the tube in

an inverted position on a paper towel to allow all of the fluid to drain away. Remove any drops

of fluid adhering to the walls of the tube.

Add 1 ml of 70% ethanol to the pellet and recover the DNA by centrifugation at maximum

speed for 2 minutes at room temperature in a microfuge.

Again remove all Of the supernatant by gentle aspiration as described in Step 3.

Take care with this step, as the pellet sometimes does not adhere tightly to the tube.

Remove any beads of ethanol that form on the sides of the tube. Store the open tube at room

temperature until the ethanol has evaporated and no fluid is visible in the tube (2—5 min-

utes).

If the pellet of DNA IS dried in a desiccator or under vacuum, it becomes difficult to dissolve under

some circumstances and may denature (Svaren et al. 1987). Drying the pellet for 10—15 minutes at
room temperature is usually sufficient for the ethanol to evaporate without the DNA becoming
dehydrated.

Dissolve the nucleic acids in 100 pl of TE (pH 8.0) containing 20 pg/ml DNase—free RNase A
(pancreatic RNase). Vortex the solution gently for a few seconds. Store the DNA solution at
—20°C.

For recommendations on troubleshooting, please see Table 1—5 in Protocol 3.

 



Protocol 3

Preparation of Plasmid DNA by Alkaline Lysis
with SDS: Maxipreparation

 

PLASMID DNA MAY BE ISOLATED FROM LARGE-SCALE (500 ml) bacterial cultures by treatment with

alkali and SDS. The resulting DNA preparation may be further purified by column chromatogra—

phy or centrifugation through CsCl-ethidium bromide gradients.

MATERIALS
 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Alkaline lysis solution I
For preparations of plasmid DNA that are to be subiected to further purification by chromatography
(please ace Protocol 9), sterile Alkaline lysis solution I may be supplemented just before use with the
appropriate volume of 20 mg/ml DNase—free RNase A (pancreatic RNase) to give a final concentration
of 100 pg/ml. Addition of RNase is not recommended at this stage if the DNA is to be further purified
by other methods (please see Protocols 10 and 11).

Alkaline lysis solution II
Sulution I] should be freshly prepared and used at room temperature.

Alkaline lysis solution III

Antibiotic for plasmid selection

Chloramphenico/ (34 mg/ml) <!>
Optioml, please see Step 4.

Ethanol

lsopropanol

STE

TE (pH 8.0)

Enzymes and Buffers

Lysozyme (10 mg/ml)
Please see the information panel on LYSOZYMES.

Restriction endonucleases

Gels

Agarose gels
Please see Steps 8 and 19.
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LB, YT, or Terrific Broth

Centrifuges and Rotors

Sorvall GSA rotor or equivalent

Sorval/ 55-34 rotor or equivalent

Additional Reagents

Steps 8 and 79 of this protocol require reagents listed in Chapter 5, Protocol 7.

Step 18 of this protocol requires reagents listed in Protocol 8, 9, 10, or 17 of this chapter.

METHOD

Preparation of Cell Culture

1. Inoculate 30 ml of rich medium (LB, YT, or Terrific Broth) containing the appropriate antibi-

otic either with a single colony of transformed bacteria or with 01—10 m1 of a small—scale
liquid culture grown from a single colony.

To ensure that the culture is adequately aerated:

0 The volume of the culture flask should be at least four times greater than the volume of
the bacterial culture.

0 The culture flask should be loosely capped.

0 The culture should be incubated with vigorous agitation.

Incubate the culture at the appropriate temperature with vigorous shaking until the bacteria

reach late log phase (OD600 : ~0.6).

. Inoculate 500 ml of LB, YT, or Terrific Broth medium (prewarmed to 37°C) containing the

appropriate antibiotic in a 2—liter flask with 25 ml of the late-log—phase culture. Incubate the

culture for ~2.5 hours at 37°C with vigorous shaking (300 cycles/minute on a rotary shaker).

The OD(700 of the resulting culture should be ~0.4. Because the growth rates of different bacterial
strains will vary, the culture may have to be incubated slightly longer or shorter than 2.5 hours to
reach an OD of 0.4.

For relaxed plasmids with low or moderate copy numbers, add 2.5 ml of 34 mg/ml chloram-

phenicol solution. The final concentration of chloramphenicol in the culture should be 170

ug/ml.

A IMPORTANT For high-copy-number plasmids/ do not add chloramphenicol.

Incubate the culture for a further 12—16 hours at 37°C with vigorous shaking (300
cycles/minute on a rotary shaker).

Remove an aliquot (1—2 ml) of the bacterial culture to a fresh microfuge tube and store it at

4°C. Harvest the remainder of the bacterial cells from the 500-ml culture by centrifugation at

2700g (4100 rpm in a Sorvall GSA rotor) for 15 minutes at 4°C. Discard the supernatant.

Stand the open centrifuge bottle in an inverted position to allow all of the supernatant to
drain away.

Resuspend the bacterial pellet in 200 m1 of ice-cold STE. Collect the bacterial cells by cen-

trifugation as described in Step 6. Store the pellet ofbacteria in the centrifuge bottle at —20°C.

Use one of the methods described in Protocol 1 or Protocol 4 to prepare plasmid DNA from
the 1—2—ml aliquot of bacterial culture set aside in Step 6. Analyze the minipreparation plas—  



1.40 Chapter 1: Plasmids and Their Usefulness in Molecular“ Cloning

Lysis of Cells

10.

11.

12.

13.

mid DNA by digestion with the appropriate restriction enzyme(s) and agarose gel elec-

trophoresis to ensure that the correct plasmid has been propagated in the large-sca1e culture.

This kind of control may seem a little overly compulsive. However, it provides valuable insurance
against errors that may be difficult to retrieve and may cause considerable loss of time.

Allow the frozen bacterial cell pellet from Step 7 to thaw at room temperature for 5—10 min-

utes. Resuspend the pellet in 18 ml (10 ml) of Alkaline lysis solution 1.

The volumes given in parentheses in the remainder ofthis protocol should be used only with cul-
tures that have been treated with chloramphenicol at Step 4.

Add 2 ml (1 ml) of a freshly prepared solution of 10 mg/ml lysozyme.

Add 40 ml (20 ml) of freshly prepared Alkaline lysis solution 11. Close the top of the cen—

trifuge bottle and mix the contents thoroughly by gently inverting the bottle several times.

Incubate the bottle for 5—10 minutes at room temperature.

Prolonged exposure of superhelical DNA to alkali results in irreversible denaturation (Vinogmd
and Lebowitz 1966). The resulting cyclic coiled DNA cannot be cleaved with restriction enzymes.
and it migrates through agarose gels at about twice the rate of superhelical DNA and stains poor-

ly with ethidium bromide. Traces of this form of DNA can be seen in plasmids prepared by alka-

line lysis of bacteria.

Add 20 ml (15 ml) of ice-cold Alkaline lysis solution III. Close the top of the centrifuge bot-

tle and mix the contents gently but well by swirling the bottle several times (there should no

longer be two distinguishable liquid phases). Place the bottle on ice for 10 minutes.

A flocculent white precipitate consisting of chromosomal DNA, high—molecular-weight RNA. and
potassium/SDS/protein/cell wall complexes will form during this incubation.

Potassium acetate is used in preference to sodium acetate in Alkaline lysis solution III because the
potassium salt of dodecyl sulfate is far less soluble than the sodium salt.

Centrifuge the bacterial lysate at 220,000g (11,000 rpm in a Sorvall GSA rotor) for 30 min—

utes at 4°C in a medium-speed centrifuge. Allow the rotor to stop without braking. At the end

of the centrifugation step, decant the clear supernatant into a graduated cylinder. Discard the

pellet remaining in the centrifuge bottle.

The failure to form a compact pellet after centrifugation is usually a consequence of inadequate

mixing of the bacterial lysate with Alkaline lysis solution 11 (Step 11). If the bacterial debris does
not form a tightly packed pellet, centrifuge again at 20,0003 (11,000 rpm in a Sorvall GSA rotor)

tor a further 15 minutes, and then transfer as much of the supernatant as possible to at fresh tube.

Decanting the supernatant through four-ply gauze at this step helps to remove traces of viscous
genomic DNA and protein precipitate.

Recovery of Plasmid DNA

14.

15.

16.

Measure the volume of the supernatant. Transfer the supernatant together with 0.6 volume
of isopropanol to a fresh centrifuge bottle. Mix the contents well and store the bottle for 10
minutes at room temperature.

Recover the precipitated nucleic acids by centrifugation at 12,000g (8000 rpm in a Sorvall
GSA rotor) for 15 minutes at room temperature.

Salt may precipitate if centrifugation is carried out at 4°C.

Decant the supernatant carefully, and invert the open bottle on a paper towel to allow the last
drops of supernatant to drain away. Rinse the pellet and the walls of the bottle with 70%
ethanol at room temperature. Drain off the ethanol, and use a Pasteur pipette attached to a
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17.

18.

19.
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vacuum line to remove any beads of liquid that adhere to the walls of the bottle. Place the

inverted, open bottle on a pad of paper towels for a few minutes at room temperature to allow

the ethanol to evaporate.

If the pellet of DNA is dried in a desiccator or under vacuum, it becomes difficult to dissolve under some

circumstances and maydenature (Svaren et al. 1987). Dryng the pellet for 10—15 minutes at room tem~
perature is usually sufficient for the ethanol to evaporate without DNA becoming dehydrated.

Dissolve the damp pellet of nucleic acid in 3 ml of TE (pH 8.0).

Purify the crude plasmid DNA either by column chromatography (Protocol 9), precipitation

with polyethylene glycol (Protocol 8), or equilibrium centrifugation in CsCl—ethidium bro—

mide gradients (Protocols 10 and 11).

Check the structure of the plasmid by restriction enzyme digestion followed by gel elec-

trophoresis.

For recommendations on troubleshooting, please see Table 1—5.

 

 

The typical yield of high-copy-number plasmid vectors or of amplified Iow-copy-number vectors
prepared by this method is ~3—5 ug of DNA/ml of original bacterial culture. The yield of recombi-
nant plasmids containing inserts of foreign DNA is usually slightly lower, depending on the size and
nature of the cloned DNA fragment. Yields of $1.0 pg/ml indicate that the plasmid DNA is toxic to
E. coli; the complete absence of DNA indicates that the plasmid has been lost during extraction and
purification. The first problem can often be solved by switching to a Iow-copy-number vector
and/or to a vector that carries prokaryotic transcriptional termination signals. The second problem
is often the result of accidental loss of the plasmid DNA pellet after ethanol precipitation. It also
occurs when the recombinant plasmid is large enough to be precipitated together with the chro-
mosomal DNA after addition of potassium acetate. Such a large plasmid will also be susceptible to
breakage during extraction and purification. This difficulty can be solved by using at more gentle
procedure of cell lysis, such as that described in Protocol 7.   
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TABLE 1-5 Troubleshooting

PROBLEM

Chapter I: Plasmids and Their Usefulness in Molecular Cloning

POSSIBLE CAUSES REMEDIES
 

DNA is resistant to cleavage with restriction

en7ymes.

Very little or no DNA is visible on gel either
before or after restriction digestion.

Pltismid DNA is present before digestion
with restriction enzymes but is converted

into a smear during digestion.

Insufficient care was taken to remove all of

the fluid at Step 3 or Step 11 of small-scale
or Steps 6 and 7 or Step 16 of large-scale
preparation.

Some strains of E. coli (e.g., HBlOl and its

derivatives) shed cell-wall components that

persist through purification of the plasmid
DNA and inhibit the action of restriction

enzymes.

Pellet of nucleic acid was inadvertently dis-
carded after ethanol precipitation.

The DNA is most likely tainted with a bac—
terial DNase (e.g., endA), which is activated
upon exposure to Mg2+ present in the

restriction buffer. The most likely source of
the DNase is the stock of TE used to dis—
solve the plasmid DNA. Unless care is

taken, TE can become contaminated by

bacteria. Restriction buffers are a less likely
possibility.

Extract the final DNA preparation with

phenol:chloroform; recover by standard
ethanol precipitation and subsequent
washing in 70% ethanol. Alternatively,
carry out the restriction digest in a larger
volume (100—200 pl), using fivefold more
enzyme. At the end of the digestion, recov-
er the DNA by standard ethanol precipita-
tion.

Resuspend the bacterial pellet in ice~coid

STE (0.25x volume of the original bacterial
culture) and recentrifuge. Discard every last
drop of the STE, and resuspend the bacter—

ial pellet in Alkaline lysis solution I as
described above.

Remove the ethanol by gentle aspiration
(Figure 1-7, p. 1.33) as soon as possible
after the centrifugation step. If the cen-
trifuge tube is left to stand for too long, the
pellet of DNA will become detached from
the wall.

Sterilize each batch of TE by autoclaving
and dispense l—ml aliquots into sterile
microfuge tubes (or sterilize TE in small
aliquots). Use a fresh aliquot every day. Try
to maintain sterile technique when using
stock solutions. If bacterial DNase eopuri-

fies with the plasmid DNA, extract the
DNA with phenolzchloroform, recover by
standard ethanol precipitation, and resus-
pend in fresh TE.
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Introduction to Protocols 4 and 5
 

Preparation of Plasmid DNA by
Boiling Lysis

I N THIS METHOD, ADAPTED FROM HOLMES AND QUIGLEY (1981), bacteria are suspended in buffer
containing Triton X-100 and iysozyme, which weakens the cell walls, and are then lysed by heat—
ing to 1000C (please see the information panel on LYSOZYMES). In addition to cracking open the
outer shell, the heating step disrupts base pairing ofDNA strands and denatures the proteins and
chromosomal DNA of the host. However, the strands of closed circular piasmid DNA are unable
to separate from each other because their phosphodiester backbones are topologically inter—

twined. When the temperature is lowered, the bases of the closed circular molecules of DNA fall
once again into register, forming superhelicai molecules. After denatured chromosomal DNA and
proteins have been removed by centrifugation, native plasmid DNA can be recovered from the
supernatant.

The boiling procedure works well with smaller plasmids (<15 kb in size) and can be used to

prepare plasmid DNA from bacterial cultures ranging in volume from 1 ml (niinipreparationsl to

250 ml (large—scale preparations). The method works well with most strains of E. mli. However,

the boiling method is not recommended for strains of E. coli that release large quantities of car—

bohydrate on exposure to detergent, lysozyme, and heat. The carbohydrate, which is difficult to
remove from the plasmid preparation, may inhibit restriction enzymes and polymerases and,
when present in excess, may obscure the band of superhelical plasmid DNA in CsCl—ethidium
bromide gradients. E. coli strain HBlOl and its derivatives (which include TGI) are prolific pro—
ducers of carbohydrate and are therefore unsuitable for lysis by the boiling method.

The boiling method is also not recommended when preparing plasmid DNA from strains
of E. coli that express endonuclease A (ena’A+ strains). Because endonuclease A is not completely
inactivated during the boiling procedure, the plasmid DNA is degraded during subsequent incu-
bation in the presence of Mg” (e.g., during digestion with restriction enzymes). Plasmid DNA
from the 61sz+ strains should therefore be prepared by the alkaline lysis method (Protocols 1‘ 2,
and 3).

The protocol for small-scale boiling lysis (described in Protocol 4) may be scaled up for iso-
lation of plasmid DNA from large—volume cultures. This method is used in conjunction with a
subsequent purification step such as precipitation with polyethylene glycol ( Protocol 8 ), purifica—
tion by column chromatography (Protocol 9), or equilibrium centrifugation in CsCl—ethidium
bromide gradients (Protocols 10 and 11). It is recommended only for bacterial cultures that have
been treated with chloramphenicoi. Untreated cultures yield lysates that are too viscous to be
manageable.

1.43
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Protocol 4

Preparation of Plasmid DNA by SmaII-scale
Boiling Lysis

 

PLASMID DNA MAY BE ISOLATED FROM SMALL-SCALE (1—2 ml) bacterial cultures by treatment with

Triton—X~ 100 and lysozyme, followed by heating. The resulting DNA preparation may be screened

by electrophoresis or restriction endonuclease digestion. With further purification by treatment

with PEG, the preparations may be used as templates in DNA sequencing reactions (please see the

information panel On PURIFICATION OF PlASMID DNA BY PEG PRECIPITATION).

MATERIALS

Buffers and Solutions
Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Antibiotic for plasmid selection

Ethanol

lsopropano/

Sodium acetate (3.0 M, pH 5.2)

STET
TE (pH 8.0) containing 20 ug/ml RNase A

Enzymes and Buffers

Lysozyme (70 mg/ml)
Please see the information panel on LYSOZYMES

Media

1.8, YT, or Terrific Broth

Special Equipment

Boiling water bath
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METHOD

Protocol 4: Preparation ofPlasmid DNA by Small—scale Boiling Lysis 1.45

Preparation of Cells

Lysis of Cells

1. Inoculate 2 ml of rich medium (LB, YT, or Terrific Broth) containing the appropriate antibi—

otic with a single colony of transformed bacteria.1ncubate the culture overnight at 37°C with

vigorous shaking.

To ensure that the culture is adequately aerated:

o The volume of the culture tube should be at least four times greater than the volume of

the bacterial culture.

0 The tube should be loosely cappedt

0 The culture should be incubated with vigorous agitation.

2. Pour 1.5 ml of the culture into a microfugc tube. Centrifuge the tube at maximum speed for

30 seconds at 4°C in a microfuge. Store the unused portion of the culture at 4°C.

3. When centrifugation is complete, remove the medium by gentle aspiration, leaving the bac—

terial pellet as dry as possible.

This step can be conveniently accomplished with a disposable pipette tip or Pasteur pipette
attached to a vacuum line and a side arm flask (please see Figure 1-7). Use a gentle vacuum and
touch the tip to the surface of the liquid. Keep the tip as far from the bacterial pellet as possible as
the fluid is withdrawn from the tube. This minimizes the risk that the pellet will be sucked into the
side arm flask. Alternatively, remove the supernatant using a pipettor or Pasteur pipette and bulb.
Use the pipette tip to vacuum the walls of the tube to remove any adherent droplets of fluid.

The penalty for failing to remove all traces of medium from the bacterial pellet is a preparation of
plasmid DNA that is resistant to cleavage by restriction enzymes. This is because cell—wall compo—
nents in the medium inhibit the action of many restriction enzymes

4. Resuspend the bacterial pellet in 350 til of STET.

Make sure that the bacterial pellet is dispersed completely and quickly in STET. Vortexing two
microfuge tubes simultaneously with their bases touching works well.

5. Add 25 ul of a freshly prepared solution of lysozyme. Close the top of the tube and mix the

contents by gently vortexing for 3 seconds.

6. Place the tube in a boiling water bath for exactly 40 seconds.

Prolonged exposure of superhelical DNA to heat results in irreversible denaturation ( Vinograd and
Lebowitz 1966). The resulting cyclic coiled DNA cannot be cleaved with restriction enzymes, and
it migrates through agarose gels at about twice the rate of superhelical DNA and stains poorly with
ethidium bromide, Traces of this collapsed coiled form of DNA can usually be seen in plasmids
prepared by thermal lysis of bacteria. However, the quantity of cyclic coiled DNA can be kept to a

minimum by ensuring that the lysate is kept at 100°C for exactly the recommended time.

7. Centrifuge the bacterial lysate at maximum speed for 15 minutes at room temperature in a

microfuge. Pour the supernatant into a fresh microfuge tube.

Recovery of Plasmid DNA

8. Precipitate the nucleic acids from the supernatant by adding 40 pt] of 2.5 M sodium acetate
(pH 5.2) and 420 ttl of isopropanol. Mix the solution by vortexing, and then allow the mix-
ture to stand for 5 minutes at room temperature.
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9.

10.

11.

12.

13.

Recover the precipitated nucleic acids by centrifugation at maximum speed for 10 minutes at
4°C in a microfuge.

It is best to get into the habit of always arranging the microfuge tubes in the same ml) in the

microfuge rotor, i.e., in order, with their plastic hinges always pointing outward. The precipitate

will collect on the inside surface furthest from the center ofrotation. Knowing where to look makes
it easier to find visible precipitates and to dissolve “invisible” precipitates efficiently.

 

When preparing plasmid DNA from an endA' strain of E. coli, an extraction with phenolzchloroform
should be included at this point. In brief:

o Resuspend the isopropanol-precipitated DNA pellet in 100 pl of TE (pH 8.0).

0 Add 100 pl of phenolzchloroform (1 :1, v/v), and vortex the mixture for 15—30 seconds.

0 Separate the aqueous and organic phases by centrifugation at maximum speed for 2 minutes at room
temperature in a microfuge.

0 Transfer the aqueous layer to a fresh microfuge tube, and add 0.1 volume of 3 M sodium acetate
(pH 5.2) and 2.5 volumes of ethanol. Recover the precipitated nucleic acids by centrifugation at
maximum speed for 10 minutes in a microfuge, and rejoin the protocol at Step 10.   

Remove the supernatant by gentle aspiration as described in Step 3 above. Stand the tube in

an inverted position on a paper towel to allow all of the fluid to drain away. Use a Kimwipe

or disposable pipette tip to remove any drops of fluid adhering to the walls of the tube.

The pellet of nucleic acid is usually visible as a smudge on the wall of the centrifuge tube, near the
base.

Rinse the pellet of nucleic acid with 1 ml of 70% ethanol at 4°C. Again remove all of the

supernatant by gentle aspiration as described in Step 3.

Take care with this step, as the pellet sometimes does not adhere tightly to the tube.

Remove any beads of ethanol that form on the sides of the tube. Store the open tube at room

temperature until the ethanol has evaporated and no fluid is visible in the tube (2—5 min-
utes).

Ifthe pellet of DNA is dried in a desiccator or under vacuum, it becomes difficult to dissolve under
some circumstances and may denature (Svaren et al. 1987). Drying the pellet for 10—15 minutes at
room temperature is usually sufficient for the ethanol to evaporate without the DNA becoming
dehydrated.

Dissolve the nucleic acids in 50 pl of TE (pH 8.0) containing DNase—free RNase A (pancreat-
ic RNase). Vortex the solution gently for a brief period. Store the DNA at —20°C.



Protocol 5

Preparation of Plasmid DNA by Large-scale
Boiling Lysis

PLASMID DNA MAY BE ISOLATED FROM lARGE-SCALE (500 m1) bacterial cultures by treatment with

Triton X—100 and lysozyme, followed by heating. The resulting DNA preparation may be further

purified by column chromatography or centrifugation through CsCl—ethidium bromide gradients.

MATERIALS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions
Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Antibiotic for plasmid selection
Chloramphenicol (34 mg/ml) <!>

Please see the information panel on CHLORAMPHENICOL

Ethanol

lsopropanol

STE

STET

TE (pH 8.0)

Enzymes and Buffers

Lysozyme (70 mg/ml)
Please see the information panel on LYSOZYMES.

Restriction endonucleases

Gels

Agarose gel
Please see Step 21.

Media

LB, YT, or Terrific Broth
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Centrifuges and Rotors

Beckman 5W47Ti rotor or equivalent

Sorvall GSA rotor or equivalent
Sorvall 55-34 rotor or equivalent

Special Equipment

Boiling water bath

Bunsen burner

Gauze (4—ply)

Optional, please see Step 15.

Additional Reagents

Step 7 of this protocol requires the reagents listed in Protocol 1 or 4 of this chapter.

Step 20 of this protocol requires reagents listed in Protocol 8, 9, 1 O, or 17 of this Chapter.

METHOD
 

Preparation of Cells

1. Inoculate 30 ml of rich medium (LB, YT, or Terrific Broth) containing the appropriate antibi—

otic either with a single colony of transformed bacteria or with 01—10 ml of a small-scale

liquid culture grown from a single colony.

To ensure that the culture is adequately aerated:

0 The volume of the culture flask should be at least four times greater than the volume of
the bacterial culture.

0 The culture flask should be loosely capped.

0 The culture should be incubated in a rotary shaker set at 250 rpm.

Incubate the culture at the appropriate temperature with vigorous shaking (250 cycles/

minute in a rotary shaker) until the bacteria reach the late log phase of growth (i.e., an OD600

of ~0.6).

Inoculate 500 ml of LB, YT, or Terrific Broth (prewarmed to 37°C) containing the appropri—

ate antibiotic in a 2—liter flask with 25 ml of the late—log-phase culture. Incubate the culture

for 2.5 hours at 37°C with vigorous shaking (250 cycles/minute on a rotary shaker).

The OD600 of the resulting culture should be ~0.44 The growth rates of various bacterial strains or
of a single strain containing different plasmids will vary. Thus, in some cases, the culture may have
to be incubated slightly longer or shorter than 2.5 hours to reach the desired optical density.

Add 2.5 ml of 34 mg/ml chloramphenicol. The final concentration of chloramphenicol in the

culture should be 170 ug/ml. Incubate the culture for a further 12—16 hours at 370C with vig—

orous shaking (250 cycles/minute on a rotary shaker).

Please see the information panel on CHLORAMPHENlCOL.

Remove an aliquot (1—2 ml) of the bacterial culture to a fresh microfuge tube and store at

4°C. Harvest the remainder of the bacterial cells from the 500—ml culture by centrifugation at

2700g (4100 rpm in a Sorvall GSA rotor) for 15 minutes at 4°C. Discard the supernatant.

Stand the open centrifuge bottle in an inverted position to allow all of the supernatant to

drain away.
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Lysis of Cells

11.

12.

13.

14.

15.
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Resuspend the bacterial pellet in 200 ml of ice—cold STE. Collect the bacterial cells by cen-

trifugation as described in Step 5. Store the pellet of bacteria in the centrifuge bottle at

—20°C.

Prepare plasmid DNA from the 1—2-ml aliquot of bacteria set aside in Step 5 by the

minipreparation protocol (either Protocol 1 or 4). Analyze the minipreparation plasmid

DNA by digestion with the appropriate restriction enzyme(s) to ensure that the correct plas—

mid has been propagated in the large—scale culture.

This kind of control may seem overly compulsive. However, it provides valuable insurance against
errors that may be difficult to retrieve and may cause considerable loss of time.

Allow the frozen bacterial cell pellet from Step 6 to thaw for 5—10 minutes at room tempera—

ture. Resuspend the pellet in 10 ml of ice—cold STET. Transfer the suspension to a 50—ml

Erlenmeyer flask.

Add 1 ml of a freshly prepared solution of 10 mg/ml lysozyme.

Use a clamp to hold the Erlenmeyer flask over the open flame of a Bunsen burner until the
liquid just starts to boil. Shake the flask constantly during the heating procedure.

A WARNING During heating, keep the open neck of the flask pointing away from you and everyone

else working in the lab.

Immediately immerse the bottom half of the flask in a large (2-liter) beaker of boiling water.
Hold the flask in the boiling water for exactly 40 seconds.

Prolonged exposure of superhelical DNA to heat causes irreversible denaturation (Vinograd and
Lebowitz 1966). The resulting cyclic coiled DNA cannot be cleaved with restriction enzymes, and
it migrates through agarose gels at about twice the rate of superhelical DNA and stains poorly with
ethidium bromide. Variable amounts of this form of DNA are always present in plasmids prepared
by thermal lysis of bacteria However, the quantity of cyclic coiled DNA can be kept to a minimum
by ensuring that the bacterial lysate is heated uniformly to boiling and that the lysate is kept at
100°C for exactly the recommended time.

Cool the flask in ice-cold water for 5 minutes.

Transfer the Viscous contents of the flask to an ultracentrifuge tube (Beckman SW41 or its
equivalent). Centrifuge the lysate at 150,000g (30,000 rpm in a Beckman SW41'l‘i rotor) for
30 minutes at 4°C.

The denser the growth of the original bacterial culture, the more difficult it is to transfer the vis-
cous lysate to the centrifuge tube. If absolutely necessary, the lysate can be chopped into chunks of
manageable size with a pair of long—blade scissors, or it can be partially sheared by drawing it into
the barrel of a 10-ml syringe. This problem generally does not arise when isolating plasmid DNA
from bacterial cultures that have been treated with chloramphenicol.

Transfer as much of the supernatant as possible to a new tube. Discard the viscous liquid
remaining in the centrifuge tube.

Ifthe bacterial debris does not form a tightly packed pellet, centrifuge again at 210,000g (35,000
rpm in a Beckman SW41Ti rotor) for a further 20 minutes, and then transfer the supernatant as
described above.

(Optional) If the supernatant contains visible strings of genomic chromatin or flocculent pre-
cipitate of proteins, filter it through 4-ply gauze before proceeding (Huang and Campbell
1993).
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Recovery of Plasmid DNA

16.

17.

18.

19.

20.

21.

Measure the volume Of the supernatant. Transfer the supernatant, together with 0.6 volume

of isopropanol, to a fresh centrifuge tube(s). Store the tube(s) for 10 minutes at room tem—

perature, after mixing the contents well.

Recover the precipitated nucleic acids by centrifugation at 12,000g (10,000 rpm in a Sorvall

58-34 rotor) for 15 minutes at room temperature.

Salt may precipitate if centrifugation is carried out at 4°C.

Decant the supernatant carefully, and invert the open tube(s) on a paper towel to allow the

last drops of supernatant to drain away. Rinse the pellet and the walls of the tube(s) with 7()%

ethanol at room temperature. Drain off the ethanol, and use a Pasteur pipette attached to a

vacuum line to remove any beads of liquid that adhere to the walls of the tube(s). Place the

inverted, open tube(s) on a pad of paper towels for a few minutes at room temperature until

no trace of ethanol is visible. At this stage, the pellet should still be damp.

Dissolve the pellet of nucleic acid in 3 ml of TE (pH 8.0).

Purify the crude plasmid DNA either by chromatography on commercial resins (please see

Protocol 9), precipitation with polyethylene glycol (Protocol 8), or equilibrium centrifuga-

tion in CsCl-ethidium bromide gradients (Protocols 10 and 11).

Check the structure of the plasmid by restriction enzyme digestion followed by gel elec-

trophoresis.

 

 

The typical yield of high-copy-number plasmid vectors or of amplified low-copy-number vectors pre-
pared by this method is ~3—5 pg of DNA/ml of original bacterial culture. The yield of recombinant plas-
mids containing inserts of foreign DNA is usually slightly lower, depending on the size and nature of the
cloned DNA fragment. Yields of $1.0 ug/ml indicate that the plasmid DNA is toxic to E. coli; the complete
absence of DNA indicates that the plasmid has been lost during extraction and purification. The first prob-
lem can often be solved by switching to a Iow-copy-number vector and/or to a vector that carries prokary-
otic transcriptional termination signals. The second problem is often the result of accidental loss of the
plasmid DNA pellet after ethanol precipitation. It also occurs when the recombinant plasmid is large
enough to be precipitated together with the chromosomal DNA after boiling. Such a large plasmid will
also be susceptible to breakage during extraction and purification. This difficulty can solved by using a
more gentle procedure of cell lysis, such as that described in Protocol 7.  
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Protocol 6
 

Preparation of Plasmid DNA: Toothpick
Minipreparations

MATERIALS

PLASMID DNA CAN BE PREPARED DIRECTLY FROM BACTERIAL COLONIES plucked from the surface of

agar media with toothpicks. The closed circular DNA is too dirty to be used as a substrate for

most restriction enzymes. However, the toothpick method can be used to identify bacterial

colonies containing recombinant plasmids after transformation, to estimate the size of the plas—

mids in individual transformants by agarose gel electrophoresis, and to compare the copy num—

ber of different plasmids in the same host. The nature of the insert in putative recombinant plas—

mids can be confirmed by Southern hybridization (please see Chapter 6, Protocol 10) and by

polymerase chain reaction (PCR) (please see Chapter 8, Protocol 12).

The simple procedure described below, a modification of the method of Barnes (1977),

works best with large colonies (2-3 mm diameter) and yields enough DNA to load on a single

lane of an agarose gel.

 

In addition to Wayne Barnes’ “toothpick assay," the January 28, 1977 issue Of Science printed an apocryphal l
warning to wouId-be gene splicers of the time. On page 378, Nicholas Wade, in his best sensational style, tells
of three “near disasters” in molecular cloning in which, horror of horrors, an E. coli with a plasmid containing 1
a cellulase gene, a hybrid adenovirus-SV40, and an E. coli with a plasmid containing the SV40 genome were,
or almost were, constructed. Looking back, we observe that all of these “potentially grave hazards” were later ‘
constructed in the laboratory without incident, and each provided unique insight into biotechnology, virology,
oncology, and molecular cloning. It seems entirely appropriate that Barnes’ assay continues to be useful while
Wade’s imaginary monsters have been long since laid to rest. f

   

 
 

 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Antibiotic for plasmid selection

Bromophenol blue solution (0.4% MW
or

Creso/ red solution (70 mM)
Please see Step 10.

EDTA (0.5 M, pH 80)

1.51
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Gels

Media

Special Equipment

Chapter I: Plasmids and Their Usefulness in Molecular Cloning

Ethidium bromide (70 mg/ml) <!>

SYBR Cold <!>

KC! (4 M)

N55 solution

0.2 N NaOH

().5% SDS

2()% sucrose

This solution should be made fresh for each use. Store the solution at room temperature until it is

required. Discard any NSS solution that remains unused.

Agarose gel (O.7%, 5-mm thick), cast in Tris-borate buffer or in Tris—acetate buffer without

ethidium bromide

When only a small difference in size is anticipated among plasmids, the agarose gel should be cast and
run in Tris-acetate electrophoresis buffer (TAE; please see Chapter 5, Protocol 1), because of its superi—

or ability to resolve superhelical DNAs of different sizes. Otherwise, Tris—borate—EDTA (TBE) is the bet~

ter choice because of its higher buffering capacity.

Agarose gel
Please see Step 14.

LB, Yij or 508 (rich broth for growing E. coli)
LB, YT, or SOB agar plates containing the appropriate antibiotic

Thermal cycler

Water bath preset to 70°C

Wooden toothpicks

Additional Reagents

METHOD

Step 72 of this protocol requires the reagents listed in Chapter 8, Protocol 7.

Step 74 of this protocol requires the reagents listed in Protocol 1 or 4 of this chapter.

Preparation of Cells

1. Grow bacterial colonies, transformed with recombinant plasmid, on rich agar medium (LB,

YT, or SOB) containing the appropriate antibiotic until they are ~2—3 mm in diameter
(~18—24 hours at 37°C for most bacterial strains).

Use a sterile toothpick or disposable loop to transfer a small segment of a bacterial colony to

a streak or patch on a master agar plate containing the appropriate antibiotic. Transfer the

remainder of the colony to a numbered microfuge tube containing 50 ul of sterile 10 mM

EDTA (pH 8.0).
In addition to the colonies under test, transfer a number of colonies containing the “empty,” non-

recombinant plasmid vector. These samples are used as markers in gel electrophoresis (please see
Step 11).

. Repeat Step 2 until the desired number of colonies has been harvested.

. When all of the colonies have been replicated and transferred, incubate the master plate for

several hours at 37°C and then store it at 4°C until the results of the gel electrophoresis (Step
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11 of this protocol) are available. Colonies containing plasmids of the desired size can then

be recovered from the master plate.

While the master plate is incubating, process the bacterial suspensions as follows: To each

microfuge tube in turn, add 50 pl of a freshly made solution ofNSS. Close the top of the tubes

and then mix their contents by vortexing for 30 seconds.

. Transfer the tubes to a 70°C water bath. Incubate the tubes for 5 minutes and then allow them

to cool to room temperature.

. To each tube, add 1.5 pl of a solution of 4 M KCl. Vortex the tubes for 30 seconds.

Incubate the tubes for 5 minutes on ice.

Remove bacterial debris by centrifugation at maximum speed for 3 minutes at 4°C in a

microfuge.

Analysis of Plasmids by Gel Electrophoresis

10.

11.

12.

Transfer each of the supernatants in turn to fresh microfuge tubes. Add to each tube 0.5 ul of

a solution containing 0.4% bromophenol blue if the samples are to be analyzed only by

agarose gel electrophoresis or 2 ul of 10 mM cresol red if the samples are to be analyzed both

by PCR and by agarose gel electrophoresis. Load 50 pl of the supernatant into a slot (5 mm

in length x 2.5 mm in width) cast in a 0.7% agarose gel (5 mm thick).

The agarose gel is poured and run in the absence of ethidium bromide because the rate of migra—
tion of superhelical DNA in the absence of ethidium bromide reflects its molecular weight more
faithfully than its rate ot'migration in the presence of the intercalating dye. This simplifies the task
of distinguishing among plasmids of different sizes.

After the bromophenol blue dye has migrated two—thirds to three—fourths the length of the

gel, or the cresol red dye about one—half the length of the gel, stain the gel by soaking it for

30—45 minutes in a solution of ethidium bromide (0.5 ug/ml in HZO) at room temperature.

Examine and photograph the gel under UV illumination.

More sensitive dyes such as SYBR Gold (Molecular Probes) can be used to stain the agarose gel
after electrophoresis when working with lowfcopyfnumber plasmids (please see Chapter 5,

Protocol 1). For more information, please see the discussion on SYBR dyes in Appendix 9.
 

Colonies that contain a recombinant plasmid will yield bands of DNA that migrate through the agarose
gel more slowly than the empty vector DNA. It is important to use as controls plasmids of known size
that have been prepared by the toothpick method. Plasmids prepared by other methods are not reliable
as controls because they will be dissolved in buffers of different ionic strengths and constitutions. The
rate of migration of superhelical DNAs can be markedly affected by the ionic strength of the solution
loaded into the wells of the gel.

The pattern of bands can be quite complicated, consisting of superhelical, open circular, and linear
forms of plasmid DNAs, in addition, perhaps, to traces of bacterial chromosomal DNA. 
 

If cresol red has been used at Step 10, analyze the supernatants by performing PCR as
described in Chapter 8, Protocol 1, using the remainder of each sample as a template.

(lresol red (Merck Index) is orange to amber in acidic solutions (pH 2—3), yellow in solutions of
pH 7.2, and red in alkaline solutions. In contrast to bromophenol blue and xylene cyanol, cresol
red does not inhibit the thermostable DNA polymerase from Thermus aquaticus (flu) polymerase)
(Hoppe et al. 1992). Thus, DNA solutions containing cresol red are viable templates in most ampli-
fication reactions. The dye migrates between xylene cyanol and bromophenol blue during agarose
gel electrophoresis, with a size of ~300 bp in a 20/0 agarose gel (Hoppe et al. 1992). (Iresol red does
not produce a shadow on photographs of agarose gels stained with ethidium bromide.
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13. Prepare small—scale cultures of the putative recombinant clones by inoculating 2 m1 ofliquid

medium (LB, YT, or SOB) containing the appropriate antibiotic with bacteria growing on the

master plate.

It is not necessary to wait for florid growth of bacteria on the master plate. Even a faint opaque film
of bacteria is sufficient to locate the desired isolates and to inoculate liquid cultures.

14. Use the small—scale bacterial cultures to generate minipreparations (please see Protocol 1 or

4) of the putative recombinant plasmids. Analyze the plasmid DNAs by digestion with

restriction enzymes and agarose gel electrophoresis to confirm that they have the desired size

and structure.



Protocol 7

Preparation of Plasmid DNA by Lysis
with SDS

THlS GENTLE METHOD (ADAPTED FROM GODSON AND VAPNEK 1973) has advantages over the alka-

line lysis and boiling methods when dealing with large plasmids (>15 kb). However, the price of

lenity in this case is low yield: A significant fraction of the plasmid DNA becomes enmeshed in

the cell debris and is lost at an early stage of the protocol.

(MATERIALS

CAUTION: Please see Appendix 12 for appropriate handling Of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Antibiotic for plasmid selection
Chloramphenicol (34 mg/ml) <!>

Optiona1,please see Step 4. Please see the information panel on CHLORAMPHENICOL.

Chloroform <!>

EDTA (0.5 M, pH 8.0)
Ethanol

NaCl (5 M)

Phenol:ch/0roform (7:1/ v/v) <!>

SDS (10% w/v)

STE, ice cold

TE (pH 8.0)

Tris-sucrose

Enzymes and Buffers

Lysozyme (70 mg/ml)
Please see the information panel on LYSOZYMES.

Restriction endonuc/eases

Gels

Agarose gels
Please see Steps 8 and 22.
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Media

LB, YT, or Terrific Broth

Centrifuges and Rotors

Beckman type-50 ultracentrifuge rotor or equivalent with Oak Ridge plastic centrifuge tubes
(30-ml screw cap, Naigene)
Sorval/ GSA rotor or equivalent

Special Equipment

Sturdy glass rod

Additional Reagents

Step 8 of this protocol requires the reagents listed in Protocol 1 or 4 of this chapter.

Step 27 of this protocol requires the reagents listed in Protocol 9 or 70 of this chapter.

METHOD?
 

Preparation of Cells

1. Inoculate 30 ml of rich medium (LB, YT, or Terrific Broth) containing the appropriate antibi-

otic with a single transformed bacterial colony or with 0.1—1.0 m1 of a late-log-phase culture

grown from a single transformed colony.

2. Incubate the culture with vigorous shaking until the bacteria enters the late log phase of
growth (i.e., an ODfi00 of ~0.6).

To ensure that the culture is adequately aerated:

0 The volume of the culture flask should be at least four times greater than the volume of
the bacterial culture.

0 The flask should be loosely capped.

0 The culture should be incubated with vigorous agitation.

3. Inoculate 500 ml of LB, YT, or Terrific Broth (prewarmed to 37°C) containing the appropri-

ate antibiotic in a 2-1iter flask with 25 ml of the late-log-phase culture. Incubate the culture
for ~2.5 hours at 37°C with vigorous shaking (250 cycles/minute on a rotary shaker).

The ODW of the resulting culture should be ~0.4. The growth rates of various bacterial strains or
of a single strain containing different plasmids will vary. Thus, in some cases, the culture may have

to be incubated slightly longer or shorter than 2.5 hours to reach the desired optical density.

4. For relaxed plasmids with low or moderate copy numbers, add 2.5 ml of 34 mg/ml chloram—

phenicol. The final concentration of chloramphenicol in the culture should be 170 pg/ml.

A IMPORTANT For high-copy-number plasmids, do not add chloramphenicol.

5. Incubate the culture for a further 12—16 hours at 37°C with vigorous shaking (250
cycieS/minute on a rotary shaker)

6. Remove an aliquot (1—2 ml) of the bacterial culture to a fresh microfuge tube and store it at
4°C. Harvest the remainder of the bacterial cells from the 500-ml culture by centrifugation at
2700g (4100 rpm in a Sorvall GSA rotor) for 15 minutes at 4°C. Discard the supernatant.
Stand the open centrifuge bottle in an inverted position to allow all of the supernatant to
drain away.

 



Lysis of Cells

10.

11.

12.

13.
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Resuspend the bacterial pellet in 200 ml of ice~cold STE. Collect the bacterial cells by cen—

trifugation as described in Step 6. Store the pellet of bacteria in the centrifuge bottle at —20°C.

Use one of the methods described in Protocol 1 or 4 to prepare plasmid DNA from the l—2—

ml aliquot of bacterial culture set aside in Step 6. Analyze the minipreparation plasmid DNA

by digestion with the appropriate restriction enzyme(s) and agarose gel electrophoresis to

ensure that the correct plasmid has been propagated in the large-seale culture.

This kind of control may seem a little overly compulsive. However, it provides valuable insurance
against errors that may be difficult to retrieve and may cause considerable loss of time.

Allow the frozen bacterial cell pellet from Step 7 to thaw at room temperature for 5—10 min—

utes. Resuspend the pellet in 10 ml of ice—cold Tris-sucrose solution. Transfer the suspension

to a 30-ml plastic screw—cap tube.

Add 2 ml of a freshly prepared Iysozyme solution (10mg/ml) followed by 8 m] of 0.25 M EDTA

(pH 8.0).

Mix the suspension by gently inverting the tube several times. Store the tube on ice for 10

minutes.

The combination of lysozyme and EDTA breaks down the bacterial cell walls and punctures the
outer membrane. The resulting spheroplasts, although leaky, are stabilized by the isosmotic sucrose
solution.

Add 4 ml of 10% SDS. Immediately mix the contents ofthe tube with a glass rod so as to dis-
perse the solution of SDS evenly throughout the bacterial suspension. Be as gentle as possi~

ble to minimize shearing of the liberated chromosomal DNA.

As soon as mixing is completed, add 6 ml of 5 M NaCl (final concentration = 1 M). Again, use

a glass rod to mix the contents of the tube gently but thoroughly. Place the tube on ice for at

least 1 hour.

Recovery of Plasmid DNA

14.

15.

16.

17.

18.

Remove high—molecular-weight DNA and bacterial debris by centrifugation at 71,000g

(30,000 rpm in a Beckman Type 50 rotor) for 30 minutes at 4°C. Carefully transfer the super—

natant to a SO—ml disposable plastic centrifuge tube. Discard the pellet.

[f the bacterial debris does not form a tightly packed pellet, centrifuge again at 96,000g (35,000 rpm
in a Beckman Type 50 rotor) for a further 20 minutes, and transfer as much of the supernatant as
possible to a fresh tube. Discard the viscous liquid remaining in the centrifuge tube.

Extract the supernatant once with phenol:chloroform and once with chloroform.

Transfer the aqueous phase to a 250—ml centrifuge bottle. Add 2 volumes (~60 ml) of ethanol

at room temperature. Mix the solution well. Store the solution for 1—2 hours at room tem—

perature.

Recover the nucleic acids by centrifugation at 5000g (5500 rpm in a Sorvall GSA rotor or 5100

rpm in a Sorvall HS4 swing—out rotor) for 20 minutes at 4°C.

Swing-out (horizontal) rotors are better than angle rotors for this step, since they concentrate the
nucleic acids on the bottom of the bottle rather than smearing them on the walls.

Discard the supernatant. Wash the pellet and sides of the centrifuge tube with 70% ethanol

at room temperature and then centrifuge as in Step 17.
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19. Discard as much of the ethanol as possible, and then invert the centrifuge bottle on a pad of

paper towels to allow the last of the ethanol to drain away. Use a vacuum aspirator to remove

droplets of ethanol from the walls of the centrifuge bottle. Stand the bottle in an inverted

position until no trace of ethanol is visible. At this stage, the pellet should still be damp.

20. Dissolve the damp pellet of nucleic acid in 3 ml of TE (pH 8.0).

21. Purify the crude plasmid DNA either by chromatography on commercial resins (please see

Protocol 9) or isopycnic centrifugation in CsCl—ethidium bromide gradients (please see

Protocols 10 and 11).

Large plasmids (>15 kb) are vulnerable to flicking during the several precipitation steps that are

used in purification of plasmid DNA by polyethylene glycol.

22. Check the structure of the plasmid by restriction enzyme digestion followed by gel elec—

trophoresis.

 



Protocol 8

Purification of Plasmid DNA by
Precipitation with Polyethylene Glycol

 

THIS METHOD WAS ORIGINALLY DEVISED BY RICHARD TREISMAN (ICRF, London, United Kingdom)

following the work of Lis (1980), who pioneered the use of polyethylene glycol (PEG) to frac—

tionate DNAs of different sizes. Treisman’s method is widely used to purify plasmid DNA pre—

pared by the alkaline lysis method (Protocol 3). Crude preparations of plasmid DNA are first

treated with lithium chloride to precipitate large RNAs and with RNase to digest smaller conta—

minating RNAs. A solution of PEG in high salt is then used to precipitate the large plasmid DNA

selectively, leaving short RNA and DNA fragments in the supernatant. The precipitated plasmid

DNA is purified by extraction with phenolzchloroform and ethanol precipitation. A modification

of the Treisman procedure is described here in which a solution of PEG and MgCl2 is used to pre—

cipitate the plasmid DNA (Nicoletti and Condorelli 1993). For further information, please see the

information panel on POLYETHYLENE GLYCOL.

Precipitation with PEG/MgCl2 differs from purification of plasmid DNAs by column chro-

matography (Protocol 9) and equilibrium centrifugation in CsCl—ethidium bromide gradients
( Protocol 10) in one major respect: It does not efficiently separate nicked circular molecules from

the closed circular form of plasmid DNA. The latter two protocols are the methods of choice for

the purification of very large plasmids (>15 kb) that are vulnerable to nicking and closed circu—

lar plasmids that are to be used for biophysical measurements. However, plasmid DNA purified

by PEG/MgCl2 precipitation is suitable for all enzymatic reactions commonly used in molecular

cloning (including DNA sequencing) and can also be used to transfect mammalian cells with high

efficiency.

 

llTHIUM CHLORIDE

LiCl is a strong dehydrating reagent that lowers the solubility of RNA (Hearst and Vinograd 1961 ab) and strips
proteins from chromatin (Kondo et al. 1979). Contaminating high-molecular-weight RNA and proteins can
therefore be precipitated from crude plasmid preparations by high concentrations of HG! and removed by low-
speed centrifugation (e.g., please see Kondo et al. 1991). The use of MCI as a selective precipitator of high-
molecular—weight RNA was first reported in 1963 by Bob Williamson and colleagues (Barlow et al. 1963).
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(ML\_TERIALS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Chloroform <!>
Ethanol

Isopropano/

MC! (5 M)
Please see the panel on LITHIUM CHLORIDE.

PEC-MgCI2 solution <!>

Pheno/:Chloroform (7:1, v/v) <!>

Sodium acetate (3 M, pH 5.2)

TE (pH 8.0)
TE (pH 8.0) containing 20 ug/ml RNase A

Nucleic Acids and Oligonucleotides

Crude plasmid preparation
Use material from either Step 17 of Protocol 3 or Step 19 of Protocol 5 of this chapter.

Centrifuges and Rotors

Sorvall 55-34 or equivalent

Special Equipment

iMETHOD g

Ice water bath

. Transfer 3 ml of the crude large—scale plasmid preparation to a 15—ml Corex tube and chill

the solution to 0°C in an ice bath.

. Add 3 ml of an ice—cold solution of 5 M LiCl to the crude plasmid preparation, mix well, and

centrifuge the solution at 12,000g (10,000 rpm in a Sorvall 55—34 rotor) for 10 minutes at 4°C.

. Transfer the supernatant to a fresh 30—m1 Corex tube. Add an equal volume of isopropanolt

Mix well. Recover the precipitated nucleic acids by centrifugation at 12,000g (10,000 rpm in

a Sorvall 55-34 rotor) for 10 minutes at room temperature.

. Decant the supernatant carefully, and invert the open tube to allow the last drops of super-

natant to drain away. Rinse the pellet and the walls of the tube with 70% ethanol at room

temperature. Carefully discard the bulk of the ethanol, and then use a vacuum aspirator to

remove any beads of liquid that adhere to the walls of the tube. Place the inverted, open tube

on a pad of paper towels for a few minutes until no trace of ethanol is visible. At this stage,
the pellet should still be damp.

. Dissolve the clamp pellet of nucleic acid in 500 pl of TE (pH 8.0) containing RNase A.
Transfer the solution to a microfuge tube and store it for 30 minutes at room temperature.

 



10.

11.

12.

13.
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Extract the plasmid—RNase mixture once with phenol:chloroform and once with chloroform.

Recover the DNA by standard ethanol precipitation.

Dissolve the pellet ofplasmid DNA in 1 ml of sterile H20, and then add 0.5 ml of PEG—MgCl3
solution.

Store the solution for 210 minutes at room temperature, and then collect the precipitated
plasmid DNA by centrifugation at maximum speed for 20 minutes at room temperature in a
microfuge.

Remove traces of PEG by resuspending the pellet of nucleic acid in 0.5 ml of 70% ethanol.
Collect the nucleic acid by centrifugation at maximum speed for 5 minutes in a microfuge.

Remove the ethanol by aspiration and repeat Step 10. Following the second rinse, store the
open tube on the bench for 10—20 minutes to allow the ethanol to evaporate.

Dissolve the damp pellet in 500 pl of TE (pH 8.0). Measure the OD260 ofa 1:100 dilution in
TE (pH 8.0) of the solution, and calculate the concentration of the plasmid DNA assuming
that 1 OD!“ = 50 ug of plasmid DNA/ml.

For information on absorbtion spectroscopy of DNA, please see Appendix 8.

Store the DNA in aliquots at —20°C.
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Protocol 9
 

Purification of Plasmid DNA

by Chromatography

1.62

DURING THE 19905, MANY CLONERS — ESPECIALLY THE YOUNG — became addicted to commer—

cially available chromatography resins used to purify plasmid DNA to near homogeneity. Their

dependence on these resins, most of which come in the form ofa kit, is a remarkable phenome-

non. After all, isolation and purification of plasmid DNAs by conventional techniques are hardly

intellectual challenges, and there is no convincing evidence that old-fashioned plasmid prepara-

tions are inferior to those emerging from the backend of a kit. Why, then, have cloners turned to
expensive kits, whose components are largely unknown to them, in preference to well-tried, pub—

lished methods that use simple ingredients? A small part of the answer must lie in the incessant
advertising by manufacturers, whose aim is to persuade the gullible that they will become better

scientists by using kits to purify their plasmids. These kits also play on the fear of failure. No one

wants to screw up a routine plasmid preparation —— so much better to avoid embarrassment by

buying a kit and blaming the manufacturer if something goes wrong.

On the positive side, kits have changed for the better the way cloning in plasmids is done.

In the old days, when dirty minipreparations of plasmids were the norm, vectors were routinely

purified by buoyant density centrifugation in CsCl—ethidium bromide gradients; when enzymes

to manipulate DNA were less reliable than they now are, the ability to generate fragments of DNA

with desired termini and to join them accurately to plasmid vectors was an uncertain business;

when the preparation of highly competent populations of E. coli was a form of alchemy, it was an

achievement to generate even a modest number of putative recombinants. All too frequently,

there was little difference between the numbers of transformed colonies generated by the vector
alone and those obtained from ligation reactions. Transformants containing putative recombi—

nant plasmids were routinely screened either by hybridization or by laborious manual analysis of

many individual minipreparations. It was not uncommon in those days to process and analyze

 

There is never too great a distinction made between those Who have paid for the tiniest step

forward and those, incomparably more numerous, who have received a convenient, indiflérent

knowledge, a knowledge without ordeals.

The Trouble with Being Born

by EM. Cioran   
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upward of 100 minipreparations before finding a transformant containing the clone of interest.

At Cold Spring Harbor Laboratory, the record, established in 1981, stood at 168 minipreparations

completed by one person in the course of a single day. Today, however, with the widespread use

of kits, this is not a particularly impressive number.

Effort on this scale is no longer required or expected. Cloning — even of“c1ifficult” con-

structs in plasmid vectors — goes much faster and is much more efficient. The development Of

high-copy—number vectors has eliminated much of the need to grow and process large-scale cul—

tures. And because of the advent of kits, the quality of the DNA in minipreparations is so high

that routine purification of plasmids by buoyant density centrifugation is no longer necessary or

desirable. We describe here a general method for purifying plasmid DNA using chromatograph—
ic methods. The way to carry out this protocol is to buy a kit and use it according to the manu-
facturer’s directions. For a further explanation of how these kits work, please read on,

The chromatography resins supplied in kits come in two general types: those that yield plas—
mid DNA sufficiently pure for enzymatic manipulation (e.g., PCR, restriction, and ligation) and
prokaryotic cell transformation but not necessarily eukaryotic cell transfection, and those that yield
quite pure plasmid DNA suitable for all of these purposes. Both types of resins can be used to puri-
fy DNA from crude lysates of bacteria prepared by methods described in Protocols 1 through 5 and
in Protocol 7.

The chemical structures of most of the commercial resins are largely proprietary, which
means that wily chemist colleagues cannot cheaply synthesize a large batch of resin for laborato—
ry use (but please see Carter and Milton 1993; Boyle and Lew 1995). In general, the resins fall into

two classes: those that use hydrophobic interactions to purify the nucleic acids and those that rely
on mixed ion-exchange/adsorption interactions for purification (Table 1—6). The most popular
resins for the generation of plasmid DNA for eukaryotic cell transfection utilize ion-
exchange/adsorption interaction chromatography. The development of this class of resins is an
interesting story.

It has been known since the 19505 that DNA binds in a reversible manner to silica in the
presence of chaotropic salts. The interaction between double—stranded DNA and the silicate
matrix is thought to be due to the dehydration of the phosphodiester backbone by chaotropic
salts, which allows the exposed phosphate residues to adsorb to the silica. Once adsorbed, the
double—stranded DNA remains in either a native or partially denatured (single-stranded) state
and cannot be eluted from the matrix by solvents (e.g., 50% ethanol) that displace other biopoly—
mers such as RNA and carbohydrate. However, when the immobilized DNA is rehydrated by
washing with aqueous buffers (typically TE or H20), it can be quantitatively recovered in the col—
umn effluent. This body of basic research was exploited in the 19805 by chemists such as Chuck
York at Promega, and by others at different molecular biology reagent companies, to develop the
resins now commercially available.

The adsorption of double-stranded DNA to silica is independent of base composition and
topology. These features of the resin make it ideal for the purification of circular plasmid DNAs
and long linear DNA fragments. However, the interaction is length-dependent, and DNAs that are
less than 100—200 bp in length adsorb poorly to the resin. For this reason, currently available sil—
ica-based chromatography reagents are not used for purifying small DNA fragments.

The amount of resin required for purification of plasmids depends on the amount of bac—
terial lysate. Thus, different kits are purchased for purification of plasmid DNA from small (1—10
ml), medium (10—100 ml), or large cultures (>100 ml). The resins are supplied either in bulk,
from which they may be placed in a column or syringe for use in DNA purification, or prepacked
into columns for immediate use. The chemical composition of the binding, washing, and elution
buffers for a particular resin is supplied by the manufacturer. A money-saving alternative is to

y, 4.m.m....... >—/ _ .__—.,WA  
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TABLE 1-6 Commercially Available Resins and Their Uses

 

RESIN MANUFACTURER CHEMISTRY USE NOTES

Qiagen Qiagen macroporous silica transfection of eukaryotic some batch—to-batch variation; pH‘

gel, anion—exchange cells“ sensitive

(DEAE)

QlAprcp Qiagen silica gel enzymic manipulationb different columns available for

purification of double— or single-

stranded DNAS

\\'i/t1rd Promega silica particle additional ethanol inexpensive, reproducible

precipitation required

for transfection of

eukaryotic cells“

Hcml’rep Pharmacia anion exchange enzymic manipulationh transfection requires further

(”dss—MJV Life Technologies

Gonlcl’rcp Ambion

Perfect Prep Eppendorf 5 Prime

(filedrtfiut Stratagene

,\lxmprcp Kit

(lumen. rapid Life Technologies

and high purity
systems

Nuclcnlfiond AX Nest Group, Inc.

silica matrix

hydrophobic inter-

actions, glass fiber

silica matrix

silica resin) hydro—

phobic interaction

silica gel

macroporous silica

gel anion exchange

enzymic manipulationb

enzymic manipulationb

transfection of eukaryotic

cells“

enzymic manipulationb

enzymatic manipulationb
and transfection Of

eukaryotic cells“

transfection of eukaryotic

cells‘1

purification

minipreps only

miniprep only; made in Texas

very fast; miniprep only

can be used for miniprep plasmid or

DNA fragment purification

mini— and maxipreps

five column sizes; resin good for large

DNA purificatlon, mcluding,

cosmids and PI DNAS
 

I’Lhmid DNA prepared using this resin is suitable for transfection of eukaryotic cells by one or more of the methods described in Chapter 16, for

tcxtrlttmn en/ymc digestion, for bacteria] transformation, and for use as a template in PCR and DNA sequencing reactions. For tmmrbrnmtinn of less
x'ubuxt w” hncx, smh as B or T cells, or where problems are encountered, the use of endotoxin~free DNA is recommended. Endotmin—ft‘ce DNA purify

LJ‘IUI] kllx arc mmmercially muulable (e.g., \\'i7ard PureFection from Promega).
Plusmxd DNA prepared using this resm is suitable for restrictlon enzyme digestion for bacterial transformation, or for use as a template in PCR and

l)\.\ xcqucncing rcdctmns. 'I'ransfecti0n of cultured mammalian cells with this plasmid DNA usually requires additional purificatton steps.

purchase a resin in bulk, followed by preparation of the column buffers. Vacuum manifolds for

use with prepacked columns that allow the simultaneous preparation of minipreparation plasmid

DNA from as many as 96 bacterial cultures are available from several companies.

Individual manufacturers supply detailed protocols for use with a particular resin. Because

the binding and elution of plasmid DNA depend on the structure and derivatization ofthe resin,

the manufacturers’ instructions should be followed to the letter.

Table 1-6 summarizes some of the salient features of the commercial resins currently avail-

able for plasmid purification.

 



Protocol 10

Purification of Closed Circular DNA by
Equilibrium Centrifugation in CsCI-Ethidium
Bromide Gradients: Continuous Gradients

 

SEPARATION OF PLASMID AND CHROMOSOMAL DNAs by buoyant density centrifugation gradients

containing cesium chloride and ethidium bromide depends on differences between the amounts
of ethidium bromide that can be bound to linear and closed circular DNA molecules (please see

the information panel on CESIUM CHLORIDE).

For many years, equilibrium centrifugation in CsCI-ethidium bromide gradients was the

method of choice to prepare large amounts of plasmid DNA. However, this process is expensive

and time-consuming, and many alternative methods have been developed, including differential

precipitation (Protocol 8) and column chromatography (Protocol 9). Nevertheless, traditional-

ists, of whom there are many, stiIl believe that plasmids purified by banding in CsCI-ethidium
bromide gradients are the purest and best DNAs for molecular biological experiments. Closed cir—

cular DNAs prepared by isopycnic centrifugation in CsCI—ethidium bromide gradients are con-

taminated by small fragments of DNA and RNA derived from the host bacteria. These small frag-

ments take far longer to reach equilibrium in CsCI-ethidium bromide gradients than the larger

plasmid DNAs. Hence, when molecules of closed circular DNA are at equilibrium, small frag-

ments are still fairly evenly distributed throughout the gradient. This problem can be solved by

abandoning CsCl—ethidium gradients and purifying plasmids by chromatography on commercial

resins (Schleef and Heimann 1993), or it can be alleviated by subjecting closed circular plasmid

DNA recovered from one CsCl-ethidium gradient to a second cycle of equilibrium centrifugation.

In another method, known as discontinuous CSCI gradient centrifugation (please see

Protocol 11), three solutions containing different concentrations of CsCl are layered into the cen-

trifuge tube. During subsequent centrifugation, the CsCl gradient forms more quickly, which

allows the centrifugation time to be reduced to 6 hours. The resolution of closed circular plasmid

DNAs from chromosomal and open circular plasmid DNAs is not quite as good in discontinuous

CsCl gradients as in continuous gradients.

In the procedure for continuous gradients, described below, ethidium bromide and crude

plasmid DNA are mixed with a CsCI solution of density p : ~1.55. When the mixture is centrifuged

at high speed, the centrifugal force is sufficient to generate and maintain a gradient of cesium atoms.

During formation of the gradient, DNAS of different buoyant densities migrate to positions in the

tube at which the density of the surrounding CsCI solution equals that of the DNA itself. In earlier

technology, long (24—48 hours) centrifuge times were required to bring the gradient to equilibrium.

However, in modern vertical—tube rotors with their high g forces and small radii, self-forming gra-

dients develop much more quickly than in older and slower fixed—angle rotors.
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mTER'ALS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

CsCl (solid)
CSC/ rebanding solution

Optional, please see Steps 4 and 8.

Ethanol

Ethidium bromide (70 mg/ml) <!>

Paraffin oil

Nucleic Acids and Oligonucleotides

Crude plasmid preparation
Use material from either Step 17 ofProtoc013,Step 19 of Protocol 5, or Step 20 of Protocol 7 0tthis chap
ter.

Centrifuges and Rotors

Sorval! 55-34 rotor or equivalent

Ultracentrifuge rotor (vertical rotors are preferred) and tubes
For example, Beckman VTi65; angle TiSO, Ti65, or Ti70 rotors or their Sorvall equivalents are acceptable

itcentrifuge time is not a limiting factor. Use a Quick—seal polyaliomer tube or equivalent.

Special Equipment

Hypodermic needle (27 gauge)
Pasteur pipette or a disposable syringe fitted with a Iarge-gauge needle

Refractometer (optional)
Although not essential, a refractometer is extremely useful for estimating the density of CsCl solutions.

Syringe (5—10 cc) disposable, fitted with a sterile 18-gauge hypodermic needle

Additional Reagents

Step 8 of this protocol requires the reagents listed in Protocol 72 or 73 of this chapter.

_METHOD

1. Measure the mass of the crude plasmid DNA preparation. Measurement is best done by trans-

ferring the solution into a fresh tube that has been tared on a top-loading balance. For every

gram of plasmid DNA solution, add exactly 1.01 g of solid CsCl. Close the top of the tube to

prevent evaporation and then warm the solution to 30°C to facilitate the dissolution of the

CsCl salt. Mix the solution gently until the salt is dissolved.

As a rule of thumb, the crude plasmid preparation from no more than 50 m1 of an overnight cul-
ture should be used per gradient. As vertical tubes for the Beckman VTi65.2 rotor can accommo—

date ~5 ml of CsCl—ethidium bromide solution, the crude plasmid preparation from SO—ml cultures
should be reconstituted in ~3 ml of TE (pH 8.0).

2. Add 100 pl of 10 mg/ml ethidium bromide for each 5 g of original DNA solution.

The final density of the solution should be ~1.55 g/ml (refractive index = 1.3860), and the concen-
tration of ethidium bromide Should be ~200 tlg/ml. In the past, much larger amounts of ethidium
bromide were used (Radloff et al. 1967). These were thought to be necessary to achieve saturating
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binding of the drug to closed circular DNA and linear DNAs. However, high concentrations of
unbound ethidium bromide may obscure faint bands of DNA to such an extent that UV illumina—
tion is required for visualization. Recently, lower concentrations of ethidium bromide have been
used successfully, allowing bands of DNA to be seen in visible light (e.g., please see Good and Nazar
1995)I However, problems can arise ifgradients containing lower concentrations of ethidium bro-

mide are overloaded with nucleic acids. In this case, there may not be sufficient drug to achieve sat-
uration binding to closed circular DNA and linear DNAS. Because most ofthe ethidium bromide

in CsCl—ethidium bromide gradients binds not to DNA but to bacterial RNA present in the crude
preparation of plasmid DNA, this problem can be solved by treating the preparation with DNase—
free RNase before ultracentrifugation. This treatment is not usually necessary ifthe crude plasmid
preparation from a 50-ml bacterial culture is reconstituted in ~3 m] of TE (pH 8.0) and used to
prepare a single S-mI CsCI~ethidium bromide gradient.

3. If Corex glass tubes are used, centrifuge the solution at 7700g (8000 rpm in a Sorvall 88-34

rotor) for 5 minutes at room temperature. If disposable polypropylene tubes are used, cen-

trifuge at 1100g (3000 rpm in a Sorvall 88—34 rotor) for 10 minutes.

The dark red scummy precipitate that floats to the top of the centrifuge tube consists of eumplexes
formed between the ethidium bromide and bacterial proteins. The pellet at the bottom of the tube
consists of larger chunks of bacterial debris, resulting from the lysis of the host bacteria by SDS
and/or heat. These unappetizing delicacies are commonly encountered when the host bacteria are
lysed by SDS or by the boiling procedure. Smaller amounts of debris are visible in alkaline Iysates.

4. Use a Pasteur pipette or a disposable syringe fitted with a large—gauge needle to transfer the
clear, red solution under the scum and above the pellet to a tube suitable for centrifugation
in an uitracentrifuge rotor. Top off the partially filled centrifuge tubes with light paraffin oil
or rebanding solution. Make sure that the weights of tubes opposite each other in the rotor
are equal. Seal the tubes according to the manufacturer’s instructions.

Make a note of the DNA samples loaded into each numbered place in the rotor.

5. Centrifuge the density gradients at 20°C as appropriate for the rotor:

Beckman NVT 65 rotor 366,000g (62,000 rpm) for 6 hours

Beckman VTi65 rotor 194,000g (45,000 rpm) for 16 hours

Beckman Type 50Ti rotor 180,000g (45,000 rpm) for 48 hours

Beckman Type 65Ti rotor 314,000g (60,000 rpm) for 24 hours

Beckman Type 70.1Ti rotor 331,000g (60,000 rpm) for 24 hours

6. At the end of the centrifuge run, gently remove the rotor from the centrifuge and place it on
a flat surface. Carefully remove each tube and place it in a test tube rack covered with tin foil.
In a dimly lit room (i.e., with the overhead fluorescent lights turned off), mount one tube in
a clamp attached to a ring stand as shown in Figure 1-8.

Two bands of DNA, located in the center of the gradient, should be visible in ordinary light lplease
see Figure I—8)I The upper hand, which usually contains less material, consists of linear bacterial
(chromosomal) DNA and nicked circular plasmid DNA; the lower band consists of closed circular
plasmid DNA. The deep—red pellet on the bottom of the tube consists of ethidium bromide/RNA
complexes. The material between the CsCI solution and the paraffin oil is protein.

In cases where the yieId Of plasmid DNA is low, a hand-held, long—wavelength UV lamp can be used
to visualize the DNA after centrifugation. The lamp is mounted with a clamp on the same ring
stand used to support the centrifuge tube containing the separated DNAs. Shining UV light on the
tube will cause the ethidium bromide—DNA complexes to fluoresce a bright orange, thereby facili-
tating their withdrawal with the needle/syringe, Ifa lamp is used, then the plasmid DNA should be
retrieved as quickly as possible since excess exposure of the plasmid DNA to UV Iight will damage
the DNA. In addition, wear a face shield to protect the eyes from damage by UV light. Whereas
long-wavelength UV irradiation causes less damage to DNA than shorter wavelength, it is potent
enough to still cause injury to the eyes.

7. Collect the band of closed circular DNA (please see Figure I—8).

3. Use a 21—gauge hypodermic needle to make a small hole in the top of the tube to allow
air to enter when fluid is withdrawn (Figure I-8A).

«e» u u.- m,t-—-«- n..- uw-wwu~m~__ ,

 



1.68 Chapter 1: Plasmids and Their Usefulness in Molecular Cloning

  
  

  

  

A
8 ~

21 -gauge
on or cesnum hypodermic
protein needle

nlcked circular

or linear DNA

closed circular

plasmid DNA

Scotch Tape to

prevent leaks

RNA pellet

 

FIGURE1-8 Collection of Superhelical Plasmid DNA from (250 Gradients Containing

Ethidium Bromide

Please see Step 7 for details.

 

b. Carefully wipe the outside of the tube with ethanol to remove any grease or oil, and then

attach a piece of Scotch Tape or Time tape to the outside of the tube (Figure 1-88)

The tape will act as a seal to reduce leaks after needle puncture.

6. Attach a 5—10—cc disposable syringe to a sterile 18-gauge hypodermic needle and insert

the needle (beveled side up) into the tube through the tape so that the open, beveled side

of the needle is positioned just below the lower DNA band (closed circular plasmid DNA;

Figure 1—8C).

d. Slowly withdraw the plasmid DNA, taking care not to disturb the upper viscous band of

chromosomal DNA (Figure 1-8D)

To avoid contamination with the chromosomal DNA, do not attempt to remove every visible
trace of closed circular plasmid DNA from the gradient.

Some investigators prefer to remove the upper DNA hand before removing the lower closed
circular plasmid DNA band. This can be tricky, as the viscous, high-molecular-weight chro-
mosomal DNA in the upper hand can enmesh the closed circular plasmid DNA and drag it
from the tube.

8. Remove ethidium bromide from the DNA as described in one of the methOds presented in

Protocols 12 and 13.

Some diehards reband their closed circular DNA in an effort to reduce contamination of the band

of closed circular DNA with fragments of chromosomal DNA and RNA. To reband the plasmid

DNA, slowly transfer the contents of the syringe to a fresh Quick-seal polyallomer centrifugation
tube and fill the tube with C50 rebanding solution. Seal the tube, repeat the centrifugation, and
recover the closed circular plasmid DNA as described in Steps 5 through 7 above. Remove ethidi—
um bromide from the DNA as described in Protocol 12 or 13.

 



Protocol 11
 

Purification of Closed Circular DNA by
Equilibrium Centrifugation in CsCI-Ethidium
Bromide Gradients: Discontinuous Gradients

FOR CENTRIFUGATION THROUGH DISCONTINUOUS OR PREFORMED CsCl gradients, solutions con-

taining different concentrations of CsCl are layered into the centrifuge tube. The sample can be

in the middle layer (three—step gradient) or the bottom layer (two-step gradient). During subse-

quent centrifugation, the DNA finds its isopycnic point during formation of the gradient, which

allows the centrifugation time to be greatly reduced. For further information on cesium chloride,

please see the information panel on CESIUM CHLORIDE.
Because discontinuous gradients do not come to true equilibrium, the resolution of closed

circular plasmid DNAS from chromosomal DNA is not as high as in self—forming gradients

(please see Protocol 10). In general, three—step gradients give better results in a shorter time than

two—step gradients (Dorin and Bornecque 1995).

MATERIALS

CAUTlON: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions
Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

CsCI (solid)

CsC/ layers for a three—step discontinuous gradient
Prepare the layers for a three—step gradient as described in Table 1—7.

Ethidium bromide (70 mg/ml) <!>

TE (pH 8.0)

Nucleic Acids and Oligonucleotides

Crude plasmid preparation

Use material from either Step 16 of Protocol 3, Step 18 of Protocol 5, or Step 19 of Protocol 7 of this
chapter.

As a rule ofthumb, the crude plasmid DNA prepared from no more than 50 ml of an overnight culture
should be used per gradient. The crude plasmid preparation from a 100-ml culture should be reconsti-
tuted in ~0.9 m1 of TE (pH 8.0), which is enough to form the middle layer oftwo discontinuous gradi—
ents.
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TABLE 1-7 Three-step Discontinuous Gradient Layers

 

MOLARITY CSCL REFRACTIVE
LAYER (w/w) |NDEX PREPARATION“

Top layer 2.806 1.3670 Dissolve 4.720 g of (isCl in 8 ml ot'TE

(35%) (pH 8.0). Adjust the volume to exactly

10 ml. Then add 120 pl of 10 mg/ml

ethidium bromide.

Middle layer 3.870 1.3792 Dissolve 0.8 g of CsCl in exactly 1 ml of

(44%) the crude DNA preparation. Then add

30 ul of 10 mg/ml ethidium bromide.

Bottom layer 6.180 1.4052 Dissolve 10.4 g of CsCl in 7 ml of TE.

(59%) Adjust the volume to exactly 10 ml.

Then add 120 pl of 10 mg/ml ethidium

bromide.
 

“Molecular biology grade C50 is available in solid form from several commercial manufacturers.

Special Equipment

Hypodermic needle (21 gauge)

Refractometer (optional)
Although not essential, a refractometer is extremely useful for estimating the density of (?sCl solutions.

Syringes (3 cc, 5 cc, and 5—10 cc) fitted with 18-gauge bone marrow (10 cm) needles

Tuberculin syringe (1 cc) fitted with an 18-gauge bone marrow (10 cm) needle

Centrifuges and Rotors

Ultracentrifuge rotor and tubes
Beckman Type 70.1Ti or Sorvall 65.13 with S-ml or lO-ml polyallomer ultracentrifuge tubes (Beckman
Quick—Seal or equivalent).

Additional Reagents

Step 6 of this protocol requires the reagents listed in Protocol 12 or 13 of this chapter.

METHOD
 

1. Use a 3—cc hypodermic syringe equipped with an 18—gauge bone marrow (10 cm) needle to

transfer 1.5 m1 of the top layer (35%) C50 solution to a 5-ml polyallomer ultracentrifuge

tube (Beckman Quick-Seal or equivalent).

2. Use a l—cc tuberculin syringe equipped with an 18-gauge bone marrow (10 cm) needle to

layer 0.5 m1 of the middle layer (44%) CsCl solution, containing the plasmid DNA, into the

bottom of the tube under the top layer solution.

3. Use a 5—cc hypodermic syringe equipped with an 18-gauge bone marrow (10 cm) needle to

fill the tube by layering the bottom layer (59%) CsCl solution under the middle layer CsCl

solution.

4. Centrifuge the sealed tubes at 330,000g (60,000 rpm in a Beckman Type 70.1Ti rotor) for 5

hours. Make sure that the weights of tubes opposite each other in the rotor are equal. Seal the

tubes according to the manufacturer’s instructions.
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The use ofa centrifuge and rotor capable of higher speeds can reduce the centrifugation time still
further. For example, in a VTi9O rotor in a Beckman Xl—90, only 20 minutes of centrifugation is
needed.

5. Collect the band of closed circular DNA (Figure 1-8, p. 1.68):

3. Use a 21—gauge hypodermic needle to make a small hole in the top of the tube to allow
air to enter when fluid is withdrawn.

b. Carefully wipe the outside of the tube with ethanol to remove any grease or oil, and then
attach a piece of Scotch Tape or Time tape to the outside of the tube.

The tape will act as a seal to reduce leaks after needle puncture.

c. Attach a 5—10-cc disposable syringe to a sterile 18-gauge hypodermic needle and insert
the needle (beveled side up) into the tube through the tape so that the open, beveled side
of the needle is positioned just below the lower DNA band (closed circular plasmid
DNA).

d. Slowly withdraw the plasmid DNA, taking care not to disturb the upper viscous band of
chromosomal DNA.

To avoid contamination with the chromosomal DNA, do not attempt to remove every visible
trace of closed circular plasmid DNA from the gradient.

Some investigators prefer to remove the upper DNA hand before removing the lower closed
circular plasmid DNA band. This can be tricky, as the viscous high-molecular-weight chro—
mosomal DNA in the upper band can enmesh the closed circular plasmid DNA and drag it
from the tube.

6. Remove ethidium bromide from the DNA as described in one of the methods presented in
Protocol 12 or 13.

w» w-"mw‘nn-w—u' W~n . W.7w 7. .



Protocol 12

Removal of Ethidium Bromide from DNA by
Extraction with Organic Solvents

 

ETHIDIUM BROMIDE 15 USUALLY REMOVED FROM DNA purified through a CsCl gradient by repeat—

ed extraction with organic solvents. The CsCl is subsequently removed by dialysis or by precipi-

tation. Protocol 13 describes an alternative method for removal of CsCl by ion-exchange chro—

matography. The two methods are both highly effective in removing ethidium bromide from

DNA purified by equilibrium centrifugation in CsCl—ethidium bromide gradients. For further

information, please see the information panel on ETHIDIUM BROMIDE

MATERIALS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Ethanol

lsoamyl alcohol or n-butanol, saturated with HZO < ! >
One or the other ofthese organic solvents is required to remove ethidium bromide from the DNA prepa»
ration after centrifugation.

Phenol <!>
Optional, please see Step 13.

Phenol:ch/oroform (1:1 v/v) <!>
Optiona1,please see Step 13.

TE (pH 8.0)

Nucleic Acids and Oligonucleotides

DNA sample, purified through CsCl gradient

Use material from either Step 7 of Protocol 10 or Step 5 of Protocol 11 of this chapter.

Centrifuges and Rotors

Sorvall RT—6000 centrifuge with an HL—4 rotor and 50-ml buckets or equivalent

Sorva/l 55-34 rotor or equivalent

Special Equipment

Dialysis tubing and clips

or

Equipment for spin dialysis through a microconcentrator (Amicon)
Optional, please see Step 6. For preparation of dialysis tubing, please see Appendix 8.

1.72
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METHOD

Extraction of DNA Solution to Remove Ethidium Bromide

1. T0 the solution of DNA in a glass or polypropylene tube, add an equal volume of either

water—saturated n—butanol or isoamyl alcohol. Close the cap of the tube tightly.

2. Mix the organic and aqueous phases by vortexing.

3. Centrifuge the mixture at 450g (1500 rpm in a Sorvall RT-6000 centrifuge with an HL-4 rotor

and SO-ml buckets) for 3 minutes at room temperature or stand the solution at room tem-

perature until the organic and aqueous phases have separated.

4. Use a Pasteur pipette to transfer the upper (organic) phase, which is now a beautiful deep

pink color, to an appropriate waste container.

5. Repeat the extraction (Steps 1—4) four to six times until all the pink color disappears from

both the aqueous phase and organic phases.

Removal of CsCI from the DNA Solution

6. Remove the C50 from the DNA solution by ethanol precipitation (please follow Steps 7

through 12), by spin dialysis through a microconcentrator (Amicon), or by dialysis overnight

(16 hours) against 2 liters of TE (pH 8.0) (change buffer frequently). If one ofthe latter two

methods is used, then proceed to Step 13.

7. To precipitate the DNA from the CsCl—DNA solution, measure the volume of the C50 solu-

tion, add three volumes of H20, and mix the solution well.

This addition dilutes the CsCl and prevents precipitation of the salt by ethanol.

8. Add 8 volumes of ethanol (1 volume is equal to that of the CsCl—DNA solution prior to dilu-

tion with H20 in Step 7) to the DNA solution and mix well. Store the mixture for at least 15

minutes at 40C.

Higher recoveries of DNA can be realized ifthe precipitation reaction is allowed to occur overnight
at 4°C.

A IMPORTANT CsCI precipitates if the ethanolic solution of DNA is stored at —20"C.

9. Collect the precipitate of DNA by centrifugation at 20,000g (13,000 rpm in a Sorvall 88—34

rotor) for 15 minutes at 4°C.

10. Decant the supernatant to a fresh centrifuge tube. Add an equal volume of absolute ethanol

to the supernatant. Store the mixture for at least 15 minutes at 4°C and then collect the pre-

cipitate of DNA by centrifugation at 20,000g (13,000 rpm in a Sorvall SS~34 rotor) for 15

minutes.

Not all of the plasmid DNA is recovered in the first precipitation hence the addition of a second
batch ofethanol (Hildeman and Muller 1997).

11. Wash the two DNA precipitates with 70% ethanol. Remove as much of the 70% ethanol as

possible and then allow any remaining fluid to evaporate at room temperature.

12. Dissolve the precipitated DNA in 2 m1 of H20 or TE (pH 8.0).

For DNA sequencing, the DNA should be dissolved in HZO. TE (pH 8.0) is a better option it" the
DNA is to be stored for a long period oftime.
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13. If the resuspended DNA contains significant quantities of ethidium bromide, as judged from

its color or its emission of fluorescence when illuminated by UV light, extract the solution

once with phenol and once with phenolzchloroform, and then again precipitate the DNA

with ethanol.

14. Measure the OD260 of the final solution of DNA, and calculate the concentration of DNA.

Store the DNA in aliquots at —20°C.
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Protocol 13

Removal of Ethidium Bromide from DNA

by Ion-exchange Chromatography

 

ETHIDIUM BROMIDE MAY BE REMOVED FROM DNA PURIFIED through a CsCl gradient by ion—

exchange chromatography. The (350 is subsequently removed by precipitation with ethanol. For

an alternative method for removal of CsCl by repeated extraction with organic solvents, please see

Protocol 12.

MATERIALS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions
Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Ethanol

HC/ (7 N) <!>
NaCl (5 M)

Phenol <!>
Optional, please see Step 9.

Phenol:ch/oroform (1:7, v/v) <!>

Optional, please see Step 9.

TE (pH 8.0)
TEN buffer

TEN buffer containing 0.2% sodium azide <!>

Nucleic Acids and Oligonucleotides

DNA sample, purified through CsCl gradient
Use material from either Step 7 of Protocol 10 or Step 5 of Protocol 11 of this chapter.

Centrifuges and Rotors

Sorva/I 55-34 rotor or equivalent

Special Equipment

Dowex AG5OW—X8 (700—200 dry mesh size)
Dowex AGSOW-X8, a cation exchange resin, is available from Bio-Rad.

1.75
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Glass wool

Refractometer (optional)
Although not essential, a refractometer is extremely useful for estimating the density of CsCl solutions.

METHOD

1. Before using. equilibrate the Dowex AGSO resin:

a. Stir ~20 g of Dowex AG50 in ~100 ml of 1 M NaCl for 5 minutes. Allow the resin to set—
tle, and remove the supernatant by aspiration.

b. Add ~ 100 ml of l N HCI, and stir the slurry for a further 5 minutes. Again allow the resin

to settle, and remove the supernatant by aspiration.

c. Continue the process with two washes with H20 (100 ml each), followed by one wash

with 100 ml of TEN buffer.

d. Store the equilibrated resin at 4°C in TEN buffer containing 0.2% sodium azide.

2. Construct a l—ml column of Dowex AGSO in a Pasteur pipette as shown in Figure 1—9.

3. Remove the buffer above the resin, and rinse the column with 2 column volumes of TE (pH

8.0). Apply the solution of DNA containing ethidium bromide and CsCl directly to the resin.

4. Immediately begin collecting the effluent from the column. After all of the DNA solution has

entered the column, wash the resin with 1.2 column volumes of TE (pH 8.0) and continue to

collect the eluate into a 30—ml Corex tube.

5. After the column has run dry, dilute the eluate with 2.5 column volumes of H30.

buffer

Dowex AG50

sterile glass wool

FIGURE 1-9 Removal of Ethidium Bromide from DNA by Chroma-
tography through Dowex AG50

Please see Step 1 for details.
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Precipitate the DNA by adding eight volumes of ethanol followed by incubation for 15 min—

utes at 4°C. Collect the DNA by centrifugation at 17,000g (12,000 rpm in a Sorvall 58-34

rotor) for 15 minutes at 4°C.

Decant the supernatant to a fresh centrifuge tube. Add an equal volume of absolute ethanol

to the supernatant, Store the mixture for at least 15 minutes at 4°C and then collect the pre-

cipitate of DNA by centrifugation at 20,000g (13,000 rpm in a Sorvall 88-34 rotor) for 15

minutes.

Not all of the plasmid DNA is recovered in the first precipitation, hence the addition of a second
batch of ethanol (Hiideman and Muller 1997}.

Wash the two DNA precipitates with 70% ethanol. Remove as much as possible of the 70%

ethanol and then allow any remaining fluid to evaporate at room temperature.

. Dissolve the precipitated DNA in 2 m1 of H20 or TE (pH 8.0).
For DNA sequencing, the DNA should be dissolved in 1—120. TE (pH 8.01 is a better option ifthe
DNA is to be stored for a long period of time.

If the resuspended DNA contains significant quantities of ethidium bromide, as judged from

its color or its emission of fluorescence when illuminated by UV light, extract the solution

once with phenol and once with phenolzchloroform, and then again precipitate the DNA

with ethanol.

Measure the OD260 of the final solution of DNA, and calculate the concentration of DNA.

Store the DNA in aliquots at —20°C.
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Removal of Small Fragments of Nucleic
Acid from Preparations of Plasmid DNA
by Centrifugation through NaCl

"MATERIALS

R OUTINE PREPARATIONS OF PIASMID DNA ARE CONTAMINATED to varying degrees by small frag-

ments of RNA and DNA, derived either from the bacterial chromosome or from broken plasmid

molecules. Although the weight of these contaminants is usually low, their number can be large

and can contribute significantly to the total number of 5' and 3' termini in the preparation. For

some purposes (e.g., digestion with BAL 31, labeling the 5’ termini of restriction enzyme frag—

ments of plasmid DNA with bacteriophage T4 polynucleotide kinase, and adding tails to the 3’

termini with terminal transferase), it is essential to obtain DNA preparations that are free of low-

molecular—weight contaminants. The absence of these components is also desirable when the
DNA is to be used for sequencing and amplification by PCR. Plasmids purified by chromatogra—

phy on commercial resins are usually contaminated to a lesser extent than plasmids prepared by

the alkaline or boiling methods (e.g., please see Schleef and Heimann 1993).

Contamination by fragments of nucleic acids can be reduced to an acceptable level by

centrifugation through 1 M sodium chloride. This method, designed to remove small frag-
ments of RNA from plasmid preparations, was devised by Brian Seed when he was a student

at Harvard University. For other methods to achieve these ends, please see Protocols 15 and

16.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Ethanol

NaCl (7 M) in TE (pH 8.0)
Sodium acetate (3 M, pH 5.2)

TE (pH 8.0)

Enzymes and Buffers

1.78

DNase-free Pancreatic RNase

 



Protocol 14: Removal omeall Fragments ofNucleic Acidfrom Plasmid DNA by Centrifugation

Nucleic Acids and Oligonucleotides

DNA sample, purified through CsCl gradient
Use material from either Step 14 of Protocol 12 or Step 11 of Protocol 13 ofthis chapter.

Centrifuges and Rotors

METHOD

Beckman SW50.7 rotor or equivalent with appropriate tubes
Sorvall 55-34 rotor or equivalent

1.79

 

1. Measure the volume of the plasmid preparation. Add 0.1 volume of 3 M sodium acetate (pH

5.2) and 2 volumes of ethanol. Store the mixture for 30 minutes at 4°C.

2. Recover the precipitate of nucleic acids by centrifugation at >10,000g (>9100 rpm in a Sorvall

88-34 rotor) for 15 minutes at 4°C. Decant as much of the supernatant as possible, and then

store the open tube on the bench for a few minutes to allow the ethanol to evaporate.

3. Dissolve the damp pellet in 0.5—1.0 ml of TE (pH 8.0).

The concentration of the plasmid DNA should be 2100 ug/ml.

4. Add DNase—free RNase to a final concentration fo 10 ug/ml. Incubate the mixture for 1 hour

at room temperature.

5. Add 4 m1 of 1 M NaCl in TE (pH 8.0) to a Beckman SW50.1 centrifuge tube (or its equiva—

lent). Use an automatic pipette with a disposable tip to layer up to 1 ml of the plasmid prepa—

ration on top of the 1 M NaCl solution. If necessary, fill the tube with TE (pH 8.0).

6. Centrifuge the solution at 150,000g (40,000 rpm in a Beckman SW50.1 rotor) for 6 hours at

20°C. Carefully discard the supernatant.

The plasmid DNA sediments to the bottom of the tube while the oligoribonucleotides and small

fragments of DNA remain in the supernatant.

7. Dissolve the pellet of plasmid DNA in 0.5 ml of TE (pH 8.0). Add 50 pl of 3 M sodium acetate

(pH 5.2), and transfer the DNA solution to a microfuge tube.

8. Precipitate the DNA by addition of 2 volumes of ethanol, and store the ethanolic solution for

10 minutes at 4°C. Recover the DNA by centrifugation at maximum speed for 15 minutes at

4°C in a microfuge. Decant as much of the supernatant as possible and then store the open

tube on the bench for a few minutes to allow the ethanol to evaporate.

9. Dissolve the damp pellet of DNA in TE (pH 8.0).
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Protocol 15

Removal of Small Fragments of Nucleic Acid
from Preparations of Plasmid DNA by
Chromatography through Sephacryl 5-1000

 

CHROMATOGRAPHY THROUGH SEPHACRYL 5-1000 is the method of choice to separate plasmid

DNA from smaller species of nucleic acid (both DNA and RNA). This procedure for removal of

small nucleic acids, originally obtained from F. DeNoto and H. Goodman at the Massachusetts

General Hospital in Boston, is incorporated into a paper published by Gémez-Marquez et al.

( 1987). Because it is impossible to remove all traces of plasmid DNA from the column of Sephacryl

S-IOOO, particularly in PCR, discard each column after use.

MATERIALS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions
Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Bromophenol blue dye sucrose solution

Ethanol

Phenol <!>
Sephacryl equilibration buffer

Sodium acetate (3 M, pH 5.2)
TE (pH 8.0) containing 20 ug/ml RNase A

Gels

Agarose gel (0.7%) cast in TBE

Nucleic Acids and Oligonucleotides

DNA sample, purified through CsC/ gradient
L'sc material from either Step 14 of Protocol 12 or Step 11 of Protocol 13 of this chapter.

Centrifuges and Rotors

Sorva/I 55-34 rotor or equivalent

1.80
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Protocol 15: Removal omenll Fragments ofNucleic Acid ofPlasmid DNA by Chronmtogmphy

Special Equipment

Column (7 x 10 cm) for Sephacryl resin

Sephacry/ 5-7000 gel filtration resin (Pharmacia)

METHOD

1.81

1, Prepare a 1 x 10-cm column of Sephacryl S—IOOO, equilibrated in Sephacryl equilibration

buffer.

A column ofthis size can accommodate >2 mg of plasmid DNA in a volume of 05 ml.

2. Measure the volume of the plasmid preparation. Add 0.1 volume of3 M sodium acetate (pH

5.2) and 2 volumes of ethanol. Store the mixture for 30 minutes at 4°C.

3. Recover the precipitate of nucleic acids by centrifugation at >10,000g (>9100 rpm in a Sorvall

55-34 rotor) for 15 minutes at 4°C. Drain off as much of the supernatant as possible, and then

store the open tube on the bench for a few minutes to allow the ethanol to evaporate.

4. Dissolve the damp pellet of nucleic acids in a small volume (<400 pl) of TE (pH 8.0) con—

taining RNase A at a final DNA concentration of at least 100 pg/ml.

5. Incubate the mixture for 1 hour at room temperature.

6. Extract the solution once with an equal volume of phenol equilibrated in TE (pH 8.0).

7. Recover the aqueous layer, and add 100 pl of bromophenol blue dye sucrose solution. Layer

the blue aqueous phase on the column of Sephacryl S-lOOO.

8. Wash the DNA into the column, and apply a reservoir of Sephacryl equilibration buffer.

Immediately begin collecting 0.5-ml fractions.

9. When 15 fractions have been collected, clamp off the bottom of the column. At this stage, the

blue dye should have traveled about half the length of the column.

10. Analyze 10 ul of each fraction by electrophoresis through a 0.7% agarose gel or by ethidium

bromide fluorescence (please see Appendix 9) to identify the fractions containing plasmid

DNA.

11. P001 the fractions containing plasmid DNA, and recover the DNA by precipitation with 2 vol-

umes of ethanol for 10 minutes at 4°C and centrifugation at 10,000g (9200 rpm in a Sorvall

58—34 rotor) for 15 minutes at 4°C.

12. Decant as much of the supernatant as possible, and then store the open tube on the bench for

a few minutes to allow the ethanol to evaporate.

13. Dissolve the damp pellet in TE (pH 8.0).
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Protocol 16
 

Removal of Small Fragments of Nucleic Acid
from Preparations of Plasmid DNA by
Precipitation with Lithium Chloride

I N THlS PROTOCOL, THE SEPARATlON OF PLASMID DNA from smaller species of nucleic acid (both

DNA and RNA) is based on the differential solubility of the two nucleic acids in solutions of lithi-

um chloride (LiCl). LiCl is a strong dehydrating reagent that lowers the solubility of RNA (Hearst
and Vinograd 1961a,b) and strips proteins from chromatin (Kondo et al. 1979). Contaminating

high-molecular-weight RNA and proteins can therefore be precipitated from crude plasmid

preparations by high concentrations of LiCl and removed by low-speed centrifugation (e.g.,

please see Kondo et al. 1991). The use of LiCl as a selective precipitator of high-molecular—weight

RNA was first reported in 1963 by Bob Williamson and colleagues (Barlow et al. 1963).

MATERlALS

Buffers and Solutions
Please see Appendix I for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Ethanol

lsopropanol

MC! (4 M)
Sodium acetate (3 M, pH 5.2)

TE (pH 8.0)
TE (pH 8.0) containing 20 ug/ml RNase A

Nucleic Acids and Oligonucleotides

DNA sample, purified through CsCl gradient
Use material from either Step 14 of Protocol 12 or Step 11 of Protocol 13 of this chapter.

Centrifuges and Rotors

Sorvall 55-34 rotor or equivalent

1.82
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10.

. Measure the volume of the plasmid preparation. Add 0.1 volume of3 M sodium acetate (pH
5.2) and 2 volumes of ethanol. Store the mixture for 30 minutes at 4°C.

. Recover the precipitate of nucleic acids by centrifugation at >10,000g (>9100 rpm in a Sorvall
85—34 rotor) for 15 minutes at 4°C. Drain off as much of the supernatant as possible, and then
store the open tube on the bench for a few minutes to allow the ethanol to evaporate.

Dissolve the damp pellet in 1 m1 of TE (pH 8.0) containing RNase A at a concentration of
2100 pg/ml.

Add 3 ml of 4 M LiCl solution. Incubate the mixture on ice for 30 minutes.

Separate the plasmid DNA from the precipitated nucleic acids by centrifugation at 12,000g
(10,000 rpm in a Sorvall 58-34 rotor) for 15 minutes at 4°C.

Transfer the supernatant to a fresh centrifuge tube and add 6 ml of isopropanol. Allow the
plasmid DNA to precipitate for 30 minutes at room temperature.

Recover the precipitated plasmid DNA by centrifugation at 12,000g (10,000 rpm in a Sorvall
85—34 rotor) for 15 minutes at 4°C.

Carefully remove the supernatant and add 5—10 m1 of 70% ethanol to the tube. Vortex the
tube briefly, and then recentrifuge at 12,000g for 10 minutes at 4°C.

Carefully remove the supernatant, and store the open tube on the bench top for a few min—
utes until the ethanol has evaporated.

Dissolve the damp pellet of DNA in TE (pH 8.0).
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Directional Cloning into Plasmid Vectors

1.84

MOST PLASMID VECTORS IN COMMON USE CONTAIN multiple cloning sites that have recogni-

tion sequences for many different restriction enzymes. Given the large variety of multiple cloning

sites currently available (as many as 46 unique sites are present in some polylinkers, e.g., pSE28O

from Invitrogen; and still longer polylinkers have been assembled; Brosius 1992), it is almost

always possible to find a vector carrying restriction sites that are compatible with the termini of a

particular fragment offoreign DNA.
Directional cloning usually requires incompatible termini at the opposite ends of both vec-

tor and target DNAS. However, in certain circumstances, directional cloning can be achieved

when both the target and plasmid DNAs carry identical termini at both ends. For example, the

restriction enzymes BamHI and BglIl, which recognize different hexanucleotide sequences

(GGATCC and AGATCT, respectively), generate restriction fragments with identical 3’ protrud—

ing termini. If a DNA fragment carrying BamHI and Bng termini is ligated into a vector that has

been cleaved with the same two enzymes, then the foreign DNA can be inserted in either orien-

tation. However, if one of the two restriction enzymes is included in the ligation mixture, or if the

enzyme is used to digest the ligated DNA before transformation, then only those ligation events

in which the BamHI end is joined to the Bng end and Vice versa (which destroys the recognition

sites of both enzymes) will give rise to recombinant products in E. coli. This strategy takes advan—

tage of the observation that closed circular DNAs transform bacterial cells with a much higher

frequency than linear DNAs. Variations on this theme can also be used to improve the efficiency

of cloning blunt—ended DNAs (please see Protocol 19).

Occasionally, it is impossible find a suitable combination of vector, target DNA, and restric-

tion enzymes that will allow directional cloning. There are several solutions to this problem:

0 Synthetic linkers or adaptors can be ligated to the termini of the linearized plasmid and/or

fragment of foreign DNA (for further details, please see Protocols 18 and 21 and the informa-

tion panel on ADAPTORS).

o The fragment of foreign DNA can be amplified by PCR using oligonucleotide primers that add

the desired restriction sites to one or both termini (please see Chapter 8).

0 DNA fragments with recessed 3’ termini can be partially filled in controlled reactions using the

Klenow fragment of E. coli DNA polymerase I (please see Figure 1—10). As discussed in Chapter

9, this procedure often generates complementary termini from restriction sites that are other-

wise incompatible, thus facilitating ligation of the vector and foreign DNAs. Because partial

filling eliminates the ability of termini on the same molecule to pair with one another, the fre-
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FIGURE1-10 Filling of Recessed 3’ Termini by the Klenow

Fggment of E. coli DNA Polymerase I
 

The Klenow fragment of E. coli DNA polymerase I catalyzes the tem-
plate-directed addition of deoxynucleotide triphosphates to a
recessed 3’-hydr0xy| group. Synthesis occurs in a 5’——>3’ direction
until the recessed terminus is completely filled.

5' .................... GTCCA 3'0H
3‘ .................... CAGGTTCGAD 5

dATP
Ktenow fragment of dTTp
Ecoli DNA polymerase I dCTP

dGTP

5' ................... GTCCAAGCT 3 OH
3‘ .................... CAGGTTCGAp 5

quencies of circularization and self—oligomerization during the ligation reaction are also

reduced (Hung and Wensink 1984; Zabarovsky and Allikmets 1986). Keep in mind that micro—

molar concentrations of dATP can inhibit bacteriophage T4 DNA ligase, Thus, if dATP is used

as a substrate in a partial end-filling reaction, the modified DNA product should be purified

by spun-column chromatography or by two rounds of ethanol precipitation in the presence of

ammonium acetate. This removes unincorporated dATP from the DNA preparation.

This protocol describes a standard procedure for cloning DNA fragments with protruding

ends. Protocol 18 provides a method for attaching adaptors to a DNA fragment with protruding

ends in order to introduce a particular restriction endonuclease recognition site. The slightly

more difficult task of cloning blunt-end DNAs is presented in Protocol 19, whereas Protocol 20

describes methods for treating linearized plasmid DNA with alkaline phosphatases. For further

details on ligation, please see the information panel on DNA LIGASES.

 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions
Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

ATP (10 mM)

Ethanol

Phenol:chlorof0rm (7:1, v/v) <!>

Sodium acetate (3 M, pH 5.2)

TE (pH 8.0)

Enzymes and Buffers

Gels

Bacteriophage T4 DNA ligase
Please see the information panel on DNA UGASES

Restriction endonucleases

Agarose gels
Optional,p1ease see Steps 1, 2, and 4.

Polyacrylamide gel <!>
Optiona1,p1ease see Step 2.
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Nucleic Acids and Oligonucleotides

Vector DNA (plasmid)
Foreign or target DNA fragment

Adaptors may be added to the target DNA as described in Protocol 18 of this chapter.

Special Equipment

Equipment for spun-column chromatography

Water bath preset to 160C

Additional Reagents

Step 7 of this protocol requires the reagents listed in Protocol 23, 24, 25, or 26 of this

Chapter.

METHOD

1. Digest the vector (10 pg) and foreign DNA with the two appropriate restriction enzymes.

Closed circular plasmid vectors are prepared for directional cloning by digestion with two restric—
tion enzymes that cleave at different sequences and generate different termini. Wherever possible,
try to avoid using restriction enzymes that cleave within 12 bp of each other in the multiple cloning
site. After one of these sites has been cleaved, the second site will be located too close to the end of
the linear DNA to allow efficient cleavage by the second enzyme. An excellent tabulation of the effi—
ciency with which different restriction enzymes cleave sites located near the ends of DNA mole—
cules is presented in the Appendix of the New England Biolabs catalog (www.nebcom/neb/
frame_tech.html).

Read the manufacturer’s instructions to determine if the two restriction enzymes work optimally
in the same digestion buffer. If so, digestion of the vector DNA can be carried out simultaneously

with both enzymes. If the two restriction enzymes require different buffers, it is best to carry out

the digestions sequentially. In this case, the enzyme that prefers the lower concentration of salt
should be used first. At the end ofthe reaction, analyze an aliquot ofthe DNA by gel electrophoresis
to confirm that all of the plasmid DNA has been converted from circular to linear molecules. Then

adjust the salt concentration appropriately and add the second enzyme.

2. Purify the digested foreign DNA by extraction with phenolzchloroform and standard ethanol

precipitation.

Depending on the experiment, it may be necessary or desirable to isolate the target fragmentts) of
foreign DNA by neutral agarose or polyacrylamide gel electrophoresis as described in Chapter 5.
This purification is generally done when there are many restriction fragments in the preparation
oF foreign DNA that can ligate to the vector. Rather than screening large numbers oftransformants
for the desired clone(s), many investigators prefer to enrich for the foreign sequences of interest
before ligation, e.g., by agarose gel electrophoresis.

3. Purify the vector DNA by spun—column chromatography followed by standard ethanol pre-
cipitation.

This procedure eliminates from the vector preparation the small fragment of DNA generated by
digesting the plasmid at two closely spaced restriction sites within the multiple cloning site

4. Reconstitute the precipitated DNAs separately in TE (pH 8.0) at a concentration of ~100

ug/ml. Calculate the concentration ofthe DNA (in pmole/ml), assuming that 1 bp has a mass
of 660 daltons.

Confirm the approximate concentration of the two DNAs by analyzing aliquots by agarose gel elec—
tophoresis.
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5. Transfer appropriate amounts of the DNAs to sterile 0.5—m1 microfuge tubes as follows:

 

Tube DNA

A and D vector (30 fmoles [~100 ng])

B insert (foreign) (30fm01es [~ 10 ng])

C and E vector (30 fmoles) plus insert (foreign) 130 fmoles)

F superhelical vector (3 fmoles [~10 ng])

The molar ratio of plasmid vector to insert DNA fragment should be ~1:1 in the ligatlon
reaction. The final DNA concentration should be ~10 ng/ul.

a. T0 Tubes A, B, and C add:

10x Ligation buffer 1.0 pl

Bacteriophage T4 DNA ligase 0.1 Weiss unit
10 mM ATP 1.0 pl

HZO to 10 pl

b. To Tubes D and E, add:

10>< Ligation buffer 1.0 n]

10 mM ATP 1.0 pl

HZO to 10 pl

no DNA ligase

The DNA fragments can be added to the tubes together with the HO and then warmed to
45°C for 5 minutes to melt any cohesive termini that have reannealed-during fragment prepa—
ration. Chill the DNA solution to 0°C before the remainder ofthe ligation reagents are added.
To achieve the maximum efficiency of ligation, set up the reactions in as small a volume as
possible (5~10 111). Adding ATP as a component of the 10x ligation buffer leaves more volume
for vector or foreign DNA in the reaction mixture. Some commercial ligase buffers contain
ATP. When using such buffers, the addition of ATP is no longer required. For a definition of
Weiss units, please see the information panel on DNA “CASES

6. Incubate the reaction mixtures overnight at 16°C or for 4 hours at 20°C.

7. Transform competent E. coli with dilutions of each of the ligation reactions as described in

Protocol 23, 24, 25, or 26. As controls, include known amounts of a standard preparation of

superhclical plasmid DNA to check the efficiency of transformation.

 

Tube DNA Ligase Expected number of transformed colonies

A vector + ~0 (~104 fewer than Tube F)1

B insert + 0

C vector and insert + ~10—f01d more than Tube A or D

D vector — ~0 (~104 fewer than Tube F)

E vector and insert — some, but fewer than Tube C

F superhelical vector — >2 x 105

‘Transformants arising from ligation of vector DNA alone are due either to failure ofone or
both restriction endonucleases to digest the DNA to completion or to ligation of the vector

to residual amounts of the small fragment ofthe multiple cloning site.

----—m-  



Protocol 18
 

Attaching Adaptors to Protruding Termini

MATERIALS

PROTOCOL 17 IS EASILY MODIFIED TO ACCOMMODATE the addition of an adaptor to a DNA frag-

ment with protruding ends. Adaptors may be purchased in both phosphorylated and unphos—

phorylated forms (i.e., with phosphate residues or hydroxyl groups at their 5' termini; please see

the information panel on ADAPTORS and Table 1-13. Because DNA ligase requires S-phosphoryl

termini, unphosphorylated adaptors must be modified before use by transferring the y—phosphate

from ATP to the 5’-hydroxy1 group. This reaction is catalyzed by the bacteriophage—T4-enc0ded

enzyme polynucleotide kinase. If phosphorylated adaptors are purchased, omit Step 1 (phospho-

rylation step) of the protocol, and begin with Step 2.

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

ATP (70 mM)

Omit ATP from the ligation reaction in Step 2 if the ligation buffer contains ATP.

Ethanol

10x Linker kinase buffer

Phenol:chloroform (7:1, v/v) <!>

Sodium acetate (3 M, pH 5.2)

TE (pH 8.0)

Enzymes and Buffers

Bacteriophage T4 DNA Iigase
Please see the information panel on DNA LIGASES

Polynucleotide kinase
Restriction endonucleases

Nucleic Acids and Oligonucleotides

1.88

Foreign or target DNA fragment

Synthetic oligonucleotide or adaptor dissolved in TE (pH 8.0) at a concentration of ~400
ug/ml.

For a hexamer, this concentration is equivalent to a 50 pm solution.

Adaptors are available from Stratagene. Please see the information panel on ADAPTORS

w wqm-n—o,"mw wwmmw~__,._  
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Special Equipment

METHOD

Equipment for spun-column chromatography (please see Appendix 8)
Water bath preset to 65°C

 

1. T0 phosphorylate the adaptors, add to a sterile microfuge tube:

synthetic oligonucleotide or adaptor 0,542.0 pg, dissolved in TE (pH 8.0)

1th linker kinase buffer 1.0 pl

10 mM ATP 1.0 111

HJO to 10 pl

bacteriophage T4 polynucleotide kinase 1.0 unit

Incubate the reaction for 1 hour at 37°C.

There is no need to purify the phosphorylated adaplors: Aliquots of the reaction mixture can be

transferred directly into ligation reactions.

2. T0 ligate the phophorylated adaptors to a DNA fragment with complementary protruding

ends, set up a ligation reaction as follows:

DNA fragment 100—200 mg
phosphorylated adaptor lO—ZO-fold molar excess

lOX ligation buffer 1.0 1.11

bacteriophage T4 DNA ligase - 0.1 Weiss unit
10 mM ATP 1.0 pl

HZO to 10 pl

Incubate the ligation mixture for 6—16 hours at 4°C.

To achieve the maximum efficiency of ligation, set up the reactions in as small a volume as possi—
ble {5—10 01). Adding ATP as a component of the 10x ligation buffer leaves more volume for vec-

tor or foreign DNA in the reaction mixture. Some commercial ligase buffers contain ATP. When

using such buffers, the addition of ATP is not required.

3. Inactivate the DNA ligase by incubating the reaction mixture for 15 minutes at 65°C.

4. Dilute the ligation reaction with 10 pl of the appropriate 10x restriction enzyme buffer. Add

sterile HZO to a final volume of 100 u] followed by 50—100 units of restriction enzyme.

5. Incubate the reaction for 1—3 hours at 37°C.

The restriction enzyme catalyzes the removal of polymerized linkers from the ends of the DNA
fragment and creates protruding termini, A huge amount of restriction enzyme is required to
digest the large quantities of adaptors present in the reaction.

6. Extract the restriction digestion with phenolzchloroform and recover the DNA by standard

ethanol precipitation.

7. Collect the precipitated DNA by centrifugation at maximum speed for 15 minutes at 40C in
a microfuge, and resuspend the DNA in 50 pl of TE (pH 8.0).

8. Pass the resuspended DNA through a spun column to remove excess adaptors and their cleav-
age products.

9. The modified DNA fragment can now be ligated to a plasmid vector with protruding ends
that are complementary to those of the cleaved adaptor (please see Protocol 17).

 



Protocol 19
 

BIunt-ended Cloning into Plasmid Vectors

To OBTAIN THE MAXIMUM NUMBER OF ”CORRECT" LIGATION products in cloning blunt—end target

fragments, the two components of DNA in the ligation reaction must be present at an appropriate

ratio. If the molar ratio of plasmid vector to target DNA is too high, then the ligation reaction may

generate an undesirable number of circular empty plasmids, both monomeric and polymeric; if too

low, the ligation reaction may generate an excess of linear and circular homo- and heteropolymers

of varying sizes, orientations, and compositions. For this reason, the orientation of the foreign DNA

and the number of inserts in each recombinant clone must always be validated by restriction

endonuclease mapping or some other means. As a general rule, acceptable yields of monomeric cir—

cular recombinants can be obtained from ligation reactions containing equimolar amounts of plas—

mid and target DNAs, with the total DNA concentration <100 ug/ml (Bercovich et al. 1992).

This protocol describes procedures for cloning blunt—ended DNA fragments into linearized

plasmid vectors. Protocols 20 and 21 present further strategies to facilitate the recovery of the cor—

rect ligation products in blunt—ended cloning. Removal of 5'—phosphate residues from the vector

(please see Protocol 20) will suppress recircularization of the linear plasmid. Note, however, that

opinions vary as to whether dephosphorylation is advantageous; for further discussion of this

issue, please refer to the introduction to Protocol 20. As a more effective approach, synthetic link—

ers encoding restriction endonuclease recognition sites may be ligated to blunt-ended DNA ter-

mini (please see Protocol 21) to provide cohesive ends for cloning by the method in Protocol 17.

Protocols for filling recessed 3' termini or for removing protruding 5’ or 3’ termini are described
in Chapter 9, Protocol 10.

MATERIALS
 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

ATP (70 mM)

Omit ATP from the ligation reaction in Step 2 if the ligation buffer contains ATP.

Ethanol

Phenol:ch/oroform (1:1, v/v) <!>

Polyethylene glycol (30% w/v PEG 8000 solution) <!>
Sodium acetate (3 M, pH 5.2)

TE (pH 8.0)

1.90
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Enzymes and Buffers

Bacteriophage T4 DNA ligase
Please see the information panel on DNA LIGASES.

Restriction endonucleases

Gels

Agarose gels
Optional, please see Steps 2 and 3.

Polyacrylamide gels <!>
Optional, please see Step 2.

Nucleic Acids and Oligonucleotides

Foreign or target DNA (blunt-end fragment)

Vector (plasmid) DNA

Additional Reagents

Step 4 of this protocol requires the reagents listed in Protocol 20 of this chapter.
Step 7 of this protocol requires the reagents listed in Protocol 23, 24, 25, or 26 of this
chapter.

METHOD

1. In separate reactions, digest 1—10 pg of the plasmid DNA and foreign DNA with the appro-

priate restriction enzyme(s) that generate blunt ends.

2. Purify the digested foreign DNA and vector DNA by extraction with phenolzchloroform and

standard ethanol precipitation (please see Appendix 8)

Depending on the experiment, it may be necessary or desirable to isolate the target fragment(s) of
foreign DNA by neutral agarose or polyacrylamide gel electrophoresis as described in Chapter 5.
This isolation is generally done when there are a large number of restriction fragments in the
preparation of foreign DNA that can ligate to the vector. Rather than screening multiple transfor—
mants for the desired cione(s), many investigators prefer to enrich for the foreign sequences of
interest before ligation.

3. Reconstitute the precipitated DNAs separately in TE (pH 8.0) at a concentration of ~100

ug/ml. Calculate the concentration of the DNAs (in pmole/ml) assuming that 1 bp has a mass
of 660 daltons.

Confirm the approximate concentration ofthe two DNAs by analyzing aliquots by agarose gel elec—
tophoresis.

4. Dephosphorylate the plasmid vector DNA as described in Protocol 20.

5. Transfer appropriate amounts of the DNAs to sterile 0.5—ml microfuge tubes as follows:

 

Tube DNA

A and E vector1 (60 fmoles [~100 ngi)

B foreign2 (60 fmoies [~10 ngl)

C and F vector' (60 fmoles) plus foreign (60 fmoles)3
D linearized vector (contains 5’-terminal phosphates) (60 fmoles)
G superhelical vector (6 fmoles [~10 ng])

‘Vector DNA is dephosphorylated as described in Protocol 20.
2Linkers may be ligated to foreign target DNA.
2The molar ratio of plasmid vector to insert DNA fragment should be ~1:1 in the ligation
reaction. The total DNA concentration in the ligation reaction should be ~10 ng/ul.

u. Nw,,.,,,.....u--zm p———.. m. m. ..._. .
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a. To Tubes A, B, and C add:

10x Ligation buffer
Bacteriophage T4 DNA ligase

1.0 u]

0.5 Weiss unit

5 mM ATP 1.0 ul

HZO to 8.5 01
30% PEG 8000 l—l.5 ul

b. To Tubes D, E, and F add:

10x Ligation buffer 1.0 pl

5 mM ATP 1.0 ul

HZO to 8.5 ul

30% PEG 8000 l—l.5 01

no DNA ligase

To achieve the maximum efficiency ofligation, set up the reactions in as small a volume as pose
sible (5—10 pl). Adding ATP as a component ofthe 10x ligation buffer leaves more volume for
vector or foreign DNA in the reaction mixture. Some commercial ligase buffers contain ATP.
When using such buffers, the addition ofATP is not required.

The DNA fragments can be added to the tubes together with the PLO and then warmed to
45°C for 5 minutes to help dissociate any clumps of DNA that have formed during fragment

preparation. Chill the DNA solution to 0°C before the remainder of the ligation reagents are
added. It is important (i) to warm the PEG stock (30%) solution to room temperature before

adding to the ligation reaction and (ii) to add this ingredient last. DNA can precipitate at cold
temperatures in the presence of PEG 8000.

Incubate the reaction mixtures overnight at 16°C or for 4 hours at 20°C.

Transform competent E. coli with dilutions of each of the ligation reactions, using one of the

methods described in Protocols 23 through 26. As controls, include known amounts of a

standard preparation of superhelical plasmid DNA to check the efficiency of transformation.

 

Tube DNA Ligase Expected number of transformants

A vector1 + ~03

B insert + 0

C vector1 and insert + ~5-fold more than Tube F

D vector] — ~0

E vector2 — ~50—fold more than Tube D

F vector] and insert — ~50—fold more than Tube D

G superhelical vector — 2 x 105

1Dcphosphorylated.
lNot dephosphorylated,
"Fransformants arising from ligation of dephosphorylated vector DNA alone are due to fail—
ure to remove 5' residues during treatment with alkaline phosphatase.
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Protocol 20
Dephosphorylation of Plasmid DNA

 

REMOVAL OF TERMINAL 5 '-PHOSPHATE GROUPS MAY BE USED to suppress self—ligation and circu-

larization of plasmid DNA. During ligation in vitro, DNA ligase will catalyze the formation of a

phosphodiester bond between adjacent nucleotides only if one nucleotide carries a 5’—phosphate

residue and the other carries a 3’—hydroxyl terminus. Recircularization of plasmid DNA can

therefore be minimized by removing the 5’-phosphate residues from both termini of the plasmid

DNA with alkaline phosphatase (Seeburg et al. 1977; Ullrich et al. 1977). However, a foreign DNA

segment with intact 5’-terminal phosphate residues can be ligated efficiently in vitro to the

dephosphorylated plasmid DNA to generate an open circular molecule containing two nicks

(please see Figure l-l 1). Because these open circular DNA molecules transform E. coli more effi—

ciently than dephosphorylated linear DNA, most of the transformants should, in theory, contain

recombinant plasmids.

Despite its logical appeal, many investigators continue to have doubts about the value of

dephosphorylation. There is no question that removal of the 5'-phosphate residues suppresses

recircularization oflinear plasmid DNA and therefore diminishes the background oftransformed

bacterial colonies that carry “empty” plasmids. All too frequently, however, there is a parallel

decline in the number of colonies that carry the desired recombinant. In addition, some investi-

gators believe that the presence of 5'—hydroxyl groups may lead to an increase in the frequency of

rearranged or deleted clones. For these reasons, directional cloning is the preferred method of

cloning in plasmids whenever the appropriate restriction sites are available. Dephosphorylation

of the vector is now recommended only when:

a The DNA insert to be cloned is only available in small amounts. In this situation, the use of a

tenfold molar excess of dephosphorylated vector over insert will ensure that all available insert

is ligated to the vector.

0 When the transformants are to be screened by restriction enzyme digestion ofminiprepamtions

ofplasmid DNA. Because preparing plasmid DNA from more than a dozen or two small-scale

cultures of bacteria is tedious, the use of a dephosphorylated vector will ensure a high fre-

quency of the desired recombinants in a small sample of transformants.

0 When cloning blunt—endedfragments ofDNA (please see protocol 19).

0 If a vector that has been prepared by cleavage with two different enzymes generates a large

number oftransformed colonies. This indicates either that one of the two enzymes used to pre—

pare the vector failed to cleave the DNA to completion or that the small fragment of DNA

released from the multiple cloning site has not been removed from the vector preparation but

1.93
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FIGURE 1-11 Dephosphorylation

The diagram shows the use of phosphatase to prevent recircularization of vector DNA.

instead is ligated into the vector. In both cases, dephosphorylation of the vector can be of use

since removal of the 5’-terminal phosphate residues prevents reconstitution of closed circular

plasmid DNAS.

Dephosphorylation is, however, not needed when cloning DNA fragments with comple-

mentary protruding ends provided recombinants are screened by a-complementation and/or

identified by colony hybridization (Protocols 27 and 28). Because large numbers of colonies may
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be readily screened on a single plate, rare recombinants can easily be identified and recovered,

even when the number of background colonies is high. This protocol presents a method to

remove 5’-phosphate residues from protruding or blunt termini of linearized plasmids.

CAUTION: Please see Appendix 12 for appropriate handling of materials marked <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

EDTA (0.5 M, pH 8.0)

ECTA (0.5 M, pH 8.0)

Optiona1,please see Step 6.

Ethanol

Phenol <!>

Phenol:chloroform (7:1, v/v) <!>

SDS (70% MW

Sodium acetate (3 M, pH 5.2 and pH 7.0)
TE (pH 8.0)
Tris-C/ (70 mM, pH 8.3)

Enzymes and Buffers

Gels

Calf intestinal alkaline phosphatase (CIP)
or

Shrimp alkaline phosphatase (SAP)

Proteinase K (10 mg/ml)
Please see the discussion on Proteinase K in Appendix 4.

Restriction endonucleases

Agarose gel (O.7%) cast in TBE containing 0.5 ug/ml ethidium bromide <!>
Please see Step 2.

Nucleic Acids and OIigonucIeotides

Vector DNA (closed circular plasmid)

Special Equipment

METHOD

Water bath preset to 56°C or 650C
Please see Step 6.

 

1. Digest a reasonable quantity of closed circular plasmid DNA (10 pg) with a two— to threefold
excess of the desired restriction enzyme for 1 hour.

2. Remove an aliquot (0.1 pg), and analyze the extent of digestion by electrophoresis through a
0.7% agarose gel containing ethidium bromide (please see Chapter 5. Protocol 1), using undi-
gested plasmid DNA as a marker. If digestion is not complete, add more restriction enzyme
and continue the incubation.

w ...,.............._. —_... .  
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TABLE 1-8 Conditions for Dephosphorylation of 5 ’-phosphate Residues from DNA
 

 

TYPE or ENZYME/AMOUNT INCUBATION
TERMINUS PER MOLE DNA ENDS TEMPERATURE/TIME

5'—Protruding 0.01 unit CIP 37°C/30 minutes

0.1 unit SAP 37°C/6O minutes

3'—Protruding 0.1—0.5 unit CIPh 37°C/15 minutes

then

55°C/45 minutes

0.5 unit SAP 37°C/60 minutes

Blunt 0.1~0.5 unit CIPb 7°C/15 minutes

then

55°C/45 minutes

0.2 unit SAP 37°C/60 minutes
 

“Afterthe initial S(J—minutei11cu1>ation,add a second aliquot of CIP enzyme and continue incubation for
another 30 minutes at 37°C.

hAdd a second aliquot of CIP just befole beginning the incubation at 55°C.

When digestion is complete, extract the sample once with phenolxhloroform and recover the

DNA by standard precipitation with ethanol. Store the ethanolic solution on ice for 15 min—

utes.

Recover the DNA by centrifugation at maximum speed for 10 minutes at 4°C in a microfuge,

and dissolve the DNA in 110 ul of 10 mM Tris-Cl (pH 8.3).

Reserve 20 pl of the DNA preparation for later use as a control (please see Protocol 19).

To the remaining 90 u] ofthe linearized plasmid DNA, add 10 pl of 10x CIP or 10x SAP buffer

and the appropriate amount of calf intestinal phosphatase (CIP) or shrimp alkaline phos—

phatase (SAP) and incubate as described in Table 1—8.

Inactivate the phosphatase activity:

To inactivate CIP at the end of the incubation period: Add SDS and EDTA (pH 8.0) to final

concentrations of 0.5% and 5 mM, respectively. Mix well, and add proteinase K to a final con—

centration of 100 pg/ml. Incubate for 30 minutes at 55°C.

Alternatively, CIP can be inactivated by heating to 65°C for 30 minutes (or 75°C for 10 minutes)
in the presence of 5 mM EDTA or 10 mM EGTA (both at pH 8.0).

or

To inactivate SAP: Incubate the reaction mixture for 15 minutes at 65°C in the dephospho—
rylation buffer.

At the end of the dephosphorylation reaction, it is crucial to remove or completely inactivate the

alkaline phosphatase before setting up the ligation reactions. Although both CIP and SAP can be
inactivated by heating as described above, we recommend that the dephosphorylation reaction be
extracted with phenol/chloroform before using the dephosphorylated DNA in a ligation reaction.

C001 the reaction mixture to room temperature, and then extract it once with phenol and
once with phenolzchloroform.

Recover the DNA by standard precipitation with ethanol. Mix the solution again and store it
for 15 minutes at 0°C.
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9. Recover the DNA by centrifugation at maximum speed for 10 minutes at 4°C in a microfuge.

Wash the pellet with 70% ethanol at 4°C and centrifuge again.

10. Carefully remove the supernatant and leave the open tube on the bench to allow the ethanol

to evaporate.

11. Dissolve the precipitated DNA in TE (pH 8.0) at a concentration of 100 pg/ml. Store the DNA

in aliquots at —20°C.

 



Protocol 21

Addition of Synthetic Linkers
to BIunt-ended DNA

 

L INKERS ARE SMALL SELF-COMPLEMENTARY PIECES of synthetic DNA, usually 8—16 nucleotides in

length, that anneal to form blunt—ended, double-stranded molecules containing a recognition site

for a restriction enzyme (please see Figure 1-12).

Linkers are used to equip blunt—ended termini of DNA with restriction sites as an aid to

cloning (Scheller et al. 1977). A large variety of linkers available from commercial suppliers can

EcoRl linkers

5? cc . G3'0H +
SOHGG CSP

 

Ingate linkers to target DNA using hwgh

ccncentratlons of T4 DNA hgase

GGCC - AC G
DCGGC VAA uC

 

 

CCG A TCSGCC TC“

GGCTTAA ZCGGGTTAA  

 

     

d|gest using EcoRl

”mg 6 as aw
3OH O 5}:

Hgate with hnearized plasmvd

vector carrying EcoRI termlm

 

FIGURE 1-12 Cloning by Addition of Linkers to BIunt-ended Target DNA

1.98

 



Pr0t060121:Addition ofSynthetic Linkers to Blzmt—ended DNA 1.99

TABLE 1-9 Linker Sequences
 

BamHI d(CGGGATCCCG)

BamHI d(CGCGGATCCGCG)

Bglll d((yAAGATCTTC)

ECORI d(GGAATTCC)

ECORI d(CErGGAATTCCG)

ECORI d(C GGAATTCCGG)

Hindlli d(CGAAGCTTG(x)

HindiII d(CCCAAGCTTGGG)

NCOI d(CATGCCATGGCATG)

Ndei d(CCATATGG)

Nhel d(CTAGCTAGCTAG)

Nofl d(A(xCGGCCGCT)

Psfl d(GCTGCAGC i

Sad d(CGAGCTCG)

5111] d((GGTCGACCG)

Sma] d(TCCCCCGGGGGA)

Spel d((GGACTAGTCCG)

Srfl d(AGCCCGGGCT)

Xbal d(CAGT(TAGACTAG)

XhOI d(C(GCTCGAGCGG)
 

Modified with permission, ©1999 Stratagene,

be purchased in two forms that carry either a phosphate group or a hydroxyl group on the 5' ter—

mini (please see Table 1—9). Only phosphorylated molecules are substrates for T4 DNA ligase, and

nonphosphorylated linkers must therefore be treated with bacteriophage T4 polynucleotide

kinase and ATP before they can be joined to DNA. In a typical experiment, phosphorylated link—

ers are ligated in 75—100-fold molar excess in the presence of a blunt—ended target molecule. This

heavily skewed stoichiometry drives end-to—end ligation of linkers and polymerization of linkers

to each end of the target DNA, The excess linkers are cleaved from the DNA fragment by the

appropriate restriction enzyme, and their remnants are removed by gel filtration or gel elec-

trophoresis. The purified DNA fragment, now a few nucleotides longer and equipped with con-

ventional cohesive termini, may be ligated into a vector carrying compatible termini (please see
Figure 1—12).

In many cases, particular linkers are chosen because they carry a restriction site that is

known to be absent from the body of an individual target DNA. However, a different strategy is

required when linkers are used to clone populations of DNA molecules whose sequences are

unknown, e.g., a population of cDNAs. This can be achieved as follows:

0 Use the cognate methylating enzyme to modify internal recognition sites in the CDNAS and
thereby protect them against cleavage by the restriction enzymes used to trim the polymerized
linkers from the termini ofthe cDNAs. For example, EcoRI linkers can be added to a DNA frag—
ment that contains one or more internal recognition sites by treating the DNA with ECORI
methylase in the presence of S—adenosylmethionine (SAM, a methyl group donor) before link-
er addition. Methylation of the first adenosyl residue in the GAATTC recognition site prevents
subsequent cleavage by the EcoRI restriction enzyme when polymerized linkers are removed
from the ends of the modified DNA. For more details, please consult Appendix 4.  
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MATERIALS

o Partially fill recessed 3’ termini of an Xhol cloning site on the vector and ligate to the cDNA

carrying phosphorylated adaptors with 3-base protruding termini complementary to the par-

tially filled XhoI site. Neither the vector nor the cDNA molecules can anneal to themselves, but

they can join to one another. Because the Xhol site is regenerated, the cloned (DNA can be

recovered by digestion with Xhol. This strategy greatly improves the efficiency of the ligation

step in cDNA cloning and eliminates the need to methylate the cDNA or to digest it with

restriction enzymes before insertion into the vector (Yang et al. 1986; Elledge et al. 1991). For

more information, please see the information panel on ADAPTORS.

Finally, in some blunt—ended DNA ligations, it is possible to include a restriction enzyme in

the ligation reaction or to restrict the ligated DNA before transformation, in order to increase the

proportion of bacterial colonies carrying the desired recombinants. For example, Small and

Hincll are two restriction enzymes that cleave to yield blunt ends and whose recognition sites are

included in most multiple cloning sites. In ligations where these two sites will not be regenerated

when the target DNA is ligated to the vector, and in which the two enzymes do not cleave within

the DNA fragment to be ligated, the Smal or Hincll enzyme can be included in the ligation reac-

tion. Alternatively, and more efficiently, after ligation, the reaction can be diluted into a final vol—

ume of 100 pl of 1x restriction enzyme buffer and digested with 5—10 units of the appropriate

enzyme for 1—3 hours. Either of these treatments prior to transformation will result in cleavage

of self-ligated vector DNA, thereby enriching for recombinants whose Smal or Hincll sites have

been eliminated by ligation of the insert. Because circular DNAS produce manyfold more trans—

formants/ug than linear DNAS, most E. coli colonies arising after transformation will carry the

desired recombinants. A similar strategy can be used when cloning blunt-ended DNA fragments

generated by PCR. Stratagene markets a kit, pCR-ScriptSK(+), for this purpose.

 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Ammonium acetate (4 M, pH 4.8)

ATP (5 mM and 10 mM)
Omit 5 mM from the ligation reaction in Step 2 if the ligation buffer contains ATP.

Ethanol

10x Linker kinase buffer
600 mM Tris-Cl (pH 7.6)
100 mM MgCL
100 mM dithiothreitol

2 mg/ml bovine serum albumin

Phenol:chloroform (7:1, v/v) <1>

Sodium acetate (3 M, pH 5.2)

TE (pH 8.0)

Enzymes and Buffers

Bacteriophage T4 DNA Iigase
Please see the information panel on DNA LIGASES

 mm~—_ w ..,.
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Bacteriophage T4 polynucleotide kinase
Restriction endonucleases

Gels

Polyacrylamide gel (70%) <!> or agarose gel (0.7%) (optional)
These gels may be used to assess the results of ligation and digestion. Please see the note to Step 7.

Nucleic Acids and Oligonucleotides

Foreign or target DNA (blunt-end fragment)
Synthetic linkers dissolved in TE (pH 8.0) at a concentration of 400 ug/ml

For a dodecamer, this concentration is 3 equivalent to a 50 MM solution.

Radioactive Compounds

[y—jZPIATP <!> (7—70 uCi)

Optional for phosphorylation reaction. Please see the note to Step 2.

Special Equipment

Equipment for spun-Column chromatography

Water bath preset to 65°C

METHOD

Phosphorylation of Linkers (If Necessary)

1. Assemble the following reaction mixture in a sterile 0.5-ml microfuge tube:

10x linker kinase buffer 1.0 pl
10 mM ATP 1.0 ul

synthetic linker dissolved in TE (pH 8.0) 2.0 ugl
HZO to 9 pl

bacteriophage T4 polynucleotide kinase 10 units

‘Approximately 250 pmoles of a dodecamer.

Incubate the reaction for 1 hour at 37°C.

If necessary, methylation of internal restriction sites in the target DNA should be carried out at this
stage, i.e., carried out before linker addition and according to the manufacturer’s instructions.

Ligation of Phosphorylated Linkers to B|unt-ended DNA

2. Calculate the concentration of termini in the preparation of blunt—ended DNA and then
assemble the following ligation mixture in the order given in a sterile 0.5-m1 microfuge tube:

50 pg ofa 1 kb segment of double-stranded DNA : 78.7 nmoles or 157.4 nM oftermini.

blunt-ended DNA 2 pmoles of termini

phosphorylated linkers 150—200 pmoles of termini
HZO to 7.5 pl
10x ligation buffer 1.0 pl
5 mM ATP (free acid) 1.0 ul

bacteriophage T4 DNA ligase 1.0 Weiss unit

Incubate the reaction mixtures for 12—16 hours at 4°C.

To achieve the maximum efficiency of ligation, set up the reactions in as small a volume as possi—
ble (5—10 01). Addition of ATP as a component of the 10x ligation buffer leaves more volume for

W... “W...” n h”, w mm_~_,.
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vector or foreign DNA in the reaction mixture. Some commercial iigase buffers contain ATP. When
using such buffers, the addition ofATP is no longer required. For a definition of Weiss units, please
see the information panel on DNA LIGASES.

3. lnactivate the bacteriophage T4 DNA ligase by heating the reaction mixture to 65°C for 15

minutes.

4. Cool the ligation mixture to room temperature and then add:

10x restriction enzyme buffer 10 pl

restriction enzyme 50 units
sterile HZO to a final volume of 100 pl

Incubate the reaction for 1—3 hours at 37°C.

Recovery of Ligated DNA

5. Purify the restricted DNA by extraction with phenolzchloroform. Precipitate the DNA with 2

volumes of ethanol in the presence of 2 M ammonium acetate.

6. Collect the precipitated DNA by centrifugation at maximum speed for 15 minutes at 4°C in

a microfuge, and dissolve the pellet in 50 pl of TE (pH 8.0).

7. Pass the resuspended DNA through a spun column to remove excess linkers (please see

Appendix 8).

 

Usually, the ligation and restriction endonuclease reactions go well and there is no need to check the
products before proceeding. If necessary, however, these steps can be checked as follows:

. During ligation, phosphorylated linkers assemble into polymers (e.g., dimers, trimers, and tetramers)
that can be detected when 1.0 ul of the reaction mixture (Step 2) is analyzed by electrophoresis
through a neutral 10% polyacrylamide gel. A ladder of multimers should be visible when the gel is
stained by ethidium bromide or SYBR Gold.

0 If radiolabeled linkers are used and if the ligation is successful, the radioactive linkers will form a series

of radioactive bands that can be resolved by electrophoresis through a neutral 10% polyacrylamide
gel. However, instead of staining, the radiolabeled linkers may be detected by autoradiography or
phosphorimaging. When the linker is labeled to high specific activity, it is possible to verify that the
radiolabeled linker has become attached to the target DNA because some of the radioactivity elutes
with the target DNA during spun-column chromatography (Step 7). Alternatively, an aliquot of the
reaction mixture can be analyzed by electrophoresis through an agarose gel. After ligation, a small frac-
tion of the radiolabel should comigrate with the target fragment.

0 To verify that the restriction enzyme has cleaved the polymerized linkers to completion, analyze 10 pl
of the restriction digest by polyacrylamide gel electrophoresis. The linker ladder should now be
reduced to monomers.   

8. Recover the DNA by standard ethanol precipitation and dissolve the precipitate in 10—20 pl

ofTE (pH 8.0).

The modified DNA fragment can now be ligated as described in Protocol 17 into a plasmid (or
bacteriophage) vector with protruding ends that are complementary to those introduced by the
linker.

...(,,...,....,._‘ Mn 7 __m_*_-m. .



Protocol 22

Ligating Plasmid and Target DNAs in
Low-melting-temperature Agarose

 

THE SLOWEST STEP IN CLONING IN P1ASMIDS is the electrophoretic purification of the desired

restriction fragment of foreign DNA and the appropriate segment of plasmid DNA. In the proto—

col given below (adapted from Struhl 1985), ligation of plasmid and foreign DNAs is carried out

in the presence of Iow—melting-temperature agarose (please see Chapter 5). The method works for

both blunt-end ligation and ligation of cohesive termini, but it requires a large amount of ligasc

and its efficiency is about one to two orders of magnitude lower than ligation with purified DNA

(Protocols 17 and 19). For this reason, the method is not suitable for construction of libraries and

is used chiefly for rapid subcloning of segments from large fragments of DNA in dephosphory—

lated vectors and for assembling recombinant constructs.

“MATERIALS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Enzymes and Buffers

2x Bacteriophage T4 DNA Iigase mixture
1 MTris-C1(pH 7.6) 1.0 11.1
100 mM MgCl2 2.0 pl
200 mM dithiothreitol 1.0 111

10 mM ATP 1.0 111
HZO 4.5 111

Bacteriophage T4 DNA ligase 1 Weiss unit

10 11] is required for each ligation.

Prepare fresh for each use in a microfuge tube chilled on ice. Store the reaction mixture in ice until need-
ed. For definition of Weiss units, please see the information panel on DNA LIGASES.

Restriction endonucleases

Gels

Low-melting-temperature agarose gel
Please see Chapter 5.

Nucleic Acids and Oligonucleotides

Foreign DNA

Plasmid DNA (~ 700 ug/ml, dephosphorylated)
Approximately 100 ng of dephosphorylated DNA is required for each ligation.

1.103

M mvw—twmm t»...—

 



1.104 Chapter 1: Plasmids and Their Usefulness in Molecular Cloning

Special Equipment

METHOD

Heating block preset to 700C

Ultraviolet lamp, hand—held, long wavelength (302 nm) <!>
Water bath preset to 7 6°C

 

. Use the appropriate restriction enzyme(s) to digest an amount of target DNA sufficient to
yield ~250 ng of the desired fragment. Perform the digestion in a volume of 20 pl or less.

Separate the DNA fragments by electrophoresis through a low-melting/gelling-temperature
agarose gel.

. Examine the agarose gel under long-wavelength UV illumination. From the relative fluores-

cent intensities of the desired bands, estimate the amounts of DNA that they contain. Use a

clean razor blade to cut out the desired bands in the smallest possible volume of agarose (usu—

ally 40—50 pl). Leave a small amount of each band in the gel to mark the positions of the DNA
fragments and then photograph the dissected gel.

Place the excised and trimmed slices of gel in separate, labeled microfuge tubes.

If necessary, the agarose slices may be stored for a few days at 4°C in closed tubes.

Melt the agarose by heating the tubes to 70°C for 15 minutes in a heating block. Estimate the

volume of the melted agarose in the tube and calculate the volume that would contain ~200

ng of DNA

The aim is to harvest ~200 ng of foreign DNA in a volume of 10 ul or less. This takes practice
However, ligations work, albeit less efficiently, for bands containing as little as 10 ng of DNA that
are only just visible in the gel.

In a sterile microfuge tube warmed to 37°C, combine the following:

dephosphorylated plasmid DNA 60 fmoles

foreign DNA fragment 120—240 fmoles (in a

volume of 10 u] or less)

Mix the contents of the tube quickly with a sterile disposable pipette tip before the agarose

solidifies.

The molar ratio of foreign DNA to plasmid vector in the ligation reaction should be no less than
2:1 and no more than 4:1.

In separate tubes, set up two additional ligations as controls, one containing only the dephos-

phorylated plasmid vector and the other containing only the fragment of foreign DNA.

Incubate the three tubes for 5—10 minutes at 37°C, and then add to each tube 10 pl of ice—cold

2x bacteriophage T4 DNA ligase mixture. Mix the contents of the tube quickly with a sterile

disposable pipette tip before the agarose solidifies. Incubate the reactions for 12—16 hours at
16°C.

The recombinants, products of the ligation reaction, can now be used directly for transformation
(as described in Protocol 23, 24, or 25 or for electroporation as described in Protocol 26) into E.
coli. Remelt the agarose in the ligation mixtures by heating the sealed microfuge tubes to 70°C for
10—15 minutes in a heating block before transformation or electroporation.

Typically, 1—5 5.11 of each ligation reaction is used to transform chemically prepared competent bac-
terial cells. Only 0.1—1.0 pl of the ligation reaction is required for tranformation of bacterial cells
by the more efficient method of electroporation. Addition of a greater volume of the ligation mix—
ture will increase the solute concentration in the electroporation cell to the point where arcing
becomes a distinct possibility.
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Protocol 23

The Hanahan Method for Preparation and
Transformation of Competent E. coli:
High-efficiency Transformation

 

WHEN DOUG HANAHAN WAS A GRADUATE STUDENT at Cold Spring Harbor Laboratory and

Harvard University in the late 19705 and early 19805, he achieved transformation efficiencies that

were unheard of previously, but then became standard. Hanahan drove a fast car, worked mostly

at night and with some secrecy, never telling the ingredients of the transformation buffer that gave

him such spectacular results. However, he freely and generously distributed the buffer to anyone

whose experiment needed high efficiencies of transformation. A good many of the cDNA libraries

generated on the East Coast in the early 19805 were established with Hanahan’s transformation

buffer, which was known as “Liquid Gold” because of its beautiful shimmering color.
Eventually, the formula for Liquid Gold was published, together with a detailed description

of how to achieve high efficiencies of transformation (Hanahan 1983). If followed scrupulously,

Hanahan’s procedure can reproducibly generate competent cultures of E. coli that can be trans-

formed at high frequencies (5 X 108 transformed colonies/ug of superhelical plasmid DNA). The

key word here is scrupulously. Follow Hanahan’s instructions exactly and all will be well. Take a

short cut, use dirty glassware, impure water, or a stale chemical and disappointment will follow,

which may explain why some investigators struggle to reproduce Hanahan’s results.

Three factors appear to be crucial for obtaining consistently high frequencies of transfor—

mation of competent cells prepared by the Hanahan procedure:

0 The purity of the reagents used in the transformation buffers. It is most important to prepare

the competent cells using water and dimethylsulfoxide (DMSO) of the highest purity

(Hanahan 1985). Some reagents, including components of bacterial media, decline with stor—

age. Whenever possible, use freshly purchased reagents and growth media. If problems arise,

individual reagents (e.g., DMSO, dithiothreitol [DTT], glycerol, and 2— [N-morpholinolethane-

sulfonic acid [MESH should be substituted one at a time in the transformation protocol to

ascertain the quality of a given batch of reagent and its effect on the transformation frequency.

0 The state ofgrowth of the cells. For unknown reasons, the highest frequencies of transforma-

tion are obtained with cultures that have been grown directly from a master stock stored in

freezing medium at —70°C. Cultures that have been passaged continuously in the laboratory or

that have been stored at 4°C or at room temperature should not be used.

0 The cleanliness of the glassware and plasticware. Because trace amounts of detergent or other

chemicals greatly reduce the efficiency of bacterial transformation, it is best to set aside a batch
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of glassware that is used for no other purpose than to prepare competent bacteria. This glass-

ware should be washed and rinsed by hand, filled with pure water (Milli—Q or equivalent), and

sterilized by autoclaving. The water should be discarded just before the glassware is used. Keep

in mind that many manufactured plastics and filters used for sterilization contain detergents
that can severely reduce the transformation frequency.

Hanahan’s procedure works well with strains of E. coli commonly used in molecular
cloning,inc1uding DH 1, DHS, MM294, IM108/9, DHSOL, and many others. However, a few strains
of E. coli (e.g., MC1061) are refractory to this method. For further details and the extension of the
method to other species of bacteria, see Hanahan et al. (1991, 1995). Other methods for trans—
formation are described in Protocol 24 (preparation of “ultra-competent” cells) and Protocol 25
(transformation using calcium chloride).

MATERIALS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

DMSO <!>

Oxidation products of DMSO, presumably dimethyl sulfone and dimethyl sulfide, are inhibitors of
transformation (Hanahan 1985),

DnD (DMSO and DTT) solution

1.53 g of dithiothreitol
9 ml of DMSO

100 pl of 1 M potassium acetate (pH 7.5)
H20 to 10 ml

Sterilize the DnD solution by filtration through a Millex SR membrane unit (Millipore), which is
designed to withstand organic solvents. Dispense 160-111 aliquots ofthe DnD solution into sterile 0.5—ml
microfuge tubes. Close the tubes tightly and store them at —20°C.

For preparation of 1 M potassium acetate (pH 7.5), please see Appendix 1.
Transformation buffers (please see Step 1)

Standard transformation buffer (TFB) is used when preparing competent cells for immediate use.
Frozen storage buffer (FSB) is used to prepare stocks of competent cells that are to be stored at —70°C.

Media

SOB agar plates containing 20 mM M5604 and the appropriate antibiotic
Standard SOB contains 10 mM MgSO4.

SOB medium containing 20 mM MgSO4
Standard SOB contains 10 mM MgSO4.

SOC medium
Approximately 1 ml of this medium is needed for each transformation reaction.

Nucleic Acids and Oligonucleotides

Plasmid DNA (recombinant plasmid)
Construct using one ofthe methods described in Protocols 17 through 22 of this chapter.

Centrifuges and Rotors

Sorvall GSA rotor or equivalent
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Special Equipment

Liquid nitrogen <!>

Polypropylene tubes (50 ml), chilled in ice
Polypropylene tubes (17 x 100 mm; Falcon 2059), chilled in ice
Water bath preset to 42°C

Vectors and Bacterial Strains

E. coli strain to be transformed (frozen stock)

The strain should be stored at 770°C in freezing medtum (please see Appendices 1 and 8).

METHOD
 

A IMPORTANT All steps in this protocol should be carried out aseptically.

Preparation of Cells

1. Prepare transformation buffer.

TFB is used when preparing competent cells for immediate use. FSB is used to prepare stocks of
competent cells that are to be stored at —70°C. Organic contaminants in the H20 used to prepare
transformation buffers can reduce the efficiency of transformation of competent bacteria. HZO
obtained directly from a well—serviced Milli—Q filtration system (MilIipore) usually gives good
results. If problems should arise, treat the deionized HZO with activated charcoal before use.

TO PREPARE STANDARD TRANSFORMATION BUFFER

a. Prepare 1 M MES by dissolving 19.52 g of MES in 80 ml of pure HZO (MiIIi-Q, or equiva—

lent). Adjust the pH of the solution to 6.3 with 5 M KOH, and add pure HIO to bring the

final volume to 100 m1. Sterilize the solution by filtration through a disposable prerinsed

Nalgene filter (0.45—um pore size). Divide into 10—m1 aliquots and store at —20°C.

b. Prepare TFB by dissolving all the solutes listed below in ~500 m1 of H20 and then add 10

ml of 1 M MES buffer (pH 6.3). Adjust the volume of the TFB to 1 liter with pure HZO'

 

Reagent Amount per liter Final concentration

1MMES(p1—I 6.3) 10 ml 10 mM
MnClz'4H20 8.91 g 45 mM

CaC2'2HZO 1.47 g 10 mM

KCl 7.46 g 100 mM

Hexamminecobalt chloride 0.80 g 3 mM
HZO to 1 liter

C. Sterilize the TFB by filtration through a disposable prerinsed Nalgene filter (0.45-um

pore size). Divide the solution into 40-ml aliquots in tissue-culture flasks (e.g., Corning,

or equivalent) and store them at 4°C.

TO PREPARE FROZEN STORAGE BUFFER

a. Prepare 1 M potassium acetate by dissolving 9.82 g of potassium acetate in 90 m1 of pure

HZO (Milli-Q, or equivalent). Adjust the pH of the solution to 7.5 with 2 M acetic acid,

add pure HZO to bring the final volume to 100 m1. Divide the solution into aliquots and
store at —20°C.

w fiv-uvmm’ ._._- ~  



1.108 Chapter I: Plasmids and Their Usefitlness in Molecular Cloning

2.

b. Prepare FSB by dissolving all of the solutes listed below in ~500 m1 of pure HZO. After the
components are dissolved, adjust the pH of the solution to 6.4 with 0.1 N HCl. Too high

a pH cannot be adjusted by adding base; instead, discard the solution and and begin

again. Adjust the volume of the final solution to 1 liter with pure HZQ

 

Reagent Amount per liter Final concentration

1 M potassium 10 ml 10.mM

acetate (pH 7.5)

MnClz'4HZO 8.91 g 45 mM

CaClz'ZHzO 1.47 g 10 mM

KCl 7.46 g 10 mM
Hexamminecobalt chloride 0.80 g 100 mM

Glycerol 100 ml 100/6 (v/v)
Hlo to 1 liter

C. Sterilize the solution by filtration through a disposable prerinsed Nalgene filter (0.45-um

pore size). Dispense the solution into 40—m1 aliquots and store the aliquots in tissue cul-

ture flasks (e.g., Corning, or equivalent) at 4°C. During storage, the pH of the solution

drifts down to a final value of 6.1—6.2 but then stabilizes.

Use an inoculating loop to streak E. coli of the desired strain directly from a frozen stock onto

the surface of an SOB agar plate. Incubate the plate for 16 hours at 37°C.

It is not necessary to thaw the frozen slock of bacteria. Sufficient cells will stick to the loop when it
is scratched across the surface of the frozen stock. A single tube of frozen stock can be used many
times.

Transfer four or five well-isolated colonies into 1 m1 of SOB containing 20 mM MgSO4.

Disperse the bacteria by vortexing at moderate speed, and then dilute the culture in 30—100

ml of SOB containing 20 mM MgSO4 in a l-liter flask.

The colonies should be no more than 2—3 mm in diameter.

Grow the cells for 25—30 hours at 37°C, monitoring the growth of the culture.

For efficient transformation, it is essential that the number of viable cells not exceed 10“ cells/ml,
which for most strains of E. coli is equivalent to an ODG00 of ~O.4. To ensure that the culture does
not grow to a higher density, measure the ODW of the culture every 15—20 mlnutes. Plot a graph

of the data so that the time when the OD600 of the culture approaches 0.4 can be predicted with
some accuracy. Begin to harvest the culture when the OD600 reaches 0.35.

For reasons that are unclear, the highest efficiencies of transformation are obtained at two separate
points in the growth curve of E. coli: in early— to mid—log phase (OD600 : 0.4) (Hanahan 1983) and
in late-log phase (ODW : 0.95) (Tang et al. 1994). The early peak is easier to work with because
the high efficiency of transformation is sustained for a longer time. The later peak is much steep—
er and a 2—3~minute delay in collecting the cells can cost an order of magnitude in transformation
efficiency.

Because the re1ati0nship between the OD600 and the number of viable cells/ml varies somewhat

from strain to strain, it is essential to calibrate the spectrophotometer by measuring the ODhUU of
a growing culture of the particular strain of E. coli at different times in its growth cycle and deter—
mining the number of viable cells at each ofthese times by plating dilutions of the culture on LB
agar plates in the absence of antibiotics.

Transfer the cells to sterile, disposable, ice-cold 50-m1 polypropylene tubes. Cool the cultures

to 0°C by storing the tubes on ice for 10 minutes.

Recover the cells by centrifugation at 2700g (4100 rpm in a Sorvall GSA rotor) for 10 min-

utes at 4°C.

Decant the medium from the cell pellets. Stand the tubes in an inverted position for 1 minute

to allow the last traces of medium to drain away.
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8. Resuspend the pellets by swirling or gentle vortexing in ~20 ml (per SO—ml tube) of ice-cold
TFB or FSB transformation buffer. Store the resuspended cells on ice for 10 minutes.

9. Recover the cells by centrifugation at 2700g (4100 rpm in a Sorvall GSA rotor) for 10 min-

utes at 4°C.

10. Decant the buffer from the cell pellets. Stand the tubes in an inverted position for 1 minute
to allow the last traces of buffer to drain away.

11. Resuspend the pellets by swirling or gentle vortexing in 4 ml (per 50~ml tube) of ice-cold TFB

or FSB. Proceed either with Step 12a if the competent cells are to be used immediately or with

Step 12b if the competent cells are to be stored at —70°C and used at a later date.

Preparation of Competent Cells

12. Prepare competent cells for transformation.

TO PREPARE FRESH COMPETENT CELLS

a. Add 140 pl of DnD solution into the center of each cell suspension. Immediately mix by

swirling gently, and then store the suspension on ice for 15 minutes.

b. Add an additional 140 pl of DnD solution to each suspension. Mix by swirling gently, and

then store the suspension on ice for a further 15 minutes.

C. Dispense aliquots of the suspensions into chilled, sterile 17 X IOO-mm polypropylene

tubes. Store the tubes on ice.

For most cloning purposes, SO—pl aliquots ofthe competent—cell suspension will be more than

adequate. However, when large numbers of transformed colonies are required (e.g., when
constructing cDNA libraries), larger aliquots may be needed.

Glass tubes should not be used as they lower the efficiency oftransformation by ~10-fold.

TO PREPARE FROZEN STOCKS OF COMPETENT CELLS

a. Add 140 ul of DMSO per 4 ml Of resuspended cells. Mix gently by swirling, and store the

suspension on ice for 15 minutes.

b. Add an additional 140 pl of DMSO to each suspension. Mix gently by swirling, and then

return the suspensions to an ice bath.

c. Working quickly, dispense aliquots of the suspensions into chilled, sterile microfuge tubes

or tissue culture vials. Immediately snap-freeze the competent cells by immersing the tight-

ly closed tubes in a bath of liquid nitrogen. Store the tubes at —70°C until needed.

For most cloning purposes, 50-111 aliquots of the competent—cell suspension will be more than
adequate. However, when large numbers of transformed colonies are required (e.g., when
constructing cDNA libraries), larger aliquots may be needed.

d. When needed, remove a tube of competent cells from the —70°C freezer. Thaw the cells

by holding the tube in the palm of the hand. Just as the cells thaw, transfer the tube to an

ice bath. Store the cells on ice for 10 minutes.

e. Use a chilled, sterile pipette tip to transfer the competent cells to chilled, sterile 17 x 100—
mm polypropylene tubes. Store the cells on ice.

Glass tubes should not be used as they lower the efficiency of transformation by ~10-fold.  
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Transformation

Include all of the appropriate positive and negative controls (please see the panel on BACTERIAL

TRANSFORMATION).

13.

14.

15.

16.

17.

18.

19.

Add the transforming DNA (up to 25 ng per 50 pl of competent cells) in a volume not

exceeding 50/0 of that of the competent cells. Swir] the tubes gently several times to mix their

contents. Set up at least two control tubes for each transformation experiment, including a

tube of competent bacteria that receives a known amount of a standard preparation of super-

helical plasmid DNA and a tube of cells that receives no plasmid DNA at all. Store the tubes

on ice for 30 minutes.

Transfer the tubes to a rack placed in a preheated 42°C circulating water bath. Store the tubes

in the rack for exactly 90 seconds. Do not shake the tubes.

Heat shock is a crucial step. It is very important that the cells be raised to exactly the right tem~
perature at the correct rate. The incubation times and temperatures given here have been worked

out using Falcon 2059 tubes. Other types of tubes will not necessarily yield equivalent results.

Rapidly transfer the tubes to an ice bath. Allow the cells to cool for 1—2 minutes.

Add 800 pl of SOC medium to each tube. Warm the cultures to 37°C in a water bath, and then

transfer the tubes to a shaking incubator set at 370C. Incubate the cultures for 45 minutes to

allow the bacteria to recover and to express the antibiotic resistance marker encoded by the

plasmid.

To maximize the efficiency oftransformation, gently agitate (<225 cycles/minute) the cells during
the recovery period.

If screening by Ot-complementation, proceed to Protocol 27 for plating.

Transfer the appropriate volume (up to 200 pl per 90-mm plate) of transformed competent

cells onto agar SOB medium containing 20 mM MgSO4 and the appropriate antibiotic.

When selecting for resistance to tetracycline, the entire transformation mixture may be spread on
a single plate (or plated in top agar). In this case, collect the bacteria by centrifuging for 20 seconds
at room temperature in a microfuge, and then gently resuspend the cell pellet in 100 p] of SOC
medium by tapping the sides of the tube.

A IMPORTANT Sterilize a bent glass rod by dipping it into ethanol and then in the flame of a Bunsen

burner. When the rod has cooled to room temperature, spread the transformed cells gently over the

surface of the agar plate.

When selecting for resistance to ampicillin, transformed cells should be plated at low density (< 104
colonies per 90-mm plate), and the plates should not be incubated for more than 20 hours at 37°C.
The enzyme B—lactamase is secreted into the medium from ampicillin-resistant transformants and
can rapidly inactivate the antibiotic in regions surrounding the colonies. Thus, plating cells at high
density or incubating them for long periods of time results in the appearance of ampicillin—sensi-
tive satellite colonies. This problem is ameliorated, but not completely eliminated, by using car—
benicillin rather than ampicillin in selective media and increasing the concentration of antibiotic
from 60 ug/ml to 100 ug/ml. The number of ampicillin—rcsistant colonies does not increase in lin-

ear proportion to the number of cells applied to the plate, perhaps because of growth—inhibiting
substances released from the cells killed by the antibiotic.

Store the plates at room temperature until the liquid has been absorbed.

Invert the plates and incubate them at 37°C. Transformed colonies should appear in 12—16
hours.

Transformed colonies may be screened for the presence of recombinant plasmids using one of the
methods described in Protocols 27, 28, 31, and 32 of this chapter or Protocol 12 in Chapter 8.
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BACTERIAL TRANSFORMATION

es of failure.

Negative Controls

nated.

was added to agar that was too hot.

colonies usually appear both on the surface of the medium and in the agar.

Positive Controls

cates problems with the competent bacteria or the transformation buffer.

such as agarose and enzymes. 

In every experiment, it is essential to include positive controls to measure the efficiency of transforma-
tion, and negative controls to eliminate the possibility of contamination and to identify the potential caus-

An aliquot of competent cells to which no DNA is added should be carried through the transformation
experiment. The entire aliquot should be plated on a single agar plate containing the appropriate antibi-
otic used to select transformants. No bacterial colonies should grow on this plate or on a selective plate
that received no bacteria at all. If any are detected, the following possibilities should be considered:

0 The competent cells are contaminated with an antibiotic-resistant strain of bacteria during the
experiment. Perhaps one of the solutions/reagents used in the transformation protocol is contami-

o The selective plates are defective. Perhaps the antibiotic was omitted altogether from the plates or

c The selective plates are contaminated with an antibiotic resistant strain of bacteria. In this case,

An aliquot of competent cells should be transformed with a known amount of a standard preparation of
circular superhelical plasmid DNA. This control provides a measure of the efficiency of transformation
and allows a standard for comparison with previous transformation experiments. We recommend prepar-
ing two large batches of diluted supercoiled plasmid DNA (1 ng/ml for the Hanahan and Inoue proce-
dures; 500 ng/ml for the calcium chloride procedure). These preparations should be stored at —70°C in
TE (pH 7.8) in very small aliquots. The appropriate standard preparation (2—5 pl) should be used to mea-
sure the efficiency of transformation of each new batch of competent cells and to check the efficiency of
transformation in every experiment. Failure to obtain transformed colonies in a given experiment indi—

When a ligation reaction is used as a source of transforming DNA, the transformation efficiency is
reduced by at least two orders of magnitude compared with the supercoiled plasmid DNA control. The
actual number of transformants obtained per ug of ligated DNA will depend on the amount of recombi-
nant plasmid generated during the ligation reaction, and on the presence of inhibitors of transformation  
 

 



Protocol 24
 

The Inoue Method for Preparation and
Transformation of Competent E. Coli:
”UItra-Competent” Cells

MATERIALS

AT ITS BEST, THIS METHOD FOR PREPARING COMPETENT E. coli from Inoue et al. (1990) can chal—

lenge the efficiencies achieved by Hanahan (1983). However, under standard laboratory condi—

tions, efficiencies of 1 x 108 to 3 X 108 transformed colonies/ug of plasmid DNA are more typical.

The advantages of the procedure are that it is less finicky, more reproducible, and therefore more

predictable than the original Hanahan method.
This protocol differs from other procedures in that the bacterial culture is grown at 18°C

rather than the conventional 37°C. Otherwise, the protocol is unremarkable and follows a fairly

standard course. Why growing the cells at low temperature should affect the efficiency of trans-

formation is anybody’s guess. Perhaps the composition or the physical characteristics of bacteri-

al membranes synthesized at 18°C are more favorable for uptake of DNA, or perhaps the phases

of the growth cycle that favor efficient transformation are extended.

Incubating bacterial cultures at 18°C is a challenge. Most laboratories do not have a shak—
ing incubator that can accurately maintain a temperature of 18°C summer and winter. One solu-

tion is to place an incubator in a 4°C cold room and use the temperature control to heat the incu-

bator to 18°C. Alternatively, there is almost no loss of efficiency if the cultures are grown at

20—23°C, which is the ambient temperature in many laboratories. Cultures incubated at these

temperatures grow slowly with a doubling time of 2.5 to 4 hours. This can lead to frustration,

especially late at night when it seems that the culture will never reach the desired OD600 of 0.6.

The answer to this problem is to set up cultures in the evening and harvest the bacteria early the

following morning. The procedure works well with many strains of E. coli in common use in mol—

ecular cloning, including XL1-B1ue,DH1,IM103,]M108/9,DH5a,and HBlOl.

 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

1.112

Please see Appendix I for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

DMSO <!>

Oxidation products of DMSO, presumably dimethyl sulfone and dimethyl sulfide, are inhibitors of
transformation (Hanahan 1985). To avoid problems, purchase DMSO of the highest quality.

Inoue transformation buffer (please see Step 1)
Chilled to 0°C before use.
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Nucleic Acids and Oligonucleotides

Plasmid DNA (recombinant plasmid)
Construct usmg one of the methods described in Protocols 17 through 22 of this chapter.

Media

LB or 508 medium for initial growth of culture
SOB agar plates containing 20 mM MgSO4 and the appropriate antibiotic

Standard SOB contains 10 mM MgSO4.

SOB medium, for growth of culture to be transformed
Prepare three 1—liter flasks of 250 ml each and equilibrate the medium to 18—20“C before inoculation].

SOC medium

Approximately 1 ml of this medium is needed for each transformation reaction.

Centrifuges and Rotors

Sorvall GSA rotor or equivalent

Special Equipment

Liquid nitrogen <!>

Polypropylene tubes (17 x 100 mm; Falcon 2059), chilled in ice
Shaking Incubator (18°C)

Water bath preset to 42°C

METHOD

A IMPORTANT All steps in this protocol should be carried out aseptically.

Preparation of Cells

1. Prepare Inoue transformation buffer (chilled to 0°C before use).

Organic contaminants in the H20 used to prepare transformation buffers can reduce the ct‘ficicn»

cy of transformation Ofcompetent bacteria. HtO obtained directly from a well-serviced Milli—Q fil—
tration system (Millipore) usually gives good tesults. If problems should arise, treat the deionized
HJO with activated charcoal before use.

a. Prepare 0.5 M PIPES (pH 6.7) (piperazine—l,2—bis[2—ethanesulfonic acid]) by dissolving

15.1 g of PIPES in 80 ml of pure HZO (Milli-Q, or equivalent). Adjust the pH of the solu—

tion to 6.7 with 5 M KOH, and then add pure H20 to bring the final volume to 100 ml.

Sterilize the solution by filtration through a disposable prerinsed Nalgene filter (0.45—ttm

pore size). Divide into aliquots and store frozen at —20°C.

b. Prepare Inoue transformation buffer by dissolving all of the solutes listed below in 800 ml

of pure H20 and then add 20 ml of 0.5 M PIPES (pH 6.7). Adjust the volume of the lnoue

transformation buffer to 1 liter with pure HZO.

 

Reagent Amount per liter Final concentration

MnClZ'41-IZO 10.88 g 55 mM

CaClz'ZHQO 2.20 g 15 mM

KCl 18.65 g 250 mM

PIPES (0.5 M, pH 6.7) 20 ml 10 mM

HZO to 1 liter

c. Sterilize Inoue transformation buffer by filtration through a prerinsed 0.45—pm Nalgene
filter. Divide into aliquots and store at —20°C.
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10.

Pick a single bacterial colony (2—3 mm in diameter) from a plate that has been incubated for

16—20 hours at 37°C. Transfer the colony into 25 ml of LB broth or SOB medium in a 250-
ml flask. Incubate the culture for 6—8 hours at 37°C with vigorous shaking (250—300 rpm).

. At about 6 o’clock in the evening, use this starter culture to inoculate three l—liter flasks, each

containing 250 ml of SOB. The first flask receives 10 m1 of starter culture, the second receives
4 ml, and the third receives 2 ml. Incubate all three flasks overnight at 18—22°C with moder—
ate shaking.

The following morning, read the ODaoo of all three cultures. Continue to monitor the OD
every 45 minutes.

When the ODfi00 of one of the cultures reaches 0.55, transfer the culture vessel to an ice-water

bath for 10 minutes. Discard the two other cultures.

The ambient temperature of most laboratories rises during the day and falls during the night. The
number of degrees and the timing of the drop from peak to trough varies depending on the time
of year, the number of people working in the laboratory at night, and so on. Because of this vari—
ability, it is difficult to predict the rate at which cultures will grow on any given night. Using three
different inocula increases the chances that one of the cultures will be at the correct density after

an overnight incubation.

Harvest the cells by centrifugation at 2500g (3900 rpm in a Sorvall GSA rotor) for 10 minutes

at 4°C.

Pour off the medium and store the open centrifuge bottle on a stack of paper towels for 2

minutes. Use a vacuum aspirator to remove any drops of remaining medium adhering to

walls of the centrifuge bottle or trapped in its neck.

Resuspend the cells gently in 80 ml of ice-cold Inoue transformation buffer.

The cells are best suspended by swirling rather than pipetting or vortexing.

Harvest the cells by centrifugation at 2500g (3900 rpm in a Sorvall GSA rotor) for 10 minutes

at 4°C.

Pour off the medium and store the open centrifuge tube on a stack of paper towels for 2 min—

utes. Use a vacuum aspirator to remove any drops of remaining medium adhering to the walls

of the centrifuge tube or trapped in its neck.

Freezing of Competent Cells

11.

12.

13.

14.

Resuspend the cells gently in 20 ml of ice—cold Inoue transformation buffer.

Add 1.5 ml of DMSO. Mix the bacterial suspension by swirling and then store it in ice for 10

minutes.

Working quickly, dispense aliquots of the suspensions into chilled, sterile microfuge tubes.

Immediately snap-freeze the competent cells by immersing the tightly closed tubes in a bath

of liquid nitrogen. Store the tubes at —70°C until needed.

Freezing in liquid nitrogen enhances transformation efficiency by ~5—fold.

For most cloning purposes, 50—111 aliquots ofthe competent—cell suspension will be more than ade-
quate. However, when large numbers of transformed colonies are required (e.g., when construct-
ing cDNA libraries), larger aliquots may be necessary.

When needed, remove a tube of competent cells from the —70°C freezer. Thaw the cells by
holding the tube in the palm of the hand. Just as the cells thaw, transfer the tube to an ice

bath. Store the cells on ice for 10 minutes.
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15.

Transformation

Use a chilled, sterile pipette tip to transfer the competent cells to chilled, sterile 17 x lOO—mm

polypropylene tubes. Store the cells on ice.

Glass tubes should not be used since they lower the efficiency of transformation by ~10-told

Include all of the appropriate positive and negative controls (please see the panel on BACTERIAL
TRANSFORMATION in Protocol 23).

16.

17.

18.

19.

20.

21.

22.

Add the transforming DNA (up to 25 ng per 50 u] of competent cells) in a volume not
exceeding 5% of that of the competent cells. Swirl the tubes gently several times to mix their
contents. Set up at least two control tubes for each transformation experiment, including a
tube of competent bacteria that receives a known amount of a standard preparation of super-
helical plasmid DNA and a tube of cells that receives no plasmid DNA at all. Store the tubes
on ice for 30 minutes.

Transfer the tubes to a rack placed in a preheated 42°C circulating water bath. Store the tubes

in the rack for exactly 90 seconds. Do not shake the tubes.

Heat shock is a crucial step. It is very important that the cells be raised to exactly the right tem—

perature at the correct rate. The incubation times and temperatures given here have been worked

out using Falcon 2059 tubes. Other types of tubes will not necessarily yield equivalent results.

Rapidly transfer the tubes to an ice bath. Allow the cells to cool for 1—2 minutes.

Add 800 pl of SOC medium to each tube. Warm the cultures to 37°C in a water bath, and

then transfer the tubes to a shaking incubator set at 37°C. Incubate the cultures for 45 min—
utes to allow the bacteria to recover and to express the antibiotic resistance marker encoded
by the plasmid.

To maximize the efficiency of transformation, gently agitate (<225 cycles/minute) the cells during
the recovery period.

If screening by a-complementation, proceed to Protocol 27 for plating.

Transfer the appropriate volume (up to 200 pl per 90-mm plate) of transformed competent

cells onto agar SOB medium containing 20 mM MgSO4 and the appropriate antibiotic.

When selecting for resistance to tetracycline, the entire transformation mixture may be spread on
a single plate (or plated in top agar). In this case, collect the bacteria by centrifuging for 20 seconds
at room temperature in a microfuge, and then gently resuspend the cell pellet in 100 tll of SOC
medium by tapping the sides of the tube.

A IMPORTANT Sterilize a bent glass rod by dipping it into ethanol and then in the flame of a Bunsen
burner. When the rod has cooled to room temperature, spread the transformed cells gently over the
surface of the agar plate.

When selecting for resistance to ampicillin, transformed cells should be plated at low density (<10l
colonies per 90—mm plate), and the plates should not be incubated for more than 20 hours at 37"C.
The enzyme B-lactamase is secreted into the medium from ampicillin—resistant transformants and
can rapidly inactivate the antibiotic in regions surrounding the colonies. Thus, plating cells at high
density or incubating them for long periods of time results in the appearance of ampicillin—sensi-
the satellite colonies. This problem is ameliorated, but not completely eliminated, by using car»
benicillin rather than ampicillin in selective media and increasing the concentration of antibiotic
from 60 ug/ml to 100 ug/ml. The number of ampicillin—resistant colonies does not increase in lin»
ear proportion to the number of cells applied to the plate, perhaps because of growth-inhibiting
substances released from the cells killed by the antibiotic.

Store the plates at room temperature until the liquid has been absorbed.

Invert the plates and incubate them at 37°C. Transformed colonies should appear in 12—16
hours.

Transformed colonies may be screened for the presence of recombinant plasmids using one of the
methods described in Protocols 27, 28, 31, and 32 of this chapter or Protocol 12 in Chapter 8,



Protocol 25

Preparation and Transformation of Competent
E. coli using Calcium Chloride

 

THE FOLLOWING SIMPLE AND RAPID VARIATION OF THE TECHNIQUE published by Cohen et a]. (1972)

is frequently used to prepare batches of competent bacteria that yield 5 X 106 to 2 X 107 trans-

formed colonies/pg of supercoiled plasmid DNA. This efficiency of transformation is high

enough to allow all routine cloning in plasmids to be performed with ease. Competent cells made

by this procedure may be preserved at —70°C, although there may be some deterioration in the

efficiency of transformation during prolonged storage.

MATERIALS

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

CaC/Z'ZHZO (7 M)
When preparing competent ce115,thaw a 10—ml aliquot of the stock solution and dilute it to 100 ml with
90 ml of pure 1-110. Sterilize the solution by filtration through a prerinsed Nalgene filter (0.45-t1m pore
size), and then chill it to 0°C.

or

Standard transformation buffer (TFB) (please see Protocol 23, Step 7)
For many strains of E. coli, standard TFB (Hanahan 1983) may be used instead of CaCI2 with equivalent

or better results.

MgCIZ—CaCI2 solution, ice cold

Media

LB or SOB medium for initial growth of culture
SOB agar plates containing 20 mM MgSO4 and the appropriate antibiotic

Standard SOB contains 10 mM MgSO4.

SOC medium
Approximately 1 m1 ofthis medium is required for each transformation reaction.

Nucleic Acids and Oligonucleotides

Plasmid DNA (recombinant plasmid)
Construct using one of the methods described in Protocols 17 through 22 of this chapter.

1.116
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Centrifuges and Rotors

Sorvall GSA rotor or equivalent

Special Equipment

Polypropylene tube (50 ml), chilled in ice

Polypropylene tubes (77 x 700 mm; Falcon 2059), chilled in ice
Water bath preset to 42°C

METHOD

A IMPORTANT All steps in this procedure should be carried out aseptically.

Preparation of Cells

1. Pick a single bacterial colony (2—3 mm in diameter) from a plate that has been incubated for

16—20 hours at 37°C. Transfer the colony into 100 ml of LB broth or SOB medium in a l-liter

flask. Incubate the culture for 3 hours at 37°C with Vigorous agitation, monitoring the growth

of the culture. As a guideline, 1 OD600 of a culture of E. coli strain DHI contains ~109 bacte—

ria/m1.

For efficient transformation, it is essential that the number of viable cells not exceed 108 cells/ml,

which for most strains of E. coli is equivalent to an OD600 of ~0.4. To ensure that the culture does
not grow to a higher density, measure the OD(700 of the culture every 15—20 minutes. Plot a graph

of the data so that the time when the OD000 of the culture approaches 0.4 can be predicted with
some accuracy. Begin to harvest the culture when the OD600 reaches 0.35.

Because the relationship between the OD600 and the number of viable cells/ml varies substantially
from strain to strain, the spectrophotometer must be calibrated by measuring the OD<100 ofa grow-

ing culture of the particular strain of E. coli at different times in its growth cycle and determining
the number ofviable cells at each of these times by plating dilutions of the culture on LB agar plates
in the absence of antibiotics.

Transfer the bacterial cells to sterile, disposable, ice-cold SO-ml polypropylene tubes. C001 the

cultures to 0°C by storing the tubes on ice for 10 minutes.

Recover the cells by centrifugation at 2700g (4100 rpm in a Sorvall GSA rotor) for 10 min-

utes at 4°C.

Decant the medium from the cell pellets. Stand the tubes in an inverted position on a pad of

paper towels for 1 minute to allow the last traces of media to drain away.

Resuspend each pellet by swirling or gentle vortexing in 30 ml of ice—cold MgClz—CaCl2 solu—

tion (80 mM MgC12, 20 mM CaClz).

Recover the cells by centrifugation at 2700g (4100 rpm in a Sorvall GSA rotor) for 10 min—

utes at 4°C.

Decant the medium from the cell pellets. Stand the tubes in an inverted position on a pad of
paper towels for 1 minute to allow the last traces of media to drain away.

Resuspend the pellet by swirling or gentle vortexing in 2 m1 of ice—cold 0.1 M CaCl2 (or TFB)
for each 50 ml of original culture.

At this point, either use the cells directly for transformation as described in Steps 10 through 16
below or dispense into aliquots and freeze at —70°C (please see Protocol 23, Step 12).
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Transformation

For most strains of E. coli (except for MC1061),TFB may be used at this stage instead ofCaClZ with
equivalent or better results.

The cells may be stored at 4°C in CaCl2 solution for 24—48 hours (Dagert and Ehrlich 1979). The
efficiency of transformation increases four— to sixfold during the first 12—24 hours of storage and
thereafter decreases to the original level.

Include all of the appropriate positive and negative controls (please see the panel on BACTERIAL

TRANSFORMATION in Protocol 23).

10.

11.

12.

13.

14.

15.

16.

To transform the CaClZ-treated cells directly, transfer 200 pl of each suspension of competent

cells to a sterile, chilled 17 x 100—mm polypropylene tube using a chilled micropipette tip.

Add DNA (no more than 50 ng in a volume of 10 pl or less) to each tube. Mix the contents

of the tubes by swirling gently. Store the tubes on ice for 30 minutes.

Transfer the tubes to a rack placed in a preheated 42°C circulating water bath. Store the tubes

in the rack for exactly 90 seconds. Do not shake the tubes.
Heat shock is a crucial step. It is very important that the cells be raised to exactly the right tem-
perature at the correct rate.

Rapidly transfer the tubes to an ice bath. Allow the cells to chill for 1—2 minutes.

Add 800 pl of SOC medium to each tube. Incubate the cultures for 45 minutes in a water bath

set at 37°C to allow the bacteria to recover and to express the antibiotic resistance marker

encoded by the plasmid.

The cells may be gently agitated (50 cycles/minute or less in a rotary shaker) at 37°C during the
recovery period.

If screening by a-complementation, proceed to Protocol 27 for plating.

Transfer the appropriate volume 1 up to 200 pl per 90—mm plate) of transformed competent

cells onto agar SOB medium containing 20 mM MgSO4 and the appropriate antibiotic.

When selecting for resistance to tetracycline, the entire transformation mixture may be spread on

a single plate (or plated in top agar). [n this case, collect the bacteria by centrifuging for 20 seconds
at room temperature in a microfuge, and then gently resuspend the cell pellet in 100 pl of SOC

medium by tapping the sides of the tube.

A IMPORTANT Sterilize a bent glass rod by dipping it into ethanol and then in the flame of a Bunsen

burner. When the rod has cooled to room temperature, spread the transformed cells gently over the
surface of the agar plate.

When selecting for resistance to ampicillin, transformed cells should be plated at low density (<104

colonies per 90—mm plate), and the plates should not be incubated for more than 20 hours at 37°C
The enzyme B-Iactamase is secreted into the medium from ampicillin—resistant transformants and

can rapidly inactivate the antibiotic in regions surrounding the colonies. Thus, plating cells at high
density or incubating them for long periods of time results in the appearance of ampicillin—sensi~
tivc satellite colonies. This problem is ameliorated, but not completely eliminated, by using car—

bencillin rather than ampicillin in selective media and increasing the concentration of antibiotic
from 60 pg/ml to 100 ug/ml. The number of ampicillin-resistant colonies does not increase in lin—
ear proportion to the number of cells applied to the plate, perhaps because of growth—inhibiting

substances released from the cells killed by the antibiotic.

Store the plates at room temperature until the liquid has been absorbed.

Invert the plates and incubate at 37°C. Transformed colonies should appear in 12—16 hours.

Transformed colonies may be screened for the presence of recombinant plasmids using one of the
methods described in Protocols 27, 28, 31, and 32 of this chapter.
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Protocol 26

Transformation of E. coli
by Electroporation

 

PREPARING ELECTROCOMPETENT BACTERIA IS CONSIDERABLY easier than preparing cells for trans—

formation by chemical methods. Bacteria are simply grown to mid-log phase, chilled, centrifuged,

washed extensively with ice—cold buffer or H20 to reduce the ionic strength of the cell suspension,

and then suspended in an ice-cold buffer containing 10% glycerol. DNA may be introduced

immediately into the bacteria by exposing them to a short high—voltage electrical discharge

(Chassy and Flickinger 1987; Chassy et al. 1988; Dower et al. 1988; please see the information

panel on ELECTROPORATION).A1ternative1y,the cell suspension may be snap—frozen and stored at

—70°C for up to 6 months before electroporation, without loss of transforming efficiency.
Because E. coli cells are small, they require very high field strengths (12.545 kV cmTl) for

electroporation compared to those used to introduce DNA into eukaryotic cells (Dower et al.

1988; Smith et al. 1990). Optimal efficiency is achieved using small volumes of a dense slurry of

bacteria (~2 x lOIO/mi) contained in specially designed cuvettes fitted with closely spaced elec—

trodes. Electroporation is temperature-dependent and is best carried out at 0—4UC. The efficien—

cy of transformation drops as much as lOO-fold when electroporation is carried out at room tem-

perature.

The highest efficiency oftransforrnation (colonies/ug input plasmid DNA) is obtained when

the concentration of input DNA is high (1—10 ug/ml) and when the length and intensity of the

electrical pulse are such that only 30—50% of the cells survive the procedure. Under these condi—

tions, as many as 80% of the surviving cells may be transformed. Higher frequencies of transfor-

mation (colonies/molecule input DNA) are obtained when the DNA concentration is low (~10

pg/ml). Most of the transformants then result from the introduction of a single plasmid molecule

into an individual cell. High concentrations of DNA, on the other hand, favor the formation of

cotransformants in which more than one plasmid molecule becomes established in transformed

cells (Dower et al. 1988). This is highly undesirable in some circumstances, for example, when

generating cDNA libraries in plasmid vectors.

The method outlined in this protocol works well with most strains of E. coli and with plas—

mids <15 kb in size. However, substantial variation in the efficiency of transformation between

strains of E. coli has been reported (e.g., please see Elvin and Bingham 1991; Miller and Nickoloff

1995), and given what is known about the mechanism of uptake of DNA by electroporation, it

would be reasonable to expect that very large plasmids would transform E. coli with reduced effi-
ciency. As is the case with chemical transformation, linear plasmid DNAs introduced into E. coli
by a pulsed electrical discharge transform very inefficiently — from 10- to lOOO-fold less effi—
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ciently than the corresponding closed circular DNA — perhaps because the exposed termini of

linear DNA are susceptible to attack by intracellular nucleases.

MATERIALS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Glycerol (10% v/v) (molecular biology grade), ice cold
Pure HZO

Milli~Q or equivalent, sterilized by filtration through prerinsed 045—le filters. Store at 4"(I.

Nucleic Acids and Oligonucleotides

Plasmid DNA (recombinant plasmid)
Construct using one of the methods described in Protocols 17 through 22 of this chapter.

Med ia

CYT medium/ ice cold
10% (v)v glycerol

().125% (w/vJ yeast extract

().25% (w/v) tryptone

This recipe comes from Tung and Chow (i995).

LB medium, prewarmed to 370C

SOB agar plates containing 20 mM MgSO4 and the appropriate antibiotic
Standard SOB contains 10 mM MgSO4.

SOC medium
Approximately 1 m1 ofthis medium is needed for each transformation reaction.

Special Equipment

Electroporation device and cuvettes fitted With electrodes spaced 0.7—0.2 cm apart
The smaller the gap between the electrodes, the higher the strength of the electrical field generated by a

given voltage. However, the risk of arcing increases as the distance between the electrodes decreases and

as the applied voltage is raised. Conservative investigators will therefore choose cuvettes with a gap of 0,2
cm, whereas those who are willing to take risks with their experiments will opt for the smaller gap.

Ice water bath

Liquid nitrogen <!>

METHOD

A IMPORTANT All steps in this protocol should be carried out aseptically.

Preparation of Cells

1. Inoculate a single colony of E. coli from a fresh agar plate into a flask containing 50 ml of LB medi—

um. Incubate the culture overnight at 37°C with vigorous aeration (250 rpm in a rotary shaker).

2. Inoculate two aliquots of 500 m1 of prewarmed LB medium in separate 2-liter flasks with 25

ml of the overnight bacterial culture. Incubate the flasks at 37°C with agitation (300

cycles/minute in a rotary shaker). Measure the OD600 of the growing bacterial cultures every
20 minutes.
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Electroporation

10.

11.

12.

Pr0t060126: Transformation ofE. coli by Electropomtion 1.121

Optimum results (>10" transformants/ttg) are obtained with standard strains of E. coli (DHl,
DH5a, 1M103‘ IM109, HBlOl, and their derivatives) when the ODM) of the culture is 0.35—0.4i
This density is usually achieved after ~2.5 hours of incubation.

For efficient transformation, it is essential that the number of viable cells not exceed 10“ cells/ml,
which for most strains of E. coli is equivalent to an OD<700 of ~0.4. To ensure that the culture does
not grow to a higher density, measure the ODWU of the culture every 15~20 minutes. Plot a graph
of the data so that the time when the ODMO of the culture approaches 0.4 can he predicted with
some accuracy. Begin to harvest the culttue when the ODM)” reaches 0.35

When the OD600 of the cultures reaches 0.4, rapidly transfer the flasks to an ice—water bath
for 15—30 minutes. Swirl the culture occasionally to ensure that cooling occurs evenly. In
preparation for the next step, place the centrifuge bottles in an ice—water bath.

For maximum efficiency of transformation, it is crucial that the temperature of the bacteria not
rise above 4°C at any stage in the protocol.

Transfer the cultures to ice—cold centrifuge bottles. Harvest the cells by centrifugation at
1000g (2500 rpm in a Sorvall GSA rotor) for 15 minutes at 4°C. Decant the supernatant and
resuspend the cell pellet in 500 ml ofice—cold pure HZO.

Harvest the cells by centrifugation at 1000g (2500 rpm in a Sorvall GSA rotor) for 20 min-
utes at 4°C. Decant the supernatant and resuspend the cell pellet in 250 ml of ice-cold 10%
glycerol.

Harvest the cells by centrifugation at 1000g (2500 rpm in a Sorvall GSA rotor) for 20 minutes
at 4°C. Decant the supernatant and resuspend the pellet in 10 ml of ice—cold 10% glycerol.

Take care when decanting because the bacterial pellets lose adherence in 10% glycerol.

Harvest cells by centrifugation at 10005! (2500 rpm in a Sorvall GSA rotor) for 20 minutes
at 4°C. Carefully decant the supernatant and use a Pasteur pipette attached to a vacuum line
to remove any remaining drops of buffer. Resuspend the pellet in 1 ml of ice-cold GYT
medium.

This is best done by gentle swirling rather than pipetting or vortexmg.

Measure the OD600 of a 1:100 dilution of the cell suspension. Dilute the cell suspension to a
concentration of2 x 1010 to 3 X 1010 cells/ml (1.0 OD600 = ~2.5 x 108 cells/ml) with ice-cold
GYT medium.

Transfer 40 111 of the suspension to an ice—cold electroporation cuvette (0.2—cm gap) and test
whether arcing occurs when an electrical discharge is applied (please see Step 16 below). If
so, wash the remainder of the cell suspension once more with ice-cold GYT medium to
ensure that the conductivity of the bacterial suspension is sufficiently low ( <5 mEq).

To use the electrocompetent cells immediately, proceed directly to Step 12, Otherwise, store
the cells at —70°C until required. For storage, dispense 40-01 aliquots of the cell suspension
into sterile, ice—cold 0.5-m1 microfuge tubes, drop into a bath ofliquid nitrogen, and transfer
to a —70°C freezer.

To use frozen electrocompetent cells, remove an appropriate number of aliquots Of cells from
the —70°C freezer. Store the tubes at room temperature until the bacterial suspensions are
thawed and then transfer the tubes to an ice bath.

Pipette 40 pl of the freshly made (or thawed) electrocompetent cells into ice~c01d sterile 0.5-
ml microfuge tubes. Place the cells on ice, together with an appropriate number of bacterial
electroporation cuvettes.  
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13.

14.

15.

16.

17.

18.

19.

20.

21.

Add 10 pg to 25 ng of the DNA to be e1ectr0p0rated in a volume of 1—2 111 to each microfuge

tube and incubate the tube on ice for 30—60 seconds. Include all of the appropriate positive

and negative controls (please see the panel on BACTERIAL TRANSFORMATION in Protocol 23).

ideally, the DNA to be electmporated should he resuspended at a concentration of 1—10 ug/ml in

H,() or TE (pH 8.0). Two options are available when a DNA ligation reaction is used directly for
electroporation. Either the ligation reaction can be di1uted 1/10 to 1/20 in 11,0 or the DNA can be
purified by spun—column chromatography or by extraction with phenolzch1oroform followed by
precipitation with ethanol in the presence 0f2 M ammonium acetate. The precipitated DNA is then
rinsed with 70% ethanol and resuspended in TE (pH 8.0) or HZO at a concentration of 1—10 ug/ml.

For the construction oflibraries, where high efficiency is required and cotransformants are unde~
sirable,tota1 DNA concentrations 0f<10 ng/ml are recommended (Dower et a1. 1988). For routine

transformation of E. coli with a superhelica] plasmid, 10—50 pg of DNA is adequate. When sub»
cloning into a plasmid, up to 25 ng of DNA diluted from the ligation mixture can be used.

Set the electroporation apparatus to deliver an electrical pulse of 25 “F capacitance, 2.5 kV,

and 200 ohm resistance.

Pipette the DNA/cell mixture into a cold electroporation cuvette. Tap the solution to ensure

that the suspension of bacteria and DNA sits at the bottom of the cuvette. Dry condensation

and moisture from the outside of the cuvette. Place the cuvette in the electroporation device.

Deliver a pulse of electricity to the cells at the settings indicated above. A time constant of4—5

milliseconds with a field strength of 12.5 kV/cm should register on the machine.

The presence of ions in the electroporation cuvette increases the conductivity of the solution and

causes the electrical current to are or skip through the sqution of cells and DNA. Arcing is usual-
ly manifest by the generation of a popping sound in the cuvette during the electrical pulse. The
uneven transfer of the charge through the cuvette drastically reduces the efficiency of transformer
tion. Arcing increases at higher temperatures and occurs with solutions having an electrical c0n~
ductance >5 mEq (e.g., 10 mM salt or 20 mM Mg2+ solutions). If arcing occurs in the presence of

DNA but not in its absence, remove ions from the DNA preparation as described in Step 13.

As quickly as possible after the pulse, remove the electroporation cuvette and add 1 ml of

SOC medium at room temperature.

Some investigators believe that the addition of medium at room temperature provides a heat shock
that increases the efficiency oftransformation.

Transfer the cells to a 17 x lOO—mm or 17 x 150—mm polypropylene tube and incubate the

cultures with gentle rotation for 1 hour at 37°C .

If screening by (x—complementation, proceed to Protocol 27 for plating.

Plate different volumes (up to 200 111 per 90—mm plate) of the electroporated cells onto SOB

agar medium containing 20 mM MgSO4 and the appropriate antibiotic.

When transforming with a superhelica] plasmid, where transformants can be expected in abun-

dance, a small volume of the bacterial culture can be streaked with a sterile loop onto an agar plate
(or a segment of a plate) containing the appropriate antibiotics. However, if only small numbers of
transformants are expected, it is best to spread ZOO—ul aliquots of the bacterial suspension on each

of five plates. We do not recommend plating a concentrated suspension of the bacterial culture on
a single plate since the large number of dead cells resulting from electroporation may inhibit the
growth of rare transformants.

Store the plates at room temperature until the liquid has been absorbed.

Invert the plates and incubate them at 37°C. Transformed colonies should appear in 12—16
hours.

Transformed colonies may be screened for the presence of recombinant plasmids using one of the
methods described in Protocols 27, 28, 31, and 32 of this chapter.
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Protocol 2 7

Screening Bacterial Colonies Using
X-gal and IPTG: oc-Complementation

 

THIS PROTOCOL PRESENTS METHODS FOR IDENTIFYING recombinant plasmids by a-complementa-

tion (for a detailed discussion of a-complementation, please see the introduction to this chapter).

The chromogenic substrate X-gal (please see the information panel on X-GAL) is mixed with the

bacterial culture, combined with molten top agar, and then spread on selection plates. If resources

are limited, the required volume of X-gal can be spread on top of an agar plate (please see the

panel on ALTERNATE PROTOCOL: DIRECT APPLICATION OF X-GAL AND IPTG TO AGAR PLATES at

the end of this protocol). The efficiency of transformation is slightly higher when the bacteria are

plated in top agar rather than on the surface of agar plates. Perhaps the transformed bacteria pre—

fer the slightly anaerobic state within the soft agar or the isosmolarity provided by the agar medi-

um. Include the following controls:

0 A strain of E. coli synthesizing the w-fragment of B—galactosidase. An ideal control is the
parental untransformed strain from which the transformed colonies under test are derived.

Colonies of the parental, untransformed strain should all be white.

0 The same w-producing strain transformed by the empty plasmid vector, which encodes the a-

fragment of B-galactosidase. These colonies should all be blue.

Methods for performing ot—complementation with bacteriophage k and bacteriophage M 13

vectors are described in Chapters 2 and 3, respectively.

7 MATERIALS
 

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

IPTG solution (20% W/v)

X—gal solution <!> (2% w/v)
Please see the information panel on X-GAL

1.123

 



1.124 (Simpler I: Plasmids and Their Usefulness in Molecular Cloning

 

IPTG (isopropyl-B-D-thiogalactoside) is a nonfermentable analog of lactose that inactivates the [ad repressor ‘
(Barkley and Bourgeois 1978), and therefore induces transcription of the lac operon. Most strains of bacteria
commonly used for ot-complementation, however, do not synthesize significant quantities of lac repressor. ‘
Consequently, there is usually no need to induce synthesis of the host- and plasmid-encoded fragments of B-
galactosidase for histochemical analysis of bacterial colonies. If the bacterial strain carries the IQ allele of lac
repressor and/or if the plasmid carries a lac! gene, IPTG should be used to induce synthesis of both fragments
of the enzyme. 
 

Media

LB or YT agar plates containing the appropriate antibiotic
LB or YT top agar

Special Equipment

Heating block preset to 45oC

Wooden toothpicks or Inoculating needles

Vectors and Bacterial Strains

E. coli culture, transformed With recombinant plasmids

Use bacteria transformed by one of the methods described in Protocols 23 through 26 of this chapter.

METHOD
 

1. Dispense aliquots of molten top agar into 17 X lOO-mm tubes. Place the tubes in a 45°C heat-
ing block until they are needed.

Use 3-ml aliquots for 90—mm plates and 7~m1 aliquots for 150—ml plates.

2. Remove the first tube from the heating block. Working quickly, add 0.1 ml of bacterial sus—

pension containing <3000 Viable bacteria for a 90—mm plate and <10,000 for a 150-mm plate.

Close the top of the tube and invert it several times to disperse the bacteria through the
molten agar.

3. Open the tube and add the appropriate amounts of X—gal and IPTG (if required) as shown in
Table 1-10. Close the top of the tube and gently invert it several times to mix the contents.

4. Quickly pour the molten top agar into the center of a hardened agar plate containing the
appropriate antibiotic and distribute the solution by swirling.

5. Repeat Steps 2—4 until all of the samples have been plated.

6. Allow the soft agar to harden at room temperature, wipe any condensation from the lid ofthe
plates, and then incubate the plates in an inverted position for 12—16 hours at 37°C.

TABLE 1-10 Components for Top Agar
 

AMOUNT OF REAGENT
 

 

SIZE OF MOLTEN TOP
PLATE AGAR X-GAL IPTGa

90 mm 3 ml 40 pl 7 pl
I50 mm 7 ml 100 u] 20 pl
 

“May not be requtred; please see the entry on IPTG in the Materials list.



Protocol 27: Screening Bacterial Colonies Using X—gal and IPTG: oc~Complementation 1.125

7. Remove the plates from the incubator and store them for several hours at 4°C, to allow the
blue color to develop.

8. Identify colonies carrying recombinant plasmids.

- Colonies that carry wild—type plasmids contain active B—galactosidase. These

colonies are pale blue in the center and dense blue at their periphery.

o Colonies that carry recombinant plasmids do not contain active B-galactosidase.

These colonies are creamy-white or eggshell blue, sometimes with a faint blue spot

in the centert
Viewing the plates against a canary yellow background can enhance the eye's ability to discriminate
between blue and white colonies.

9. Select and culture colonies carrying recombinant plasmids.

Blue or white colonies can develop in several different orientations in the soft agar, often resem-
bling far off tilted galaxies. Regardless of the orientation, they are readily picked by stabbing into
the thin layer of soft agar with a sterile inoculating needle or sterile toothpick and transferring the
inoculum to a tube of medium containing the appropriate antibiotic.

 

 

ALTERNATIVE PROTOCOL: DIRECT APPLICATION OF X-GAL AND IPTG

TO AGAR PLATES

An alternative to preparing top agar can be achieved by spreading a concentrated solution of X~gai on the sur-
face of a premade agar plate, rather than incorporating the halogenated galactoside throughout the entire vol-
ume of the agar medium. Take care when spreading the X-gal solution. Colonies in the center of the plate may
be a deeper blue due to variations in the concentration of X-gal across the plate.

Method

1. Pipette 40 pl of 2% X-gai solution and, if necessary, 7 ul of 20°o IPTG solution onto the center of a premade
90-mm agar plate (e.g., LB or YT) containing the appropriate antibiotic. For a 15-cm diameter agar plate,
transfer 100 ul of X-gal and, if necessary, 20 pl of IPTG to the center of the plate.

2. Use a sterile spreader (or a bent Pasteur pipette whose tip has been sealed in a flame) to spread the solu-
tions over the entire surface of the plate. Incubate the plate at 37°C unti| all of the fluid has disappeared.

Because of the low volatility of dimethyl formamide, this procedure can take up to 3—4 hours if the plate is fresh-
Iy made.

3. inoculate the plate with the bacteria to be tested by streaking with a bacterial loop, by arranging clones with
toothpicks, or by spreading up to 100 ul of a bacteriai suspension (50,000 celis/ml) on the surface of a 90-
mm agar plate or 200 pl on a15-cm plate.

4. After the inoculum has been absorbed, incubate the plate in an inverted position for 12—19 hours at 37°C.

5. Remove the plate from the incubator and store it at 4°C for several hours, during which the blue color

develops to its full extent.

6. Identify colonies carrying recombinant plasmids.
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Screening Bacterial Colonies by Hybridization:
Small Numbers
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THIS PROCEDURE IS USED TO SCREEN A SMALL NUMBER of transformed bacterial colonies
(100—200) that are dispersed over several agar plates and are to be screened by hybridization to

the same radiolabeled probe (Protocols 29 and 30 deal with the transfer of intermediate and large

number of colonies, respectively). The colonies are consolidated (gridded) onto a master agar

plate and onto a nitrocellulose or nylon filter laid on the surface of a second agar plate. After a

period of growth, the colonies that have grown on the filter are lysed in situ and processed for

hybridization, as described in Protocols 31 and 32. Meanwhile, the master plate is stored at 40C
until the results of the screening procedure become available.

Over the years, three types of solid supports have been used for in situ hybridization of lysed

bacterial colonies: nitrocellulose filters, nylon filters, and VVhatman 541 filter papers. Nylon filters

are the most durable of the three and will withstand several rounds of hybridization and washing

at elevated temperatures. They are therefore preferred when colonies are to be screened sequen-

tially with a number of different probes. In side—by—side comparisons, nylon filters yield enhanced

hybridization signals relative to nitrocellulose filters. However, when screening bacterial colonies,

the hybridization signal is usually so strong that this difference between the two solid supports is

not a significant factor. When they were first introduced, different treatments were required to fix

efficiently DNA to nylon filters sold by different manufacturers. Although satisfactory results can

be obtained by treating currently available nylon filters as if they were nitrocellulose, optimal per-

formance still requires adherence to the manufacturers’ instructions.

Whatman 54] filter paper, which has a high wet-strength, was first used to screen bacterial

colonies by Gergen et al. ( 1979). It is now used chiefly to screen arrayed libraries that are stored

as cultures of individual transformed colonies in separate wells of microtiter plates (Linbro

Scientific). These ordered libraries are duplicated on the surface of agar medium (usually in

square Petri dishes), and the resulting colonies are then transferred to Whatman 541 paper and

lysed either by alkali or by a combination of alkali and heat (Maas 1983). Conditions for

hybridization of the immobilized DNA are essentially identical to those established for nitrocel-

lulose filters. Whatman 541 paper has some advantages over nitrocellulose filters: It is less expen—

sive, more durable during hybridization, and less prone to distortion and cracking during drying.

However, unless care is taken during the denaturation step (Maas 1983), the strength of the

hybridization signal is significantly lower than that obtained from nitrocellulose filters. For rou—

tine screening of bacterial colonies, therefore, nitrocellulose or nylon filters remain the preferred
choice as solid supports.

 



MATERIALS

Media

Special Equipment
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CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

LB or SOB agar plates containing the appropriate antibiotic
LB or SOB agar plates containing chloramphenicol <!>

Optional, please see Step 5. Chloramphenicol is supplemented at 170—200 ug/ml.

Nitrocellulose (Millipore HAWP, or equivalent) or Nylon filters

Filters need not be detergent~free or sterile.

Syringe (3 cc), Hypodermic needles (18 gauge), and Waterproof black drawing ink (India Ink)
These materials are used to orient the filters on the master plates. For an alternative method, please see
note to Step 6.

Wooden toothpicks or Inoculating loops

Additional Reagents

Step 8 of this protocol requires the reagents listed in Protocols 31 and 32 of this Chapter

Vectors and Bacterial Strains

METHOD

E. coli strain, transformed with recombinant plasmids

Use bacteria transformed by one of the methods described in Protocols 23 through 26 of this chapter.

E. coli strain, transformed with nonrecombinant plasmid (e.g., pUC, used as a negative
control)

. Place a nitrocellulose or nylon filter on an agar plate (test plate) containing the selective

antibiotic.

Handle the filter With gloved hands as finger oils prevent wetting of the filter and prevent DNA
transfer.

Draw a numbered grid on a piece of graph paper (l—cm-squarc grid). Number the base of

each agar master plate and place the plate on the grid. Draw a mark on the side of the plate

at the 6 o’clock position.

This marking allows the master plate to be orientated with the grid.

Use sterile toothpicks or inoculating loops to transfer bacterial colonies one by one onto the
filter on the test plate and then onto the master agar plate that contains the selective antibi-
otic but no filter. Make small streaks 2—3 mm in length (or dots) arranged according to the
grid pattern under the dish. Streak each colony in an identical position on both plates.

Up to 100 colonies can be streaked onto a single 90—mm plate.

Finally, streak a colony containing a nonrecombinant plasmid (e.g., pUC) onto the filter and
the master plate.

This negative control is necessary to show that the radiolabeled probe can discriminate between
empty plasmids and recombinants. DNA fragments isolated from recombinant plasmids by restric—
tion enzyme cleavage and agarose gel electrophoresis are often contaminated with plasmid DNA
sequences, which can create problems when these fragments are used as hybridization probes for
Grunstein—Hogness screening (Grunstein and Hogness 1975) oftransformed bacterial colonies,  
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5. Invert the plates and incubate them at 37°C until the bacterial streaks have grown to a width

of 0.5—1.0 mm (typically 6—16 hours).

At this stage, when the bacteria are still growing rapidly, the filter may be transferred to an agar
plate containing chloramphenicol and incubated for a further 12 hours at 37°C (Hanahan and
Meselson 1980, 1983). This amplification step is necessary only when the copy number of the
recombinant plasmid is expected to be low (e.g., if a large segment of foreign DNA has been insert—
ed) or when highly degenerate oligonucleotides are used as probes. Under normal circumstances,

cloned DNA sequences can be detected very easily by hybridization without prior amplification of

the recombinant plasmid. Amplification can only be carried out with vectors that replicate in
relaxed fashion (please see introduction to this chapter).

6. Mark the filter in three or more asymmetric locations by stabbing through it and into the
agar of the test plate with an 18-gauge needle, attached to a syringe, dipped in waterproof

black drawing ink (India Ink). Mark the master plate in approximately the same locations.

With practice, it is possible to avoid the use of ink (which can be messy) by punching holes through
the filter into the underlying agar with an empty 18—gauge needle. After hybridization, back light-
ing via a light box can be used to align the holes in the filter with the marks in the agar.

Many investigators prefer to orient the filter by using sharp scissors to cut small notches at various
points on its circumference. After the notched and numbered filter has been placed on the su rface
of the agar, the positions ofthe serrations are marked on the bottom ofthe plate. The shapes ofthe
serrations and their positions define the orientation of the filter on the plate.

7. Seal the master plate with Parafilm and store it at 4°C in an inverted position until the results

of the hybridization reaction are available.

8. Lyse the bacteria adhering to the filter and bind the liberated DNA to the nitrocellulose or

nylon filter using the procedures described in Protocol 31. Proceed with hybridization as

described in Protocol 32.

 

 



Protocol 29

Screening Bacterial Colonies by Hybridization:
Intermediate Numbers

 

BACTERIAL COLONIES GROWING ON AGAR PLATES can be transferred en masse to nitrocellulose fil—

ters. A sterile filter is placed directly onto the bacterial colonies. After a short period of time to

allow transfer of bacterial cells to the filter, the filter is gently removed and prepared for hybridiza—

tion. However, if the copy number of the recombinant plasmid is expected to be low (e.g., if a

large segment of foreign DNA has been inserted) or when highly degenerate oligonucleotides are

used as probes, the filter may be placed (colony side up) on the surface of a fresh agar plate con—

taining the appropriate antibiotic. After incubation for a few hours, the filter with its cargo of

enlarged colonies is prepared for hybridization. Meanwhile, the original (master) plate is incu—

bated for a few hours to allow the bacterial colonies to regrow in their original positions.

These procedures work with bacterial colonies of any size, but small colonies give the clear-

est results as they produce sharp hybridization signals and do not smear during transfer from the

agar plate to the filter. The method works best with 90—mm plates containing up to 2500 colonies.

Larger filters are difficult to place perfectly on the surface of 150-mm plates without air bubbles.

For further information on filters, please refer to the introduction to Protocol 28.

MATERIALS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Media

LB or SOB agar plates (90-mm) containing appropriate antibiotics

Plates that are 2—3 days old give the best results in this protocol because they absorb fluid from the bac—
terial inoculum more readily.

LB or 508 plates containing chloramphenicol <!>
Optiona1,please see Step 6. Chloramphenicol is used at 170~200 ug/mli

Special Equipment

Nitrocellulose (Millipore HATE or equivalent) or Nylon filters, sterile and detergent-free

Syringe (3 cc), Hypodermic needles (23 gauge), and Waterproof black drawing ink (India Ink)
These materials are used to orient the filters on the master plates. For an alternative method, please see
note to Step 4.

Whatman 3MM circular filter papers
Prepare in advance a stack of Whatman 3MM papers (one for each nitrocellulose or nylon, plus a few
spares) cut to a size slightly larger than the filters. These are commercially available as precut circles from
several manufacturers.

1.129  
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Additional Reagents

Step 6 of this protocol requires the reagents listed in Protocols 37 and 32 of this chapter.

Vectors and Bacterial Strains

fiMETHOD

E. coli strain, transformed With recombinant plasmids, as culture
Use bacteria transformed by one of the methods described in Protocols 23 through 26 of this chapter.

 

Plate out the transformed E. coli culture onto 90-mm LB or SOB agar plates, at dilutions cal-

culated to generate up to 2500 transformed colonies. When the colonies reach an average size

of 1.5 mm. transfer the plates from the incubator to a cold room.

Number the dry filters with a soft—lead pencil or a ball-point pen, wet them with water, and inter—

leave them between dry Whatman 3MM filters. Wrap the stack of filters loosely in aluminum foil,

and sterilize them by autoclaving (15 psi [1.05 kg/cmz] for 10 minutes on liquid cycle).

Prepare enough filters to make one or two replicas from the starting agar plates. Although sterile
filters are preferred for this procedure, nonsterile filters may be used if no more replicas are to be

made from the master plate.

Place a dry, sterile detergent—free nitrocellulose filter, numbered side down, on the surface of

the LB (or SOB) agar medium, in contact with the bacterial colonies (plated in Step 1), until

it is completely wet.
Take care to prevent air bubbles from becoming trapped between the filter and the agar. This is best
done by bending the filter slightly so that contact is first made between the center of the filter and the
agar medium. Be careful not to move the filter relative to the agar medium after contact has been made.

Once the filter is in place, key the filter to the underlying medium by stabbing in three or

more asymmetric locations through the filter with a 23-gauge needle attached to a syringe,

dipped in waterproof black drawing ink.

A 23-gauge needle or smaller dipped in ink works best (dip once per plate, three holes per plate).

With practice, it is possible to avoid the use of ink (which can be messy) by punching holes through

the filter into the underlying agar with an empty 18»gauge needle. After hybridization, back light—
ing via a light box can be used to align the holes in the filter with the marks in the agar.

Many investigators prefer to orient the filter by using sharp scissors to cut small notches at various
points on its circumference. After the notched and numbered filter has been placed on the surface
of the agar, the positions ofthe serrations are marked on the bottom ofthe plate. The shapes of the
serrations and their positions define the orientation of the filter on the plate.

Grip the edge of the filter with blunt—ended forceps and, in a single smooth movement, peel

the filter from the surface of the agar.

Usually, the colonies are transferred in their entirety from the agar to the filter leaving behind small

indentations in the surface ofthe medium. When the master plate is incubated at 37°C, the remain-

ing bacteria grow to fill the indentations but do not expand further.

Proceed with one of the following options as appropriate:

0 Lyse the bacteria adhering to the filter and bind the liberated DNA to the nitrocellulose

or nylon filter using the procedures described in Protocol 31. Proceed with hybridization

as described in Protocol 32.

o Lyse the bacteria and immobilize the DNA as described in the alternative protocol at the

end of this protocol.
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0 Place the filter, colony side up‘ on the surface of a fresh LB (or SOB) agar plate contain—

ing the appropriate antibiotic. After incubation for a few hours, when the colonies have

grown to a size of 2—3 mm, remove the filter and proceed with lysis and hybridization as
described in Protocols 31 and 32.

This option should be taken only when the transfer of the colonies to the filter is poor or
uneven, which is not usually the case.

0 Amplify the colonies on the filter by transferring the filter to an agar plate containing

chloramphenicol (170—200 ug/ml) and incubating for 12 hours at 370C. Proceed with
lysis and hybridization (Protocols 31 and 32).

This amplification step (Hanahan and Meselson 1980, 1983) is necessary only when the copy
number of the recombinant plasmid is expected to be low (e.g., if a large segment ot‘tbreign
DNA has been inserted) or when highly degenerate oligonucleotides are used as probes.
Under normal circumstances, cloned DNA sequences can be detected very easily by
hybridization without prior amplification of the recombinant plasmid. Amplification can
only be carried out with vectors that replicate in relaxed fashion (please see introduction to

this chapter).

0 Use the filter to prepare a second replica:

a. Place the filter colony side up on the surface of a fresh LB (or SOB) agar plate con—

taining the appropriate antibiotic.

b. Lay a dry nitrocellulose filter carefully on top of the first and key to it as described in

Step 4 above.

c. Incubate the “filter sandwich” for several hours at 37°C.

The plasmids are amplified, if desired, by further incubation on an agar plate containing

chloramphenicolv

d. Proceed with lysis and hybridization (Protocols 31 and 32), keeping the filters as a

sandwich during the lysis and neutralization steps, but peeling them apart before the

final wash (Ish-Horowicz and Burke 1981).

7. Incubate the master plate for 5—7 hours at 37°C until the colonies have regrown (please see

note to Step 5). Seal the plate with Parafilm, and store it at 4°C in an inverted position.

 

 

ALTERNATIVE PROTOCOL: RAPID lYSIS OF COLONIES AND BINDING OF DNA
TO NYLON FlLTERS

The following procedure, based on a protocol developed by Gary Struhl in 1983 while he was a post-doc in
Tom Maniatis’ laboratory, eliminates treatment of nylon filters with alkali and can save time when dealing with
large numbers of filters. Note that nitrocellulose filters may only be used in this procedure if they have been
autoclaved prior to colony transfer.

Method

1. After removing the filters from the top agarose (Step 5), place them, DNA side up, on paper towels for 5—10
minutes.

2. When their edges begin to curl, place the filters in stacks of ten interleaved with circular Whatman SMM
papers. Place a few 3MM papers on the top and bottom of the stack.

3. Place the stacks on a small platform (e.g., an inverted Pyrex dish) in an autoclave. Expose the fi|ters to
”streaming steam” for 3 minutes (i.e., 100°C; avoid super—heated steam).

5“ Transfer the stack of filter papers and nitrocellulose filters to a vacuum oven. Bake for 2 hours at 80°C while
drawing a vacuum continuously. Remove any SMM paper that sticks to the nitrocellulose filters by soaking
in 2x SSPE before prehybridizing.   
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Screening Bacterial Colonies by Hybridization:
Large Numbers

MATERIALS

Media

THIS METHOD IS USED TO PLATE AND SUBSEQUENTLY REPLICATE large numbers of colonies onto

nitrocellulose or nylon filters. The procedure is derived from Hanahan and Meselson (1980, 1983)

and is chiefly used when plating out bacteria transformed by a plasmid cDNA library. The bacte-

ria are plated directly from a transformation mixture or an amplified aliquot of the cDNA library

onto detergent—frec nitrocellulose filters, and replica filters are prepared by filter—to-filter contact.

Using this technique, as many as 2 X 104 colonies per 150—mm plate or 104 colonies per 90-mm

plate can be replicated and subsequently screened by hybridization. For further information on

filters, please refer to the introduction to Protocol 28.

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

LB or SOB agar plates containing appropriate antibiotics
Plates that are 2—3 days old give the best results in this protocol because they absorb fluid from the bac~
terial inoculum more readily.

LB or 508 agar plates containing appropriate antibiotics and 25% (v/v) glycerol

LB or SOB plates containing chloramphenicol <!>
Optional, please see Step 12. Chloramphenicol is supplemented at 170—200 pg/ml.

Special Equipment

1.132

BIunt-ended forceps (e.g., Millipore forceps)
Hypodermic needles (78 gauge)

Nitrocellulose (Millipore HATF, or equivalent) or Nylon filters, sterile and detergent-free
Syringe barrel (3 cc)

Whatman 3MM circular filter papers
Prepare a stack ofWhatman SMM papers in advance (one for each nitrocellulose or nylon filter, plus a
few spares) cut to a size slightly larger than the filters. These are commercially available as precut circles
from several manufacturers. Wrap the stack of VVhatman 3MM papers in aluminum foil and sterilize
them by autoclaving for 10 minutes at 15 psi (1.05 kg/cmz) on liquid cycle.
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Additional Reagents

Step 14 of this protocol requires the reagents listed in Protocols 31 and 32 of this chapter.

Vectors and Bacterial Strains

E. coli strain, transformed with recombinant plasmids, as culture

Use bacteria transformed by one of the methods described in Protocols 23 through 26 of this chapter.

or

Amplified aliquot of cDNA library, grown as culture
Please see Chapter 1], Protocol 1.

METHOD
 

Plating Out the Transformation Mix

1. Number the dry filters with a soft-lead pencil or a ball—point pen, wet them with water, and

interleave them between dry Whatman 3MM filters. Wrap the stack of filters loosely in alu—

minum foil, and sterilize them by autoclaving (15 psi [1.05 kg/cmz] for 10 minutes on liquid

cycle).

Prepare enough filters to make one or two replicas from the starting agar plates. Although sterile
filters are preferred for this procedure, nonsterile filters may be used if no more replicas are to be

made from the master plate.

2. Use sterile, blunt—ended forceps to lay a sterile filter, numbered side down, on a 2—3—day-old

LB (or SOB) agar plate containing the appropriate antibiotic. When the filter is thoroughly

wet, peel it from the plate and replace it, numbered side up, on the surface of the agar.

3. Apply the bacteria, in a small volume of liquid, to the center of the filter on the surface of the

agar plate. Use a sterile glass spreader to disperse the fluid evenly, leaving a border 2—3 mm

wide around the circumference of the filter free of bacteria.

A large filter (137-mm diameter) will accommodate up to 0.5 ml of liquid containing 2 x 104 viable
bacteria. A small filter (82-mm diameter) will accommodate up to 0.2 ml of liquid containing a
~104 bacteria.

4. Incubate the plate (noninverted) with the lid ajar for a few minutes in a laminar flow hood

to allow the inoculum to evaporate. Then close the lid, invert the plate, and incubate at 37°C

until small colonies (0.1—O.2-mm diameter) appear (~8—10 hours).

5. If desired, replica filters may be prepared at this stage (proceed with Step 6). Otherwise, pre-

pare the bacterial colonies for storage at —20°C:

a. Transfer the filter colony side up to a labeled LB (or SOB) agar plate containing the

appropriate antibiotic and 25% glycerol.

b. Incubate the plate for 2 hours at 37°C.

When working with a cDNA library, it is best to freeze the master plate. Freezing decreases the
possibility of contamination with molds and fungi and preserves the master plate for many
months. Alternatively, the master filters can be stored for up to 2 weeks at 4°C on LB or SOB
plates containing antibiotic and no glycerol.

c. Seal the plate well with Parafilm, and store it in an inverted position in a sealed plastic bag

at —20°C.

Replicas can be made after thawing the master plate at room temperature (still in the invert—
ed position).  
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Making the Replica Filters

10.

11.

12.

13.

14.

Lay the master nitrocellulose or nylon filter colony side up on a sterile Whatman 3MM paper.

Number a damp, sterile nitrocellulose or nylon filter, and lay it on the master filter. Take care

to prevent air bubbles from becoming trapped between the two filters.
This is best done by bending the second filter slightly so that contact is first made between the new
ters of the filters. Be careful not to move the filters relative to one another once contact has been
made. Try to arrange the filters so that they do not overlap exactly; this makes it easier to separate
the two filters later on.

(lover the filter sandwich with a second 3MM circle and place the bottom of a Petri dish on

top of the 3MM paper. Press down firmly on the Petri dish with the palm of the hand to facil—

itate transfer of bacteria from the master filter to the replica.

Dismantle the Petri dish bottom and top 3MM paper, and orient the two filters by making a

series of holes with an lB-gauge needle attached to a syringe.

Make sure the needle punctures both filters!

Peel the filters apart. Lay the replica on a fresh LB (or SOB) agar plate containing the appro—

priate antibiotic.

A second replica can be made from the master filter at this point by repeating Steps 6 through 9.
Key the second replica to the existing holes in the master filter.

Place the second replica filter (if made) and the master filter on a fresh LB (or SOB) agar plate

containing the appropriate antibiotic and incubate all plates at 37°C until colonies appear

(4—6 hours).

At this stage, when the bacteria are still growing rapidly, the filter may be transferred to an

agar plate containing chloramphenicol (170—200 ug/ml) and incubated for 12 hours at 37°C.

Move the master nitrocellulose filter to a fresh LB (or SOB) agar plate containing the appro-

priate antibiotic and 25% glycerol. Then freeze it as described in Step 5.

Lyse the bacteria adhering to the replica filters and bind the liberated DNA to the nitrocellu—

lose or nylon filter using the procedures described in Protocol 3]. Proceed with hybridization

as described in Protocol 32.

 



Protocol 31
 

Lysing Colonies and Binding of DNA to Filters

THIS PROTOCOL DESCRIBES THE LlBERATION OF DNA from bacterial colonies transformed with
recombinant plasmids, and the subsequent fixing of the nucleic acid to the nitrocellulose or nylon

filters in situ. The method is based on the original procedure of Grunstein and Hogness (1975).

The hybridization of radiolabeled probes to nucleic acids immobilized on filters is presented in

Protocol 32.

Both baking and cross-linking serve to fix the bacterial DNA to the nylon or nitrocellulose

filters. The choice between the two methods depends on the equipment at hand and the way in

which the filters will be used. If the filters are to be hybridized with several different probes and

stripped between probing reactions, then it is better to cross—link the DNA to the filters with UV

light. For single hybridization reactions, we have not been able to discern a difference between the

two fixation methods regarding the efficiencies with which DNA is fixed to the filter, the amount
of nonspecific background hybridization, or the intensity or crispness of the autoradiographic

signal from a positive colony. Cross-linking is faster than baking, requiring 20—30 seconds per fil—

ter, compared to a l—Z—hour bake. However, cross-linking is usually carried out in a machine that

is adjusted to deliver a set amount of energy to each filter. These UV light cross-linkers are expen—

sive and generally have a life of ~1 year in an active laboratory. Vacuum baking ovens cost about

the same amount but last 10 years or more in very active departments.

MATERIALS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Denaturing solution
Neutralizing solution

SDS (10% W/v)
Optional, please see Steps 1 and 3.

2X SSPE

Special Equipment

Glass or plastic trays for processing filters
Cafeteria trays are ideal for this purpose, as they can accommodate batches of up to 25 filters of 9—10-
cm diameter.
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Microwave oven, Vacuum baking oven, preset to 80°C, or UV Iight<l> cross-Iinking device
Please see Source book for a list of manufacturers of cross-linking devices.

Whatman 3MM paper

Vectors and Bacterial Strains

_METHOD

Filters carrying colonies of E. coli transformants
Use transformants prepared by one of the methods described in Protocols 28 through 30 of this chapter.

Cut four pieces of Whatman 3MM paper (or an equivalent) to an appropriate size and shape

and fit them neatly onto the bottoms of four glass or plastic trays. Saturate each of the pieces

of 3MM paper with one of the following solutions:
10% SDS (optional)
denaturing solution

neutralizing solution
2X SSPE

Pour off any excess liquid and roll a 10-ml pipette along the sheet to smooth out any air bub-

bles that occur between the 3MM paper and the bottom of the container.

If the 3MM paper is too wet, the bacterial colonies swell and diffuse during lysis. The hybridization
signals then become blurred and attenuated, and it is very difficult to identify individual colonies
that give rise to the signal.

Use blunt—ended forceps to peel the nitrocellulose or nylon filters from their plates and place

them colony side up on the SDS—impregnated 3MM paper for 3 minutes.
This treatment limits the diffusion of the plasmid DNA during subsequent denaturation and neu-
tralization and results in a sharper hybridization signal.

After the first filter has been exposed to the SDS solution for 3 minutes, transfer it to the sec-

ond sheet of SMM paper saturated with denaturing solution. Transfer the remainder of the

filters in the same order in which they were removed from their agar plates. Expose each fil-

ter to the denaturing solution for 5 minutes.

When transferring filters from one tray to another, use the edge of the first tray as a scraper to
remove as much fluid as possible from the underside of the filter. Alternatively, remove excess liq—
uid by transferring the filter briefly to a dry paper towel. Try to avoid getting fluid on the side of
the filter carrying the bacterial colonies.

Transfer the filters to the third sheet of 3MM paper, which has been saturated with neutral-

izing solution. Leave the filters for 5 minutes.

Optional: Repeat this step once.

Transfer the filters to the last sheet of SMM paper, which has been saturated with 2x SSPE.
Leave the filters for 5 minutes.

We prefer to fill a tray or tub (such as that used in washing filters after hybridization) with a vol-
ume of 2X SSPE and then to float the filters from Step 5 on the surface of this solution for several
minutes. Thereafter, the container is agitated to sink the filter below the surface of the solution and
left until the last filter to be worked up is similarly treated. This step accomplishes two goals: rins—
ing the filter of neutralization solution and inundating the filter with EDTA to chelate divalent
cations such as Mg” and thereby to inhibit the action of any residual nucleases that degrade DNA.
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7. Dry the filters using one of the methods below.

If the DNA is to befixed to the filters by baking: Lay the filters,c010t1y side up, on a sheet of dry

3MM paper and allow them to dry at room temperature for at least 30 minutes.

If the DNA is to be fixed to the filters by cross-linking with UV light: Lay the filters on a sheet

of 2X SSPE-impregnated 3MM paper or on dry paper, depending on the manufacturer’s rec—

0mmendation.

8. Fix the DNA to the filters using one of the methods below.

For baking: Sandwich the filters between two sheets of dry 3MM paper, and fix the DNA to

the filters by baking for 1—2 hours at 80°C in a vacuum oven.

Overbaking can cause the filters to become brittle. Nitrocellulose filters that have not been com-
pletely neutralized turn yellow or brown during baking and chip very easily. The background of
nonspecific hybridization also increases dramatically in this situation.

For cross-linking with UV light: Follow the manufacturer’s instructions for fixing DNA to fil-
ters using a commercial device for this purpose.

9. Hybridize the DNA immobilized on the filters to a labeled probe as described in Protocol 32.
Any filters not used immediately in hybridization reactions should be interleaved between 3MM
filters and stored covered in aluminum foil at room temperature.
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Hybridization of Bacterial DNA on Filters

MATERIALS

THIS PROTOCOL PROVIDES PROCEDURES TO HYBRlDlZE DNA from transformed colonies immobi—

lized onto filters with radiolabeled probes and to recover from a master plate the corresponding

colonies that hybridize specifically to the probe. These techniques are designed to be used with

probes that are on average longer than 100 nucleotides in length. Methods for screening bacteri-

al colonies with shorter radiolabeled oligonucleotides are given in Chapter 10.
The purity of a radiolabeled DNA or RNA probe is important when screening plasmid-con-

taining bacterial colonies. Cloned DNA fragments excised from plasmids are commonly used to

prepare the hybridization probe. However, even a small amount of contamination by vector

sequences will generate probes that hybridize to bacterial colonies transformed by any plasmid

used in molecular cloning. This lack of specificity can also occur when using probes prepared

from bacteriophages to screen plasmids (or Vice versa), since many vectors contain fragments of

the [£162 gene. To ensure that a DNA fragment that will be used to prepare a hybridization probe

does not contain vector sequences, we recommend purifying the DNA through two gels (agarose

or polyacrylamide) as described in Chapter 5, before carrying out the radiolabeling reaction.

The following protocol is designed for 30 circular nitrocellulose filters, 82 mm in diameter.

Appropriate adjustments to the volumes should be made when carrying out hybridization reac—

tions with different numbers or sizes of filters.

 

CAUTION: Please see Appendix 12 for appropriate handling Of materials marked with <!>.

Buffers and Solutions

1.138

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Formamide < ! >
Optional, please see the panel on PREHYBRIDIZATION AND HYBRIDIZATION SOLUTIONS fol—

lowing Step 5. Many batches of reagent-grade formamide are sufficiently pure to be used without fur-

ther treatment. However, if any yellow color is present, the formamide should be deionized (please see
Appendix I).

Prehybridization/hybridization solution
Please see the panel on PREHYBRIDIZATION AND HYBRIDIZATION SOLUTIONS following Step 5,
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1x BLOTTO <!>
1x BLOTTO (Bovine Lacto Transfer Technique Optimizer [Johnson et al. 19841) is as effective 3 block—
ing agent as Denhardt’s reagent, but much less expensive.

 

teins to precipitate. If background hybridization is a problem, NP—4O may be added to the hybridization solu-
tion to a final concentration of 1%. BLOTFO should not be used as a blocking reagent when radiolabeled RNA
is used as the hybridization probe, because of the possibility that the dried milk may contain significant

tuted for BLOTTO. 

BLOlTO should not be used in combination with high concentrations of SDS, which will cause the milk pro— l

amounts of RNase activity. In this situation, 5x Denhardt’s solution (please see Appendix 1) should be substi— ‘

 

Prewashing solution
6>< SSC or 6x SSPE

Wash solution 7

2x SSC

0.1% (w/v) SDS

Wash solution 2

Ix SSC

O.l% (w/v) SDS

Wash solution 3
0.1x 55C

0.1% (w/v) SDS

LB, YT, or Terrific Broth containing the appropriate antibiotic

Nucleic Acids and Oligonucleotides

Probes

Filters with immobilized DNA from transformed colonies

Use filters prepared as described in Protocol 31,

“P—Iabe/ed double-stranded DNA probe or Synthetic oligonucleotide probes
Prepare the probes as described in Chapter 9 ( for double—stranded DNA probe) or Chapter 10 (for oligonu—
cleotide probes). For a further discussion of probes for colony screening, please see the protocol introdue
tion. Between 2 x 105 and 1 x 106 cpm of ”P—labeled probe (specific activity ~5 x 107 cpm/ug) should be
used per milliliter of prehybridization solution. When 32P-labeled CDNA or RNA is used as a probe, poly(A)
at a concentration of 1 ug/ml should be included in the prehybridization and hybridization solutions to
prevent the probe from binding to Terich sequences that are common in eukaryolit DNA.

Special Equipment

Boiling water bath

Glass baking dish (15 x 7.5 x 5 cm) or other hybridization chamber
Incubators preset to 42°C (if prehybridizing in formamide), 50°C, and 68”C

 

ALTERNATIVE HYBRIDIZATION CHAMBERS

Some investigators prefer to incubate filters in heat-sealable plastic bags (Sears Seal-A-Meal or equivalent) dur-
ing the prehybridizaton and hybridization steps, rather than in crystallization dishes. The former method avoids
problems with evaporation and, because the sealed bags can be submerged in a water bath, ensures that the
temperatures during hybridization and washing are correct. The bags must be opened and resealed when
changing buffers. To avoid radioactive contamination of the water bath, the resealed bag containing radioactiv-
ity should be sealed inside a second, noncontaminated bag.

It only a small number of filters are subjected to hybridization, then a glass screw-top bottle that fits the
rollers of a hybridization oven can be used in place of a crystallization dish or Seal-A-Meal bag. These bottles
and ovens have the advantage that small volumes of hybridization solution can be used and the hybridization
temperature can be accurately controlled. For further details, please see the panel on HYBRIDlZATION

\ CHAMBERS in Chapter 6, Protocol 10.
lv   

"w...” w. -----
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Radioactive ink <!>

Reusable alternatives to radioactive ink are chemiluminescent markers available from Stratagene

(Glogos). The markers can be used multiple times and should be exposed to fluorescent light just prior
to a new round of autoradiography.

Water—soluble glue stick
For example, UHU Stic, distributed by FaberCastell.

Whatman 3MM paper or equivalent
Wooden toothpicks or Inoculating needle

Additional Reagents

Step 15 of this protocol requires the reagents listed in Protocol 1 or 4 of this chapter.

Step 15 may also require the reagents listed in Chapter 8, Protocol 12.

METHOD
 

Prewashing and Prehybridization of the Filters

1.

2.

Float the baked or cross-linked filters on the surface of a tray of 2x SSC until they have

become thoroughly wetted from beneath. Submerge the filters for 5 minutes.

Because some batches of nitrocellulose filters swell and distort during hybridization and subse~
quent drying, it becomes difficult to align the orientation dots on the autoradiograph and filter or
agar plate. This problem can be alleviated to some extent by autoclaving the dry filters between
pieces of damp 3MM paper before use (10 psi [0.70 kg/cmz] for 10 minutes on liquid cycle). Nylon
filters do not suffer from this problem.

Transfer the filters to a glass baking dish containing at least 200 ml of prewashing solution.

Stack the filters on top of one another in the solution. Cover the dish with Saran Wrap and

transfer it to a rotating platform in an incubator. Incubate the filters for 30 minutes at 50°C.

This prewashing step removes bacterial colony debris and can substantially reduce background
hybridization, especially when screening colonies at high density.

In this and all subsequent steps, the filters should be slowly agitated to prevent them from sticking
to one another. Do not allow the filters to dry at any stage during the prewashing, prehybridiza—
tion, or hybridization steps.

Gently scrape the bacterial debris from the surfaces of the filters using Kimwipes soaked in

prewashing solution. This scraping ensures removal of colony debris and does not affect the

intensity or sharpness of positive hybridization signals.

Transfer the filters to 150 m1 of prehybridization solution in a glass baking dish. Incubate the
filters with agitation for 1—2 hours or more at the appropriate temperature (i.e., 68°C when

hybridization is to be carried out in aqueous solution; 42°C when hybridization is to be car-

ried out in 50% formamide; please see panel below).

The filters should be completely covered by the prehybridization solution (please see the panel on
ALTERNATIVE HYBRIDIZATION CHAMBERS). During prehybridization, sites on the nitrocel-
lulose filter that nonspecifically bind single- or double-stranded DNA become blocked by proteins
in the BLOTTO. Agitation ensures that the filters are continuously bathed in and evenly coated by
the prehybridization fluid.

Denaturation of the Probe and Performance of Hybridization

5. Denature 32P—labeled double—stranded DNA by heating to 100°C for 5 minutes. Chill the
probe rapidly in ice water.

Alternatively, the probe may be denatured by adding 0.1 volume of 3 N NaOH‘ After 5 minutes at
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PREHYBRIDIZATION AND HYBRIDIZATION SOLUTIONS

Whether or not to use a prehybridization solution containing formamide is largely a matter of personal
preference. Both versions of these solutions give excellent results and neither has clear-cut advantages
over the other. However, hybridization in 50% formamide at 42°C is less harsh on nitrocellulose filters
than is hybridization at 68°C in aqueous solution. Offsetting this advantage is the two- to threefold slow-
er rate of hybridization in solutions containing formamide. Nylon filters are impervious to the deleterious
effects of aqueous hybridization at high temperatures.

To maximize the rate of annealing of the probe with its target, hybridizations are usually carried out
in solutions of high ionic strength (6x SSC or 6x SSPE) at a temperature that is 20—25"C below Tm (please
see the information panel on MELTING TEMPERATURES in Chapter 10). Both solutions work equally
well when hybridization is carried out in aqueous solvents. Howeven when formamide is included in the
hybridization buffer, 6x SSPE is preferred because of its greater buffering power. i

  
 

room temperature, transfer the probe to ice water and add 0.05 volume of 1 M Tris»Cl (pH 7.2) and
0.1 volume of 3 N HCl. Store the probe in ice water until it is needed.

Single~stranded probes need not be denatured.

6. Add the probe to the prehybridization solution covering the filters. Incubate at the appropri~
ate temperature until 1—3 Cot”2 is achieved. During the hybridization, keep the containers
holding the filters tightly closed to prevent the loss of fluid by evaporation.

Use between 2 X 105 and 1 X 10" cpm of 32P-labeled probe (specific activity ~5 x 107 cpm/pg) per
milliliter of prehybridization solution. Using more probe will cause the background of nonspecif-
ic hybridization to increase, whereas using less will reduce the rate of hybridization.
If oligonucleotide probes are used, then please see Chapter 10, Protocol 8, for oligonucleotide
hybridization and washing conditions.

Hybridization mixtures containing radiolabeled single-stranded probes may be stored at 4“C for
several days and reused without further treatment. In some cases, hybridization probes prepared
from double—stranded DNA templates can be reused after freezing the solution, thawing, and boil-
ing for 5 minutes in a chemical fume hood.

7. When the hybridization is complete, remove the hybridization solution and immediately

10.

immerse the filters in a large volume (300—500 ml) of Wash solution 1 at room temperature.
Agitate the filters gently and turn them over at least once during washing. After 5 minutes,
transfer the filters to a fresh batch of wash solution and continue to agitate them gently.
Repeat the washing procedure twice more.

At no stage during the washing procedure should the filters be allowed to dry.

Wash the filters twice for 0.5—1.5 hours in 300—500 ml of Wash solution 2 at 68°C.
At this point, the background is» usually low enough to put the filters on film. Itthe background is
still high or if the experiment demands washing at high stringencies, immerse the filters for 60
minutes in 300—500 ml of Wash solution 3 at 68°C.

Dry the filters in the air at room temperature on 3MM paper. Streak the underside ofthe fil-
ters with a water—soluble glue stick and arrange the filters (numbered side up) on a clean,
dry, flat sheet of 3MM paper. Press the filters firmly against the 3MM paper to ensure stick-
ing.

Apply adhesive dot labels marked with either radioactive ink or chemiluminescent markers
to several asymmetric locations on the 3MM paper. Cover the filters and labels with Saran
Wrap. Use tape to secure the wrap to the back of the SMM paper and stretch the wrap over
the paper to remove wrinkles.

These markers serve to align the autoradiograph with the filters!'  
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Analysis of Hybridization Signal and Identification of Positive Colonies

11.

12.

13.

14.

15.

Analyze the filters by phosphorimaging or exposing them to X—ray film (Kodak XAR—Z, XAR—

5, or their equivalents) for 12—16 hours at —700C with an intensifying screen.

The optimum exposure must be empirically determined and will depend on the size of the colony,
the copy number of the plasmid vector, the specific activity of the probe, and the type Of filter used.

Develop the film and align it with the filters using the marks left by the radioactive ink. Use

a nonradioactive fiber—tip pen in a nonblack color to mark the film with the positions of the

asymmetrically located dots on the numbered filters.

Tape a piece of clear Mylar or other firm transparent sheet to the film. Mark on the clear sheet

the positions of positive hybridization signals. Also mark (in a different color) the positions

of the asymmetrically located dots. Remove the clear sheet from the film. Identify the posi—

tive colonies by aligning the dots on the clear sheet with those on the agar plate.

Alternatively, place the film on a light box and align the agar plate containing the master colonies
or filter with the stab marks in the agar/master filter. Identify positive colonies by aligning the
hybridization signals with colonies on the master plate.

When screening colonies at high density, it is sometimes easiest to remove the master filter from
the agar plate and to place it directly on the autoradiograph. Line up the filter with the film via the
needle/pen marks.

Filters glued to 3MM paper are readily removed in preparation for stripping (please see Chapter 6,

Protocol 10) by placing the 3MM paper with attached filters in a tub of 2X SSC. The water-soluble
glue dissolves readily in this solution, releasing the filters for transfer to a stripping solution.

Use a sterile toothpick or inoculating needle to transfer each positive bacterial colony into 1—2

ml of rich medium (e.g., LB, YT, or Terrific Broth) containing the appropriate antibiotic.

Often, the alignment of the filters with the plate does not permit identification of an individual
hybridizing colony. In this case, several adjacent colonies should be pooled. The culture is grown
for several hours, diluted, and repiated on agar plates so as to obtain ~500 colonies per plate. These
colonies are then screened a second time by hybridization. A single, well—isoiated, positive colony
should be picked from the secondary screen and used for further analysis.

After a period of growth, plasmid DNA can be isolated from the culture by one of the

minipreparation methods described in Protocols 1 and 4 and can be further analyzed by

restriction endonuclease digestion or by PCR (please see Chapter 8, Protocol 12).  
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CHLORAMPHENICOL

Chloramphenicol inhibits protein synthesis and blocks host DNA smthesis but has no effect on replication

of relaxed plasmids. The copy number of relaxed plasmids therefore increases during incubation of the bac-

terial culture in the drug. Amplification is necessary to achieve high yields of relaxed plasmids, which nor—

mally replicate to only moderate numbers in their host bacteria. Plasmids of a later generation (e.g., pUC

plasmids) carry a modified colEl replicon and replicate to such high copy numbers that amplification is

unnecessary. These high-copy-number plasmids can be purified in large yield from bacterial cultures that

are allowed to grow to saturation in the absence of chloramphenicol. However, treatment with chloram-

phenicol still has some advantages even for these plasmids. Because it blocks bacterial replication, the bulk

and Viscosity of the bacterial lysate are reduced, which greatly simplifies purification of the plasmid. In gen—

eral, the benefits of chloramphenicol treatment outweigh the small inconvenience involved in adding the

drug to the growing bacterial culture.

Properties and Mode of Action of Chloramphenicol

o Chloramphenicol inhibits bacterial protein synthesis by decreasing the catalytic rate constant of peptidyl

transferase, located on 708 ribosomes (Drainas et al. 1987).

o Chloramphenicol was first isolated from a soil actinomycete in 1947 (Ehrlich et al. 1947), and by 1950,

it was available in a synthetic form that became widely used as a broad—spectrum antibiotic (please see

Figure 1-13). However, its clinical use has since been curtailed because of drug-induced bone-marrow

toxicity and because resistance to chloramphenicol develops readily in bacteria (for review, please see
Shaw 1983).

0 Because chloramphenicol inhibits bacterial protein synthesis, it prevents replication of the bacterial

chromosome. However, replication of many “relaxed” plasmids, including virtually all vectors carrying

the wild-type pMBl (or colEl) replicon, continues in the presence of the drug until 2000 or 3000 copies

have accumulated in the cell (Clewell 1972).

0 Until the early 19805, chloramphenicol was used routinely to obtain decent yields of plasmids contain-

ing the wild-type colEl replicon from large-scale cultures. Most high-copy-number plasmid vectors con-
structed after 1982 carry mutations that prevent or destabilize the interactions between RNA] and RNAII

and thereby release plasmid DNA from copy—number control. Because vectors containing these mutated

versions of the colEl origin are maintained at several hundred copies per cell, high yields of plasmid

DNA can be obtained without inhibiting bacterial protein synthesis. Nevertheless, treating bacterial cul-

tures with chloramphenicol still has some advantages: The copy number of the plasmids increases a fur-

ther two- to threefold in the presence of the drug, and more significantly, the bulk and viscosity of the
bacterial lysate are greatly reduced because host replication is inhibited. Many investigators find that

adding chloramphenicol to the growing culture is far more convenient than dealing with a highly viscous

lysate.

o For many years, it was thought that amplification of plasmids in the presence of chloramphenicol was

effective only when the host bacteria were grown in minimal medium. However, a protocol that uses rich

medium and chloramphenicol gives reproducibly high yields (21 mg of plasmid DNA per 500 ml of cul-
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FIGURE 1-13 Structure of Chloramphenicol

Chemical bonds depicted by filled arrows appear above the plane of the figure; bonds represented by
dashed lines appear below the plane of the figure.
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ture) with strains of E. coli harboring low—copy-number plasmids carrying the pMBl or colEl replicon
(e.g., please see Protocol 3).

Improved yields of pBR322 and its derivatives have been obtained from bacterial cultures treated with
low concentrations of chloramphenicol (10—20 ug/ml) that do not completely suppress host protein syn-
thesis (Frenkel and Bremer 1986). The reason for this result is not understood, but it could be explained
if the replication of plasmids carrying the colEl origin required an unstable host factor that continues
to be synthesized during partial inhibition of protein synthesis.

Mechanism of Resistance to Chloramphenicol

o Naturally occurring resistance to chloramphenicol in bacteria is due to the activity of the enzyme chlo—
ramphenicol acetyltransferase (encoded by the cat gene), which catalyzes the transfer of an acetyl group
from acetyl coenzyme A (CoA) to the C3-hydr0xyl group of the antibiotic. The product of the reaction,
3-acet0xych10ramphenicol, neither binds to the pepidyl transferase center of 705 ribosomes nor inhibits
peptidyl transferase.
In field strains of Enterobacteriaceae and other Gram-negative bacteria, the cat gene is constitutively
expressed and is usually carried on plasmids that confer multiple drug resistance.
Several variants of the cat gene product have been described, all of which form trimers consisting of
identical subunits of Mr ~25,000. The type I variant, which is encoded by a 1 102-bp segment of trans—
poson Tn9, is in wide use as a reporter gene. However, most kinetic and structural analyses have been
carried out with the type III variant, which yields crystals suitable for X-ray analysis. The active site,
which is located at the subunit interface, contains a histidine residue, which is postulated to act as a gen—
eral base catalyst in the acetylation reaction (Leslie et al. 1988; Shaw et al. 1988). The two substrates
(chloramphenicol and acetyl-COA) approach the active site through tunnels located on opposite sides of
the molecule.
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KANAMYCINS

Properties and Mode of Action of Kanamycins

The kanamycins, which are members of the aminoglycoside family of antibiotics, were first isolated in 1957

at the Japanese National Institutes of Health from cultures of Streptomyces kanamyceticus (Umezawa et al.

1967), which synthesizes three forms of the antibiotic: kanarnycins A, B, and C. Kanamycin A, the major

component, has a broad spectrum of activity against many species of bacteria and for several years was an

important antibiotic for the treatment of serious infections caused by Gram-negative bacilli. Its stereo-

chemistry and absolute configuration were derived initially by chemical methods and nuclear magnetic res-

onance (NMR) and were later confirmed by X—ray crystallography (for review. please see Hooper 1982).

The aminoglycoside antibiotics are polycations that diffuse readily through porin channels in the outer

membranes of Gram-negative bacteria. However, transport from the periplasmic space into the cytosol is

driven by the negative membrane potential of the inner periplasmic membrane and is, therefore, an ener-

gy-dependent process. Once in the cytosol, these antibiotics interact with at least three ribosomal proteins

and with specific bases within the decoding region of the smaller ribosomal RNA subunit, resulting in inhi-

bition of protein synthesis and an increased frequency of induced translational errors (for reviews, please

see Noller 1984; Cundliffe 1990).

In vitro, kanamycin and other aminoglycoside antibiotics that lack a guanido group (e.g., neomycin

and gentamycin) also inhibit splicing of group I introns (yon Ahsen et al. 1991, 1992; von Ahsen and Noller

1993). This observation supports the idea that the aminoglycoside antibiotics may recognize ancient struc-

tures in RNA that have been conserved through long stretches of evolutionary time (Davies 1990).

Mechanism of Resistance to Kanamycin

In structure, the kanamycins resemble gentamycin, neomycin, and geneticin (G418) (please see Figure 1—

14), and they are inactivated by many ofthe same bacterial aminophosphotransferases (APHS) (for reviews,

please see Davies and Smith 1978; Shaw et al. 1993). Of the seven major groups ofAPHs that have been dis-

tinguished on the basis of their substrate specificities, two have been used extensively as selectable markers

for kanamycin resistance (Kmr): APH(3’)-I isolated from transposon Tn903, and APH(3')-II isolated from

TnS. The APHs encoded by these genes inactivate kanarnycin by transferring the ‘y—phosphate of ATP to the

hydroxyl group in the 3’ position of the pseudosaccharide.

Both aph(3 ’)—1a and aph (3 ’)-Hu have been used as selectable markers in prokaryotic vectors. However,
it is not always easy to ascertain from the literature which gene has been used to construct particular vec-

tors. This is unfortunate because the DNA sequences of aph(3 ’)-1a and aph(3 ’)-Ha have diverged exten—

sively (Shaw et al. 1993), such that the two genes have different restriction maps and will not cross-hybridize

under normal conditions of stringency. Aph(3')-II efficiently inactivates geneticin (G418) and is used as a

dominant selectable marker in eukaryotic cells (e.g., please see Jimenez and Davies 1980; Colbére-Garapin

et a]. 1981; Southern and Berg 1982; Chen and Fukuhara 1988).

CH20H OH
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FIGURE 1-14 Structures of Kanamycins
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pBR322
 

pBR322 and all of its derivatives replicate in a relaxed fashioni Their copy number can be increased from

~20 to >500 by inhibiting bacterial protein synthesis with an antibiotic such as chloramphenicol.

pBR322 and some of its derivatives recombine to form multimers in recA‘r hosts (Bedbrook et al. 1979).

pBR322 does not carry a stability region (cer) that maintains the plasmid as monomers, which are more

efficiently partitioned between daughter cells (Summers and Sherratt 1984). cer is a 280-bp sequence at

which a host recombinase (xerC) acts in concert with ArgR and PepA proteins to reduce multimeric plas—

mid DNAs to a monomeric form (Colloms et al. 1990).

pBR322 and its immediate derivatives lack a partition function and are readily lost from cells during sus-

tained growth in minimal media in the absence of antibiotics. This problem was solved by the construction

of plasmids that contain the par locus of pSClOl in a pBR322 backbone (Zurita et al. 1984). The par locus

induces supercoiling of the origin of replication, which somehow allows each plasmid molecule in the

intracellular pool to be treated as an individual unit of inheritance (Miller et al. 1990; Conley and Cohen

1995; Firshein and Kim 1997).

pBR322, like almost all plasmid vectors commonly used in molecular cloning, is nonconjugative and is

incapable of directing its conjugal transfer from one bacterium to another. This is because pBR322 lacks

a region (mob) encoding proteins that bind to the plasmid DNA at the origin of transfer (oriT). Mob pro-

teins introduce a single—strand nick at a site called nic located within a cis-acting region called ham (for

reviews, please see Chan et al. 1984; Willetts and Wilkins 1984). pBR322 and some plasmid vectors of the

same vintage can be mobilized if a conjugative plasmid that expresses Mob proteins is also present in the

cell (Young and Poulis 1978). Mobilization of pBR322 then occurs from the nic site (nucleotide 2254 in

the pBR sequence). Newer plasmid vectors lack the nic/bom site and cannot be mobilized (Twigg and

Sherrat 1980; Covarrubias et al. 1981).
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TETRACYCLINE

Properties and Mode of Action of Tetracycline

o All tetracyclines share an identical four—ring carbocyclic skeleton that supports a variety of groups
(please see Figure 1—15).

0 The first of the tetracyclines — chlortetracycline — was discovered in 1948 as a naturally occurring

antibiotic synthesized by Streptomyces aureofuciens and active against a wide-range of Gram-positive and

Gram-negative bacteria and protozoa. By 1980, ~1000 tetracycline derivatives had been isolated and/or

synthesized, and the estimated global production was in excess of 500 metric tons (for review, please see
Chopra et al. 1992).

- Tetracycline enters bacterial cells by passive diffusion across the outer membrane through porin chan~
nels, which are composed of the OmpF protein. Transport of the antibiotic across the cytoplasmic mem-

brane and into the cytoplasm requires pH or electropotential gradients.

o Tetracycline inhibits bacterial growth by disrupting codon—anticodon interactions at the ribosome,

which blocks protein synthesis (for reviews, please see Gale et al. 1981; Chopra 1985; Chopra et al. 1992).

Specifically, the antibiotic binds to a single site on the SOS ribosomal subunit and thereby prevents
attachment of aminoacyl-tRNA to the acceptor site.

Mechanism of Resistance of Tetracycline

o The chief mechanism by which E. coli becomes resistant to high concentrations of tetracycline involves

antiporter proteins, known as Tet proteins, which are located in the bacterial inner membrane and, in

exchange for a proton, expel intracellular tetracycline-metal complexes against a concentration gradient

(for review, please see Chopra et al. 1992). Resistant cells are able to grow in the presence of tetracycline

because they maintain a low intracellular concentration of the drug.

0 The five known related tetracycline efflux genes, designated tetA (A) to tetA (E), encode hydrophobic pro-

teins of homologous sequence and similar structure.
0 The tetA(C) gene of pBR322 and many other vectors encodes a 392-residue polypeptide composed of

two domains each containing six transmembrane segments (for review and references, please see
McNicholas et al. 1992). The TetA(C) protein assembles into a multimeric form in the inner membrane
of E. coli (Hickman and Levy 1988).

o The expression of tetA(C) has several collateral effects on the cell (for references, please see Griffith et al.

1994). These effects include (1) reduced growth and viability, (2) increased supercoiling of plasmid

DNA, (3) complementation of defects in potassium uptake, and (4) increased susceptibility to other

antibacterial agents, including aminoglycoside antibiotics and lipophilic acids.

Inactivation of the tetA (C) gene therefore provides growth advantage to bacteria that are exposed to
such agents. In the early days of molecular cloning, this effect was used to select for bacteria carrying recom-
binant plasmids in which the tetA (C) gene had been inactivated by insertion of a foreign DNA sequence
(Bochner et al. 1980).

   

   

   OHin oxy- H ',

tetracycline }\

in chloro— C'
tetracycline

  

 

   

FIGURE 1-15 Structure and Synthesis of Tetracycline

The carbon atoms in the tetracycline skeleton carry substitute groups in various tetracycline derivatives.
Chemical bonds (filled arrows) appear above the plane of the figure; bonds (dashed lines) appear below
the plane of the figure.
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AMPICILLIN AND CARBENICILLIN
 

Properties and Mode of Action of Ampicillin and Carbenicillin

o Ampicillin is an aminopenicillin; carbenicillin is a semi—synthetic carboxypenicillin (please see Figure l— 16).

o The antimicrobial activity of both compounds extends to Gram—negative organisms such as Haemophilus

influenzae and E. coli. Carbenicillin was the first penicillin with significant activity against Pseudomonas

species that are not susceptible to aminopeniciliins, such as ampicillin.

o The rigidity of the cell walls of susceptible organisms is due in part to a thin layer of cross-linked pepti—

doglycan, just 1—2 molecules thick. The long glycan chains are composed entirely of amino sugars and

are cross-linked by peptide chains containing D-amino acids. The penicillins inhibit the final stage of

synthesis of cross-links, which occurs outside the cell and is catalyzed by a transpeptidase (for reviews,

please see Neu 1985; Dohowitz and Mandel] 1988). Penicillins are most active against bacteria in the log-
arithmic phase of growth and have relatively little effect in the stationary phase, when synthesis of pep-

tidoglycan is suppressed.

o In addition to their activity against transpeptidase, penicillins inhibit enzymes (called penicillin-binding proteins

or PBPs) necessary for the rod—like structure ofE. coli and for septum formation during division (Tomasz 1986).

Mechanism of Resistance to Ampicillin and Carbenicillin

. The periplasmic enzyme B-lactamase catalyzes hydrolysis of the cyclic amide bond of the Blactam ring, with

concomitant detoxification of ampicillin and carbenicillin (Abraham and Chain 1940; Bush and Sykes 1984).

o B-lactamases are present in small amounts in the periplasmic space of field strains of antibiotic-resistant,

Gram—negative bacteria. They are coded either chromosomally or on plasmids. The most prevalent [S-lacta-

mase in Gram-negative bacteria —— the TEM B-lactamase — is named after the initials of the Athenian girl

from whom a strain of E. coli expressing the enzyme was first isolated in 1965 (Datta and Kontomichalou

1965). The TEM B-lactamase, which is widely used as a selectable marker in molecular cloning, is a 286—
residue protein encoded by the bla gene (Sutcliffe 1978). The first 23 amino acids of the nascent lactamase
protein function as a signal sequence cleaved during translocation of the protein into the periplasm.

0 When B-lactamase is expressed from high-copy vectors, such as those used in molecular cloning, large
amounts of the enzyme are secreted into the medium. Sufficient B-lactamase can be produced by a sin-

gle transformed colony to hydrolyze the antibiotic in the surrounding medium and to create a protect-

ed zone in which antibiotic—sensitive colonies can grow. This leads to the appearance of nontransformed,

satellite colonies. The problem is ameliorated, but not completely eliminated, by using carbenicillin

rather than ampicillin in selective media, because carbenicillin is more resistant than ampicillin to

hydrolysis by the B-lactamases of genera such as Pseudomonas and Escherichia.

 

site of cleavage R : NH2 in ampicillin

by B-Iactamase R = COOH in carbenicillin

FIGURE 1-16 Cleavage of B-Lactam Antibiotics by B-Lactamase

Chemical bonds (filled arrows) appear above the plane of the figure; bonds (dashed lines) appear below
the plane of the figure.
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X-GAI.

E. coli encodes a B—galactosidase that hydrolyzes the disaccharide lactose into the monosaccharides glucose

and galactose. The activity of the enzyme can be assayed with a chromogenic substrate such as X—gal (5-
bromo—4-chloro—3-indolyI—fi-D—galactoside), which is converted by B—galactosidase into an insoluble dense
blue compound (Horwitz et al. 1964; Davies and Jacob 1968).

This discovery came about when, in 1967, Julian Davies, working at the Pasteur Institute, was trying to

develop nondestructive histochemical stains that would allow him to distinguish between LacJr and LacA

colonies. This goal required finding a specific chromogenic substrate that would be hydrolyzed by B-galac—

tosidase to highly colored products that were both nondiffusible and nontoxic. Davies was pleased to find

that phenyl-B-galactosides produced a satisfactory color reaction, but he was less gratified by their conver—

sion to toxic nitrophenols that efficiently killed the very cells he was trying to identify. Understandably,

Davies, who is voluble and Welsh, found this situation a little frustrating. He expressed his Cymric indig-
nation to Mel Cohn, a Visitor to the laboratory, who fortunately remembered reading a brief paper by

Horwitz and his colleagues describing the use of dihalagenodndolyl compounds as histological stains for B-

galactosidase (Horwitz et al. 1964). Davies’ next problem was to persuade the people at the Pasteur to buy

some X-gal. In those days, X-gal was not available commercially and custom synthesis cost $1000 per gram.

After much discussion, X~gal was ordered, synthesized, and delivered. In addition to being sensitive and

nontoxic, X-gal turned out to be an extremely beautiful histochemical reagent that has generated gorgeous

pictures of B-galactosidase expression in flora and fauna of all types. When Jacques Monod first saw the bril—

liant blue color of induced bacterial colonies, he commented that this was proof that E. cali was the most

intelligent organism in the world.

 

a-COMPLEMENTATION
 

oc—Complementation occurs when two inactive fragments of E. coli BAgalactosidase associate to form a func-

tional enzyme. Deletion of the 5’ region of the lacZ gene encoding the initiating methionine residues caus-

es translation to begin at a downstream methionine residue, generating a carboxy-terminal fragment of the

enzyme (the m— or oc-acceptor fragment). An amino—terminal fragment (the a-donor fragment) is generat-

ed by deletion or chain—terminating mutations in the structural gene. Although neither the ot-donor frag-

ment nor the m-acceptor fragment is enzymatically active, the two parts of the enzyme can associate to form

an active B-galactosidase both in cells and in vitro (Ullmann et al. 1967). Many 0c donors of varying lengths

are functional for complementation. The minimum requirement seems to be an a-peptide containing

residues 3—41 (Langley et al. 1975; Zabin 1982; Weinstock et al' 1983; Henderson et al. 1986).

Analysis of the three-dimensional structure of E. coli B-galactosidase (Jacobson et al. 1994) provides a

rational explanation for a-complementation. B-galactosidase is a tetramer composed of four identical

monomers of 1023 amino acids, which are folded into five sequential domains. The amino-terminal seg-

ment of the monomer (the complementation region) directly participates in the interfacial association

among monomers by forming contacts with domains 1, 2, and 3 of its own monomer. The complementa-
tion peptide also stabilizes an interfacial four-helix bundle composed of two helices from each of two
monomers.

Many of the plasmid vectors carry a short segment of E. coli DNA containing the regulatory sequences

and the coding information for the first 146 amino acids of the B-galactosidase gene. Embedded in the cod-

ing region is a polycloning site that maintains the reading frame and results in the harmless interpolation
of a small number of amino acids into the amino-terminal fragment of B-galactosidase. Vectors of this type
are used in host cells that express the carboxy-terminal portion of B-galactosidase. Although neither the
host-encoded nor the plasmid-encoded fragments of fi-galactosidase are themselves active, they can associ-
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ate to form an enzymaticaliy active protein This type of complementation, in which deletion mutants of the

operator—proximal segment of the lacZ gene are complemented by B—galactosidase—negative mutants that

have the operator—proximal region intact, is called tx-complementation (Ullmann et al. 1967). The lac+ bac—

teria that result from oz—complementation are easily recognized because they form blue colonies in the pres-

ence of the chromogenic X-gal (Horwitz et al. 1964; Davies and Jacob 1968; please see the information panel

on X-GAL). However, insertion of a fragment of foreign DNA into the polycloning site of the plasmid almost

invariably results in production of an amino-terminal fragment that is no longer capable of ot-complemen—

tation. Bacteria carrying recombinant plasmids therefore form white colonies. The development of this sim-

ple color test has greatly simplified the identification of recombinants constructed in plasmid vectors. It is

easy to screen many thousands of transformed colonies and to recognize from their white appearance those

that carry putative recombinant plasmids. The structure of these recombinants can then be verified by

restriction analysis of minipreparations of vector DNA or by other diagnostic criteria. For procedures for

screening recombinants using ot—complemetation, please see Protocol 27 and the panel on ALTERNATIVE

PROTOCOL: ON DIRECT APPLICATION OF X-GAL AND IPTG TO AGAR PLATES.

Screening by oc-complementation is highly dependable but not completely infallible:

o Insertion of foreign DNA does not always inactivate the complementing activity of the a-fragment of B-

galactosidase. If the foreign DNA is small (<100 bp), and if the insertion neither disrupts the reading

frame nor affects the structure of the oc—fragment, oz~comp1ementation may not be seriously affected.

Examples of this phenomenon have been documented but they are very rare and of significance only to

the investigator who encounters this problem.

0 Not all white colonies carry recombinant plasmids. Mutation or loss of lac sequences may purge the plas-

mid of its ability to express the a—fragment. However, this is not a problem in practice because the fre-

quency of 1415 mutants in the plasmid population is usually far lower than the number of recombinants

generated in a ligation reaction.

In most bacterial strains used for a—complementation, the m-fragment is encoded by the deletion

mutant lacZAMlS, which lacks codons 11—41 of the B—galactosidase gene (Ullmann and Perrin 1970). This

mutant gene is usually carried on an F’ plasmid.

Strains of bacteria commonly used for oc-complementation do not synthesize significant quantitities of

lac repressor. Consequently, there is usually no need to induce synthesis of (n and o fragments for histo-

chemical analysis of bacterial colonies. If necessary, synthesis of both fragments can be fully induced by

IPTG, a nonfermentable lactose analog that inactivates the lacZ repressor (Barkley and Bourgeois 1978).

 

ETHIDIUM BROMIDE
 

Ethidium bromide (3,8—diamino-6—ethy1-5—phenylphenathridium bromide) was synthesized in the 19505 in

an effort to develop phenanthridine compounds as effective trypanocidal agents; the structure is shown in

Figure 1-17. Ethidium emerged from the screening program with flying colors. It was 10—50-fold more

effective against trypanosomes than the parent compound, was no more toxic to mice, and, unlike earlier

phenanthridines, did not induce photosensitization in cattle (Watkins and Wolfe 1952). Ethidium bromide

is still widely used for the treatment and prophylaxis of trypanomiasis in cattle in tropical and subtropical
countries.

moow
— N+ Br-

(3sz

0 FIGURE 1-17 Structure of Ethidium Bromide
 



Information Panels 1.151

In addition to its veterinary uses, ethidium bromide has played an important part in the development

of molecular cloning: Staining with a low concentration of ethidium bromide has been the standard

method of detecting small quantities of DNA in agarose gels for more than 25 years (Sharp et al. 1973); and

from 1966 to the mid—19805, equilibrium CsCl—ethidium bromide centrifugation was the only reliable

method available to purify closed circular DNAs (Bauer and Vinograd 1971). The usefulness of ethidium

bromide for these tasks derives from its fluorescent properties in combination with its ability to intercalate
between the base pairs of double—stranded DNA.

After insertion into the helix, the planar stacked tricyclic phenanthridine ring system of the drug lies

perpendicular to the helical axis and makes van der Waals contacts with the base pairs above and below. At

saturation in solutions of high ionic strength, approximately one ethidium molecule is intercalated per 2.5

hp, independent of the base composition of the DNA. The geometry of the base pairs and their positioning

with respect to the helix are unchanged except for their displacement by 3.4 A along the helix axis (Waring

1965). This causes a 27% increase in the length of double-stranded DNA (Freifelder 1971) saturated with

ethidium bromide.

When isolated from host cells, closed circular DNA molecules display a right—handed superhelical

structure that results from a deficiency of Watson-Crick turns. Intercalation of ethidium bromide requires

local uncoiling of the helix at the point of insertion, which alters the average pitch of the helix and increas-

es the average number of base pairs per turn until a critical value is reached when the circular DNA mole—

cules are unstrained and free of all supercoils (Lerman 1961). As more drug is added, the additional uncoil-
ing forces the circles to form left-handed supercoils (Crawford and Waring 1967; Bauer and Vinograd 1968).

However, the binding affinity of the dye for closed circular DNA decreases progessively as the number of

reversed supercoils increases. Because of“this decrease in binding affinity, closed circular DNAs bind less

drug at saturation than do nicked circles or linear molecules (Bauer and Vinograd 1968, 1970). Binding of

ethidium bromide reduces the buoyancy of DNA in CsCl density gradients, and the magnitude of this

decrease is a function of the average number of drug molecules bound per base pair. Because of the restrict-

ed binding of ethidium bromide to positively supercoiled DNAs, closed circular DNAs come to equilibrium

at a denser position (~1.59 g/cc) in CsCl—ethidium bromide gradients than linear or nicked circular DNAs

(1.55 g/cc).

The fixed position of the planar group of ethidium bromide and its close proximity to the bases cause

the bound dye to display an increased fluorescent yield compared to the dye in free solution. Ultraviolet

(UV) radiation at 254 nm is absorbed by the DNA and transmitted to the dye; radiation at 302 nm and 366

nm is absorbed by the dye itself. In both cases, a fraction of energy is re-emitted at 590 nm in the red-orange

region of the Visible spectrum (LePecq and Paoletti 1967). Most of the commercially available UV light

sources emit UV light at 302 nm. The fluorescent yield of ethidium bromide-DNA complexes is consider-

ably greater at this wavelength than at 366 nm but is slightly less than at shorter wavelength (254 nm).

However, the amount of photobleaching and nicking of the DNA is much less at 302 nm than at 254 nm

(Brunk and Simpson 1977).

The reaction between ethidium bromide and DNA is reversible (Waring 1965), but the dissociation of

the complex is very slow and is measured in days rather than minutes or hours. For practical purposes, dis-

sociation is achieved by passing the complex through a small column packed with a cation—exchange resin

such as Dowex AGSOW-X8 (Waring 1965; Radloff et al. 1967) or by extracting with organic solvents such

as isopropanol (Cozzarelli et al. 1968) or n-butanol (Wang 1969). The former method has been shown to

result in the removal of ethidium bromide to a binding ratio below that detectable by fluorescence, a molar

ratio of dye to nucleic acid of 1:4000 (Radloff et al. 1967).

Ethidium bromide also binds with highly variab1e stoichiometry to RNA, heat-denatured or single-
stranded DNA, and the cyclic-coil form of closed circular DNA. This is attributed to binding of the drug to

helical regions formed by intrastrand interactions in these polynucleotides (Waring 1965, 1966; LePecq and

Paoletti 1967).  
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CONDENSING AND CROWDING REAGENTS
 

Condensing reagents, like hexamminecobalt chloride and crowding reagents, such as polyethylene glycol,

have two effects on ligation reactions:

0 They accelerate the rate of ligation of blunt-ended DNA by one to three orders of magnitude. This

increase allows ligation reactions to be performed at lower concentrations of enzyme and DNA.

0 They alter the distribution of ligation products. Intramolecular ligation is suppressed, and the ligation

products are created exclusively by intermolecular joining events. Thus, even at concentrations of DNA

that favor circularization, all of the DNA products are linear multimers.

Different batches of PEG 8000 stimulate the ligation of blunt-ended DNAs to different extents. It is a

good idea to test several batches of PEG 8000 to determine which one yields a maximum stimulation of lig-

ation, and then to dedicate the chosen bottle for use in ligation reactions only. The maximum stimulation

of ligation usually occurs between 3% and 5% PEG 8000 in the ligation reaction; however, this value can

fluctuate between different batches and should be determined empirically. The PEG stock (13%) solution

should be warmed to room temperature before being added to the ligation reaction, as DNA can precipi-

tate at cold temperatures in the presence of PEG 8000. In addition, it is important that the PEG stock solu-

tion be added as the final ingredient to the ligation reaction. Stimulation of blunt-ended DNA ligation by

PEG 8000 is highly dependent on the concentration of magnesium ions, which should be maintained in the

5—10 mM range in the ligation reaction.

In our hands, PEG gives more reproducible stimulation of blunt~end ligation than hexamminecobalt

chloride.

 

PURIFICATION OF PLASMID DNA BY PEG PRECIPITATION
 

Minipreparations of plasmid DNA can be used as templates in dideoxysequencing reactions whose prod-

ucts can be analyzed on automated machines (please see Chapter 12). The length of the DNA sequence

established in a run on one of these machines is determined largely by the purity of the plasmid DNA. The

following steps can be added to the standard minipreparation of plasmid DNA by alkaline lysis with SDS to

provide “sequencing-grade” plasmid DNA that reproducibly yields >600 bp of readable sequence on

machines such as the Applied Biosystems Models 370A or 377.

1. To 50 ul of a minipreparation of plasmid DNA (prepared as described in Protocol 1), add 8.0 pl of 4 M

NaCl and 40 pl of 13% (w/v) PEG 8000. Incubate the mixture on ice for 20—30 minutes.

2. Collect the DNA precipitate by centrifugation at maximum speed for 15 minutes at 4°C in a microfuge.

Carefully remove the supernatant by gentle aspiration.

The pellet of DNA is translucent and generally invisible at this stage.

3. Rinse the pellet with 500 p.l of 70% ethanol.

The precipitate changes to a milky-white color and becomes Visible.

4. Carefully pour off the ethanol. Rinse the DNA pellet once more with 70% ethanol. Store the tube in an
inverted position at room temperature until the last visible traces of ethanol have evaporated.

5. Dissolve the DNA in 20—30 ul of H20.

1.5 ml of bacterial culture should yield 3—5 ug of purified plasmid DNA. Check the concentration and

integrity of the preparation of plasmid DNA by agarose gel electrophoresis using known amounts of
plasmid DNA of similar size as standards. Do not submit a plasmid DNA to a sequencing facility with»
out first performing this agarose gel check.
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LYSOZYMES

 

 

A drop from the nose ofFleming, who had a cold, fell onto an agar plate where large yellow colonies

of a contaminant had grown, and lysozyme was discovered. He made this important discovery
because when he saw that the colonies of the contaminant were fading, his mind went straight to
the right cause of the phenomenon he was observing— that the dropfrom his nose contained a lytic

substance, And, also immediately, he thought that this substance might be present in many

secretions and tissues of the body. And he found that this was so — the substance was in tears,
saliva, leacocytes, skin, fingernails, mother’s milk — thus very widely distributed in amounts and
also in plants.

Lady Amelia Fleming (Personal Recollections of Lysozyme and Fleming)

I have been trying to point out that in our lives chance may have an astonishing influence and, if

I may offer advice to the young laboratory worker, it would be this — never to neglect an

extraordinary appearance or happening. It may be — usually is, in fact — a false alarm that leads

to nothing, but it may on the other hand be the clue provided byfate to lead you to some important

advance.

Alexander Fleming (from his lecture at Harvard University)  
 

o Lysozymes are a family of enzymes that catalyze the acid base hydrolysis of fi-(1,4) linkages between N-

acetylglucosamine and N—acetylmuramic acid residues in the proteoglycan of bacterial cell walls (Blake

et al. 1967; Fursht 1985). They were discovered by Alexander Fleming, who identified an enzyme activi-

ty that rapidly Iysed suspensions of bacteria (Fleming 1922). The products of digestion by vertebrate

lysozymes of the cell walls of bacteria were identified in the late 19505, which allowed the structure and

composition of the substrate to be deduced (for review, please see lollés 1960).

o Lysozymes are widely distributed in nature and are expressed wherever there is a need to lyse bacterial

cells, for example, during release of bacteriophages from infected cells, on the surface of vertebrate

mucosa, and in a great number of secretions of different animals, both vertebrate and invertebrate. No

structural similarity exists between vertebrate and bacteriophage-encoded lysozymes such as bacterio-

phage X endolysin and bacteriophage T4 endoacetylmuramidase.

o In molecular cloning, vertebrate lysozymes (e.g., egg—white1ysozyme) are used at pH 8.0 in combination

with EDTA and detergents to liberate cosmid and plasmid DNAs from their bacterial hosts (Godson and
Vapnek 1973).  
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POLYETHYLENE GLYCOI.
 

PEG is a straight chain polymer of a simple repeating unit H(OCH2 CHZ)HOH, and it is available in a range

of molecular weights whose names reflect the number (n) of repeating units in each molecule. In PEG 400,

for example, n = 8—9, whereas in PEG 4000, n ranges from 68 to 84.

PEG induces macromolecular crowding of solutes in aqueous solution (Zimmerman and Minton

1993) and has a range of uses in molecular cloning, including:

o Precipitation of DNA molecules according to their size. The concentration of PEG required for precipi-

tation is in inverse proportion to the size of the DNA fragments (Lis and Schleif 1975a,b; Ogata and

Gilbert 1977; Lis 1980). The precipitation of DNA by PEG is most efficient in the presence of 10 mM

MgCl2 at room temperature (Paithankar and Prasad 1991 ). Under these conditions, the efficiency of PEG

precipitation approaches that obtainable with ethanol. Both long linear and circular forms of DNAs are

efficiently precipitated; however, linear DNAs of less than 150 bp are not quantitatively precipitated by
PEG/MgClz.

o Precipitation and purification of bacteriophage particles (Yamamoto et al. 1970).

0 Increasing the efficiency of reassociation of complementary chains of nucleic acids during hybridization,

blunt-end ligation of DNA molecules, and end—labeling of DNA with bacteriophage T4 polynucleotide

kinase (Zimmerman and Minton 1993).

0 Fusion of cultured cells with bacterial protoplasts (Schaffner 1980; Rassoulzadegan et al. 1982).

 

CESIUM CHLORIDE AND CESIUM CHLORIDE EQUILIBRIUM DENSITY GRADIENTS
 

Cesium, the 55th element, was discovered in 1855 by Wilhelm Bunsen, a German chemist better known for
his burner.

Because cesium atoms are so heavy, concentrated solutions of CsCl form density gradients after only a

few hours of high-speed centrifugation (Meselson et al. 1957). The buoyant density of a macromolecule is

defined as the concentration of CsCl (in g/cm3) at that exact point in the density gradient at which the

macromolecule floats. The density of the initial solution of CsCl in the centrifuge tube is usually adjusted

so that it corresponds to the density of the molecules or particles under investigation. For example, because
the buoyant density of most double-stranded linear DNAs in CsCl is ~1.70 g/ml, gradients are usually

formed from a CsCl solution whose initial density is also 1.70 g/ml.

DoubIe-stranded DNAs

The density of double-stranded linear DNA in CsCl is a function of its base composition (Schildkraut et al.
1962).

p : (0.098)[G+C] + 1.660 g/cm3

where

p : buoyant density of DNA

[G+C] = mole fraction of G+C in double-stranded DNA

In solutions of CsZSO4, the density of double-stranded DNA is insensitive to base composition.

 



Information Panels 1.155

SingIe-stranded DNAs

RNA

In (250 solutions, the density of single-stranded DNA is ~0.015—0.020 g/cm3 greater than that of double-

stranded DNA of the same base composition.

The buoyant density of singie-stranded RNA in CsCl is >1.8 gm/cm3. This is approximately the density of

a saturated solution of CsCl. RNA therefore forms a pellet on the bottom of CSCI density gradients. The dif-

ference in buoyant density of RNA and DNA forms the basis of an efficient method to prepare RNAs that
are free oftraces of DNA (Gligin et al. 1974).

Bacteriophage Particles

The buoyant density of protein in (350 is ~1.3 g/cm3, whereas the density of double-stranded DNA is ~1.70
g/cm3. Virus particles have a density that reflects their ratio of nucleic acid to protein. For example, bacte-

riophage k, which consists of almost equal parts of protein and double-stranded DNA has a density of ~1.48

g/cm3. This is sufficiently different from other cellular components that equilibrium density centrifugation

in CsCl has long been used as a standard method of purification of bacteriophage 7» particles (Yamamoto et

al. 1970).

Properties of CsCI Solutions

The concentration of CsCl corresponding to any desired density between 1420 and 1.80 (30—60% w/w of

C50 at 25°C) can be calculated from the following table.

The properties of aqueous solutions of CsCl are given in Table 1—11 on the following page.
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TABLE 1-11 Properties of Solutions of Cesium Chloride
 

 

A % Cs M Cw Co-Cw n-n0 A S
BY wucm D58 (G/LITER) (G-MOLE/LITER) (G/LITER) (G/LITER) (x 104) N °C (G-MOLE/LITER)

.00 1.0000 0 .000 998.2 0 0 1.3330 .00 .000
1.00 1.0076 10.1 .060 995.8 2.5 8 1.3338 .20 .057
2.00 1.0153 20.3 .120 993.3 5.0 15 1.3345 .40 .114

3.00 1.0232 30.6 .182 990.7 7.5 23 1.3353 .59 .172

4.00 1.0311 41.2 .245 988.2 10.1 31 1.3361 .80 .231

5.00 1.0392 51.9 .308 985.5 12.7 39 1.3369 1.00 .292

6.00 1.0475 62.7 .373 982.9 15.3 48 1.3378 1.21 .353

7.00 1.0558 73.8 .438 980.2 15.0 56 1.3386 1.42 .414
8.00 1.0643 85.0 .505 977.5 20.8 65 1.3395 1.63 .477
9.00 1.0730 96.4 .573 974.7 23.5 73 1.3403 1.85 .541

10.00 1.0818 108.0 .641 971.9 26.4 82 1.3412 2.07 .605
11.00 1.0907 119.8 .711 969.0 29.3 91 1.3421 2.29 .669

12.00 1.0997 131.7 .782 966.1 32.2 100 1.3430 2.52 .735

13.00 1.1089 143.9 .855 963.1 35.2 110 1.3439 2.75 .801

14.00 1.1183 156.3 .928 960.0 38.2 119 1.3449 2.99 .867

15.00 1.1278 168.9 1.003 956.9 41.3 128 1.3458 3.22 .934

16.00 1.1375 181.7 1.079 953.8 44.5 138 1.3468 3.46 1.002
17.00 1.1473 194.7 1.156 950.6 47.7 148 1.3478 3.71 1.070
18.00 1.1573 207.9 1.235 947.3 51.0 158 1.3488 3.96 1.139

19.00 1.1674 221.4 1.315 943.9 54.3 168 1.3498 4.21 1.215

20.00 1.1777 235.1 1.396 940.5 57.7 178 1.3508 4.47 1.286

22.00 1.1989 263.3 1.564 933.5 64.8 199 1.3529

24.00 1.2207 292.4 1.737 926.1 72.1 220 1.3550
26.00 1.2433 322.7 1.916 918.4 79.8 242 1.3572
28.00 1.2666 354.0 2.103 910.4 87.9 265 1.3595

30.00 1.2908 386.6 2.296 902.0 96.3 288 1.3618

32.00 1.3158 420.3 2.496 893.1 105.1 312 1.3642
34.00 1.3417 455.4, 2.705 883.9 114.3 337 1.3666
36.00 1.3685 491.8 2.921 874.3 124.0 362 1.3692

38.00 1.3963 529.6 3.146 864.2 134.1 388 1.3718

40.00 1.4251 569.0 3.380 853.5 144.7 414 1.3744

42.00 1.4550 610.0 3.623 842.4. 155.8 442 1.3772

44.00 1.4861 652.7 3.877 830.8 167.5 470 1.3800
46.00 1.5185 697.3 4.141 818.5 179.7 500 1.3829
48.00 1.5522 743.7 4.417 805.7 192.5 530 1.3860

50.00 1.5874 792.3 4.706 792.3 206.0 562 1.3891
52.00 1.6241 843.0 5.007 778.2 220.0 595 1.3924

54.00 1.6625 896.2 5.323 763.4 234.8 629 1.3959
56.00 1.7029 951.9 5.654 747.9 250.3 665 1.3995

58.00 1.7453 1010.5 6.001 731.7 266.5 703 1.4033

60.00 1.7900 1072.1 6.367 714.7 283.5 744 1.4074

62.00 1.8373 1137.1 6754 696.9 301.3 787 1.4117
64.00 1.8875 1205.9 7.162 678.3 319.9 833 1.4163
 

(168mm chloride, CSCI; molecular weight 2 168.37; relative specific refractivity = 0.465.
Reprinted. with permission, from CRC Handbook of Chemistry and Physics (1980—1981) (ed. RC. Weast), 6151 edition. Copyright CRC Press, Boca

Raton. Florida.
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DNA LIGASES

Ligases catalyze the formation of phosphodiester bonds between the directly adjacent 3'-hydroxyl and 5’-

phosphoryl termini of nucleic acid molecules. The substrates may be DNA or RNA, and the cofactors that

generate high-energy intermediates in the reaction may be ATP or NAD+, depending on the type of ligase.

In vivo, DNA ligases are required for enzymatic completion of lagging—strand synthesis during replica-
tion of DNA, and they are also involved in genetic recombination and in DNA repair (Gottesman et al. 1973;

Horiuchi et al. 1975; Waga et al. 1994; for review, please see Kornberg and Baker 1992; Shuman 1996;

Lehman 1998). In vitro, DNA ligases are used chiefly to create novel combinations of nucleic acid molecules
and to attach them to vectors before molecular cloning. More specialized uses of DNA ligases include the

sealing of nicks in the second strand during synthesis of cDNA (Okayama and Berg 1982), the amplifica-
tion of DNA segments that lie outside the boundaries of known DNA sequences (the inverse PCR) (Triglia

et al. 1988), the detection of nicks in DNA by the release ofAMP (Weiss et al. 1968b), and, more recently,

the detection of point mutations in DNA by the ligase chain reaction (also known as the ligase amplifica-

tion reaction) (Landegren et al. 1988; Wu and Wallace 1989; Barany 1991a,b).

DNA ligases used in molecular cloning are either of bacterial origin or bacteriophage-encoded. A11

eubacteria, whether thermophilic or mesophilic, contain a single ligase gene that encodes an NADi-depen-

dent enzyme (Olivera and Lehman 1967; Takahashi et al. 1984). During the first step of a ligation reaction,

the diphosphate linkage of NAD+ is used as a phosphoanhydride and the adenyl group is transferred to the

e-amino group of a lysine residue (Zimmerman et a]. 1967; Gumport and Lehman 1971 ). In the case of lig—

ases encoded by the ATP—dependent ligases of eukaryotes and bacteriophages, the high-energy enzyme

intermediate is formed more conventionally, by hydrolysis of the (1,8 pyrophosphate in ATP and transfer of

the adenyl group to a lysine residue (Becker at al. 1967; Cozzarelli et al. 1967; Weiss and Richardson 1967;
Weiss et al 1968a). From then on, however, the mechanism of the reaction catalyzed by the two types of

enzymes is similar: The adenyl residue is transferred to the S’-phosphate at the terminus of one DNA mol-

ecule, which is then open to nucleophilic attack by a hydroxyl group at the 3’ terminus of an immediately

adjacent DNA molecule. This results in the formation of a phosphodiester bond, elimination of AMP, and

covalent joining of the DNA strands (for reviews of the mechanism of the ligation reaction, please see
Lehman 1974; Higgins and Cozzarelli 1979; Engler and Richardson 1982; Shuman 1996).

The amino acid sequences of E. coli ligase show little overall similarity to the sequences of bacterio-
phage-encoded DNA ligases, to eukaryotic ATP-dependent ligases, or to the ligases of thermophilic bacte-
ria. However, in all ligases so far identified (including RNA ligases), the lysine residue that becomes adeny-

lated during the reaction lies in the vicinity of a reasonably well-conserved hexapeptide motif (K’*-Y-D-G-

X-R in the case of T4 DNA Ligase) (Barker et al. 1985; Lauer et al. 1991; Kletzin 1992; Shuman 1996). In

addition, the superfamily of ATP-dependent ligases shares five other linear sequence elements that are

involved in contacts between the enzyme and ATP (Tomkinson et al. 1991; Shuman 1996).

The DNA ligases used in molecular cloning differ in their abilities to ligate noncanonical substrates,

such as blunt-ended duplexes, DNA—RNA hybrids, or single-stranded DNAs. These and other properties are

summarized in Table 1-12 on the following page.

Bacteriophage T4 DNA Ligase

0 T4 DNA ligase, which is encoded by gene 30 of bacteriophage T4 (Wilson and Murray 1979), is a

monomeric protein of 487 amino acids (calculated Mr = 55,230) (Weiss et al. 1968b; Armstrong et al,
1983).

0 T4 DNA ligase, which is purified commercially from overproducing strains of E. coli (Tait et al. 1980),

has a Km of 6 x 10“7 M for cohesive termini (Sugino et al. 1977), 5 x 10‘5 M for blunt ends, and 1.9 x 10“9

for nicks. The Km of the enzyme for ATP is ~5 X 10‘5 M (Weiss et al. 1968b).

0 T4 RNA ligase has been reported to stimulate the activity of T4 DNA ligase (Sugino et al. 1977).

However, agents such as polyethylene glycol (Pheiffer and Zimmerman 1983) and hexamminecobalt

chloride (Rusche and Howard-Flanders 1985), which increase macromolecular crowding and increase

the rate of ligation by three orders of magnitude, are less expensive (please see the information panel on
CONDENS|NG AND CROWDING REAGENTS).
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TABLE 1-12 DNA Ligases

 

 

SUBSTRATES“

COHESIVE BLUNT DNA-RNA RNA-RNA COFACTORS AND SULFHYDRYI.
LIGASE TERMINI ENDS HYBRIDS HYBRIDS ACTIVATORS TEMPERATURE REAGENTS

E. culi yes yesb no no DPN+ 10—15°C for cohesive not requiredCl

Iigase Mg” (1—3 mM) termini

37°C for closing nicksC

T4 ligase yes yesh yesc yes" ATP 4°C for cohesive dithiothreitol

Mg2+ (10 mM) terminif requiredg

15—250C for blunt endsh

37°C for closing nicksl

Ligases of yes no no no DPN’i 24—370C for cohesive requiredk’m
thermophilic Mg2+ (10 mM) termini
bacteria 65—72°C for closing

nicks”m
 

"DNA Iigases will not join pairs of DNAs whose termini carry the following groups at the point of ligation:

'-hydroxyl and 3'—hydroxyl
'~hydroxy| and 3'—ph0sphate

'»phosphate and 3'-dideoxynucleoside

’-triphosphdte and 3'—hydroxyla
n
u
n
m

"If. coli DNA ligase was originally reported (Sugino et al. 1977) to be incompetent at joining of blunt-ended DNA molecules except in the presence of
condensing agents such as PEG or Ficoll (Zimmerman and Pheiffer 1983) and with monovalent cations such as Na;r (Hayashi et al. 1985a,b). More recent-
ly, however, Barringer et al. ( 1990) have shown that E. coli DNA ligase is capable ofjoining blunt-ended and some single—stranded nucleic acids with kinet-
ics that are dependent on enzyme and substrate concentration. However, for routine ligation of blunt-ended DNAs, bacteriophage T4 ligase is the enzyme
of choice. T4 DNA ligase will ligate blunt—ended molecules (Ehrlich et al. 1977; Sgaramella and Ehrlich 1978), but the rate of reaction is not linearly depen<
dent on enzyme concentration and works efficiently only in high concentrations of DNA and enzyme. In addition, condensing agents such as PEG, Ficoll,
.md hexamminccohalt chloride accelerate the rate of blunt—end ligation by T4 DNA ligases by a factor of 1000 and permit ligation at lower enzyme, ATP,
and DNA concentrations (Zimmerman and Pheiffer 1983; Rusche and Howard~Flanders 1985). Blunt-end ligation is inhibited by high concentrations of
?\la‘ (250 mM) and phosphate (225 mM) (Raae et al. 1975).

*l)ugaic7.yk et al. (1975).
"Weiss and Richardson (1967).

"T4 DNA ligase can join RNA molecules annealed to either complementary DNA or RNA templates, albeit with low efficiency (Kleppe et al. 1970).
‘Ferretti and Sgaramella (1981).
1‘Weiss et al. (1968a,b).
"Sgaramella and Ehrlich (1978).
‘Pohl et al. (1982).

‘Almost all thermophilic Iigases, like mesophilic eubacterial ligases, use DPN+ as a cofactor. However, one thermostable ligase that requires ATP as a
cofactor has been cloned and sequenced (Kletzin 1992). The properties of this enzyme have not been investigated in detail.

L'l‘akahashi et al. (1984).
ITakahashi and Uchida (1986).

l“Barany (199la,h).

As shown in Table 1-12, T4 DNA ligase can catalyze the ligation of cohesive termini (Hedgpeth et al.

1972; Mertz and Davis 1972), oligodeoxynucleotides, or oligoribonucleotides in RNA—DNA hybrids
(Olivera and Lehman 1968; Kleppe et al. 1970; Fareed et al. 1971). In addition, the enzyme can efficient—

ly promote the end—to-end joining of two duplex molecules with fully base-paired termini (Sgaramella

et al. 1970; Ehrlich et al. 1977).

T4 DNA ligase shows a strong (Wiaderkiewicz and Ruiz-Carillo 1987; Landegren et al. 1988; Wu and

Wallace 1989), but not absolute, aversion (Goffin et al. 1987) to joining oligonucleotides that are

hybridized to a complementary template and contain a mispaired base at either the 3' or 5’ junction of

the two strands. This ability to discriminate between perfectly and imperfectly paired termini allowed

the development of oligonucleotide ligation and amplification systems to detect mutations in genes of
medical interest.

High concentrations (>100 mM) of monovalent cations such as Na+ and [<4r inhibit the activity of T4

DNA ligase, the extent of the inhibition varying with the terminal sequences of the substrate DNAs

(Hayashi et al. 19853). However, in the presence of crowding agents such as 10% PEG, monovalent

cations have a paradoxical effect and stimulate the activity of the enzyme.



E. coli DNA Ligase
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E. coli DNA ligase is encoded by the lig gene that lies at 52 minutes on the E. coli genetic map (Gottesman

et al. 1973; Bachmann 1990).

The lig gene (Gottesman 1976) and lop11 lig+ (Cameron et al. 1975), a regulatory mutant overproducing

the enzyme, have been cloned into bacteriophage 7. vectors, thus facilitating large—scale purification of

the enzyme (Panasenko et al. 1977, 1978). The nucleotide sequence of the lig gene (lshino et al. 1986)

shows that E. coli DNA ligase consists of 671 amino acids with a molecular weight of 73,690.

For several years, it was believed that E. coli DNA ligase would not ligate blunt-ended double-stranded

DNA. However, following cloning and expression of the ligase gene, highly active preparations of the

enzyme became available that were able to catalyze blunt—end ligation with moderate efficiency

(Barringer et al. 1990). Blunt-end ligation is stimulated about tenfold when the reaction mixture con—

tains 10—150/0 PEG and high concentrations of KJr (Hayashi et al. 1985b). Nevertheless, E. coli DNA lig-

ase is not widely used in molecular cloning procedures, since T4 DNA Iigase is capable of efficiently join»

ing blunt—ended DNAs in the absence of crowding agents.

Unlike T4 DNA ligase, E. coli DNA ligase will not efficiently join RNA to DNA and is therefore unable to

join adjacent RNA and DNA segments that arise during replacement synthesis of second—strand cDNA

(Okayama and Berg 1982). The bacterial enzyme can therefore be used to generate long strands of cDNA

that are uninterrupted by segments of RNA.

Thermostable DNA ligases

The genes encoding thermostable ligases from several thermophilic bacteria have been cloned,

sequenced, and expressed to high levels in E. coli (e.g., please see Takahashi et al. 1984; Barany and

Gelfand 1991; Lauer et al. 1991; I(msson et a]. 1994). Several of these enzymes are available from come

mercial sources.

Like the E. coli enzyme, almost all thermostable ligases use NADJr as a cofactor and work preferentially

at nicks in double-stranded DNA. In addition, thermostable ligases, like their mesophilic homolog, can

catalyze blunt-end ligation in the presence of crowding agents, even at elevated temperatures (Takahashi

and Uchida 1986).

Because thermostable ligases retain activity after multiple rounds of thermal cycling, they are used exten-

sively in the ligase amplification reaction to detect mutations in mammalian DNAs.

Units of Ligase Activity

The standardization of ligase activity in units that are meaningful to both biochemists and molecular clon-

ers has proven to be an elusive goal. For the last 20 years, at least three different units have been used to mea-

sure ligase activity:

A Weiss unit ( Weiss et al. 1968b) is defined as the amount of ligase that catalyzes the exchange of 1 nmole

of 32P from inorganic pyrophosphate to ATP in 20 minutes at 37°C.
The Modrich-Lehman unit (Modrich and Lehman 1971), now rarely used, is based on the conversion of

radiolabeled d(A-T)n copolymer with 3'-hydroxyl and 5’-phosphoryl termini to a form resistant to

digestion with exonuclease 111. One Modrich—Lehman unit is defined as the amount of enzyme required

to convert 100 nmoles of d(A—T)n to an exonuclease-III-resistant form in 30 minutes under standard

assay conditions.
0 Arbitrary units, defined by commercial suppliers, are based on the ability of ligase to ligate cohesive ends

of DNA. These units are often more subjective than quantitative and provide little guidance to an inves-

tigator who values precision. In the absence of meaningful information, most investigators setting up lig-

ation reactions must resort to guesswork, which inevitably means that more ligase will be used than is

necessary. This, of course, is exactly what the commercial companies seek. As a rough guide, 1 Weiss unit

is approximately equivalent to 60 cohesive end units (as defined by New England Biolabs). Thus, in 30

minutes at 16°C, 0.015 Weiss units of T4 DNA ligase should ligate 50% of fragments derived by diges-

tion of 5 pg of bacteriophage 2» DNA with Hindlll.
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ADAPTORS
 

Adaptors are used to replace one type of protruding terminus with another. They are short double-strand-

ed synthetic oligonucleotides that carry an internal restriction endonuclease recognition site and single—

stranded tails at one or both ends (please see Table 1-13). This protruding sequence can be ligated to DNA

fragments containing a complementary single-stranded terminus. After ligation, the DNA can be cleaved

with the appropriate restriction enzyme to create a new protruding terminus.

Adaptors are available in two basic designs and a variety of specificities. Some adaptors consist of a par-

tial duplex formed between two oligonucleotides of different lengths; for example, the EcoRI-Notl adaptor

from Stratgene has the following structure:
 

5' AATTCGCGGCCGC 3’

3' GCGCCGGCGp 5'   
During ligation, the protruding 5’ end of the adaptor becomes joined to the complementary terminus

of the target DNA, restoring an EcoRI site (GAATTC). In addition, the ligation of the phosphorylated blunt
ends allows the adaptors to form dimers that contain internal NotI recognition sites (GCGGCCGC).

Higher—order polymer formation cannot occur because the protruding 5' terminus is not phosphorylated.

By contrast, another class of adaptors is supplied as an unphosphorylated single oligonucleotide whose

sequence is partially self—complementary. After duplex formation, the EcoRI-PstI adaptor from US.

Specialty Biochemicals has the following structure:

5' AATTCCTGCAGG 3'

3' GGACGTCCTTAA 5’

 

   
During ligation, one strand of the adaptor becomes joined to the complementary terminus of the tar-

get DNA, restoring an EcoRI site. No further ligation is possible unless the adaptor has been phosphorylat—

ed in the investigator’s laboratory, in which case the adaptors can form tandem arrays. Phosphorylation is
recommended because tandem arrays of adaptors are cleaved more efficiently than single adaptors by the
second restriction enzyme, in this case, PstI (site: CTGCAG).

Adaptors also offer an excellent way to iigate cDNA to vectors during the construction of cDNA
libraries. The recessed 3’ termini of an XhoI cloning site on the vector are partially filled, and phosphory-
lated adaptors with 3—base protruding termini complementary to the partially filled XhoI site are attached

to the cDNA. Neither the vector nor the cDNA molecules can anneal to themselves, but they can join to one

another. Because the XhoI site is regenerated, the cloned cDNA can be recovered by digestion with XML

This strategy greatly improves the efficiency of the ligation step in cDNA cloning and eliminates the need

to methylate the cDNA or to digest it with restriction enzymes before insertion into the vector (Yang et al.

1986; Elledge et al. 1991).

Alternatively, PCR can be used to add a desired restriction site or sites at the 5’ and 3' ends of a frag-

ment of amplified DNA by simply incorporating the recognition sequence at the 5' ends of the oligonu-

cleotide primers. In many cases, the target DNA can be cloned into one restriction site in a polylinker and

then excised by digestion with another restriction enzyme or combination of enzymes. For routine sub-

cloning, this is often the method of choice because the target DNA can be inserted into a polylinker that
contains several useful flanking restriction sites. However, a polylinker is not always available that carries the

desired restriction site in an appropriate location. This problem can be solved by using an adaptor with the
appropriate length of “spacer” between the protruding terminus and the internal restriction site. Adaptors
therefore simplify the task of creating genes that efficiently express fusion proteins because they allow the
target DNA, free of potentially deleterious flanking sequences, to be inserted in-frame into the desired
expression vector.



TABLE 1-13 Adaptor Sequences
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EcoRI-NutI

BamHI-SmaI

EcoRI-Smal

SalI—SmaI

HindIII-Smal

BamHI-Pstl

EcoRI-EcoRI

EcoRI-Xhol

XhoIII-EcoRI

XhoI-EcoRI

BamHI-EcoRI

SalI-Notl

HindIII-NotI

XhoI-NotI

SulI-XhoI

5

3

5

3

5

3

5

3

5

3

5

3

5

3

5
3,

5

3

5

3

5

3

5

3

5

3

5

3

5

3

’ AATTCGCGGCCGC 3'

GCGCCGGCG 5'

' GATCCCCCGGG 3’

GGGGCCC S’

’ AATTCCCCGGG 3'

AGGGCCC 5'

' GATCCCTGCAG 3'

GGACGTC 5’

’ AATTCGAATTC 3'

GCTTAAG 5'

’ AGCTTGAATTC 3‘

ACTTAAG 5'

' TCGAGGAATTC 3'

CCTTAAG 5'

' GATCCGAATTC 3'

GCTTAAG 5'

’ TCGACCTCGAG 3'

GGAGCTC 5’

GGGGCCC 5’

’ TCGACCCCGGG 3'

GGGGCCC 5’

’ AGCTTCCCGGG 3’

’ AATTCGGCTCGAG 3'

GCCGAGCTC 5’

’TCGACGCGGCCGC3’

GCGCCGGCGS'

’AGCTTGCGGCCGC3‘

ACGCCGGCGS’

’TCGAGGCGGCCGC3’

CCGCCGGCGS‘

 

Modified with permission, © 1999 Stratagene.
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ELECTROPORATION

1.162

The application of a sharp pulse of electricity is thought to cause dimpling of membranes followed by for—

mation of transient hydrophobic pores whose diameter fluctuates from a minimum of 2 nm to a maximum

of several nm. Some of the larger hydrophobic pores are converted to hydrophilic pores because the energy

needed to create and maintain a hydrophilic pore is reduced as the transmembrane voltage is increased

(Weaver 1993). Reclosing of pores seems to be a stochastic process that can be delayed by keeping the cells

at low temperature.Whi1e the pores remain open, DNA molecules can easily pass from the medium into the

cytoplasm (please see Figure 1—18).

The transmembrane voltage required for formation of large hydrophobic pores varies in direct pro—

portion to the diameter of the target cell. Most manufacturers of electroporation machines provide litera—

ture describing the approximate voltages required for transfection of specific cell types in their particular

apparatus. Three important parameters of the pulse affect the efficiency of electroporation:

0 Length of pulse is determined mainly by the value of the capacitor and the conductivity of the medium.

Most commercial electroporation machines use capacitative discharge to produce controlled pulses.

0 Field strength varies in direct proportion to the applied voltage and in inverse proportion to the distance

between the electrodes. Most manufacturers provide cuvettes of various sizes to suit the task at hand and

recommend that the cuvettes be used only once. However, many investigators, in an effort to reduce
costs, wash and re—use the cuvettes several times. The wisdom of this practice is a topic ofongoing debate

(e.g., please see Hengen 1995).

0 Shape is determined by the design of the electroporation device. The wave form produced by most com—

mercial machines is simply the exponential decay pattern of a discharging capacitor (Dower et al. 1988).

For most commonly used strains of E. coli, maximum rates of transformation are achieved after a sin-

gle electrical pulse with a field strength of 125—15 kV cm'] and a length of 4.5—5.5 milliseconds. Under

these conditions,~50% of the cells survive.
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FIGURE 1-18 Changes in the Membrane during Electroporation
 

Drawings of hypothetical structures for transient and metastable membrane conformations believed to be
relevant to electroporation. (A) Fredd volume fluctuation; (B) aqueous protrusion or ”dimple”; (C,D)
hydrophobic pores usually regarded as the ”primary pores" through which ions and molecules pass; (E)
composite pore with “foot in the door" charged macromolecule inserted into a hydrophilic pore. The tran-
sient aqueous pore model assumes that transitions from A—>B—>C or D occur with increasing frequency
as U is increased. Type F may form by entry of a tethered macromolecule, while the transmembrane volt-
age is significantly elevated, and then persist after U has decayed to a small value through pore conduc-
tion. It is emphasized that these hypothetical structures have not been directly observed and that support
for them derives from the interpretation of a variety of experiments involving electrical, optical, mechan-
ical, and molecular transport behavior. (Reprinted, with permission, from Weaver 1993 [copyright Wiley-
Liss, Inc.].)  
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SINCE BACTERIOPHAGE A WAS FIRST USED AS A CLONING VEHICLE in the early 19705 (Murray and

Murray 1974; Rambach and Tiollais 1974; Thomas et al. 1974)7 more than 400 different vectors

have been described. Some of these vectors are the direct descendants of field strains of lambdoid

bacteriophages; others are far more esoteric (please see the information panel on

BACTERIOPHAGES: HISTORICAL PERSPECTIVE). This introduction contains information on the

genetics and molecular biology of the Virus that is required for the investigator to choose wisely

among these vectors and to use them effectively.
The word that comes to mind when thinking about A is elegance. The genetic circuitry of

the virus is etched into DNA with great delicacy and the utmost economy. The experiments to

trace the filigree of connecting regulatory loops within this circuitry match the virus itself in both

beauty and subtlety. The distillation of these findings into a harmonious and general theory of

gene control is an intellectual achievement that equals any other in biology in this century. And,

as an early phage worker has written, “at each (of these) steps, the situation was aesthetically so

pleasant that everybody felt happy with the picture.” (Thomas 1993)

A direct bequest of the store of detailed knowledge and physiology of bacteriophage A accu—

mulated during the past 40 years has been the development of versatile and sophisticated vectors

for the cloning, propagation, and expression of eukaryotic genes.

The genome of wild—type bacteriophage A is a double-stranded DNA molecule, 48,502 bp

in length. Figure 2—1 shows a sketch of the structure of bacteriophage A. The sequences of the

DNAs of two strains of A are known in their entirety (Sanger et al. 1982; Daniels et al. 1983a,b);
partial sequences of many other strains and vectors are scattered throughout various databases.
The DNA is carried in bacteriophage particles as a linear double-stranded molecule with single—
stranded termini 12 nucleotides in length (cohesive termini or cos). Soon after entering a host
bacterium, the cohesive termini associate by base pairing to form a circular molecule with two

M, w... *,W,,m w. w .. q > — >~~v-——u _, 7 ,,w_ _ _...
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DNA

tail tube 135 ”m

FIGURE 2-1 Structure of Bacteriophage A

The schematic drawing depicts the components of the
bacteriophage A particle. Arrows indicate the locations conical part 15 “m
within the particle of the proteins encoded by genes C, tail fiber 23 nm

E, B, and D.

staggered nicks 12 nucleotides apart (Wu and Taylor 1971; Yarmolinski 1971; Weigel et al. 1973;

Nichols and Donelson 1978). These nicks are rapidly sealed by the host’s DNA ligase and gyrase

to generate a closed circular DNA molecule that serves as the template for transcription during

the early, uncommitted phase of infection.
During lytic growth, the circular DNA directs the synthesis of ~30 proteins required for its

replication, the assembly of bacteriophage particles, and cell lysis. The lytic cycle takes 4045 min-

utes and generates ~100 infectious virus particles per infected bacterium.

In its lysogenic state, bacteriophage 7» DNA is integrated into the bacterial genome, is repli-

cated as part of the bacterial chromosome, and is thus transmitted to progeny bacteria like a chro-

mosomal gene. During establishment of lysogeny, only a small number of X genes are expressed,

including the CI gene, which inhibits expression of lytic functions and positively regulates tran-

scription of its own gene, and int, which is required for integration of the phage DNA into the

bacterial chromosome.

During maintenance of lysogeny, much of the integrated bacteriophage genome is quies—

cent, with only three genes being transcribed: rexA, rexB, and CI. rexA and rexB prevent superin—

fection of X lysogens by certain other bacteriophages, whereas, as mentioned previously, the C1

protein blocks transcription of genes required for lytic infection.

GENOMIC ORGANIZATION
 

The genome of bacteriophage 7» carries a complement of at least 30 genes. The order of many of
these genes was originally established by assaying the ability of bacteriophages carrying substitu—
tions and/or deletions to rescue mutations (Kaiser 1955) and by measuring the frequency of genet-
ic recombination between mutants of various types. The recombination frequency between distant  
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genetic markers is ~15%, whereas the smallest reported recombination frequency (between muta—
tions separated by just 4 bp) is 0.05% (McDermit et al. 1976; Rosenberg et al. 1978).

Although the order of genes ascertained by these methods was essentially correct, estimates
of genetic distances between mutations did not always correspond to the physical distances
because of local variation in recombination rates. Measurements of the distances between mark-
ers, genes, and mutations became precise only when bacteriophage A DNA was sequenced (please
see Figure 2—2). The genes of bacteriophage K are organized into functionally related clusters.

0 The left—hand region includes genes Nu] through ] whose products are used to package the
viral DNA into bacteriophage heads and to assemble infectious virions from filled heads and
preformed tails.

o The central region (I through gum) codes for functions involved in gene regulation, establish—
ment and maintenance of lysogeny, and genetic recombination. Many genes of the central
region are not essential for lytic growth and can be sacrificed during construction of bacterio—
phage k vectors to make room for segments of foreign DNA.

0 The right-hand region (gum through R2) contains essential genes used in replication of bacte—
riophage k and lysis of infected bacteria.

_THE UNCOMMITTED PHASE OF INFECTION
 

Adsorption

Bacteriophage 7s adsorbs to the trimeric maltoporin receptor, an outer membrane protein con—

sisting of three identical 421-residue monomers, each folded into an 18—strand B—barrel (Thirion
and Hofnung 1972; Schwartz 1975; Neuhaus 1982). Adsorption involves interaction between mal—
toporin receptors and the carboxy-terminal residues of the 1133—residue Viral I protein (Werts et
al. 1994), which is located at the tip of the tail fiber (Schirmer et al. 1995). All three monomers

are involved in binding and adsorption of phage (Marchal and Hofnung 1983). About half of the
binding sites are exposed on long peptide loops projecting into the periplasm, whereas the rest are
buried at locations where the loops pack together into the B-barrel.

As its name suggests, the maltoporin receptor is normally used to facilitate diffusion of mal—
tose and maltodextrins into the cell (Szmelcman and Hofnung 1975; Ferenci and Boos 1980).
Synthesis of these receptors, which are encoded by the bacterial lamB gene, is repressed by glu-
cose and induced by maltose (Schwartz 1967). The outer membrane of a fully induced bacterial

cell contains ~5 x 104 maltoporin receptors.

Infection by bacteriophage k initially involves formation of reversible phage—receptor com-
plexes that progress to irreversible complexes (Lieb 1953a) when contacts are established between
components of the tail fiber and a membrane-bound mannose phosphotransferase encoded by
the bacterial gene ptsM (Postma 1987). The reversible attachment of the bacteriophage is facili-
tated by magnesium ions and occurs rapidly (within a few minutes) both at room temperature
and at 37°C (Lieb 1953a). The linear viral DNA is then injected into the bacterium, right end first,
through the bacteriophage’s tail tube (Chattoraj and Inman 1974; Saigo and Uchida 1974;
Thomas 1974). However, injection of the viral DNA and the subsequent events in the lytic cycle
do not occur efficiently at room temperature (MacKay and Bode 1976). Plaques of bacteriophage
A will, therefore, not form unless bacterial lawns are incubated at temperatures higher than
~280C.
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Immediate Early Transcription

After the linear viral DNA has been converted to a superhelical, covalently closed circle, early

transcription is initiated at two divergent promoters, pL and pR, which are located to the left and

right, respectively, of the CI (repressor) gene. The resulting “immediate early” RNAs terminate at

the ends of the N and cm genes, at sites tL and tRI, respectively, although ~40% of the rightward

transcripts continue through genes 0 and P (which encode proteins involved in DNA replication)

and terminate at tRZ' Transcription from pL and pR is carried out by E. coli RNA polymerase,

whereas termination of RNA synthesis at tL, tRi’ and tR2 is mediated by the E. coli-encoded pro—

tein p (for review, please see Friedman 1988; Das 1993; Oppenheim et al. 1993). The 125 leftward

transcript codes for the N protein (pN), an antiterminator whose action is essential for the next
phase of lytic infection.

Delayed Early Transcription

The delayed early genes of bacteriophage 7» flank the immediate early genes N and cm. Their tran—

scription is dependent on the product of the immediate early gene N, which allows the host RNA

polymerase to read through the transcriptional terminators tL and tRI into the flanking delayed

early genes, CH and CHI. Because pN is unstable (tl/2 : 1—2 minutes) in 1071+ bacteria (Gottesman

et al. 1981), expression of CH and CM requires continued synthesis of the 125 immediate early

RNA (please see Figure 2—3). Transcription of N from pL is negatively controlled by the bacterio-

phage-encoded repressors CI and Cro and positively controlled by the E. coli—encoded RNase III

(Oppenheim et al. 1993). In addition, pN may negatively autoregulate its own translation.

N protein\

128 mRNA

   
J I an I Int cIII N cl am cl! 0 P Q R Genes

  
\Cro protein

FIGURE 2-3 Bacteriophage 1 Immediate Early Transcription
 

RNA polymerase binds to three promoters pk, pR’, and pL and transcribes the DNA until it encounters a
p-dependent termination site ( Q t. The major gene product of leftward transcription is the N protein, The
major gene product of rightward transcription is the Cro protein. No protein is synthesized from the small
transcript initiated from the pR' promoter. (Shaded boxes) The products of transcription.
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The specific binding sites for pN, called nutL and nutR (for N-utilization), are embedded in

the leftward and rightward immediate early RNAs. Each nut site contains a unique hairpin structure

called boxB to which dimers of pN bind soon after nut is transcribed. Full activity of pN7 however;

requires a set of accessory antitermination factors encoded by the host bacterium: NusA, NusB,
NusG, and the ribosomal protein 810 (for reviews,p1ease see Das 1993; Roberts 1993). The pN—boxB
complex interacts with these factors and the RNA polymerase, allowing the enzyme to elongate
nascent RNA chains at an increased rate and to skip through sites of transcriptional pausing.

pN is thus an RNA-binding protein that acts as an operon-specific antiterminator by recog-
nizing a signal in immediate early RNAs and binding to the transcription complex. This binding
allows RNA synthesis to proceed through several p-dependent and p—independent terminators.
The N protein is therefore a positive regulatory element whose activity is necessary for the lytic
growth of bacteriophages carrying tRz' However, mutants of bacteriophage A that carry a deletion
of IRZ can grow (albeit poorly). Such bacteriophages are known as nin (N—independent) mutants
(Court and Sato 1969). The nin5 mutation (please see Figures 2-2 and 2-3), which is carried in

many bacteriophage k vectors, is a deletion of 2800 bp between genes P and Q that removes tR2 and
some genes relevant to recombination between plasmids and bacteriophage DNA.

Infection Reaches an Important Crossroad

The outcome of infection — lysogeny or vegetative growth - remains unresolved until the end of
the delayed early phase. By this stage, the bacteriophage proteins required for the next steps in both
pathways are present in the infected cells, which are therefore poised to follow either course as cir—

cumstances dictate. In wild-type E. coli, the decision between lysogeny and the lytic cycle is influ-

enced by the multiplicity of infection and by the nutritional state of the cell. The higher the mul—

tiplicity (Boyd 1951; Lieb 1953b) and the worse the nutritional state of cell (Kourilsky 1973;

Herskowitz and Hagen 1980), the higher the frequency of lysogenization. The biochemical medi-

ator of lysogeny may be 3’—5’ CAMP, whose intracellular concentration alters in response to changes

in nutritional conditions (Hong et al. 1971; Grodzicker et al. 1972). When bacteria are grown in

rich medium, the intracellular concentrations of CAMP are low, and the lytic pathway is favored.

In mutant cells that lack CAMP, the lytic pathway is heavily favored. Because none of the known

bacteriophage promoters are responsive to CAMP, it seems likely that the decision between lysoge—

ny and lytic infection is influenced in part by a bacterial gene or genes that are regulated by CAMP.

A key element in the decision between lysis and lysogeny is the bacteriophage-encoded C11

protein (please see the panel on C" PROTEIN), the activator of transcription of K genes that (1)

 

CII PROTEIN

o The CI] protein is synthesized as a 97-amino-acid polypeptide. After removal of the amino-terminal methio-
nine and the subterminal valine, the polypeptide associates into an active tetrameric form.

- It is a DNA-binding protein that interacts specifically and with reasonable affinity (3 x 10‘7 M) with a 20—25-
bp region of three leftward promoters: pRE, p,, and paQ. The consensus sequence for binding is
TTGCNGTTGC.

a CI! and RNA polymerase interact with the three leftward promoters in a cooperative manner, such that full
activation of transcription occurs when the concentration of CI] is tenfold less (3 x 10“8 M) than that required
for maximal binding of CI! alone.

0 The CI] protein is unstable (half—life : 2 minutes) but is partially stabilized by the bacteriophage CIII pro-
tein. In addition, its natural rate of degradation is diminished or enhanced by several bacterial gene prod-
ucts. Mutations in the E. coli Ion and cya genes increase the rate of degradation of CI] and, therefore, favor
the Iytic response, whereas mutations in the hflA and MB loci extend the haIf-Iife of the protein and facili-
tate the lysogenic response (Hoyt et al. 1982; Banuett et al. 1986; for reviews, please see Friedman et al.
1984; Ho and Rosenberg 1988).   
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FIGURE 2-4 The Bacteriophage 1 CH Protein Is a Transcriptional Activator

The product of the CH gene transcribed from the pR promoter is a transcriptional activator that stimulates
leftward transcription (thick arrows) from p,, pRE, and paQ. The promoter pRE controls expression of the CI
(repressor) protein, whereas pI controls expression of int (encoding integrase). The promoter paQ directs
the synthesis of an antisense RNA that is believed to reduce expression of the Q (antiterminator) gene
product. The products of early transcription initiated from the promoters pL and pR are represented by
thin arrows. (Modified, with permission, from Ho and Rosenberg 1988.)

represses lytic functions and (2) catalyzes integration of the Viral DNA into the host chromosome

(Echols 1980; Herskowitz and Hagen 1980; VVulff and Rosenberg 1983). A high intracellular con

centration of C11 favors lysogeny, whereas a low concentration tips the balance in favor of lysis.

The CI] protein coordinately regulates transcription from three separate leftward promoters: 17“,

pl, and paQ (please see Figure 2-4). Thus, when a sufficient concentration of C11 is present in the

infected ce11,transcription of int and cI genes is activated. The integrase (Int) protein, synthesized

from pl, catalyzes a breaking and joining event that leads to insertion of the Viral DNA into the

host chromosome. The product of the cI gene — k repressor — binds to three 17—bp operators in
each of the early promoters pR and pL, thereby denying access of RNA polymerase to the pro-

moters and hence blocking transcription of phage early genes N, cm, 0, P, and Q, whose products

are essential for onward progression of the lytic cycle (please see the panel on C1 PROTEIN). This

stranglehold can be broken by another transcriptional repressor —— Cro — which competes with

CI protein for occupation of the operator OR (please see Figure 2-5). The outcome of this compe—

 
 

CI PROTEIN

Bacteriophage A Cl protein (236 amino acids; Mr = 26,228) is an inactive monomer at very low concentra-
tions (<1O*9 M), but at physiological concentrations, it forms functional homodimers. Although commonly
called A repressor because of its negative regulatory functions at 0L and OR, CI protein is also a positive regu-
lator of gene transcription and can activate transcription of its own gene.

0 The DNA-binding domain of C! protein lies within the amino-terminal region of the molecule (Sauer et al.
1979) and contains five stretches of (x-helix, of which two (helices 2 and 3) form a helix-Ioop-helix motif
and are involved in sequence-specific binding to the major groove of DNA (Pabo and Lewis 1982; Beamer
and Pabo 1992; for more details, please see review by Hochschild 1994). The CI protein binds symmetri-
cally to DNA, so that each amino-terminal domain contacts a similar set of bases. 

o The carboxy-terminai domain of the Cl protein contains the major sites for dimerization and oligomeriza-
) tion (Pabo et al. 1979).
0 GL and CR both contain three binding sites for CI protein. In each case, site 1 (i.e., OH and om) has a ~10-

fold greater affinity than the other sites for CI protein. The repressor, therefore, always binds first to On and
oR1 and then binds to the other sites in the operator in a cooperative manner (Johnson et al. 1979).
Cooperativity is mediated by the carboxy-terminal domains of repressor dimers.

0 When incubated at high pH in vitro, CI protein undergoes an autocatalytic cleavage at a GIy-Ala peptide
bond located between the two domains. In vivo, autocatalytic cleavage occurs in the presence of bacterial
RecA protein, which acts as a coprotease (Little 1984; for review, please see Little 1993).
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FIGURE 2-5 Bacteriophage A Delayed Early Transcription

  
 

N protein turns on genes to the left of N, including CI" and genes involved in recombination and, in addi-
tion, genes to the right of cro, including CI! and the DNA replication genes O and P and the positive reg-
ulator of late transcription, Q. During the delayed early phase of transcription, the fate of the infected cell
remains undecided, and infection can progress either to lysogeny or to a cycle of vegetative growth. By
the end of the delayed early phase, an irrevocable decision has been taken to proceed down one pathway
or the other. (Shaded boxes) The products of transcription; (0) transcription termination sites.

 

THE DISCOVERY OF BACTERIOPHAGE A

Bacteriophage A first appeared in the laboratory in 1951 / when Esther Lederberg found that certain mutants of
Escherichia coli K—12, which survived following treatment with intensive ultraviolet (UV) irradiation, grew nor-
mally in pure culture but died of a bacteriophage infection after conjugation to other bacterial strains. The
parental wiId-type K-12 strain, like most others in use at that time, was naturally lysogenic for bacteriophage
A. Exposure to UV irradiation cured the surviving bacteria of prophage, generating bacterial strains that were
no longer immune to external infection by the bacteriophage. Strains ”cured” in this way fell victim to lysis by
bacteriophage A (1) when incubated with lysogenic strains, which spontaneously produce infectious phage
particles at a low rate, or (2) when during conjugation, the DNA of a lysogenic strain was transferred to a
nonlysogenic recipient. In both cases, the incoming bacteriophage genome entered a repressor—free cell and
established a cycle of Iytic growth, generating a batch of progeny particles that could Iytically i nfect the remain-
ing nonlysogenic cells in the culture.

Lysogeny was not a new phenomenon/ having already been studied over the course of 40 or more years
by an illustrious cadre of phage workers including Macfarlane Burnet/ Eugene and Elizabeth Wollmann, Jules
Bordet, and Felix D’HereIIe (for a review of early work on lysogeny, please see Brock 1990). However, none
of their experiments provided a satisfying explanation of the constant production of small amounts of infec-
tious bacteriophages by pure cultures of bacteria and the episodic and unpredictable occurrence of massive
lysis. ”Worthless” was Max Delbriick’s succinct description of a half century of honest effort.

All this changed as a result of André Lwoff’s elegant experiments showing first that exposure to small
amounts of UV irradiation reproducibly caused an entire culture of lysogenic Bacillus megaterium to liberate
bacteriophage particles in a synchronous fashion (Lwoff and Gutmann 1950), and second that every cell of the
culture carried a prophage (for review, please see Lwoff 1953). The discovery of induction was of great impor-
tance because it made possible both genetic and biochemical studies of the production of temperate bacte-
riophages. Lwoff’s papers caused tremendous excitement in the phage world and were sufficient to persuade
sceptics that the phenomenon of lysogeny was both real and accessible. Writing 15 years later in prose that
was still passionate Lwoff (1966) describes the discovery of induction as the highlight of his scientific life. By
contrast, Esther Lederberg’s paper — far more laconic and pallid — gives no sign that she had discovered the
bacteriophage that was to become the defining crucible for molecular studies of prokaryotic gene control.   
 



2.10 Chapter 2: Bacteriophage k and Its Vectors

 

Cro dimers bind 0R3.
Transcription at pm is repressed.    

\

pL pR “

I OL OR

llllll cl
CI dimer

011 OL2 OLS ORB 0R2 0R1

p RM A

CI dimers bind with
low affinity to one
Transcription at pRM

is repressed.

   

  

Cro dimer

 

   

 

Cl dimers bind cuoperatively with high affinity to °R2 and °R1-

Transcription is repressed at pH and is activated at pRM.

W
   

FIGURE 2-6 Wiring Diagram of the Switch between Lytic Infection and Lysogeny

Dimers of the CI repressor bind most tightly to oR1 and least tightly to OR3‘ Cro has the opposite relative
affinities. Transcription at promoter pRis repressed when pR1 is occupied by Cl; transcription at pRM is

repressed when oR3 is occupied by Cl. Thus, CI establishes lysogeny by throttling expression of genes
transcribed from pR and, once the lysogenic state is achieved, controls its own concentration by inhibit-
ing transcription at pRM. Because binding of Cl to adjacent sites is cooperative, the proximity of oRz
ensures a sharp concentration dependence of binding to ON. Binding of CI to oR2 also activates tran-
scription from pm. On induction, CI protein is inactivated by cleavage and transcription from pR resumes.
The first product of transcription is the mRNA for Cro. Binding of Cro to oR3 prevents further synthesis of
CI protein. Repression of transcription is relieved at pL and established at pm. The switch to Iytic infec-
tion is then permanent (Ptashne 1986). (Modified, with permission, from Harrison 1992.)

tition determines whether the cell will become lysogenic or will advance to the late stages of lytic

infection. The three binding sites of OR are arranged within and between two divergent promoters
for the genes encoding the two repressors‘ Cro and the CI protein bind to these sites with different

preferences (order of binding, cooperativity, and affinity) (Iohnson et al. 1979). Thus, the CI pro—

tein binds to sites OR1 and oR2 strongly and cooperatively, whereas Cro binds to OR3 strongly and to

OR1 weakly (Cro does not bind cooperatively). Each protein turns off the gene encoding its com—

petitor as well as the appropriate downstream genes that are required for lytic growth or lysogeny.

The two repressors therefore not only compete for the same sites, but also have mutually antago—

nistic physiological effects (for reviews, please see Gussin et al. 1983; Ptashne 1992).

In addition to its repressive effects on rightward transcription, the CI protein stimulates left-

ward transcription of its own gene by a factor of ~10. This effect is mediated by binding of a

repressor dimer at ORZ; a repressor dimer bound at OR1 interacts cooperatively with repressor

bound at oRz to stabilize binding to the DNA (please see Figure 2-6) (Meyer et al. 1980). The

bound repressor is able to make direct contact with RNA polymerase at the leftward promoter,

W 1. w...”- _W.,,,.
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pm (Guarente et al. 1982: Hochschild et al. 1983) and thereby to stimulate the transition from the

closed to the open transcription complex (Hawley and McClure 1983; Pong et al. 1993). Transcription

from pPm may also be stimulated by CI-mediated exclusion of RNA polymerase from binding to pR
(Hershberger et al. 1993).

In summary, during establishment of lysogeny, repressor synthesis is directed by the pro—
moter pRh under positive regulation by the CH and CHI proteins. However, because repressor pre—
vents transcription from pR arid pL, it blocks further expression of CH and CHI, respectively. Thus,
these genes are inactive in lysogens (Bode and Kaiser 1965). Furthermore, since C11 and C111 are
unstable, CI protein must eventually suppress, albeit indirectly, transcription from Pm;-

Transcription of d from a second promoter pRM is therefore required for the maintenance of

lysogeny (please see Lysogeny [p. 2.15) and Figure 2-6).

LATE LYTIC INFECTION

DNA Replication

Recombination

Two genes, O and P, are weakly transcribed from pR immediately after infection and more strong—
ly later as a consequence of pN-mediated antitermination. The products of these genes, together

with some of the host replication proteins and stress proteins, are required for replication of bac—
teriophage DNA (for reviews, please see Furth and Wickner 1983; Kornberg and Baker 1992).
During the early phase of infection, bacteriophage 1 DNA replicates bidirectionally as a Cairns or
9 (circle to circle) form, using a single origin (ori) that is activated by proteins p0 and pP. In a
wild—type E. coli infected with wild—type bacteriophage 7», ~50 monomeric, circular bacteriophage
genomes are synthesized before replication shifts to a rolling circle mode. Linear DNA molecules
are then generated that consist of tandem polymers of the bacteriophage genome arranged head
to tail. These long concatemeric molecules are cut and packaged into proheads of progeny parti-
cles (please see Figure 2-7 and DNA Packaging [p. 2.14]).

It is not known what triggers the mid—stream shift from 6 to rolling circle replication.
However, the conversion from one mode to another is inhibited by the heterotrimeric exonucle—
ase V, which is encoded by the bacterial recB, recC, and recD genes (Telander—Muskavitch and Linn
1981). Nevertheless, the production of concatenated DNA is not affected in recBCDJr cells as long
as the infecting bacteriophage carries a functional gum gene. The product of this gene binds to
exonuclease V and inactivates its exonucleolytic activity (Unger and Clark 1972; Kuzminov et al.
1994). In the absence of Gam protein, the potent, multifunctional RecBCD nuclease degrades the
concatenated linear bacteriophage DNA produced by rolling circle replication. Gam protein is not
needed for production of linear concatenates of Viral DNA if the RecBCD nuclease is defective or
absent (Greenstein and Skalka 1975). Most bacteriophage l vectors lack the gum gene but can
nevertheless multiply to a passable extent in recBCDJr cells if they are able to generate concate-
meric forms of the genome that are suitable substrates for packaging of progeny particles. Such
concatemers can be formed by recombination between monomeric circular DNA molecules that
are produced by e—type replication.

Systems in Cells Infected with Bacteriophage 7»

Both bacteriophage A and E. coli encode recombination systems (red and recA, respectively) that
can produce dimeric and multimeric circles from the replicating 6 form. Most bacteriophage A
vectors that are gam— are also red _ and must therefore be propagated on recA+ strains of bacteria
in order to promote the efficient production of circular multimers. During packaging, these cir—
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cular forms, like the head—to-tail tandem polymers produced by rolling circle replication, are

cleaved at the cosL and cosR sites by the terminase function of the bacteriophage—encoded A pro—

tein. However, the presence of an active bacterial recombination system can sometimes lead to

instability in sequences cloned in bacteriophage K vectors, particularly in genomic sequences that

contain repetitive elements. There are three ways to avoid this problem:

0 Several vectors have been designed that carry the gum gene on one of the arms of the bacte-

riophage genome. Examples of such vectors are Charon 32—35 and 40 (Loenen and Blattner

1983; Dunn and Blattner 1987).

o Gam protein can be supplied in trans from a plasmid (Crouse 1985). In this system, the expres-

sion of gum is controlled by the product of the Q gene of the incoming bacteriophage.

Inactivation of exonuclease V can therefore occur only after infection.
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FIGURE 2-7 Bacteriophage x Replication and Recombination
 

During Iytic infection, bacteriophage A DNA, which is injected into the cell as a linear molecule, is rapid-

ly converted to a closed circular form by ligation of the cohesive ends (cos). During the early phase of
infection, DNA replication proceeds bidirectionally (e-type replication) and generates ~50 monomeric
copies of the circular viral DNA per cell. In the presence of the gem gene product in host cells that are
recBCD‘, or in the absence of the gam gene product in host cells that are recBCD_, replication converts
to a rolling circle mode. The events of replication generate linear concatemers of viral DNA, which are
substrates for packaging of the viral DNA into the preformed heads of bacteriophage particles. In
recBCD+ cells that are infected with agamf phage, rolling circle replication cannot be established. Under
such circumstances, progeny particles cannot be produced unless a suitable system is available to cat-
alyze recombination between circular monomers of viral DNA, generating multimeric circles that are
acceptable substrates for packaging into preformed bacteriOphage heads.
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o A number of mutant strains of E. coli are available that are recombination—proficient but defi-

cient in exonuclease V. These include strains that are defective in recB or recC, as well as strains

carrying the mutations stA or sch, both of which suppress mutations in recBC.

Because synthesis of catenated bacteriophage DNA is impeded by exonuclease V, red 7 ganf

bacteriophages produce small plaques when plated on wild-type E. coli. However, recombination—

deficient bacteriophage mutants carrying an octameric X DNA sequence known as x (chi) pro—

duce plaques that are close to normal in size (Lam et al. 1974: Henderson and Weil 1975; please

see the panel on CHI x SITE). The presence of (1) the x sequence in the bacteriophage genome and

(2) an active recombination RecBCD system provided by the host leads to an increase in the effi—

ciency of recombination events that generate closed circular dimers and multimers from 9 forms.

red _ garn— bacteriophages package these multimers efficiently, and red— gam— Xl bacteriophages

grow to a reasonable yield in wild—type E. coli.

CHI 00 SITE
x is an 8-bp-long sequence of double-stranded genomic DNA (5' GCTGGTGG 3’) that, in E. coli, causes

increased recombination over a region of several kilobases located asymmetrically around the X sequence. The
stimulatory effect of X sequences on recombination is due to the formation of a nick about five nucleotides 3 '
of the 1 site by the E. coli RecBCD protein, a heterotrimeric enzyme encoded by the recB, recC, recD genes
(Taylor et al. 1985; for review; please see Taylor 1988). The nick only occurs when the enzyme passes through
the 1 sequence in one direction (from right to left, as written above), unwinding the DNA as it goes (Faulds et
al. 1979; Yagil et al. 1980; Smith et al. 1981). The combination of unwinding and nicking generates a single-
stranded “tail" with a x sequence near its 3 ‘ end. This tail is believed to be a potent substrate for RecA pro-
tein, which catalyzes the formation of recombinant molecules between the single-stranded tail and homolo-
gous double-stranded DNA (for review, please see Smith 1990).

Of the several major pathways of recombination in E. coli, only RecBCD is stimulated by X sites. x sites
are therefore inactive in recB, reCC, and reCBC double mutants. Normally, the RecBCD protein expresses a

powerful exonuclease V activity (Telander—Muskavitch and Linn 1981 ) that is used, e.g., to destroy foreign DNA
that has been cleaved by restriction enzymes (Simmon and Lederberg 1972; Oliver and Goldberg 1977).
However, X sites protect linear DNA from degradation both in vivo and in vitro, perhaps by inactivating the
exonuclease V activity of the RecBCD nuclease (Kuzminov et al. 1994). VWth the help of the RecA protein, the

frayed end of DNA invades a homologous sequence to form a branched structure that can be converted into
a replication fork and resolved by recombination.

x sequences were first discovered in bacteriophage k as mutations creating recombinational hot spots for
RecBCD-promoted recombination (Lam et al. 1974; Henderson and Weil 1975; Stahl et al. 1975); there are

no X sites in wild-type A DNA. However, 1 sequences have been created by singIe-base changes at several
widely spaced sites in the bacteriophage k genome. The E. coli genome contains a total of ~10‘ 1 sites, ~1
per 4—5 kb (Faulds et al. 1979; Blaisdell et al. 1993; Burland et al. 1993; for reviews, please see Smith 1983;
Murray 1991 ). Of these sites in the E. coli chromosome, 90% are oriented such that they will protect against
degradation of DNA proceeding toward the origin of replication (Burland et al. 1993; Médigue et al. 1993). X
sites, therefore, serve as bulwarks, which are strategically deployed to protect crucial sites in DNA against the
ravages of the ReCBCD protein.

Because recombination is essential for efficient replication and packaging of bacteriophage A genomes, the
presence or absence of X sites and the state of the host recombination machinery are important factors to con-
sider when selecting a host cell for a particular bacteriophage 7t vector. The requirement for a X site in red—
gam— bacteriophages can be eliminated by using as hosts bacterial strains that carry reCD mutations. These
strains, which are superproficient in recombination but defective in exonuclease V production (Amundsen et
al. 1986), generate concatemers of bacteriophage A DNA by both recombination and rolling circle replication.
The recombination system in rech mutants is so active that a x sequence is no longer required in red; gam‘
bacteriophages. Because some bacteriophage x vectors are recr gami and do not carry a x site, recombinants
would normally be expected to display a small-plaque phenotype on wild-type E. coli. However, eukaryotic
DNAs contain sequences that can mimic x sites. Thus; some recombinant bacteriophages will carry insertions
of foreign DNA that contain X sequences and others will not The recombinants that contain the X sequences
will grow to higher titer, form larger plaques, and become overrepresented during amplification of libraries.
This problem can be overcome by avoiding vectors (such as Charon 28 and 30) which give rise togamfi recom-
binants that do not contain a X site. These vectors should only be used for construction of libraries if the recom-
binants are propagated on recBC_ or recD— hosts. 
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Late Transcription

As discussed earlier, the mRNA synthesized from pR encodes a repressor, Cro, that competes with

CI protein for binding to three sites in each of two operator regions, 0L and GR (Johnson et al.

1978, 1979; for reviews, please see Gussin et al. 1983; Ptashne 1992). Binding of Cro to OR3 pre-

vents further synthesis of CI protein and makes the commitment to the lytic pathway irreversible.

By this stage, sufficient amounts of another positive control protein, encoded by gene Q, have

been synthesized to ensure efficient transcription of late viral genes (Dove 1966; Joyner et al.

1966). These genes encode proteins that will be assembled into bacteriophage heads and tails. In

addition, pQ regulates genes required for cell lysis. Like pN, pQ is an antiterminator that modi-
fies RNA polymerase so that the enzyme no longer recognizes downstream terminators. Unlike

pN, which binds to a unique hairpin in nascent RNA, pQ binds to a specific DNA sequence, qut,

that overlaps with pR . From this site and while the enzyme is stalled at the transcriptional pause
site, pQ transforms RNA polymerase into an antiterminating state. This modification, whose

nature is unknown, may lower the Km of the enzyme for nucleoside triphosphates (NTPs)

(Yarnell and Roberts 1992).

Functions expressed late in bacteriophage development are controlled primarily through ter—

mination and antitermination of transcription (Roberts 1975). pR, —— the sole promoter used for

transcription of the entire late region — is active at early times during infection. However, in the

absence of pQ, the transcription complex pauses for several minutes at base pair 16/ 17 of the tran-

script and then terminates at a strong terminator, tR,, located at base pair 194 (Grayhack et al. 1985;

for reviews, please see Friedman 1988; Das 1993). Under the influence of pQ and in the presence

of the host factor NusA, transcripts initiated at pR, are rapidly extended through both the pause site

at base pair 16 and the terminator at tR,, Transcription then proceeds around the circular genome

through the late genes and terminates within the b region (please see Figure 2-6).

DNA Packaging and Assembly of Bacteriophage Particles

In the late stages of lytic infection, duplex concatemeric DNA is packaged into a DNA-free pro-

head according to the scheme outlined in Figures 2-7 and 2-8 (for reviews, please see Black 1988;

Casjens and Hendrix 1988). An early precursor in the pathway leading to head assembly is a scaf—
folded prehead. Further maturation, which involves removal of the scaffolding protein and pro—

teolytic processing of other components, depends on a protein (the product of groE gene) sup-

plied by the host. The resulting structures are called preheads. Packaging the bacteriophage

genome into preheads requires two phage-encoded proteins, Nul and A, which bind to the con-

catenated linear DNA near left cos sites (please see the panel on 71 TERMINASE). Two adjacent cos
sites of the concatenated linear DNA are brought close together at the entrance to the head, where

they are cleaved in a staggered fashion by the terminase function of the A protein to generate the

12-nuc1e0tide cohesive termini. The cleaved DNA—protein complex then becomes attached to a

defined area on the prehead (Frackman et al. 1984). In the presence of protein F1, the DNA, left-

hand end first, is pumped into the prehead by an ATP-dependent process (Emmons 1974; Kaiser

et al. 1975; Hsaio and Black 1977; Hendrix 1978; for review, please see Black 1988). During fill-

ing, the prehead increases in size by ~11—45% (Hohn 1983). Finally, the D, or “decoration,” pro—

tein attaches to the outside of the filled capsid, locking the head in place around the DNA

(Sternberg and Weisberg 1977). The head is also stabilized by the addition of one final protein,

the product of gene PII, which forms at least a portion of the site to which the tails bind (Casjens

et al. 1972; Tsui and Hendrix 1980).
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A TERMINASE ‘

A terminase is a packaging enzyme that fashions concatemers of viral DNA into unit—Iength genomes with pro- 1
truding 5' termini, 12 bp in length (for reviews, please see Feiss and Becker 1983; Feiss 1986; Becker and
Murialdo 1990). The site of action of terminase is called the cohesive end site or cos (Emmons 1974; Feiss
and Campbell 1974). Unit-Iength A chromosomes are therefore normally generated by cleavage of linear con-
catemers at two cos sites spaced one genome length apart.

Terminase is a hetero-oligomer of polypeptides encoded by the two leftmost genes on the bacteriophage
A genome: the Nu1 gene (which encodes a 181-amino-acid polypeptide) and theA gene (which encodes a
641 -amino-acid polypeptide) (for review, please see Feiss and Becker 1983). Both subunits can hydrolyze ATP
(Parris et al. 1988), and mutants of either gene display the same phenotype, i.e., the accumulation of con-
catemers and empty proheads (Murialdo and Siminovitch 1972).

The DNA sequence that is recognized and cleaved by terminase consists of two subsites, the cosN (cos
nicking) site, previously called cos, and the adjacent cosB (cos binding) site. Under normal conditions, cleav-
age at cosN is carried out by the larger subunit of terminase (gpA) and is accompanied by hydrolysis of ATP
(Gold and Becker 1983), which acts both as an a|losteric effector of terminase and to melt the cos ends after

cleavage (Higgins et al. 1988; Cue and Feiss 1993). Following nicking at cosN, terminase remains tightiy bound
to the left end of the A chromosome in a complex called complex I (Becker et al. 1977; Sippy and Feiss 1992;
Cue and Feiss 1993). Complex 1 then binds to the portal protein (encoded by the bacteriophage A B gene),
which serves as the site of DNA entry into the prohead (Yeo and Feiss 1995). Terminase remains bound to the
portal protein as DNA is reeled from the cleaved concatemer into the prohead. Packaging ceases when ter-
minase introduces staggered nicks at the next cos site, by which time the prohead contains a complete linear
bacteriophage A genome ~50 kb in length. The filled heads then associate with preformed tail units, which
have been assembled by a separate pathway.
 

The noncontractile tail shaft of bacteriophage A consists of ~32 rings of V protein, each

containing six polypeptide subunits (for review, please see Casjens and Hendrix 1988). These

subunits form a hollow tube 9 nm in diameter through which the DNA is injected on infection.

Very little is known about the structure of the proximal end of the tail except that small num-

bers of the gene U and possibly gene Z proteins are located there. It is not understood how the

preformed tail and filled heads are assembled into bacteriophage particles. The distal tip of the

tail contains at least six different polypeptides, including two or three molecules of the gene ]

protein that is involved in attachment to the lamB receptor during adsorbtion (please see the

section entitled Adsorption, p. 2.4).

Lysis of the host bacterium by bacteriophage A requires proteins encoded by the first three genes

in the late transcript: S, R, and R2 ( for review) please see Young 1992). The functions of these three

genes and the properties of the proteins they encode are summarized in Table 2—1. Many of the

bacteriophage A strains used in the laboratory carry an amber mutation Sam7 in the S gene. This

mutation prevents or delays lysis, allowing the assembly of progeny particles to continue for an

extended period of time. The accumulated intracellular particles can be liberated artificially by
lysing the infected cell with chloroform.

 

Only a fraction of wild—type cells infected with bacteriophage A undergo a lytic cycle of infection.
Instead, in a large proportion of the infected population, the lytic cycle is aborted, and the sur-
viving cells thereafter carry a copy of the Viral DNA integrated into their genome.
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TABLE 2-1 Lysis Genes of Bacteriophage A
 

SIZE AND PROPERTIES

or PROTEIN

FUNCTION or

WILD-TYPE PROTEIN PHENOTYPE OF MUTANTS
 

an 8.5—kD (107—residue) inner

membrane protein, S is

lethal when expressed at

physiological levels

a soluble 17.5—kD trans-

glycosylase

a membrane protein of

~19 kD

homo-oligomers of S form holes

in the inner membrane, which

allow R protein to enter the

periplasmic space

attacks glycosidic bonds in the

peptidoglycan cell wall, gener—

ating a 1,6—disaccharidc product

possibly an endopeptidase that

cleaves oligopeptide cross-links

most mutants display delayed

lysis, which leads to an intra—

cellular accumulation of

assembled bacteriophage

particles; addition of chloro—

form to an induced S lysogen

results in instantaneous

lysis of the culture

lysis is abolished but the

infected cells die at the

usual time of lysis

lysis in liquid culture is

unaffected unless 5—10 mM

2.16

GENE

s

R

Rz

Integration

in the peptidoglycan cell wall divalent cations are present,

in which case, spheroplasts

form at the normal time

for lysis
 

For references. please see tevicw by Young I 1992).

Two proteins — the bacteriophage-eneoded integrase (Int, Gingery and Echols 1967; Zissler

1967) and host—encoded integration host factor (IHF, Miller and Friedman 1977; Nash et a].

1977; Nash and Robertson 1981) — are required for the integration of bacteriophage DNA into

the host chromosome (please see the panel on INT AND ATT). The unique regions of bacterial

and viral DNAs involved in the recombination event are called ant? and attP sites, respectively

(for reviews, please see Weisberg and Landy 1983; Landy 1989; Nash 1990; Friedman 1992;

Campbell 1993).

 

INT AND ATT

Int recombinase (356 amino acids) is a type I topoisomerase that cuts and rejoins DNA strands one at a time
(Kikuchi and Nash 1979a,b; Hoess et al. 1980; Craig and Nash 1983). Its preferred substrate, at least in vitro,

is closed circular DNA containing negative superhelical turns (Mizuuchi et al. 1978; Richet et al. 1986). Int gen-
erates a Holliday structure by catalyzing a two-strand exchange at a precise nucleotide by way of a transient
DNA—protein bond on a tyrosine residue. Branch migration then occurs across a 7-bp segment of the core, and
the Holliday structure is resolved by exchange between the two other strands.

Proper positioning of integrase is facilitated by IHF, which bends the DNA duplex into structures compat-
ible with the required DNA-protein interactions (for reviews, please see Nash 1990; Kim and Landy 1992). IHF
is a heterodimer of two small polypeptides, lHFa and IHFB. encoded by himA and himD (hip), respectively
(Miller et ai. 1979).

attP spans ~240 bp of bacteriophage DNA centered on a 15-bp core that is identical between bacterio-
phage and host chromosomes and includes the crossover point (Weisberg and Landy 1983). attB is 21 bp long
and is composed chiefly of the core region. During integration) attP recombines with attB to form a prophage
flanked by recombinant attL and attR sites. The inserted prophage is therefore bracketed by a 15-bp repeat in
direct orientation. During excision, these flanking repeats serve as substrates for recombination, regenerating the attB and attP sites.
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Transcription of Prophage Genes

Almost all viral transcription is repressed in the integrated state; the rexA, rexB, and cl genes, how—

ever, continue to be expressed. The CI gene product not only blocks transcription of early genes

from the pR and pL promoters, but also positively regulates its own synthesis. Low concentrations

of the repressor cause the activity of the maintenance promoter, pRM to increase; high concentra—

tions inhibit initiation of transcription at pRM (for review, please see Ptashne 1992). All of these

effects are mediated by the binding of repressor to two operator regions (0L and GR) (please see

Figure 2-6) (Johnson et al. 1979). Bacteriophages with mutations in gene cl, cll, or (III are unable

to establish repression efficiently; they therefore form clear plaques.

Wild-type prophages can be induced by cleavage of the Cl repressor following exposure to

agents that damage DNA (for review, please see Roberts and Devoret 1983). Cleavage occurs

between an alanine and a glycine residue in the hinge region linking the DNA—binding amino—ter—

minal domain and the carboxy-terminal dimerization domain. Little (1984) has shown that cleav-

age of the CI protein occurs autocatalytically at pH 10 in an intramolecular reaction that displays

first-order kinetics and is independent of protein concentration. In Vivo, cleavage of the Ala—Gly
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FIGURE 2-8 Schematic Diagram of the Assembly Pathway of Bacteriophage k
 

The gene products involved in each step are indicated (for details, please see the accompanying text and
Hohn [1979]). The letters signify the bacteriophage genes encoding various structural proteins used in the
construction of bacteriophage particles.  
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bond and the consequent inactivation of CI protein requires the host RecA protein. Mutant CI
proteins (encoded by cl ind 7 mutants) are resistant to RecA—mediated cleavage and cannot under—
go autodigestion in Vitro. This and many other lines of evidence indicate that the function of
RecA protein is to stimulate self—cleavage of the CI protein (for reviews, please see Little 1991,
1993).

Bacteriophages carrying a temperature-sensitive mutation in the cI gene are able to estab-
lish and maintain the lysogenic state as long as the cells are propagated at low temperature (30°C).
At this temperature, the repressor retains its ability to inhibit transcription from pL and pR.
However, lytic growth can be induced by heating the bacterial culture for 10—15 minutes to 45°C,
which partially inactivates the clt5857 repressor (Sussman and Jacob 1962). Although the repres-
sor can renature when the culture is cooled to 37°C (Mandal and Lieb 1976), its concentration is
too low to allow reestablishment of lysogeny. Instead, transcription resumes from pL and pR when
~80% of the CI protein has been inactivated. At this stage, only ~4O monomers of repressor
remain in the cell, too small a number to sustain cooperative binding to OR] and ORZ. In addition,
because CI protein stimulates transcription of its own gene, synthesis of new repressor molecules
decreases as the concentration of CI falls. The first protein synthesized when transcription
resumes from pR is Cro, which binds to 0m, blocking any further synthesis of repressor, and there-
by committing the viral genome to a cycle of vegetative growth. The integration and excision pro—
teins, Int and Xis, act together to cause the art sites to recombine, resulting in excision of the
prophage DNA from the host chromosome. The lytic cycle then follows its usual course.

?_C‘ONSTRUCTION OF BACTERIOPHAGE k VECTORS
 

At first glance, the adaptation of bacteriophage K, with its large and complex genome, for use as
a vector would seem to be a bleak prospect. The DNA of wild-type strains contains multiple sites
for many of the most useful restriction enzymes, and these sites are often located in regions of the
genome essential for lytic growth of the virus. Moreover, because bacteriophage 1 particles will
not accommodate molecules of DNA that are much longer than the viral genome, it might seem
that the virus would be useful as a vector for only small pieces of foreign DNA.

These problems, however, are not as formidable as they might at first appear. First, the cen—
tral third of the viral genome is not essential for lytic growth. By the late 19605, much work had
been carried out on specialized transducing bacteriophages, which are formed when excision of
A prophages from the bacterial chromosome occurs by illegitimate recombination, rather than
the normal homologous exchange between an sites. Part of the central region of the viral genome
becomes replaced by the segment of the bacterial chromosome flanking the integrated prophage.
Specialized transducing particles derived from lysogcns carrying the k prophage at its normal
integration site in the bacterial chromosome can carry the host’s neighboring gal or bio genes.
Lysogens carrying prophages at ectopic integration sites produce transducing particles carrying
other parts of the E. coli chromosome. Genetic studies of these specialized transducing bacterio—
phages had shown that the region of the bacteriophage k genome lying between the ] and N genes
could be replaced by E. coli DNA (for reviews, please see Campbell 1962; Franklin 1971). The
analysis of the structure and function of these transducing particles became a prelude to the
exploration of bacteriophage 7x as a vector.

During the early 19705, methods were perfected for manipulating sites of cleavage by
restriction enzymes in the bacteriophage l genome. The first of these methods, based on the
knowledge of the genetics of restriction and modification of DNA by E. coli, allowed selection in
vivo of derivatives of bacteriophage 7» from which all sites for EcoRI had been eliminated from the
essential portion of the Viral genome. By growing the virus alternatively in strains of E. coli that
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either possessed or lacked a plasmid coding for EcoRI, mutants of bacteriophage A were isolated

that contained only one or two targets for EcoRI located in the nonessential region of the genome

(Murray and Murray 1974; Rambach and Tiollais 1974; Thomas et al. 1974). Because this kind of

selection in vivo was possible only when the bacteriophage could be grown in hosts that synthe-
sized the restriction enzyme of interest, it was necessary to develop alternative methods to obtain
vectors suitable for use with other restriction enzymes. For example:

0 Recombinants between bacteriophage l and other lambdoid bacteriophages (e.g., ¢80) were

constructed that either contained or lacked particular restriction sites.

0 The development of procedures for packaging purified bacteriophage 1 DNA into infectious
particles permitted vectors with the desired combination of restriction sites to be generated by

in vitro manipulation. Bacteriophage A DNA was digested with a restriction enzyme, and the

surviving molecules were packaged into particles in vitro and propagated in E. coli (Klein and

Murray 1979). After several successive cycles of digestion, packaging, and growth, bacterio-

phage genomes were obtained that had lost restriction sites by mutation while retaining infec—
tivity.

0 More recently, synthetic oligonucleotides have been used to construct specifically designed

DNA fragments that are then inserted into the bacteriophage genome. Using this method,

restriction sites were placed at desired locations with precision and high efficiency (Frischauf
et al. 1983; Karn et al. 1984).

Together, these methods have led to the development of a large number of vectors that can
accept and propagate fragments of foreign DNA generated by a variety of different restriction

enzymes (for reviews, please see Murray 1983, 1991).

Insertion Vectors

Vectors that have a single target site for insertion of foreign DNA are known as insertion vectors.
The genome of these bacteriophages is ~20% shorter than that of DNA of wild-type bacterio—
phage 7t because many of the genes that are not required for lytic growth have been removed.

Insertion of an appropriate segment of foreign DNA into the cloning site restores the genome to
something like its full length and facilitates packaging into infectious particles in vitro (Murray et

al. 1977; Sternberg et al. 1977; Williams and Blattner 1980). The maximum size of DNA that can

be accommodated in an insertion vector varies from 5 kb to 11 kb, depending on the design of
the particular vector.

Replacement Vectors

Bacteriophages that have a pair of cloning sites flanking a segment of nonessential DNA are
known as replacement vectors. Digestion of linear vector DNA with the appropriate restriction
enzymes generates two arms — left and right — that together carry all of the genes required for
lytic infection. Removal of the central, nonessential “stuffer” fragment reduces the genome of
the vector to a size that cannot be efficiently packaged into bacteriophage particles. Viable bac-
teriophages can only be formed by ligating a segment of foreign DNA between the purified left
and right arms (Thomas et al. 1974). The largest segment of DNA that can be cloned in a
replacement vector varies from 8 kb to 24 kb, depending on the vector. Cloning of longer DNA
fragments requires deletion of essential bacteriophage genes, whose products must then be sup—
plied in trans.
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There is no single bacteriophage 7» vector suitable for cloning all DNA fragments. Therefore,

a careful choice must be made among the available vectors for the one best suited to the particu-

lar task at hand. Five obvious considerations influence this choice:

0 the restriction enzyme(s) to be employed

the size of the fragment of foreign DNA to be inserted

0 whether the vector is to be used to express cloned DNA sequences in E. coli

0 whether the foreign DNA is to be rescued from the bacteriophage vector in the form of a pias-

mid or phagemid

0 whether the foreign DNA carried in the vector is to be assembled into a large overlapping con—
tig of cloned DNAs

The development of vectors containing multiple cloning sites and the availability of a vari-

ety of restriction enzymes that cleave DNA to produce compatible cohesive termini have greatly

simplified the mechanics of cloning into bacteriophage A vectors. However, the size of the insert

remains an important factor to be considered when choosing a vector. Only ~60% of the viral

genome (the left arm, ~20 kb in length, including the head and tail genes A—], and the right arm,

8—10 kb in length, from pR through the cosR site) is necessary for lytic growth of the bacterio—

phage; the central one third of the genome can be replaced by foreign DNA. However, the viabil—

ity of bacteriophages decreases dramatically when the lengths of their genomes are greater than

105% or less than 78% of that of wild-type bacteriophage l. The combination of vector and for—

eign DNA must result in a recombinant bacteriophage that falls within acceptable size limits.

In the late 19705 and early 19805, when cloning in bacteriophage vectors was still an adven—

ture, difficulty was sometimes experienced in constructing very large libraries of recombinants.

When the amount of starting DNA was limiting, the libraries often contained a high proportion

ot"‘empty” clones. To alleviate this problem, genetic markers were incorporated into the vectors

to allow rapid selection or screening for recombinants and elimination of empty clones consist—

ing only of vector sequences. Because of steady improvements in library construction. particular
ly in efficiency of packaging of bacteriophage 1» particles and in the preparation of large quanti-
ties of DNA for cloning, these genetic markers are no longer used on a routine basis. However,

they are still of some value when the starting material for cloning is in short supply, e.g., when
genomic DNA is recovered from flow-sorted chromosomes or from microdissected tissue or
when cDNA is prepared from mRNA extracted from a few hundred cells. Table 2—2 lists some of
the genetic markers that have been used to select or screen for recombinants.

In addition to the markers listed in Table 2—2, certain vectors have been designed to take
advantage of the fact that growth of wild-type bacteriophage A is restricted in lysogens carrying
prophage P2. This phenotype is called Spi+ (sensitive to P2 interference). However, strains of bac—
teriophage 7t lacking two genes involved in recombination (red and gum) grow in P2 lysogens and
display the Spif phenotype (Zissler et al. 1971) as long as they carry a 1 site and the host strain is
reci. Several replacement vectors, such as 12001, XDASH, and the EMBL series, carry the red
and/or gum genes in the stuffer fragment. Replacement of the stuffer fragment with a piece of for—
eign DNA results in recombinant bacteriophages that are Spi_ and thus able to grow in P2 lyso—
gens of E. coli (Karn et al. 1980, 1984).

Because recombinant bacteriophages outgrow the parental vector in P2 lysogens, it would
seem to be unnecessary to take steps to minimize the number of nonrecombinants formed when
constructing genomic DNA libraries, e.g., by purifying the left and right arms of the vector from
the stuffer fragment. In practice, however, removal of the stuffer fragment has been found to
improve the efficiency with which fragments of foreign DNA can be cloned and propagated in
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vectors of this type (Frischauf et al. 1983). The multiple restriction sites contained in the poly—

cloning sites of the EMBL series of vectors (and in analogous vectors, 7t2001 [Karn et al. 1984] and

KDASH [Sorge 1988]) permit the stuffer fragment to be easily rendered unclonable by digestion

with two different restriction enzymes.

The improved efficiency of cloning in vectors equipped with the Spi system comes at a price.

As mentioned earlier, recombinants constructed in these vectors lack the red and gum genes, which
can have disadvantages under certain circumstances. In bacteria infected by garn— bacteriophage, the
only DNA molecules available for packaging are relatively rare, exonuclease-resistant, closed circu-

lar dimers generated by G—form replication and subsequent recombination (catalyzed by the prod—

ucts of the bacteriophage A red gene or the host recA gene). However, the presence of an active bac-

terial recombination system occasionally leads to rearrangements (in particular to deletion) of seg—

ments of foreign DNA that carry repeated sequences (e.g., please see Lauer et al. 1980). To avoid this

problem, several vectors have been designed that carry the gum gene on one of the arms of the bac—

teriophage 1 DNA. Examples of such vectors are Charon 32—35 and 40 (Loenen and Blattner 1983;

Dunn and Blattner 1987). Since each of these vectors is red _, infected recA cells are phenotypically

RecA_, RecBC_, and Red_. The use of such vectors has in some instances overcome the problems of

cloning segments of foreign DNA containing recombinogenic sequences.

The final genetic factor to consider in choosing a vector is the presence of a X site. As dis—

cussed earlier, the growth of red _gam_ bacteriophages on wild—type E. coli is limited by the avail-

ability of concatenated DNA molecules that can be efficiently packaged into phage particles.

However, the presence of a x site increases the efficiency of the recombination process that gives

rise to packaging substrates. As a result, the plaques formed by red Tgam“ x bacteriophages are

almost as large as those formed by red+gam+ bacteriophages. Because most bacteriophage replace-

ment A vectors are red _gam_ when the stuffer fragments are removed, recombinants would nor-

mally be expected to display the small-plaque phenotype. However, eukaryotic DNAs contain
sequences that can mimic x sites. Thus, some recombinant bacteriophages will carry insertions of

foreign DNA that contain x sequences and others will not. The recombinants that contain x

sequences will grow to higher titer, form larger plaques, and become overrepresented during
amplification of libraries. This problem can be overcome by avoiding vectors (such as Charon 28
and 30) that give rise to gam‘ recombinants that do not contain a X site. These vectors should only

be used for construction of libraries if the recombinant bacteriophages are propagated on recBC
or recD_ hosts. For construction of genomic DNA libraries, we recommend vectors such as ?t2001,

lDASH, kFIX, and the EMBL series, which contain x sites in the arms, or Charon 32—35 and 40,
which generate red _gam+ recombinants. All of these vectors give rise to recombinant plaques of
relatively uniform size.

Expression Vectors

Beginning in the mid 19805 and continuing to the present day, several bacteriophage expression
vectors have been developed that permit not only the propagation of foreign sequences, but also
their expression in bacterial cells, their transcription in vitro into RNA, and, in some cases, their
automatic recovery as autonomously replicating phagemids. The prototype X expression vector is
lgtll (Young and Davis 1983a; Huynh et al. 1985), which carries a portion of the E. coli B-galac-
tosidase gene, including the upstream elements that are essential for its expression. The carboxy-
terminal coding region of this gene contains a single EcoRI site into which foreign DNA can be
inserted. ?tgt18—23 are derivatives of Agtll that can accept larger inserts and that allow the use of
up to four additional restriction enzymes (Han and Rutter 1987, 1988). In appropriate lytic or  
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lysogenic hosts, the chimeric gene can be induced, resulting in the synthesis of a fusion protein

consisting of the amino-terminal portion of the B—galactosidase gene fused to sequences encoded

by the downstream open reading frame. cDNA libraries constructed in kgtll and th18—23 may

be screened immunologically for expression of specific antigens in E. coli. This approach has been

remarkably successful and has led to the isolation of many genes encoding proteins for which no

probes other than specific antisera were available.

Bacteriophage k vectors such as kgtll and th18—23 carry the cIt5857 mutation in addition

to an amber mutation in the S (lysis) gene, Sam7. At 42°C, where the cIt5857 repressor is only par-

tially functional (Lieb 1979), these vectors form plaques on strains of E. coli (such as YlO90hst)

that carry the amber suppressor supF. At temperatures where the repressor is active ( 32°C), these

bacteriophage strains can form lysogens. In the original description of kgtll (Young and Davis

1983b), cDNA libraries constructed in th11 were screened as bacterial lysogens. The colonies

were induced by heating and screened immunologically for production of foreign proteins

encoded by the cloned cDNAs. Propagation and screening of expression libraries as lysogens

appeared to offer two potential advantages: kgtll genomes inherited as part of the host-cell chro-

mosome would perhaps be more stable genetically than genomes propagated by lytic infection,

and the repression of synthesis of potentially toxic fusion proteins might be more complete in

cells containing only one integrated copy of the recombinant genome than in lytically infected

cells that rapidly accumulate hundreds of copies. Despite these apparent advantages, libraries

constructed in lgtll are no longer propagated as lysogens nor screened after induction because

some recombinants are unable to form stable lysogens (Huynh et al. 1985). Furthermore, when

plaques, rather than colonies of induced lysogens, are screened with immunological or nucleic

acid probes, the signal-to—noise ratio is much higher.

Perhaps the most versatile vector currently available is ZAP Express (Stratagene). cDNAs up

to 12 kb in length can be cloned unidirectionally into this vector, automatically excised by super-

infection with a filamentous helper bacteriophage, and recircularized to form a plasmid that will

drive expression of the cloned cDNA in both bacteria (via the lac promoter) and mammalian cells

(Via the cytomegalovirus immediate early promoter). ZAP Express contains selectable markers

for both prokaryotic and eukaryotic cells and carries a portmanteau of controlling elements

derived from at least eight different organisms (SV40, cytomegalovirus, E. coli, bacteriophages fl,

T3, and T7, various plasmids, and bacteriophage X itself), as well as a medley of synthetic cloning

sites and linkers. Although this synthetic genome may lack the elegance of wild—type it, it is sure—

ly a testimony to the ingenuity and dexterity of its constructors and to the continuing tolerance

of the bacteriophage to the works of Man.

CLONING IN BACTERIOPHAGE k VECTORS
 

Bacteriophage X has many uses as a cloning vehicle, ranging from subcloning of genomic DNA

sequences initially cloned in vectors with larger capacity (e.g., bacterial artificial chromosomes or

P1 bacteriophages) to construction of complex cDNA or genomic DNA libraries. Cloning in bac—

teriophage X involves several steps that are summarized in the flow chart presented in Figure 2-9.

The protocols in this chapter describe methods to prepare and test bacteriophage k vectors

for cloning and to construct genomic DNA libraries in these vectors. Detailed procedures for the

preparation of cDNA libraries are given in Chapter 11.

h ‘.,w»....... ..-.. N. 4
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Grow a large stock of the appropriate bacteriophage 7» vector from a plaque—purified isolate.

Confirm that the relevant genetic markers are present in the vector and are working.

Protocols 5, 6

 

 

V

Purify bacteriophage k particles.

Protocols 7, 8, 9, 10

 

 

 

7

Extract and purify k DNA.

Protocols 11, 12

 

 

 

 tr
Prepare left and right arms of the bacteriophage vector by digestion

with appropriate restriction enzymes.

With some vectors, the stuffer fragment must be removed, or the arms must be treated

with alkaline phosphatase to suppress the background of nonrecombinant plaques.

Protocols13, 14, 15, 16

 

 

 tr
Prepare foreign DNA.

Protocols 17, 18

 

 

V

Ligate the vector arms to the preparation of the foreign DNA (cDNA or genomic

DNA). Package the ligation products into bacteriophage particles,

harvest the resulting library of recombinants.

Protocol 19

 

 

l
  t

Screen the library by hybridization.

Protocols 22, 23, 24

 

FIGURE 2-9 Flowchart of Protocols in This Chapter
 



Protocol 1
 

Plating Bacteriophage 7»

MATERIALS

A PLAQUE DERIVES FROM INFECTION OF A SINGLE BACTERIUM by a single bacteriophage particle.

The progeny virus particles synthesized by this first infectious center adsorb to and infect neigh-

boring bacteria, which in turn release another generation of daughter virus particles. If bacteria

are growing in a semisolid medium (e.g., containing agarose or agar), the diffusion of the proge—

ny virus particles is limited. Under these circumstances, the result of successive rounds of infec—

tion is a spreading zone of bacterial iysis that, after several hours of incubation, becomes visible

to the naked eye as a relatively clear, circular area in an otherwise turbid background of bacterial

growth. Because each plaque contains the progeny of a single Virus particle, the bacteriophagcs

derived from a single plaque are essentially genetically identical to one another. A method for gen—

erating macroplaques of bacteriophage 7» is given at the end of this protocol. Bacteriophage K vec—

tors that carry the E. coli lacZ gene may be analyzed as described in the panel on ADDITIONAL

PROTOCOL: PIAQUE ASSAY OF BACTERIOPHAGES THAT EXPRESS B-GAMCTOSIDASE at the end Of

this protocol.

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Media

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

MgSO4 (70 mM)
SM and SM plus gelatin

LB or NZCYM (50-m/ aliquots in 250-ml conical flasks)
The choice between these two media is largely a matter of personal preference. NZCYM, the richer ofthe
two media, was introduced in the 19705 by the Wisconsin phage workers (Blattner et al. 1977) to grow
the enfeebled strains of E. coli mandated by cloning regulations in force at that time. The medium has
long outlived the regulations and remains in wide use today.

LB or NZCYM agar plates
Freshly poured plates are too wet for use in plaque assays. To prevent running and smearing of plaques,

store the plates for 2 days at room temperature before use. They can then be transferred to plastic sleeves
and stored at 4°C. Plates stored at 4°C should be placed at room temperature for 1—2 hours before use
in Step 10 below. Warming the plates in this way reduces problems of condensation and allows the top

agar subsequently to spread across the entire surface of the plate before it sets. For further information,
please see note to Step 12.

2.25
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ADDITION OF MALTOSE FOR GROWTH OF A

Some investigators add maltose to media used to grow and plate bacteriophage k. The presence of 0.2% mal-
tose leads to a substantial induction of the maltose operon including the IamB gene, which encodes the cell
surface receptor to which bacteriophage A binds (Schwartz 1967). This induction should theoretically increase
the efficiency of infection and hence the yield of bacteriophage. The use of maltose is a double-edged sword,
however, since florid growth of some strains of E. coli in such rich medium may lead to cell lysis and the accu-
mulation of cellular debris laden with the LamB protein. Binding of bacteriophage particles to this debris leads
to futile release of the viral DNA and an unproductive infection. In our hands, there is little difference in bac-
teriophage yield from cultures grown in the presence or absence of maltose. 
 

LB or NZCYM top agar or agarose (0.7%)
Melt the top agarose just before use by heating it in a microwave oven for a short period of time‘ Store
aliquots of the melted solution in a 47°C heating block or water bath to prevent the agarose from solid—
ifying until needed in Step 10 below.

Agarose is preferred to agar in this protocol in order to minimize contamination with inhibitors that can
interfere with subsequent enzymatic analysis of bacteriophage DNA.

This solution is also known as soft agar/agarose.

Centrifuges and Rotors

Sorvall 55-34 or equivalent

Special Equipment

Filter paper circles (to fit Petri dish)
Optional, please see note to Step 12.

Heating block or water bath preset to 47°C

Vectors and Bacterial Strains

Bacteriophage A stocks
E. coli strain

Be sure to use strains of E. coli that have been appropriately designed to support the growth of the vec»
tor. For a complete listing of relevant E. coli genetic markers found in strains used to propagate bac—
teriophage 7L, please see Table 2-3. Before using a particular k vector, consult the literature and/or heed
the recommendations provided by commercial suppliers regarding the choice ofa suitable strain of E.
coli.

METHOD
 

Preparation of Plating Bacteria

1. Inoculate NZCYM or LB medium (50 ml in a 250-ml conical flask) with a single bacterial
colony of the appropriate E. coli strain. Grow the culture overnight at 37°C with moderate
agitation.

Some protocols recommend growing the culture at 30°C instead of 37°C. Growth at the lower tem—
perature increases the chance that the cells will not have reached saturation during the overnight
growth period, hence reducing the amount of cell debris in the medium. As noted earlier, bacte—
riophages added to saturated cultures can adsorb to the LamB protein present on cellular debris,
thereby reducing the titer of the bacteriophage inoculum.

”mmm» .
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Centrifuge the cells at 4000g (5800 rpm in a Sorvall 58-34 rotor) for 10 minutes at room tem-
perature.

Discard the supernatant, and resuspend the cell pellet in 20 m1 of 10 mM MgSO4. Measure
the OD600 of a 1/100 dilution of the resuspended cells and dilute the cells to a final concen—
tration of 2.0 OD600 with 10 mM MgSO4.

To improve the viability of the plating bacteria during storage, incubate the cell suspension in a
100-ml sterile flask for 1 hour at 37°C with moderate agitation.

For many strains of E. coli, 1.0 ODooo/ml is approximately equal to 1,0 x 109 bacterial ceils/ml.
However, the relationship between the OD6 0 and the number of viable cells/ml varies from strain
to strain and is affected by the conditions of growth. It is advisable to carry out a calibration exper—

iment to measure the OD600 of a culture of the particular strain of E. coli at different stages in its
growth cycle and to count the number of viable cells at each of these times by plating dilutions of
the culture on LB agar plates.

Store the suspension of plating bacteria at 4°C.

Suspensions of robust strains of E. coli may be used for up to 2—3 weeks. However, severely enfee—
bled strains of E. coli (e.g., recA“ strains) lose viability quickly when stored under conditions Ofstar-
vation at 4°C. Use fresh cultures of such strains for plating bacteriophage k.

Melt top agar or agarose by heating it in a microwave oven for a short period of time. Store

aliquots of the melted agar or agarose (3 ml for 100-mm plates, 7 ml for 200-mm plates) on

a heating block or in a water bath at 47°C to keep the solution molten.

Infection of Plating Bacteria

6.

10.

11.

Prepare tenfold serial dilutions of the bacteriophage stocks (in SM plus gelatin). Mix each
dilution by gentle vortexing or by tapping on the side of the tube.

The gelatin helps to stabilize the bacteriophage particles.

Excessive vortexing damages the tails of bacteriophage A particles.

Dispense 0.1 ml of plating bacteria from Step 4 into a series of sterile tubes (13 or 17 x 100 mm).

Add 0.1 ml of each dilution of bacteriophage stock to a tube of plating bacteria. Mix the bac-
teria and bacteriophages by shaking or gently vortexing.

Incubate the mixture for 20 minutes at 37°C to allow the bacteriophage particles to adsorb to the
bacteria. Remove the tubes from the water bath and allow them to cool to room temperature.

Always include a control tube that contains SM but no bacteriophage 2».

Adsorption of bacteriophage X to its receptor is fairly slow, hence the requirement for 20 minutes
incubation.

Add an aliquot of molten agar or agarose to the first tube. Mix the contents of the tube by
gentle tapping or vortexing for five seconds and, without delay, pour the entire contents of the
tube onto the center of a labeled agar plate. Try to avoid creating air bubbles. Swirl the plate
gently to ensure an even distribution of bacteria and top agarose. Repeat the procedure until
the contents of all the tubes have been transferred to separate labeled plates.

Replace the lids on the plates. Allow the top agar/agarose to harden by standing the plates for
5 minutes at room temperature. I'nvert the closed plates and incubate them at 37°C.

With some E. coli strains and bacteriophage vectors, better plaques are formed when the plates are
incubated at temperatures other than 37°C. For example, when using the Stratagene E. coli strains
SRBp and SRB(P2)p as hosts, an incubation temperature of 39°C is recommended. In addition,
th10 vectors produce better plaques on E. coli thstrains when incubated at 39°C (for details,
please see the introduction to Chapter 11).  
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12. Continue incubating the plates overnight, then count or select (pick) individual plaques.
Plaques begin to appear after ~7 hours of incubation and should be counted or picked after 12~16
hours. By this time, the plaques formed on robust strains of E. coli should be 2—3 mm in diameter.
If the plates are too dry, the plaques will grow more slowly and will not reach their full size. Freshly
poured plates have different problems. During incubation at 37°C, droplets ofmoisture sweat onto
the surface of the top agar and cause the developing plaques to streak and run into one anotheri
This smearing can be avoided by storing the plates for 2 days at room temperature before use or by
drying the plates with the lids aliar for 2 hours in a laminar-flow hood or (less desirable) at 37"C
incubator. In an emergency, when there is no time to dry the plates, remove any droplets of water
from the lids ofthe plates after the top agar has set and insert a piece of (sterile) circular filter paper
into each lid. During incubation ofthe inverted plates at 37°C) the filter paper absorbs much Ofthe
humidity and keeps streaking to a minimum.

With experience, the size of plaques can be adjusted to suit the task at hand. For example, when
screening libraries by hybridization, it is often desirable to restrict the size of the plaques so that
the maximum number of bacteriophages can be screened per plate. In this case, use well-aged
plates and use slightly more bacteria than usual for each lawn. Under other conditions, e.g., when
using enfeebled retfganf strains of bacteriophage A, it may be necessary to reduce the bacterial
inoculum and/or to use a lower (0.6%) concentration of top agar/agarose to obtain plaques of an
acceptable size. Bacteriophage k plaques do not increase in size after the bacterial lawn is fully
grown and the cells have reached stationary phase.

 

ADDITIONAL PROTOCOL: PlAQUE-ASSAY OF BACTERIOPHAGES THAT EXPRESS B-
GALACTOSIDASE

Many bacteriophage A vectors contain a copy of the E. coli IacZ gene, which encodes B—galactosidase. When
these vectors are plated in media containing X-gal (5-bromo-4-chIoro—3-indonI-fi-D-ga|actopyranoside), a chro-
mogenic substrate for B-galactosidase, a bright ring of blue dye is formed around the plaques. \Mth time, the
entire plaque assumes a blue tinge. When segments of foreign DNA are cloned into these vectors, the [eel
gene, and hence the chromogenic reaction, is disrupted and the plaques are no longer etched in blue. During
construction of cDNA and genomic libraries in bacteriophage A vectors, the relative number of blue and white
plaques indicates the proportion of empty vectors (blue plaques) and potential recombinants (colorless
plaques).

Additional Materials

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

LB or NZCYM top agar or agarose, containing X-gal < ! >
For 3 ml of top agar, use 40 pl of 2% X-gal. Add X-gal to cooled (47°C) top agar just before use.

E. coli plating bacteria
Use any strain of E. coli that will support Iytic growth of the particular strain of bacteriophage 1 (please see Table 2-3),
as long as it is not an overproducer of B—gaiactosidase. The presence of a single copy of the IacZ gene in the bacterial
chromosome does not interfere with the assay. Please see the information panel on a-COMPLEMENTATION (Chapter
1). Prepare the bacteria as described in Protocol 1.

Method

1. Dilute the bacteriophage stock in SM plus gelatin.

2. infect 0.1 -ml aliquots of plating bacteria with 10 ui of the appropriate dilutions of bacteriophage. Incubate
the infected cultures for 20 minutes at 37°C.

3. Add 3 ml of molten top agar (at 47°C) containing X-gal to the first tube. Mix the contents of the tube by
tapping or gentle vortexing. Pour the contents of the tube onto an agar plate.

4. Repeat Step 3 with the remaining dilutions of the bacteriophage stock.

5. When the top agar has set, invert the plates and incubate for 15—18 hours at 37°C.

6. Remove the plates from the 37°C incubator, place at room temperature for a further 2 hours, and then
record the color of the plaques.

During incubation at room temperature, the intensity of the blue color is enhanced. For accurate comparison, the
intensity of color in the plaques should be matched to color standards that can be obtained from Stratagene.   
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ADDITIONAL PROTOCOL: MACROPLAQUES

Macroplaques are areas of Iysed bacteria (~0.5 cm in diameter) that are formed when bacteriophages from a
single conventional plaque are dabbed onto a bacterial culture growing in top agar. A macroplaque typically
contains ~20 times more infectious particles than a conventional plaque. Macroplaque stocks may be used to
infect smaII-scale bacterial cultures (minipreparations) and to prepare plate lysates of bacteriophage A.

Method

1. Add 0.1 ml of plating bacteria to 3 ml of molten top agar at 47°C. Mix the contents of the tube by tapping
or gentle vortexing and then pour the contents of the tube onto an LB agar plate that has been equilibrat-
ed to room temperature. Store the plate at room temperature to allow the top agar to harden.

2. Use a sterile wooden toothpick to transfer bacteriophage from a single well-isolated plaque to the surface
of the top agar. Inoculate an area ~0.3 cm in diameter by touching the toothpick lightly to the surface sev-
eral times.

3. Incubate the plate for 6—8 hours at 37°C.

4. Harvest the macroplaques with the large end of a sterile borosilicate Pasteur pipette.

Each macroplaque yields several agar plugs that can be stored either together or separately in 400—500 pl of
SM. The plugs can be stored in this form for several weeks at 4°C without significant loss of bacteriophage via-

bility.  
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Protocol 2
 

Picking Bacteriophage A Plaques

G ENETICALLY HOMOGENEOUS STOCKS OF BACTERIOPHAGE k are generated by “picking” a well-

isolated plaque and placing the agar/agarose containing the zone of lysis in storage solution. The

resulting stock solution can be used to prepare plate lysates or liquid cultures of the bacteriophage

or can be stored for later analysis. The following protocol describes a general method for picking

and storing plaques.

MATERIALS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions
Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Chloroform < ! >

SM

Special Equipment

Borosilicate Pasteur pipette (equipped with a rubber bulb) or a Micropipette

Microfuge tubes or Polypropylene test tubes (13 x 100 mm)

Vectors and Bacterial Strains

Bacteriophage k, grown as well-iso/ated plaques on bacterial {awn (please see Protocol 7)

METHOD

1. Place 1 ml of SM in a sterile microfuge tube or polypropylene test tube. Add 1 drop (~SO pl)

of chloroform.

Polypropylene tubes are used because they are resistant to chloroform.

2.32
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z Use a borosilicate Pasteur pipette equipped with a rubber bulb, or a micropipette, to stab

through the chosen plaque of bacteriophage X into the hard agar beneath. Apply mild suction

so that the plaque, together With the underlying agar, is drawn into the pipette.

Because bacteriophages can diffuse considerable distances through the layer of top agar, choose

well—separated plaques. For the same reason, it is best, wherever possible, to pick plaques shortly
after the bacterial lawn has grown up and the bacteriophage plaques have first appeared Picking
plaques early in their development also reduces the unwelcome possibility of obtaining a bacterio—
phage stock that contains significant numbers of undesirable mutants.

Alternatively, plaques may be picked by touching a sterile 8—cm wooden stick (also called an appli—
cator or orange stick) or a sterile toothpick to the surface of the top agar/agarose in the center of
the chosen plaque. Immediately place the stick in SM/chloroform in a 13 x lOO-mm tube and mix
the contents of the tube by vortexing to dislodge fragments of agar/agarose containing the bacte—
riophages.

Some investigators prefer to use the wide end of sterile borosilicate Pasteur pipettes (without cot—
ton plugs). The agar plug stays in the pipette and can be expelled into a sterile polypropylene tube
by a flick ofthe practiced wrist. Baeteriophages can be stored in these plugs for several weeks at 4°C
without significant loss of viability, as long as the plugs do not become dehydrated.

3. Wash out the fragments of agar from the borosilicate Pasteur pipette into the tube contain—

ing SM/chloroform (prepared in Step 1). Let the capped tube stand for 1—2 hours at room

temperature to allow the bacteriophage particles to diffuse from the agar. To assist the elution

of the virus, rock the tube gently on a rocking platform. Store the bacteriophage suspension

at 4°C.

An average bacteriophage plaque yields ~105 infectious bacteriophage particles, which can be
stored indefinitely at 4°C in SM/chloroform without loss of Viability (please see the panel on
LONG-TERM STORAGE OF BACTERIOPHAGE l STOCKS in Protocol 3). The virus recovered

from a plaque can be used as described in Protocols 3 and 4 to prepare larger stocks of bacterio-
phages by the plate lysis or the liquid culture methods. For screening recombinant plaquest please

see the panel on ANALYZING RECOMBINANTS USING PCR

 

ANALYZING RECOMBINANTS USING PCR

When screening cDNA libraries constructed in a bacteriophage A vector such as kgflO or th11, it is
often useful to establish the length of a CDNA harbored in a hybridization-positive bacteriophage before
growing up a smaII—scale preparation of the virus. With bacteriophage A vectors whose entire DNA
sequence is known, or for those in which at least the DNA sequence immediately adjacent to the
cloning site is known, polymerase chain reaction (PCR) can be carried out directly on the plaque lysate

to determine the size of the CDNA insert. Two oligonucleotide primers complementary to the vector
DNA flanking the cloning site are used in PCR, together with an aliquot of the bacteriophage eluate in
SM/chloroform. A complete protocol for direct PCR analysis of bacteriophage A eluates is described in
Chapter 8, Protocol 12.   
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Protocol 3
 

Preparing Stocks of Bacteriophage K by
Plate Lysis and Elution

MATERlALs

Two METHODS ARE COMMONLY USED TO PREPARE STOCKS from single plaques of bacteriophage

1: plate lysates (described in Protocol 3), in which the bacteriophages are propagated in bacteria

grown in top agar or agarose, and small—scale liquid cultures (Protocol 4), in which the bacterio—

phages are propagated in bacteria growing in liquid medium. Although both methods yield useful

bacteriophage stocks, the first has the advantage of allowing the investigator to determine whether

or not the bacteriophages have grown successfully merely by looking at the degree of confluence of

lysis. In addition, the titer of plate stocks is usually higher than that of stocks prepared from liquid

cultures. A disadvantage of the first method, however, is that bacteriophage DNA isolated from

plate stocks may be contaminated with sulfated polysaccharides and glycans that leach from the top

agar/agarose. More often than not, these polysaccharides are innocuous and cause no trouble.

Sometimes, however, they inhibit enzymes used to analyze or manipulate bacteriophage A DNA.

This protocol describes a reliable method for preparing plate lysates and recovering bacteriophage

by elution from the top agar with SM. Alternatively, the bacteriophage may be recovered from

“soft” (low concentration) top agarose by scraping the top agarose into SM (please see the panel on

ADDITIONAL PROTOCOL: PREPARING STOCKS OF BACTERIOPHAGE 1 BY PLATE LYSIS AND SCRAP-

ING at the end of this protocol).

 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Media

2.34

Please see Appendix 1 for components Of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Chloroform < ! >

SM

LB or NZCYM agar plates
Freshly poured plates (lO—cm or lS—cm diameter) that have been equilibrated to room temperature give
the best results in these methods. The older the plates, the lower the titer of the resulting plate stock.
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fl

Adequate yields of most strains of bacteriophage A can be obtained by using LB or NZCYM bottom agar as
described above. However, if problems arise, improved yields can often be obtained from LB bottom agar that
has been supplemented with:

0.3% (w/v) glucose
0.075 mM CaCl2
0.004 mM Fect,
2 mM MgSO4

Glucose represses the IamB gene and thus reduces the amount of bacteriophage that is lost by adsorption to
bacterial debris (please see the panel on ADDITION OF MALTOSE FOR GROWTH OF A in Protocol 1).
Calcium ions also reduce loss by readsorption, whereas ferric ions may stimulate respiration and suppress the
Iysogenic pathway of bacteriophage development (Arber et al. 1983).   

LB or NZCYM top agarose (O.7%)
Agarose is preferred to agar in this protocol in order to minimize contamination with inhibitors that can
interfere with subsequent enzymatic analysis of bacteriophage DNA.

Centrifuges and Rotors

Sorvall 55-34 or equivalent

Special Equipment

Heating block or water bath preset to 47°C

Screw or snap-cap polypropylene tubes (13 x 700 mm or larger)

Additional Reagents

Step 9 of this protocol requires the reagents listed in Protocol 7 of this chapter.

Vectors and Bacterial Strains

METHOD

Bacteriophage 1 stock
Prepared as described in Protocol 2. Alternatively, the source of bacteriophage may be a macroplaque
(please see the panel on ADDITIONAL PROTOCOL: MACROPLAQUES in Protocol 1).

E. coli plating bacteria
Prepared as described in Protocol I of this chapter.

 

1. Prepare infected cultures for plating:

For a 10-cm diameter Petri dish: Mix 105 pfu ofbacteriophage (usually ~ 1/10 of a resuspend—
ed individual plaque or 1/ 100 of a macroplaque with 0.1 m1 of plating bacteria).

For a 15-cm Petri dish: Mix 2 x 105 pfu with 0.2 m1 of plating cells.

Always set up at least one control tube containing uninfected cells. Incubate the infected and
control cultures for 20 minutes at 37°C to allow the Virus to attach to the cells.

When preparing stocks of isolated bacteriophage A that grow poorly, increase the inoculum to 10‘1
pfu per 0.1 ml of plating bacteria.

2. Add 3 ml of molten top agarose (47°C) (10-cm plate) or 7.0 ml of molten top agarose (47°C)
(15-cm plate) to the first tube of infected cells. Mix the contents ofthe tube by gentle tapping
or vortexing for a few seconds, and, without delay, pour the entire contents of the tube onto
the center of a labeled agar plate. Try to avoid creating air bubbles. Swirl the plate gently to

www' ”4  
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ensure an even distribution of bacteria and top agarose. Repeat this step until the contents of

each of the tubes have been transferred onto separate plates.

. Incubate the plates without inversion for ~12—16 hours at 37°C.
Plates are not inverted during incubation to encourage sweating of fluid onto the surface of the
dish, which allows the bacteriophages to spread more easily.

At the time of harvesting, the plaques should touch one another, and the only visible bacterial
growth should be a gauzy webbing that marks the junction between adjacent plaques. The plate
containing uninfected cells should develop into a smooth lawn of confluent bacterial growth.

Remove the plates from the incubator and add SM (5 ml to each lO—cm plate or 10 ml to each
lS—cm plate). Store the plates for several hours at 4°C on a shaking platform.

Using a separate Pasteur pipette for each plate, transfer as much of the SM as possible into

sterile screw- or snap-cap polypropylene tubes.

Add 1 ml of fresh SM to each plate, swirl the fluid gently, and store the plates for 15 minutes

in a tilted position to allow all of the fluid to drain into one area. Again remove the SM and

combine it with the first harvest. Discard the plate.

Add 0.1 ml of chloroform to each of the tubes containing SM, vortex the tubes briefly, and

then remove the bacterial debris by centrifugation at 4000g (5800 rpm in a Sorvall 85—34

rotor) for 10 minutes at 4°C.

Transfer the supernatants to fresh polypropylene tubes, and add 1 drop of chloroform to each

tube. Store the resulting bacteriophage plate stocks at 4°C.

. Measure the concentration of infectious virus particles in each stock by plaque assay as

described in Protocol 1.

The titer of plate stocks should be ~10" to 10”) pfu/ml and should remain stable as long as the stock
is stored properly (please see the panel on LONG-TERM STORAGE OF BACTERIOPHAGE A

STOCKS).

 

 

LONG-TERM STORAGE OF BACTERIOPHAGE 7L STOCKS

Stocks of most strains of bacteriophage A are stable for several years when stored at 4"C in SM contain—
ing a small amount of chloroform (0.3% v/v). However, many investigators have found that some bacte-
riophage A recombinants lose viability when stored in this way for a few months. This problem can usu-
ally be avoided by using freshly distilled chloroform or chloroform that has been extracted with anhy-
drous sodium bicarbonate to remove products of photolysis. However, we also recommend that the titer

of master stocks be checked every 2—3 months and that master stocks of all important bacteriophage it
strains whose genotypes have been verified be stored at —70°C. Before storage, add dimethylsulfoxide
(DMSO) to the bacteriophage stock to a final concentration of 7% (v/v). Gently invert the tube several
times to ensure that the DMSO and the virus stock are thoroughly mixed. Plunge the sealed tube into liq-
uid nitrogen. When the liquid has frozen, transfer the tube to a —70°C freezer for long-term storage. To
recover the bacteriophages:

l . Add 0.1 ml of plating bacteria to 3 ml of molten top agar at 47°C. Mix the contents of the tube by tap-
ping or gentle vortexing and then pour the contents of the tube onto an L8 agar plate that has been
equilibrated to room temperature. Store the plate for 10 minutes at room temperature to allow the
top agar to harden.

2. Scrape the surface of the frozen bacteriophage stock with a sterile 18-gauge needle. Gently streak the
needle over the hardened surface of the top agar. Incubate the infected plate for 12—1 6 hours at the
appropriate temperature to obtain bacteriophage plaques.

3. Pick a weII-isolated plaque and generate a high-titer stock by one of the methods described in Protocol
3 or 4.   
Wu Wm M



Protocol 3: Preparing Stocks ofBacteriophage A by Plate Lysis and Elution 2.37

 

 

ALTERNATIVE PROTOCOL: PREPARING STOCKS OF BACTERIOPHAGE X BY PLATE lYSIS

AND SCRAPING

An alternative method for preparing plate lysates involves recovering the bacteriophages from the plate by scraping
the soft agarose into SM. This approach suffers from the drawback of contamination with sulfated polysaccharides
and glycans that may inhibit the activities of some enzymes used for further manipulations of recovered DNA.

Recovery of bacteriophage from plate stocks by elution is described in Protocol 3; preparation of bacteriophage
stocks from small liquid cultures is presented in Protocol 4.

Additional Materials

LB or NZCYM top agarose
Prepare as a 0.5% (w/v) solution instead of the 0.7% solution. The use of the lower concentration of top agarose facilitates
removal of the layer of top agarose. Agarose is preferred to agar in this protocol in order to minimize contamination with
inhibitors that can interfere with subsequent enzymatic analysis of bacteriophage DNA.

 

Adequate yields of most strains of bacteriophage A can be obtained by using LB or NZCYM bottom agar as described above.
However, if problems arise, improved yields can often be obtained from LB bottom agar that has been supplemented with:

0.3% (w/v) glucose

0.075 mM 0302
0.004 mM FeCI3
2 mM MgSO4

Glucose represses the IamB gene and thus reduces the amount of bacteriophage that is lost by adsorption to bacterial debris
(please see the panel on ADDITION OF MALTOSE FOR GROWTH OF A in Protocol 1). Calcium ions also reduce loss by
readsorption, whereas ferric ions may stimulate respiration and suppress the lysogenic pathway of bacteriophage develop-
ment (Arber et al. 1983).   
 

Method

1. Prepare infected cultures for plating:
For a 10—cm diameter Petri dish: Mix 105 pfu of bacteriophage (usually ~1/10 of a resuspended individual plaque
or 1/100 of a macroplaque with 0.1 ml of plating bacteria).
Fora 15-cm Petri dish: Mix 2 x 105 pfu with 0.2 ml of plating cells.
Always set up at least one control tube containing uninfected cells. Incubate the infected and control cultures for
20 minutes at 37°C to allow the virus to attach to the cells.

When preparing stocks of isolated bacteriophage A that grow poorly, increase inoculum to 10° pfu/OJ ml of plating bacteria.

2. Add 3 ml of molten top agarose (47°C) (10—cm plate) or 7.0 ml of molten top agarose (47°C) (15-Cm plate) to the
first tube of infected cells. Mix the contents of the tube by gentle tapping or vortexing for five seconds and, with-
out delay, pour the entire contents of the tube onto the center of a labeled agar plate. Try to avoid creating air bub-
bles. Swirl the plate gently to ensure an even distribution of bacteria and top agarose. Repeat this step until the
contents of all the tubes have been transferred onto separate plates.

Incubate the plates without inversion for 8 hours at 37°C.

Plates are not inverted during incubation to prevent the top agar/agarose from slipping and to encourage sweating of fluid
onto the surface of the dish, which allows the bacteriophages to spread more easily.

5“

At the time of harvesting, the plaques should touch one another, and the only visible bacterial growth should be a gauzy
webbing that marlG the junction between adjacent plaques. The plate containing uninfected cells should develop into a
smooth lawn of confluent bacterial growth.

4. When confluent lysis has occurred, add 5 ml of SM to the plate and gently scrape the soft top agarose into a ster-
ile centrifuge tube, using a sterile bent glass rod.

5. Add an additional 2 ml of SM to the plate to rinse off any remaining top agarose, and combine it with the top
agarose in the centrifuge tube (from Step 4).

6. Add 0.1 ml of chloroform to the agarose suspension and mix the suspension by slow rotation or gentle shaking
for 15 minutes at 37°C.

7. Centrifuge the suspension at 4000g (5800 rpm in a Sorvall 55-34 rotor) for 10 minutes at 4°C. Recover the super-
natant, add 1 drop of chloroform, and store the virus stock as described in the panel on lONG-TERM STORAGE
OF BACTERIOPHAGE k STOCKS).

The titer of plate stocks should be ~109 to 1010 pfu/ml and should remain stable as long as the stock is stored properly.    
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Preparing Stocks of Bacteriophage 7»
by SmaII-scale Liquid Culture

 

H lGH-TITER STOCKS OF BACTERIOPHAGE A MAY BE PREPARED from small-scale liquid cultures. The

method presented here was originally described by Leder et a]. (1977). In general, the yields of

bacteriophage K are lower and more variable than those obtained by plate lysis. A larger initial

inoculum of bacteriophage is also required. However, stocks of bacteriophage 7L grown in liquid

culture are cleaner and free of sulfated polysaccharides that may contaminate plate lysates (please

see Protocol 3).

MATERIALS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Chloroform <! >

SM

Media

LB or NZCYM medium prewarmed to 37°C

Centrifuges and Rotors

Sorval/ 55-34 or equivalent

Special Equipment

Incubator preset to 300C

Polypropylene culture tube (17 x 100 mm)

Vectors and Bacterial Strains

Bacteriophage k stock
Prepared as described in Protocol 2 of this chapter.

2.38



METHOD

Protocol 4: Preparing Stocks of Bacteriophage K by Small—scale Liquid Culture 2.39

. Inoculate a single colony of an appropriate E. coli strain into 5 ml of NZCYM or LB medium

in a sterile polypropylene culture tube. Incubate the culture overnight with Vigorous shaking

at 30°C,

Growth at lower temperature increases the chance that the cells will not have reached saturation

during the overnight growth period, hence preventing the accumulation of large amounts of cell
debris in the medium. Bacteriophages added to saturated cultures can adsorb to the LamB protein
present on cellular debris, thereby reducing the titer ofthe bacteriophage inoculum.

Alternatively, grow a small overnight culture at 37"C, dilute into 5 m] of NZCYM or LB medium

in a sterile polypropylene tube, and incubate the culture for 2—3 hours at 37°C.

Transfer 0.1 ml of the fresh overnight bacterial culture (prepared in Step 1) to a sterile
17 x 100-mm polypropylene culture tube with a loose—fitting cap. Infect the culture with
~10" pfu of bacteriophage k in 50—100 pl of SM.

Although most strains of bacteriophage grow well in liquid culture and routinely yield lysates cone
taining 5 x 10“ pfu/m], there are some strains that replicate poorly. This problem can often be

solved by increasing the ratio ofbacteriophage to bacteria in the infection or by growing the infect-
ed culture at 39°C, the optimum temperature for growth of certain strains of bacteriophage. In
addition, some investigators prefer to carry out the adsorption step at 0°C in the presence of 5 mM
CaCIZ (Patterson and Dean 1987). This procedure allows a more uniform infection and synchro~
nous growth of the bacteriophage.

Incubate the infected culture for 20 minutes at 37°C to allow the bacteriophage particles to

adsorb to the bacteria.

Add 4 m1 of NZCYM or LB medium, prewarmed to 37°C, and incubate the culture with vig—

orous agitation until lysis occurs (usually 8—12 hours at 37°C).

Agitation is best accomplished by positioning the culture tube in a shaker incubator (300

cycles/minute). To ensure adequate aeration, the cap of the culture tube should not be tightly
closed.

The onset of lysis is marked by a distinct decrease in turbidity of the culture caused by the destruc~
tion of the bacterial cells. If the culture is held up to the light, the Schlieren patterns and silky
appearance ofa dense, unlysed bacterial culture should not be visible. Cellular debris, appearing as
whitish strings in the medium, may be visible upon lysis.

If lysis does not occur or is incomplete after 12 hours of incubation, add an equal volume of pre—
warmed NZCYM or LB medium to the culture and continue incubation for a further 2—3 hours at
37°C with vigorous agitation.

After lysis has occurred, add 2 drops (~1OO pl) of chloroform and continue incubation for 15
minutes at 37°C.

Centrifuge the culture at 4000g (5800 rpm in a Sorvall 88—34 rotor) for 10 minutes at 4°C.

Recover the supernatant, add 1 drop (~50 pl) of chloroform, and store the virus stock as

described in the panel on LONG-TERM STORAGE OF BACTERIOPHAGE k STOCKS in Protocol 3.
 



Erotocol 5
 

Large-scale Growth of Bacteriophage X:
Infection at Low Multiplicity

“MATERIALS _

|- ARGE QUANTITIES OF BACTERIOPHAGE x MAY BE PREPARED by infection of a bacterial culture at low

multiplicity (described in this protocol) or by infection at high multiplicity (presented in the

panel on ALTERNATIVE PROTOCOL: LARGE-SCALE GROWTH OF BACTERIOPHAGE k: INFECTION AT

HIGH MULTIPLIClTY at the end of this protocol). After infection at low multiplicity, the culture is

transferred immediately to a large volume of medium. Because only a small fraction of the initial

bacterial population is infected, the uninfected cells in the culture continue to divide for several

hours. However, successive rounds of growth and reinfection lead to the production of increasing

quantities of bacteriophage. Eventually, all of the bacteria become infected and complete lysis of

the culture occurs. Care is required with this method because small changes in the ratio of cells

to bacteriophage particles in the initial infection greatly affect the final yield of bacteriophage par-

ticles. Furthermore, the optimum ratio varies for different strains of bacteriophage A and bacte—

ria. With a little effort, however, the method can be adapted for use with most combinations of

virus and host cells. This approach is particularly well—suited to slow—growing strains of bacterio-

phage k (e.g., those harboring large genomic DNA inserts).

This protocol is a modification of a method first described by Blattner et al. (1977) and is

but one of many variants in common use.

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Media

2.40

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Chloroform <! >

SM

NZCYM
For a starter culture, prepare 100 ml ofNZCYM in a 500—ml conical flask. For subsequent large-scale cul—
ture, prepare 4 x SOO—ml aliquots of NZCYM in 2~liter flasks, prewarmed to 37°C. Four additional 500-
ml aliquots may be needed for Step 9.

*-m,1_..,m ,_._ __._____._._,_._
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Centrifuges and Rotors

Sorvall 55-34 or equivalent

Additional Reagents

Step 71 of this protocol requires the reagents listed in Protocol 6 of this chapter.

Vectors and Bacterial Strains

METHOD

High-titer stock of bacteriophage k
Prepared as described in Protocol 3 or 4 ofthis chapter. The titer should be 109 to 101" pt‘u/ml.

1. Inoculate 100 ml of NZCYM in a SOO-ml conical flask with a single colony of an appropriate

bacterial host. Incubate the culture overnight at 37°C with vigorous agitation.

2. Measure the OD600 of the culture. Calculate the cell concentration assuming that 1 ODW) :

1 x 109 cells/ ml.

3. Withdraw four aliquots, each containing 1010 cells. Centrifuge each aliquot at 4000g (5800

rpm in a Sorvall 58—34 rotor) for 10 minutes at room temperature. Discard the supernatants.

4. Resuspend each bacterial pellet in 3 m1 of SM.

5. Add the appropriate number of infectious bacteriophage particles and swirl the culture to

ensure that the inoculum is dispersed rapidly throughout the culture.

The number of bacteriophage particles used is crucial. For strains ofbacteriophage A that grow well
(e.g., EMBL3 and 4 and thlO), add 5 x 107 pfu to each suspension of 10“) cells; for bacteriophages

that grow relatively poorly (e.g., the Charon series), it is better to increase the starting inoculum to
5 x 108 pfu. However. there are no hard and fast rifles, and the conscientious investigator will
undoubtedly want to experiment to find the multiplicity that gives the best results.

6. Incubate the infected cultures for 20 minutes at 37°C with intermittent swirling.

7. Add each infected aliquot to 500 m1 of NZCYM, prewarmed to 37°C in 2—1iter flasks. Incubate

the cultures at 37°C with vigorous shaking (300 cycles/minute in a rotary shaker).

8. Begin to monitor the cultures for lysis after 8 hours. Concomitant growth of bacteria and

bacteriophages should occur, resulting in lysis of the culture after 8—12 hours. If lysis is

observed, proceed to Step 10.

A fully lysed culture contains a considerable amount of bacterial debris, which can vary in appear?
ance from a fine,sp1intery precipitate to much Iarger,stringyc1umps. If the cultures are held up to
the light, the Schlieren patterns and silky appearance of a dense, unlysed bacterial culture should
not be visible.

9. If lysis is not apparent after 12 hours, check a small sample of the cultures for evidence of bac-

teriophage growth.

a. Transfer two aliquots (1 ml each) of the infected culture into glass tubes.

b. Add 1 or 2 drops of chloroform (~50—100 pl) to one ofthe tubes, and incubate both tubes

for 5—10 minutes at 37°C with intermittent shaking.
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C. Compare the appearance of the two cultures by holding the tubes up to a light. If infec-

tion is near completion but the cells have not yet lysed, the chloroform will cause the cells

to burst and the turbid culture will clear to the point where it is translucent. In this case,

proceed to Step 10.

If lysis does not occur or is incomplete, the preparation can sometimes be rescued by adding
to each of the cultures an additional 500 ml ofNZCYM, preheated to 37°C. Continue to incu-

bate the cultures for a further 2—3 hours at 37°C with vigorous shaking (300 cycles/minute in
a rotary shaker).

10. Add 10 ml of chloroform to each flask, and continue the incubation for a further 10 minutes

at 37°C with shaking.

11 . Cool the cultures to room temperature and proceed to precipitate the bacteriophage particles

as described in Protocol 6.

Further purification ofbacteriophage particles may be achieved by using one of the methods pre-
sented in Protocols 8 through 10 of this chapter.

 

ALTERNATIVE PROTOCOL: LARGE-SCALE GROWTH OF BACTERIOPHAGE X:

INFECTION AT HIGH MULTIPLICITY

Large quantities of bacteriophage A may be prepared by infection of a bacterial culture at high multiplicity as
described in this protocol; alternative preparation of large quantities of bacteriophage by infection at low mul-

tiplicity is presented in Protocol 5. During infection at high multiplicity, most of the bacteria in the culture are
infected at the beginning of the procedure. Therefore, growth of bacteriophages is completed in a short time
(usually 3—4 hours) and is marked by complete lysis of the bacterial culture. This method is commonly used
to prepare large stocks of rapidly growing strains of bacteriophage l, for example, hgtio recombinants con-
taining cDNA inserts.

Additional Materials

NZCYM
For the starter culture used in Step 1, prepare 5 ml of NZCYM in a 15-ml culture tube. For subsequent Iarge-scale cul-

ture, prepare 4 x 500-ml aliquots of NZCYM in 2-Iiter flasks, prewarmed to 37°C.
Step 5 of this protocol requires the reagents listed in Protocol 6 of this chapter.

Method

1, lnoculate 5 ml of NZCYM in a 15-ml culture tube with a single colony of an appropriate bacterial host.
Incubate the culture overnight at 37°C with vigorous agitation.

2. Inoculate 500 ml of NZCYM, prewarmed to 37°C in each of four 2-Iiter flasks, with 1 ml of the overnight

culture per flask. incubate the cultures at 37°C, with vigorous shaking, until the OD600 of the cultures reach-
es 0.5 (3—4 hours).

3. Add 1010 pfu of bacteriophage k in SM to each flask, and continue incubating the cultures at 37°C with vig-
orous shaking until lysis occurs (usually 3—5 hours).

To maximize the yield of particular strains of bacteriophage A, it may be necessary to adjust the multiplicity of infec-
tion or the length of incubation.

4. Add 10 ml of chloroform to each flask, and continue the incubation for a further 10 minutes at 37°C with

shaking.

5. Cool the cultures to room temperature and precipitate the bacteriophage particles, as described in Protocol
6.

Further purification of bacteriophage particles may be achieved by using one of the methods presented in
Protocols 8 through 10 of this chapter. 
 

  



Protocol 6

Precipitation of Bacteriophage 7» Particles
from Large-scale Lysates

 

B ACTERIOPHAGE x, PREPARED FROM LARGE-SCALE CULTURES as described in Protocol 5, may be

recovered from the lysate by precipitation with polyethylene glycol (PEG) in the presence of high

salt. Residual cellular debris and PEG are subsequently extracted by treatment with chloroform,

and the bacteriophage particles may be subjected to further purification as described in Protocols

8 through 10. Before further purification, we recommend analysis of the yield of the bacterio—

phage preparation (please see Protocol 7).

MATERIALS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Chloroform < ! >

NaCI (solid)

Polyethylene glycol (PEG 8000) <!>
Use ~50 g for each 500 ml of culture.

SM

Enzymes and Buffers

Pancreatic DNase I (1 mg/ml)
Pancreatic RNase (1 mg/ml) in TE (pH 7.6)

Centrifuges and Rotors

Sorvall GSA rotor or equivalent

Special Equipment

Graduated cylinder (2 liters)

Vectors and Bacterial Strains

E. coli culture, infected with bacteriophage K and lysed
Prepared as described in Protocol 5 of this chapter.
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fiMETHOD‘
 

Precipitation of Bacteriophage Particles with PEG

1. Cool the lysed cultures containing bacteriophage k to room temperature. Add pancreatic

DNase I and RNase, each to a final concentration of 1 pg/ml. Incubate the lysed cultures for

30 minutes at room temperature.

(Irude commercial preparations of both DNase I and RNase are more than adequate to digest the
nucleic acids liberated from lysed bacteria in this step of the protocol. Without digestion, ;\ signif-
icant number of bacteriophage particles become entrapped in the slime of host nucleic acids.

To each SOO-m] culture, add 29.2 g of solid NaCl (final concentration, 1 M). Swirl the cultures

until the salt has dissolved. Store the cultures for 1 hour on ice.

The addition of NaCl promotes dissociation ot’bacteriophage particles from bacterial debris and is

required for efficient precipitation of bacteriophage particles by PEG. Some investigators prefer to

add the PEG (Step 4) at the same time as the NaCl (Step 2). The centrifugation step (3) may then
be omitted. However, be warned that the simultaneous addition of PEG and NaCl works efficient-
ly only if the bacteriophage grows well and the titer of bacteriophage in the original lysed culture
is >2 x 101" pfu/ml.

Remove debris by centrifugation at 11,000g (8300 rpm in a Sorvall GSA rotor) for 10 min-

utes at 4°C. Combine the supernatants from the four cultures into a clean 2-liter graduated

cylinder.

Measure the volume of the pooled supernatants and then transfer the preparation to a clean

Z—hter flask. Add solid PEG 8000 to a final concentration of 100/0 w/v (i.e., 50 g per 500 ml of

supernatant). Dissolve the PEG by slow stirring on a magnetic stirrer at room temperature.

. Transfer the solution to polypropylene centrifuge bottles, cool the bacteriophage/PEG solu-

tion in ice water, and store the centrifuge bottle5 for at least 1 hour on ice to allow the bacte-

riophage particles to precipitate.

Recover the precipitated bacteriophage particles by centrifugation at 11,000g (8300 rpm in a

Sorval] GSA rotor) for 10 minutes at 4°C. Discard the supernatants, and stand the inverted

centrifuge bottles in a tilted position for 5 minutes to allow the remaining fluid to drain away

from the pellet. Remove any residual fluid with a pipette.

Extraction of Bacterial Debris with Chloroform

7. Use a wide-bore pipette equipped with a rubber bulb to resuspend the bacteriophage pellet

gently in SM (8 ml for each 500 m1 of supernatant from Step 3). Place the centrifuge bottles
on their sides at room temperature for 1 hour so that the SM covers and soaks the pellets.

Wash the walls of the centrifuge bottle gently but thoroughly, as the precipitate of bacteriophages
sticks to them, especially if the bottle is old and pitted. The tails can be sheared from bacteriophage
k particles by violent pipetting.

Extract the PEG and cell debris from the bacteriophage suspension by adding an equal vol-
ume of chloroform. Vortex the mixture gently for 30 seconds. Separate the organic and aque—
ous phases by centrifugation at 3000g (4300 rpm in a Sorvall GSA rotor) for 15 minutes at
4°C. Recover the aqueous phase, which contains the bacteriophage particles.

To determine yield, analyze the bacteriophage suspension by gel electrophoresis (Protocol 7); it
may be subjected to further purification by centrifugation using one of the methods described in
Protocols 8 through 10 ofthis chapter.

 



Protocol 7

Assaying the DNA Content of Bacteriophage K
Stocks and Lysates by Gel Electrophoresis

 

THIS PROTOCOL DESCRIBES A RAPID TECHNIQUE TO ESTIMATE the DNA content of bacteriophage A
stocks. The method can be used to (1) find out whether the yield of bacteriophage particles in

stocks and lysates is sufficient to justify pressing ahead with full—scale purification and (2) moni—
tor the purification process and to locate troublesome steps.

MATERIALS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

2.5x SDS-EDTA dye mix

Enzymes and Buffers

DNase I dilution buffer
Pancreatic DNase I (1 mg/ml)

Gels

Agarose gel (O.7%) cast in 0.5x TBE, containing 0.5 ug/ml ethidium bromide <!>

Nucleic Acids and OIigonucIeotides

Bacteriophage A DNA (control DNA)
Please see S(ep 5.

Special Equipment

Water bath preset to 65°C

Vectors and Bacterial Strains

Bacteriophage A lysates or stocks
Prepared by using one ofthe methods described in Protocols 3 and 4 (for small—scale lysates) or Protocol
5 (for large-scale lysates) of this chapter.

2.45
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METHOD
 

. Make a working solution of pancreatic DNase I (I ug/ml) as follows: Dilute 1 pl of the stock

solution of DNase I with 1 ml of ice—cold DNase I dilution buffer.

Mix the solution by gently inverting the closed tube several times. Take care to avoid bubbles
and foam. Store the solution in ice until needed. Discard the working solution after use.

Crude plate lysates usually yield a clean band of bacteriophage A DNA. Howeven lysates of quuid
cultures almost always contain an abundance of fragments of bacterial DNA that may obscme the
band ofbacteriophage DNA in the agarose gel. This problem can be avoided by treating, aliquots of
the crude lysates with pancreatic DNase I (Step 3) before releasing the bacteriophage A DNA from
the bacteriophage parttcles with SDS and EDTA (Step 4).

. Transfer 10 “I of crude bacteriophage Iysate or stock to a microfuge tube. Add 1 pl of the
working solution of pancreatic DNase and incubate the mixture for 30 minutes at 37°C.

. Add 4 pl of 2.5x SDS-EDTA dye mixture and incubate the closed tube for 5 minutes at 65°C.
This procedure cracks the bacteriophage coats, releases the viral DNA, and, at the same time, inac-
tivates DNase.

. Load the sample onto an 0.7% agarose gel containing 0.5 ug/ml ethidium bromide.
As controls, use samples containing 5, 25, and 100 ng of bacteriophage A DNA.

. Perform electrophoresis at <5 V/cm until the bromophenol blue has migrated 3—4 cm.
The bands of DNA will be smeared if the voltage is too high.

. Examine the gel under UV illumination. Use the intensity of fluorescence of the DNA stan—
dards as a guide to estimate the amount of bacteriophage 7» DNA in the test sample.

A high—titer Iysate (10 pl) should contain between 10 ng and 50 ng of bacteriophage DNA.



Protocol 8
 

Purification of Bacteriophage 7L Particles by
lsopycnic Centrifugation through CsCl Gradients

MATER1ALS

S EVERAL VENERABLE METHODS ARE AVAILABLE TO PURIFY BACTERIOPHAGE 7» particles from bacterial
lysates. The choice among these methods is dictated by the size of the lysate and degree of purity

required for the task at hand. Various options for purification are presented in this protocol, and

in the panel on ALTERNATIVE PROTOCOL: PURIFlCATION OF BACTERIOPHAGE A PARTICLES BY

ISOPYCNIC CENTRIFUGATION THROUGH CSCI EQUILIBRIUM GRADIENTS, as well as in Protocols

9 and 10.

Isopycnic centrifugation through CsC1 gradients is used to prepare infectious bacteriophage

1 particles of the highest purity that are essentially free of contaminating bacterial nucleic acids

(please see the panels on CsCI STEP GRADIENTS and CsCI EQUILIBRIUM GRADIENTS in this proto-

col). DNA prepared from these particles is ideal for use as temp1ates for DNA sequencing, for sub-

cloning into plasmid vectors, and for generating probes that can be used for in situ hybridization.

A secondary advantage is that the stocks are highly concentrated (>10ll pfu/ml) and maintain

their infectivity for many years when stored at 4°C. The procedure given here is a modification of

the classic method described by Yamamoto et a1. (1970) and is suitable for large-scale (>1 liter)

liquid cultures. Protocol 9 is a faster version that is more appropriate for smaller cultures.

In Protocols 9 and 10, bacteriophage A particles are centrifuged at high speed and deposit—

ed at the bottom of the centrifuge tube.A1though the resulting preparations are not as pure as

those generated by isopynic centrifugation, they yield intact DNA suitab1e for routine subcloning

or for preparation of bacteriophage A arms.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

CsCI (solid)

CsC/ solutions
Use a high quality (molecular biology grade) of solid CsCl to prepare three solutions of different densi—
ties by adding solid (35C1 to SM, as indicated below. Store the solutions at room temperature.

(IsCl Solutions Prepared in SM (100 ml) for Step Gradients
 

 

 

Density p CsCl SM Refractive Index
(g/ml) (g) (ml) q

1.45 60 85 1.3768
1.50 67 82 1.3815

1.70 95 75 1.3990

Ethanol
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Centrifuges and Rotors

Beckman SW41 or SW28 rotor or equivalent

Beckman Ti50 or SW50.1 rotor or equivalent, with Clear centrifuge tubes
(c.g., Beckman Ultra-Clear tubes)

Special Equipment

Hypodermic needle (27 gauge)

Vectors and Bacterial Strains

METHOD

Suspension of bacteriophage k particles
Prepared as described in Protocol 6 of this chapter.

 

1. Measure the volume of the bacteriophage suspension, and add 0.5 g of solid CsCl per ml of bacte-

riophage suspension. Place the suspension on a rocking platform until the CsCl is completely dis—

solved.

2. Pour enough CsCl step gradients to fractionate the bacteriophage suspension. Each gradient

can accommodate ~l6 ml of bacteriophage suspension. The number of step gradients

required equals the final aqueous volume (Step 1) divided by 0.4 x tube volume (please see

note below). Use clear plastic centrifuge tubes (e.g., Beckman Ultra-Clear tubes) that fit the

Beckman SW41 or SW28 rotor (or equivalent).

The step gradients may be made either by carefully layering three CsCl solutions ofdecreasing den—
sity on top of one another or by layering solutions of increasing density under one another,

Some types ofcentrifuge tubes (e.g., Ultra-Clear) are hydrophobic, which causes the CsCl solutions
to run down the tubes as droplets rather than in a continuous stream. When using tubes of this
type. it is better to form a density gradient by underlaying rather than overlaying the solution.

3. Make a mark with a permanent felt—tipped marker pen on the outside of the tube opposite the

position of the interface between the p = 1.50 g/ml layer and the p z 1.45 g/ml layer (Figure 2—10).

The CsCl step gradients should occupy ~60% of the volume of the ultracentrifuge tube. For exam—
ple, in a Beckman SW28 tube (or equivalent), which hold 38 ml, the step gradients consist of 76 ml

of each of the three CsCl solutions. Balance tubes should be poured with the same CsCl density
solutions.

before centrifugation after centrifugation

  

 

p : 1.15 g/ml—

 debfis
p z 1.45 g/m: virus particles
p : 1.50 g/m

9 z 1.70 g/ml

FIGURE 2-10 CsCI Gradients for Purifying Bacteriophage 7L

After centrifugation, the bacteriophage particles form a visible band at the interface between the 1.45 g/ml
and 1.50 g/ml CsCI layers.
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4. Carefully layer the bacteriophage suspension over the step gradients. Centrifuge the gradients

at 87,0005y (22,000 rpm in a Beckman SW28 rotor) for 2 hours at 40C.

 

CSCI STEP GRADIENTS

The CsCI step gradients separate the bacteriophage particles from most of the cellular proteins, including

viral proteins that are used to package the bacteriophage DNA and that are synthesized in infected cells

in large excess. Cellular and viral proteins have a density of ~1.3 g’ml. WiId-type bacteriophage X has a

density of ~1.5 g/ml, and the particles therefore become concentrated in a visible band at the interface

between the 1.45-g/mi layer and the 1.50—g(m| layer. Some recombinant viruses have a higher density

because they carry inserts of foreign DNA whose GC content is high or because the amount of DNA in

the recombinant particles is larger than the genome of the parental vector. Usually, the bluish band of bac-

teriophage particles is thick (1—2 mm) and very easy to see. If the yield of bacteriophage particles is low,

place the gradient against a black background and shine a light from above to locate the band of particies.

If the yields of purified bacteriophage are consistently low, the number of infectious bacteriophage

particles should be measured in samples taken at various stages during the purification to determine

where losses are occurring. Alternatively, monitor the amount of viral DNA present at different stages by

gel electrophoresis. This rapid and inexpensive method helps to locate problem areas and, with practice,

can be used routinely to determine whether the yield of bacteriophage particles is sufficient to justify

pressing ahead with fuII-scale purification. The gel assay is described in Protocol 7.

Failure to include adequate concentrations of Mg,2+ in solutions used during the purification of bac-

teriophage K can drastically lower virus yields. The virus particles are exceedingly sensitive to EDTA and

other chelators, and it is essential that Mg“ (10—30 mM) be present at all stages of the purification to pre

vent disintegration of the particles.  
5. Collect the bacteriophage particles by puncturing the side of the tube as follows.

a. Carefully wipe the outside of the tube with ethanol to remove any grease or oil, and then

attach a piece of Scotch Tape to the outside of the tube, level with the band of bacterio—

phage particles.
The tape aets as a seal to prevent leakage around the needle.

b. Use a 21-gauge hypodermic needle (no syringe—barrel required) to puncture the tube

through the tape and collect the band of bacteriophage particles (Figure 2—11).

Keep fingers away from the path of the needle in case the needle penetrates through the tube.

Take care not to contaminate the bacteriophage particles with material from other bands that

are visible in the gradient. These bands contain various types ofbactcriai debris and unassem—

bled bacteriophage components.

6. Place the suspension of bacteriophage particles in an ultracentrifuge tube that fits a Beckman

TiSO or SW50.1 rotor (or equivalent) and fill the tube with CsCl solution (p : 1.5 g/ml in

SM). Centrifuge at 150,000g (41,000 rpm in a Beckman TiSO rotor) for 24 hours at 4°C or at

160,000g (36,000 rpm in a Beckman SW50.1 rotor) for 24 hours at 4°C.

 

CsCI EQUILIBRIUM GRADIENTS

The second CsCI centrifugation (Step 6) is an equilibrium gradient that separates the bacteriophage from
contaminating RNA and DNA. Nucleic acids will not come to full equilibrium during an overnight cen-
trifugation in (250 and thus remain distributed throughout the tube. The resolution of this second cen—
trifugation is higher than that obtained in the step gradient because the virus particles reach equilibrium
in a very shallow density gradient (i.e., the density difference between the top and bottom of the gradient
is quite small). As a consequence, the second centrifugation can often resolve two populations of bacte-
riophages that differ in the amount of DNA harbored in the viral genome. in a classic paper in human mol-
ecular genetics, Lauer et ai. (1980) exploited this resolving power to show that bacteriophage clones har-
boring the hemoglobin (x gene often rearrange upon propagation in E. coli to produce exactly the same
deletion mutations found in certain subjects with a—thalassemia.  
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FIGURE 2-11 Collection of Bacteriophagk Particles by Side Puncture

7. Collect the band of bacteriophage particles as described in Step 5. Store the bacteriophage

suspension at 4°C in the CsCl solution in a tightly capped tube.

Bacteriophage A DNA may now be extracted from the suspension as described in Protocol 11.

8. (Optional) If necessary, the bacteriophage particles can be further purified and concentrated

by a second round of equilibrium centrifugation in CsCl. Transfer the bacteriophage suspen—

sion to one or more ultracentrifuge tubes that fit a Beckman SW50.1 rotor (or equivalent).

Fill the tubes with a solution of CsCl in SM (p = 1.5) and centrifuge the tubes at 160,000g

(36,000 rpm in a Beckman SW50.1 rotor)) for 24 hours at 4°C. When centrifugation is com-

plete, collect the bacteriophage particles as described in Steps 3 and 4 of the following alter—
native protocol.  
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ALTERNATIVE PROTOCOL: PURIFlCATION OF BACTERIOPHAGE A PARTICLES BY
ISOI’YCNIC CENTRIFUGATION THROUGH CSCL EQUILIBRIUM GRADIENTS

When dealing with smaII-scale preparations of bacteriophage x (infected cultures of 1 liter or less), the (350
step gradient (Protocol 8) can be omitted and replaced by a single round of equilibrium centrifugation. The
resulting preparation of bacteriophage particles is essentially free of contaminating bacterial nucleic acids.

Additional Materials

CsCI (solid)

SM containing CsCl

Use a high quality (molecular biology grade) of solid CsCI to prepare a solution of 0.75 g/ml by adding solid
CsC! to SM. Store the solution at room temperature.

Method

1. Measure the volume of the bacteriophage suspension and add 0. 75 g of solid CsCl per ml of bacteriophage
suspension. Mix the suspension gently to dissolve the CsCI.

2. Transfer the bacteriophage suspension to an ultracentrifuge tube that fits a Beckman Ti50 or SW50.1 rotor
(or equivalent). Fill the tube with SM containing 0.75 g/ml C50 and centrifuge it at 150,000g (41,000 rpm
in a Beckman T|50 rotor) for 24 hours at 4°C or at 160,000g (36,000 rpm in a Beckman SW50.1 rotor) for
24 hours at 4°C.

3. Collect the bacteriophage particles by puncturing the side of the tube as follows.

a. Carefully wipe the outside of the tube with ethanol to remove any grease or oil, and then attach a piece
of Scotch Tape to the outside of the tube, level with the band of bacteriophage particles.

The tape acts as a seal to prevent leakage around the needle.

b. Use a 21 gauge hypodermic needle (syringe—barrel optional) to puncture the tube through the tape and
collect the band of bacteriophage particles (please see Figure 2-11).

Keep fingers away from the path of the needle in case the needle penetrates through the tube. Take care
not to contaminate the bacteriophage particles with material from other bands that are visible in the gra—
dient. These bands contain various types of bacterial debris and unassembled bacteriophage compo-
nents.

4. Store the bacteriophage suspension at 4°C in the CsCI solution in a tightly capped tube.

Bacteriophage A DNA may now be extracted from the suspension as described in Protocol 11.   
 

 



Protocol 9
 

Purification of Bacteriophage K Particles
by Centrifugation through a Glycerol
Step Gradient

THIS MODIFICATION OF THE YAMAMOTO PURIFICATION PROCEDURE (described in Protocol 8)

involves the use of a glycerol step gradient in place of the two CsCl centrifugation runs (Vande

Woude et a]. 1979). Although the use of glycerol gradients to purify bacteriophage k is a quicker

procedure, it does not yield bacteriophage of high purity and should not be used to prepare stor—

age stocks.

This protocol is suitable for preparing bacteriophage particles that will yield DNA to be used

for subcloning, for making bacteriophage stocks, or for preparing bacteriophage 1 arms.

MATERIALS

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

EDTA (0.5 M/ pH 8.0)
Glycerol (5% and 40% v/v) in SM

5M

Enzymes and Buffers

Pancreatic DNase I (1 mg/ml)

Pancreatic RNase in TE (1 mg/ml, pH 7, 6)

Centrifuges and Rotors

Beckman SW47 or SW28 rotor or equivalent, with clear centrifuge tubes
(e.g., Beckman U/tra-Clear tubes)

Vectors and Bacterial Strains

Suspension of bacteriophage k particles
Prepared as described in Protocol 6 of this Chaptel
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METHOD
 

1. Prepare a glycerol step gradient in a Beckman SW41 polycarbonate tube (or its equivalent;
one tube is needed for each 5 ml of bacteriophage suspension):

a. Pipette 3 ml ofa solution consisting of 40% glycerol in SM into the bottom of the tube.

b. Carefully layer 4 ml of a solution consisting of 5% glycerol in SM on top of the 40% glyc-
erol solution.

C. Carefully layer the bacteriophage suspension on top of the 50/0 glycerol layer. Fill the tube
with SM.

2. Centrifuge the step gradient at 151,000g (35,000 rpm in a Beckman SW41 or SW28 rotor) for

60 minutes at 4°C.

3. Discard the supernatant, and resuspend the bacteriophage pellet in 1 m1 of SM per liter of
original culture.

4. Add pancreatic DNase I and RNase to final concentrations of 5 pg/ml and 1 pg/ml, respec—
tively. Incubate the reaction mixture for 30 minutes at 37°C.

5. Add EDTA from a 0.5 M stock solution (pH 8.0) to a final concentration of 20 mM.

Bacteriophage A DNA may now be extracted from the suspension as described in Protocol 1 l.
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Protocol 10
 

Purification of Bacteriophage K Particles
by PelletingCentrifugation

I F THE PURPOSE OF PURIFYING BACTERIOPHAGE PARTICLES is to obtain segments of foreign DNA for

subsequent subcloning or to prepare bacteriophage k arms, then the CsCl step gradient and equi-

librium gradient (Protocol 8) can be replaced with a centrifugation step that deposits the bacte—

riophage particles on the bottom of the centrifuge tube. Preparations obtained in this manner are

not as clean as those obtained by equilibrium gradient centrifugation or centrifugation through

glycerol ( Protocol 9), but they suffice for DNA extraction.

MATERIALS

Buffers and Solutions

Please see Appendix I for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

5M

Centrifuges and Rotors

Beckman 5W28 rotor or equivalent

Vectors and Bacterial Strains

Suspension of bacteriophage 1 particles
Prepared as described in Protocol 6 of this chapter.

METHOD

1. Transfer the bacteriophage suspension into a tube for use in a Beckman SW28 rotor (or
equivalent).

2. Collect the bacteriophage particles by centrifugation at 110,000g (25,000 rpm in a Beckman
5W28 rotor) for 2 hours at 4°C.
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3. Carefully pour off and discard the supernatant.

A glassy pellet of bacteriophage particles should be visible on the bottom of the tube.

4. Add 1—2 ml of SM to the pellet, and store it overnight at 4°C, preferably on a slowly rocking
platform.

5. The following morning, pipette the solution gently up and down to ensure that all of the bac—

teriophage particles have been resuspended.

Bacteriophage ), DNA may now be extracted from the suspension as described in Protocol 1 l.



Protocol 11
 

Extraction of Bacteriophage K DNA
from Large-scale Cultures Using
Proteinase K and SDS

MATERIALS

DNA IS BEST ISOLATED FROM LARGE-SCALE PREPARATIONS OF BACTERIOPHAGE A by digesting the viral

coat proteins with a powerful protease such as proteinase K, followed by extraction with phenolzchlo—

roform. This procedure also may be adapted for use with smaller (50—100 ml) preparations, as noted

in the protocol. Protocol 12 describes an alternative, more rapid method to isolate viral DNA from

bacteriophage particles purified by isopycnic centrifugation through CsCl gradients.

When purifying bacteriophage A DNA, keep in mind that vector and recombinant genomes

range between 43 kb and 53 kb in length and are thus susceptible to shearing. Take care to avoid

creating shearing forces capable of breaking the DNA during extraction (please see the informa-

tion panel on MINIMIZING DAMAGE TO LARGE DNA MOLECULES).

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

2.56

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Chloroform < ! >

Dialysis buffer
10 mM NaCl

50 mM Tris-Cl (pH 80)

10 mM MgCl2

Two containers of dialysis buffer are required, each containing 1000 times the volume of the bacte—
riophage solution. Store at room temperature until needed.

EDTA (0.5 M/ pH 8.0)
Ethanol

Phenol <!>

Phenol:chloroform (1:1, v/v) <!>

SDS (10% w/v)

Sodium acetate (3 M, pH 7.0)

TE (pH 7.6 and pH 8.0)

. < ”ww-rw- h...- ~. 5 ., . fl



Pmtocol 1 1: Extraction ofBacteriophage k DNA from Large—scale Cultures Using Proteinase K and SDS

Enzymes and Buffers

Proteinase K

Please see the entry on Proteinase K in Appendix 4‘

Restriction endonucleases

Gels

Agarose gel (0.7%) cast in 0.5x TBE, containing 0.5 pg/ml ethidium bromide <!>

Centrifuges and Rotors

Sorvall 55-34 rotor or equivalent

Special Equipment

Borosilicate Pasteur pipette (sealed) or Shepherd’s crook
Dialysis tubing, boiled

For preparation of dialysis tubing for use with DNA, please see Appendix 8.

Water bath preset to 56°C

Vectors and Bacterial Strains

Bacteriophage 7L particles in CsCI suspension
Purify as described in Protocol 8, 9, or 10 of this chapter.

METHOD
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Dialysis of Bacteriophage Suspension

1 . Transfer the prepared bacteriophage suspension to a section of dialysis tubing sealed at one end

with a knot or a plastic closure. Close the other end of the dialysis tube. Place the sealed tube in

a flask containing a lOOO—fold volume excess of dialysis buffer and a magnetic stir bar. Dialyze

the bacteriophage suspension for 1 hour at room temperature with slow stirring.

The purpose of this step is to reduce the concentration of CsCI in the preparation. Beautiful
Schlieren patterns caused by the rapid escape of cesium ions from the dialysis tube will appear
when the dialysis sac is dunked into the buffer.

2. Transfer the dialysis tube to a fresh flask of buffer and dialyze the bacteriophage suspension
for an additional hour.

3. Transfer the bacteriophage suspension into a polypropylene centrifuge tube.

The tube should not be more than one—third full.

4. T0 the dialyzed bacteriophage suspension, add 0.5 M EDTA (pH 8.0) to a final concentration
of 20 mM.

Extraction of Bacteriophage Particles

5. T0 the suspension, add proteinase K to a final concentration of 50 pg/ml.
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6.

10.

11.

Removal of CsCI

12.

13.

14.

15.

16.

Add SDS to a final concentration of 0.5%, and mix the solution by gently inverting the tube

several times.

The solution will change rapidly in appearance from a bluish suspension of bacteriophage parti~
cles to a clear solution containing viral DNA and the products of proteolysis of the viral coat pro~
teins.

Incubate the digestion mixture for 1 hour at 56“C and then cool the mixture to room tem—

perature.

Add an equal volume of equilibrated phenol to the digestion mixture, and mix the organic

and aqueous phases by gently inverting the tube several times until a complete emulsion has

formed.

Separate the phases by centrifugation at 3000g (5000 rpm in a Sorvall 85—34 rotor) for 5 min—

utes at room temperature. Use a wide—bore pipette to transfer the aqueous phase to a clean

tube (please see the information panel on MINIMIZING DAMAGE TO LARGE DNA MOLE-

CULES).

Extract the aqueous phase once with a 1:1 mixture of equilibrated phenol and chloroform.

Recover the aqueous phase as described above (Step 9), and repeat the extraction with an

equal volume of chloroform. For large-scale preparations, proceed to Step 12.

FOR SMALLER-SCALE QUANTITIES (BACTERIOPHAGE FROM 50- TO 100-ML CULTURES)

a. Recover the bacteriophage DNA by standard ethanol precipitation.

b. Store the solution for 30 minutes at room temperature.

The bacteriophage A DNA can usually be seen as a threadlike precipitate after addition of
ethanol, which can be plucked from the solution on the outside of a sealed tip of a borosiliv
cate Pasteur pipette or Shepherd’s crook.

c. Redissolve the DNA in an appropriate volume of TE (pH 7.6), and proceed to Step 14.

Transfer the aqueous phase to a dialysis sac.

Dialyze the preparation of bacteriophage DNA overnight at 4°C against three changes of a

lOOO—fold volume of TE (pH 8.0).

Measure the absorbance of the solution at 260 nm and calculate the concentration of the

DNA.

1 ODzm : 50 ug/ml ofdouble-stranded DNA. A single particle of bacteriophage contains ~5 x 10 ”
pg of DNA. The yield of bacteriophage DNA usually ranges from 500 11g to several mg per liter.
depending on the titer ofthe bacteriophage in the lysed culture.

Check the integrity of the DNA by analyzing aliquots (0.5 11g) that are undigested or have

been cleaved by appropriate restriction enzyme(s). Analyze the DNAs by electrophoresis

through a 0.7% agarose gel, using markers of an appropriate size.

Store the stock of bacteriophage DNA at 4°C.
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Protocol 12

Extraction of Bacteriophage k DNA from
Large-scale Cultures Using Formamide

 

FORMAMIDE MAY BE USED INSTEAD OF SDS/PROTEINASE K (please see Protocol 11) to remove the

bacteriophage coats from purified particles. Although not as effective, this method is somewhat

quicker to perform than the preceding method. Please see the information panel on MINIMIZING

DAMAGE TO lARGE DNA MOLECULES.

MATERIALS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 far components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

EDTA (0.5 M, pH 8.0)

Ethanol

Formamide, deionized < l >

NaCl (5 M)

TE (pH 8.0)

Tris-Cl (2 M, pH 8.5)

Enzymes and Buffers

Restriction endonuc/eases

Gels

Agarose gel (0.7%) cast in 0.5x TBE, containing 0.5 ug/ml ethidium bromide <!>

Special Equipment

Borosilicate Pasteur pipette (sealed) or Shepherd’s crook

Vectors and Bacterial Strains

Bacteriophage 1 particles
Purify as described in Protocol 9 or 10 ofthis chapter.

2.59
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METHOD
 

 

i
n

10.

. If necessary, remove CsCl from the preparation of bacteriophage particles as described in
Steps 1—4 of Protocol 11.

Measure the volume of the preparation of bacteriophage particles.

Add 0.1 volume of 2 M Tris (pH 8.5), 0.05 volume of 0.5 M EDTA (pH 8.0), and 1 volume of

deionized formamide. Incubate the solution for 30 minutes at 37°C.

During incubation, the milky suspension of bacteriophage particles clears to a transparent solu—
tion.

. Precipitate the bacteriophage 7» DNA by adding 1 volume (equal to the final volume in Step

3) of H20 and 6 volumes (each equal to the final volume in Step 3) of ethanol.

Hook the precipitate of bacteriophage A DNA onto the end of a sealed borosilicate Pasteur

pipette or Shepherd’s crook and transfer it to microfuge tube containing 70% ethanol.

. Collect the DNA pellet by brief centrifugation (10 seconds) in a microfuge.

Avoid lengthy centrifugation as this compacts the DNA, making it difficult to dissolve.

. Discard the supernatant and store the open tube on the bench for a few minutes to allow the

ethanol to evaporate. Redissolve the damp pellet of DNA in 300 pl of TE by tapping on the

side of the tube. Try to avoid vortexing.

This process can be lengthy. If the DNA proves difficult to dissolve, incubate the tube for 15 min—
utes at 50°C.

. Reprecipitate the DNA by adding 6 ul of 5 M NaCl and 750 pl of ethanol. Collect the precip-

itated DNA and redissolve it as described in Steps 6 and 7.

. Check the integrity of the DNA by analyzing aliquots (0.5 pg) that are undigested or have

been cleaved by appropriate restriction enzyme(s). Analyze the DNAs by electrophoresis

through a 0.7% agarose gel using markers of an appropriate size.

Store the stock of bacteriophage DNA at 4°C.



Protocol 13
 

Preparation of Bacteriophage k DNA
Cleaved with a Single Restriction Enzyme
for Use as a Cloning Vector

MATERIALS

IN SOME CASES, BACTERIOPHAGE A DNA CAN BE PREPARED for cloning by Simple digestion with

restriction enzymes. This option is viable only when using vectors that allow genetic selection of

recombinant bacteriophages carrying sequences of foreign DNA (e.g., the EMBL series, 12001,

XDASH, kZAP, and kgth). In such cases, it is not necessary to take steps to minimize the forma-

tion of nonrecombinant bacteriophages. However, when genetic selection of recombinant bacte—

riophages is not possible or is inefficient, biochemical and physical methods are used to reduce

the number of “empty” vectors in the recombinant population. These methods include physical

separation of the stuffer fragment from the vector arms, treatment of the digested vector DNA

with alkaline phosphatase to reduce the possibility of regenerating empty vector genomes by lig—

ation of left and right arms, and digestion of vectors with combinations of restriction enzymes

that will destroy the ability of the stuffer fragment to reinsert into the arms.

This protocol describes the preparation and characterization of bacteriophage A vector

DNA that is cleaved with a single restriction enzyme. Subsequent protocols describe the prepara—

tion of DNA cleaved with two restriction enzymes (Protocol 14) and treatment of vector DNA

with alkaline phosphatase (Protocol 15).

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

t“ ¢~wkww WA ‘

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

ATP (10 mM)

Omit ATP from Step 7 if the ligation buffer contains ATP.

Chloroform <!>

EDTA (0.5 M, pH 8.0)

Ethanol

Phenol:chloroform (1:1, v/v) <!>
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Sodium acetate (3 M, pH 7.0)

It is important to use a bolulloll 01" sodium acetate soluhon that has been equilibrated to pH 7.0 rather

than the more common pH 5.3. EDTA, which is used to remove divalent cations from the restriction

buffer After digestion, precipttates from solution at pH 5.3 when present at concentrations in excess of
5—H) m.\l.

SU(T()SE' gel-loading buffer
Please see 'l‘abte 54 in Chapter 5, Protocol 1.

TE (pH 7.6 and pH 8.0)

Enzymes and Buffers

Bacteriophage T4 DNA Iigase

Restriction cndonucleases with appropriate buffers

Gels

Agarose gel (0.7%) cast in 0.5>< TBE, containing 0.5 pg/m/ ethidium bromide <!>

Nucleic Acids and Oligonucleotides

Bacteriophage A DNA
Prepared as described in Protocol 11 or 12 of this chapter.

Special Equipment

Water bath preset to 68"C

Additional Reagents

Step 7 (part 6) of this protocol requires the reagents listed in Protocol 7 of this chapter.

Vectors and Bacterial Strains

Bacteriophage A packaging mixtures
Packaging mixtures may be purchased in a kit form from any of several commercial manufactures (e.g.,
Stratagene, Promega, and Life Technologies). Please see the information panel on IN VITRO PACKAG-
ING.

METHOD

1. Mix 25—50 pg ofbacteriophage A DNA with TE (pH 8.0) to give a final volume of 170 pl.

2. Add 20 pl of the appropriate 10x restriction enzyme buffer. Remove two aliquots, each con-

taining 0.2 pg of undigested bacteriophage A DNA. Store the aliquots of undigested DNA on
ice.

These aliquots of undigested DNA will be used as controls during the agarose gel electrophoresis
(Steps 4 and 7).

3. Add a threefold excess (75—150 units) of the appropriate restriction enzyme and incubate the

digestion mixture for 1 hour at the temperature recommended by the manufacturer.
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4. Cool the reaction to 0°C on ice. Remove another aliquot (0.2 pg). Incubate this aliquot and

one of the two aliquots of undigested DNA (Step 2 above) for 10 minutes at 68°C to disrupt

the cohesive termini of the bacteriophage DNA. Add a small amount (10 til) of sucrose gel—

loading buffer and immediately load the samples onto an 0.7% agarose gel.

If the restriction enzyme digestion is complete. then no DNA will migrate at the position ot. the
undigested control bands. Instead, two or more (depending on the number of cleavage sites in the

vector) smaller DNA fragments will be >een. Larefuliy examine the number and yield of these

smaller fragments to ensure that no partial digestion products are present.

This step is not as easy as it sounds. The left and right arms of bacteriophage 1 DNA carry com-
plementary termini 12 bases in length that can reanneal with one another. The resulting hydrogen—
bonded DNA species can be easily confused with uncleaved bacteriophage A DNA. For this reason,
it is important to load and run the gel immediately after the DNA samples have been removed from
the ()8“C water bath.

It‘digestion is incomplete, warm the reaction to the appropriate temperature, add more restriction
enzyme (50—100 units), and continue the incubation at the optimal temperature recommended by
the manufacturer.

5. When digestion is complete, add 0.5 M EDTA (pH 8.0) to a final concentration of 5 mM, and

extract the digestion mixture once with phenol:chloroform and once with chloroform

6. Recover the DNA from the aqueous phase by ethanol precipitation in the presence of 0.3 N1

sodium acetate (pH 7.0). Collect the precipitate by centrifuging at maximum speed for 2

minutes at 40C in a microfuge. Wash the pellet in 70% ethanol and redissolve the DNA in 100

pl of TE (pH 7.6). Determine the concentration by measuring absorbance at 260 rim.

7. Remove an aliquot of DNA (0.5 pg), and test for its ability to be ligated as follows:

a. Adjust the volume ofthe DNA solution to 17 pl with HZO.

b. Add 2 til of 10x ligation buffer and, if necessary, 1 pl of 10 mM ATP.

Some commercial ligase buffers contain ATP When using such buffers, the addition of ATP is
no longer required.

c. Remove 5 u] of the mixture prepared in Step b and store on ice.

d. Add 02—05 Weiss unit of bacteriophage T4 DNA ligase to the remainder of the mixture

(Step b), and incubate the reaction for 2 hours at 16°C.

e. Use a commercially available bacteriophage k packaging reaction (please see the infor-

mation panel on IN VITRO PACKAGING) to package 0.1 pg of the ligated and unligated

samples and 0.1 pg of the undigested vector DNA from Step 2. Determine the titer

(pfu/ml) of each packaged reaction as described in Protocol 1.

The background of plaques obtained after cleavage of bacteriophage k vectors at d single

restriction site is sometimes unacceptably high because ot‘the accumulation of mutants in the
original population that are resistant to cleavage with the restriction enzyme. This problem
can be reduced ifthe bacteriophage "A vector is plaque—purified frequently.

The packaging efficiency ofthe digested vector should increase by nearly three orders of mag—
nitude after ligation. The packaging efficiency of the ligated sample should be ~10"o of that
of undigested vector DNA.
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Protocol 14

Preparation of Bacteriophage K DNA
Cleaved with Two Restriction Enzymes
for Use as a Cloning Vector

R EPLACEMENT VECTORS, SUCH AS 73001, LDASH, THE EMBL series, and Charon 34, 35, and 40,

contain a series of restriction sites, arranged in opposite orientations, at each end of the central

stuffer fragment (Frischauf et al. 1983). In EMBL3A, for example, the order of restriction sites in

the left polycloning site is SalI-BamHI—ECORI and the order in the right polycloning site is EcoRI-
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Please see text for details.
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BamHI—Sall. Digestion of such a vector with both BamHI and EcoRI yields left and right arms
that carry BamHI termini, a stuffer fragment carrying EcoRI termini, and short segments of the
polycloning sites carrying EcoRI and BamHI termini (please see Figure 2-12). These segments can
easily be removed by differential precipitation with isopropanol or by spun column centrifuga—
tion (please see Appendix 8).

The arms can be efficiently ligated to target DNAs that carry termini compatible with
BamHI but are unable to ligate to EcoRI termini of the stuffer fragment. By suppressing ligation
to the stuffer fragment in this way, the proportion of nonrecombinant bacteriophages in cDNA
and genomic libraries can be decreased by two orders of magnitude. When this “biochemical
selection” is used in combination with a genetic selection (e.g., Spi), the proportion of nonre—
combinant bacteriophages can be reduced by a further IOO-fold. Hence, with many replacement
vectors, there is no need to remove the stuffer fragment or to purify the left and right arms by gel
electrophoresis or sucrose density centrifugation.

 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

ATP (10 mM)

Omit ATP from Step 10 ifthe ligation buffer contains ATP.

Chloroform <!>

Ethanol

Pheno/:Ch/oroform (1:1, v/v) <!>

Sodium acetate (3 M, pH 5.2)

Sucrose geI-loading buffer
Please see Table 5—4 in Chapter 5, Protocol 1.

TE (pH 76 and pH 8.0)

Enzymes and Buffers

Gels

Bacteriophage T4 DNA Iigase

Restriction endonucleases

Agarose gel (O.7%) cast in 0.5x TBE, containing 0.5 pg/ml ethidium bromide <!>

Nucleic Acids and Oligonucleotides

Bacteriophage k (replacement vector) DNA

Prepared as described in Protocol 11 or 12 ofthis chapter.

Special Equipment

Water bath preset to 68°C

Additional Reagents

Step 70 (part 6) of this protocol requires the reagents listed in Protocol 7 of this chapter.

Vectors and Bacterial Strains

Bacteriophage X packaging mixtures
Packaging mixtures may be purchased in kit form from any of several commercial manufacturers (e.g.,
Stratagene, Promega, Epicenter Technologies, and Life Technologies). Please see the information panel
on IN VITRO PACKAGING
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METHOD
 

1 . Mix 25—50 pg of bacteriophage A DNA purified from a replacement vector with TE (pH 8.0)

to give a final volume of 170 pl.

2. Add 20111 of one of the two appropriate 10x restriction enzyme buffers. Remove two aliquots,

each containing 0.2 pg of undigested bacteriophage 1 DNA. Store the aliquots of undigested
DNA on ice.

These aliquots of undigested DNA will be used as controls during the agarose gel electrophoresis
in Step 4 and in the test ligation in Step 10.

3 . Add a fourfold excess (100—200 units) ofone of the two appropriate restriction enzymes and incu-

bate the digestion mixture for 4 hours at the temperature recommended by the manufacturer.

4. Cool the reaction to 0°C on ice. Remove two aliquots (0.2 pg). Incubate one of these aliquots

(save the other for analysis in Step 10 below} and one of the two aliquots of undigested DNA

(Step 2 above) for 10 minutes at 68°C to disrupt the cohesive termini of the bacteriophage

DNA. Add a small amount (~10 pl) of sucrose gel—loading buffer and and immediately elec—

trophorese the samples through an 0.7% agarose gel.

11" the restriction enzyme digestion is complete, no DNA will migrate at the position of the undi—
gested control bands. Instead, three or more (depending on the number of cleavage sites in the vec—

tor) smaller DNA fragments will be seen. The number and yield of these smaller fragments should
be examined carefully to ensure that no partial digestion products are present.

5. Purify the DNA by extracting twice with phenolzchloroform and once with chloroform.

6. Recover the DNA by standard ethanol precipitation.

 

The quality of the library and the efficiency of cloning target DNAs depends on the effectiveness of diges—
tion with restriction enzymes in Steps 3 and 7. It is therefore worth investing some effort to make sure
that digestion has been complete. The efficiency of digestion can be monitored in several ways. The best
of these involves setting up a series of test reactions (Step 10 below) to compare the efficiency of pack-
aging digested and undigested vector DNAs, before and after ligation. If the number of nonrecombinant
bacteriophages is unacceptably high (>1O4 pfu/ng of cleaved vector DNA), then the digestion and analy-
sis should be repeated.

Alternatively, the biochemical methods outlined below can be used to measure the efficiency of
digestion. However, these surrogate assays are less satisfactory because they do not directly measure the
ability of the DNA preparation to perform as a vector.

o A small fraction of the product of the first digestion can be end-Iabeled (please see Chapter 9, Protocol
10 or 11); the radiolabel can then be used to monitor digestion by the second restriction enzyme. If
this method is used, it is important to Iigate the cohesive termini of the vector DNA before digestion
with the first restriction enzyme (please see Protocol 15). This ligation prevents incorporation of sig-
nificant amounts of radiolabel into the cohesive termini. After end-Iabeling/ add a small quantity of
the radioaetive DNA (0.01 —0.1 pg) to the bulk of the vector preparation. Digestion with the second
restriction enzyme should result in quantitative movement of the label from the large stuffer fragment
and arms into the small polycloning site; this movement can be readily monitored by gel elec-
trophoresis and autoradiography or phosphorimaging.

o PCRs can be set up using sets of primers that lie to the left and right of the target restriction sites
(please see Chapter 8, Protocol 1). Cleavage of the restriction sites will eliminate (or greatly reduce)
the PCR products. To obtain an estimate of the efficiency of cleavage, it is usually necessary to com-
pare the amount of amplified products generated in a series of PCRs containing different quantities
of undigested vector DNA and digested vector DNA.   
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Redissolve the DNA in TE (pH 8.0) at a concentration of 250 pg/ml. Add the appropriate 10x

restriction buffer and digest the DNA with the second restriction enzyme. Use a fourfold

excess of enzyme and incubate the reaction for 4 hours.

Purify the DNA by extracting twice with phenol:chloroform and once with chloroform.

Recover the DNA by standard ethanol precipitation.

Short fragments carrying the polycloning sites can be removed by isopropanol precipitation by
spin column chromatography (Appendix 8).

Redissolve the DNA in TE (pH 7.6) at a concentration of 300—500 pg/ml. Store an aliquot (0.2

pg) at —20°C.

To determine the effectiveness of the digestion procedure, set up trial ligation reactions using

0.2 pg of the vector digested with only the first enzyme (the aliquot set aside at Step 4 above)

and 0.2 pg of the final preparation (Step 9). Package equivalent amounts of DNA (0.1 pg)

from each ligation mixture and titrate the infectivity of the resulting bacteriophage particles.

a. Adjust the volumes of the two DNA solutions to 17 pl with HlO.

b. Add to each sample 2 pl of 10x ligation buffer and, if necessary, 1 pl of 10 mM ATP.

Omit ATP if using a commercial ligase buffer that contains ATP.

c. Remove lo-pl aliquots of each of the mixtures prepared in Step b and store the aliquots

on ice.

d. Add O.2—0.5 Weiss units of bacteriophage T4 DNA ligase to the remainder of the mixtures

(Step b) and incubate the reactions for 2 hours at 16°C.

e. Use a commercial bacteriophage 7t packaging reaction (please see the infomation panel

on IN VITRO PACKAGING) to package 0.1 pg of the ligated and unligated samples and 0.1

pg of the undigested vector DNA from Step 2. Determine the titer (pfu/ml) of each pack—

aged reaction as described in Protocol 1.

The background of plaques obtained after cleavage of bacteriophage A vectors at a restriction
site is sometimes unacceptably high because of the accumulation of mutants in the original
population that cannot be cleaved with the restriction enzyme. This problem can be reduced
if the bacteriophage A vector is plaque—purified frequently.

The packaging efficiency of the vector digested with only one enzyme should increase by
nearly three orders of magnitude after ligation. The packaging efficiency of the ligated sam—
ple should be ~10% of that of undigested vector DNA.

The efficiency of packaging of the doubly digested vector should be two to three orders of
magnitude less than that of the vector DNA digested with only one restriction enzyme.  



Protocol 15
 

Alkaline Phosphatase Treatment of
Bacteriophage 7» Vector DNA

MATERIALS

R EMOVAL OF THE 5 '-PHOSPHATE GROUPS FROM THE INTERNAL TERMINI of bacteriophage k arms

can effectively prevent self—ligation and reduce the background of nonrecombinant bacteriophages.

This method is used to suppress the background of nonrecombinants when using insertion vectors

that contain a single site for cloning (e.g.,)tgt10, thl 1. and XORFS) or when using an insertion vec

tor with a polycloning site (e.g., th18—23 and KZAP) and cutting with a single enzyme.

The procedure also is effective when ligation to a stuffer fragment cannot be suppressed by

physical procedures (please see this protocol and Protocols 13 and 14]. It is very important that

the cohesive (cos) termini of the vector be reannealed and ligated together before treatment with

alkaline phosphatase. Unless the cos termini are protected in this way, the ability of the vector

arms to form concatemers with target DNAS will be greatly reduced or eliminated, with disastrous

effects on the efficiency of packaging.

 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions
Please see Appendix 1 for components of stock solutions, buffers, and reagents.

Dilute stock solutions to the appropriate concentrations.

}. Annealing buffer
100 mM Tr1s~(Z] 1pH 7.6)

10 mM MgCl3

ATP (10 mM;

Omit ATP from Step 2 ifthe ligation buffer contains ATP.

Chloroform <!>

EDTA (0.5 M, pH 8.0)

Ethanol

Phenol:ch/oroform (1:1, v/v) <!>

SDS (1()% w/v)

Sodium acetate (3 M, pH 5.2 and pH 7.0)

It is important to use a sodium acetate solution equilibrated to pH 7.0 at Step 8 in this protocol, rather

than the more common pH 5.3 solution. EDTA, which is used to inactivate the restriction enzyme after

digestion, precipitates from solution at pH 5.3 when present at concentrations in excess of 5—10 mM.

TE (pH 7.6 and pH 8.0)

Tris—C/ (70 mM, pH 8.3)

q mfilmmm. -_..

 



Protocol 15: Alkaline Phosphatase Treatment ofBat'teriophagc A Vermr DNA 2.69

Enzymes and Buffers

Bacteriophage T4 DNA ligase

Calf Intestinal alkaline phosphatase
(Iall‘ intestinal alkaline phosphatase (CIP) may be purchased as an aqueous solution; -().()1 unit 01C“)

will remove the terminal phosphates from 1 pmole of 5' termini ofbacteritwhage k DNA 1 1 pmolc 01‘5’
termini 01a 40-kb linear DNA is 16 pg).

Alkaline phosphatase enzymes from bacterial or crustacean sources can be substituted for (111). For a dis

cussion (m the re1ative merits of these enzymes, please see Chapter 9, Protocol 13.

70x Dephosphorylation buffer
I()()111MTris-(il(pH 8.3)

10 m\1[n(fil:

1011151 Mg(fil_,

Proteihase K

Please see the entry on Proteinase K in Appendix 4.

Restriction endonucleases

Nucleic Acids and Oligonucleotides

Special Equipment

Dog toe-nail clippers or Wide-bore pipette tips

Water baths preset to 16°C, 42°C 56°C, and 68°C

Bacteriophage A DNA
Prepared as described in Protocol 1 1 or 12 ofthis chapter.

Additional Reagents

Step 73 of this protocol requires the reagents listed in Protocols 7 and 74 of this chapter.

Vectors and Bacterial Strains

MET_FLQD

Bacteriophage k packaging mixtures
Packaging mixtures may he purchased in kit form from any of several commercial mamutllcturers (e.g,,
Stratagenc, Promega7 and Life Technologies). For ligation conditions, please see the intbmmtion panel
on IN VITRO PACKAGING

. Dissolve 50—60 pg of DNA of the appropriate bacteriophage A vector in a final volume of 150

pl of K annealing buffer. Incubate the DNA for 1 hour at 42°C to allow the ends of the viral

DNA containing the cos sites to anneal.

. Add 20 pl of 10x ligase buffer, 20 pl of 10 mM ATP (if necessary), and O.2—0.5 Weiss unit of

bacteriophage T4 DNA ligase/ug of DNA. Incubate the reaction for 1—2 hours at 16°C.

Omit AI‘P if using a commercial ligase buffer that contains ATP.

. Extract the ligation reaction with phen01:chloroform.

During ligation, the A DNA will form closed circles and long concatemers and become sensitive to
shearing (please see the mformation pane1 on MINIMlZING DAMAGE TO LARGE DNA MOL-

ECULES). Handle the ligated DNA carefully! Do not vortex. Carry out the phenolzchlorotbrm
extraction by gently inverting the tube to elicit emulsion formation.

. Separate the organic and aqueous phases by centrifugation for 1 minute at room temperature

in a microt‘uge. Remove the aqueous phase containing the viral DNA to a new tube using an
automatic pipetting device equipped with a disposable tip that has been snipped with dog
toe-nail clippers to increase the diameter of the hole.
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10.

11.

12.

13.

Recover the DNA by standard ethanol precipitation. Rinse the pellet with 1 mi of 70%

ethanol and recentrifuge for 2 minutes. Remove the 70% ethanol supernatant and store the

open tube on the bench to allow the ethanol to evaporate. Redissolve the damp pellet of DNA

in 150111 ofTE (pH 8.0).

Check that the ligation of (05 termini has succeeded by heating an aliquot (0.2 pg) of the ligated
DNA for 5 minutes at 68”(I in TE. (Ihill the INA in ice water and then eiectrophorese the 1)1\A

immediately through a 0.6% agarose gel. As controlc, use (i) bacteriophage A DNA that hats been

heated but not ligated and (ii) bacteriophage A DNA that has been ligated but not heated.

Ligation should convert the bacteriophage A DNA to Closed circular and concatenated forms that
show no change in migration after heating. The unliguted, heated control DNA should migrate as

A lineal molecule, ~50 kb in length.

Digest the ligated DNA with one or more restriction enzymes as described in Protocol 13 or 14.

Repeat Steps 3 and 4 (above).

Add 0.1 volume 0f3 M sodium acetate (pH 7.0) and 2 volumes of ethanol. Recover the pre—

cipitate of DNA by centrifugation for 10 minutes at 40C in a microfuge. Rinse the pellet with

1 ml of 70% ethanol and recentrifuge for 2 minutes. Remove the 70% ethanol supernatant

and store the open tube on the bench to allow the ethanol to evaporate.

Dissolve the digested and ethanol—precipitated DNA at a concentration of 100 pg/ml in 10

mM Tris—Cl (pH 8.3), and store an aliquot (0.2 11g) on ice. Treat the remainder of the DNA

with an excess ofCIP for 1 hour at 37°C as follows:

a. Add 0.1 volume of 10x dephosphorylation buffer and 0.01 unit of (ZIP for every 10 pg of

bacteriophage 7t DNA.

b. Mix, and incubate the reaction for 30 minutes at 37°C. Add a second aliquot of CIP and

continue incubation for an additional 30 minutes.

Blunt and recessed 5' termini are poor substrates for CiP. To improve the efficiency of

dephosphorylation of termini of this type, carry out the second half of the incubation £11
55”C. At this temperature, the ends of double—stranded DNA molecules tend to breathe and

fray, thereby allowing the enzyme to access recessed 5'-phosphate groups.

Add SDS and EDTA (pH 8.0) to final concentrations of 0.5% and 5 mM, respectively. Mix the

solution by gentle vortexng and add proteinase K to a final concentration of 100 ug/ml.

Incubate the mixture for 30 minutes at 56°C.

Proteinase K is used to digest CIP, which must be completely removed if the subsequent ligation
reactions‘ are to work efficiently. Alternatively, CIP (or shrimp alkaline phosphatdae, piCdbC bt't.‘

Chapter 9, Protocol 13) can be inactivated by heating the reaction (at the end of Step 9) to 65”(I
for 1 hour in the presence ofS mM EDTA and then extracting the reaction mixture once Wllh phe—
nolzchloroform.

Cool the reaction mixture to room temperature, and purify the bacteriophage A DNA by

extracting once with phenolzchloroform and once with chloroform. Recover the DNA by

ethanol precipitation in the presence of0.3 M sodium acetate (pH 7.0).

Dissolve the DNA in TE (pH 7.6) at a concentration of 300—500 ug/mi. Store the dephos‘

phorylated DNA at ~20°C in aliquots of 1—5 0g.

Measure the efficiency of dephosphorylation by ligating a portion (0.2 pg) of the digested

vector before and after treatment with CIP (for ligation conditions, please see Protocol 13).

Package the DNA into bacteriophage particles ( for packaging conditions, please see Protocol
14), and titrate the infectivity.

Phosphatase treatment should reduce ligation and the efficiency of packaging of the arms by two
to three orders of magnitude.

 



Protocol 16
 

Purification of Bacteriophage k Arms:
Centrifugation through Sucrose Density
Gradients

UNLIKE INSERTION VECTORS, THE GENOMES OF REPLACEMENT VECTORS contain a central stuffer

segment that must be removed to accommodate segments of foreign DNA. This process is gener-

ally referred to as “preparation of k arms” and involves restriction endonuclease digestion of A

DNA to separate the two arms from the stuffer fragment, followed by purification of the arms.

Two methods are commonly used to purify arms: sucrose density gradient centrifugation

(described here) and centrifugation through NaCl density gradients. Although the latter proce—

dure is quicker, the arms are sometimes contaminated by small amounts of staffer fragment, per—

haps because the resolving power of sodium chloride gradients is limited. Ethidium bromide, at

a concentration of 2 ug/ml, can be included in sucrose or NaCl density gradients. The positions

of the different species of DNA within the gradient can then be determined visually. With prac~

tice, it is possible to pool those fractions that contain the annealed arms without prior analysis by

agarose gel electrophoresis. In some cases, for example, if the restriction endonuclease digested

ends of the vector are to be treated with phosphatase, it is desirable to ligate the cohesive termini

of vector DNA before digesting with restriction endonucleases. The accompanying panel on LIG-

ATION FlRST (see Method) describes the series of steps required to perform the preliminary liga—

tion.

Bacteriophage ?t arms can also can be purified by preparative electrophoresis through 0.5%

agarose gels. In general, however, the yield of DNA obtained by gel electrophoresis is lower than

that obtained by density gradient centrifugation.

Purified arms of the most popular vectors (e.g., EMBL3 and EMBL4, kgth, kgtl 1, lFixll,

MJASH, and KZAP) are available from commercial sources. These are invaluable if something

goes wrong or when cloning in bacteriophage l for the first time, It may also be less expensive to

use commercial arms rather than domestically produced reagents for the occasional small—scale

cloning project, for example, subcloning from individual bacterial or yeast artificial chromo~

somes. However, ifthe arms are to be used regularly or for the construction of libraries, it is more

economical to prepare them by density gradient centrifugation.

This method for purification of bacteriophage 7» arms through sucrose density gradients is

derived From Maniatis et al. (1978), and it can be used to prepare the arms of any bacteriophage

A vector.

2.71
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MATERIALS

rioplmge ). and Its Vectors

 

CAUTION: Please see Appendix 12 for appropriate handling Of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

EDTA (0.5 M/ pH 8.0)

Ethanol

MgC/J (7 M)

NaCl (1 M)
n-butdnol <!>

Sodium acetate (3 M, pH 5.2)
Sucrose gel-loading buffer

Please see Table 54 in Chapter 5, Protocol 1.

TE (pH 7.6 and pH 8.0)

Gels

Agarose gel (0.5"0 and O.7%) cast in O.5>< TBE, containing 0.5 ug/ml ethidium bromide <!>

Aga

Please see Step 3.

rose gel (0.500, 75 mm thick), cast in O.5>< TBE, containing 0.5 pg/ml ethidium bromide
Please See Step 7,

Nucleic Acids and Oligonucleotides

Bacteriophage A DNA
Prepared as described in Protocol 1 l or 12 ofthis chapter.

Centrifuges and Rotors

Beckman 5W28 rotor or equivalent, With clear centrifuge tubes, 25 x 89 mm

(e.g., Beckman SW28 tubes or equivalent)

Special Equipment

Dialysis tubing, boiled

For preparation of dialysis tubing for use with DNA. please see Appendix 8.

Hypodermic needle (21 gauge)
Large-bore tips

Sucrose gradients
Prepare two sucrose solutions, one containing 10% (w/v) sucrose and another containing 40“/o (w/v)

sucrose in a buffer of] M NaCI7 20 m.\l ‘l’ris—Cl (pH 8.0), and 5 mM EDTA (pH 8.0). Sterilize the two solu—

tions by filtration through 0.22—pm nitrocellulose filters. The gradients are prepared as described in Step 1.

Afternatively, linear sucrose gradients can be formed bydiffusion (Brakke 1958). Many investigators pre—
fer to use this method when large numbers of gradients are required. Four sterile sucrose solutions are
required (100/0, 20%, 3096, and 40% [w/v] sucrose) in 1 M NaCl, 20 m.\l Tris»Cl (pH 8.0), and 5 mM

EDTA (pH 8.0). To form a 38»m] gradient in a Beckman SW28 centrifuge tube (or equivalent), 9.5 m] of
each of the four sucrose solutions is successively layered on top of each other. Most investigators prefer
to place the 40% sucrose solution in the bottom of the tube and then to overlay carefully with the three
renmining solutions in order of decreasing density: 30%, 20%, and finally 10% sucrose. However, the
gradients can also be formed by placmg the least dense sucrose solution (10%) in the bottom of the tube

and underlaying with progressively more dense sucrose solutions. Allow the step gradients to stand
undisturbed for 15—10 hours at room temperature. Place each gradient in a bath of ice water to cool for
15 minutes before centril'ugalion.

Water baths preset to 42”C and 68“C

Additional Reagents

Step 2 of this protocol requires the reagents listed in Protocol 13 or 74 of this chapter.

1 m- mw —- - » mmmm—whw—mk7,
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7METHOD

 

LIGATION FIRST

This method serves as an optional preliminary sequence of steps that may be performed before Step 2 (restric-
‘ tion endonuclease digestion) of the protocol for purifying bacteriophage 2 arms. In this “Ligation First” method,
the cohesive termini of the vector DNA are ligated together before digesting with restriction enzyme(s). The
resulting concatemers are then cleaved by the appropriate restriction enzymes into left and right arms (which
remain joined together) and the stuffer fragment. Ligation, followed by restriction endonuclease digestion,
ensures that a majority of the purified vector has intact cos sites. These, in turn, increase the efficiency of pack-
aging in the subsequent cloning steps.

1. Incubate the undigested bacteriophage 7. DNA for1 hour at 42°C in 150 pl of 0.1 M Tris-Cl (pH 7.6), 10

 

mM MgC12 to allow the cohesive termini to anneal.

2. Add 20 pl of 10x ligation buffer (please see Protocol 13), 20 ul of 10 mM ATP (if necessary), and 0.2—0.5
Weiss unit of bacteriophage T4 DNA Iigase/ug of DNA. Incubate the reaction mixture for 1—2 hours at 16°C.

3. Extract the ligated DNA once with phenolzchloroform.

During ligation, the bacteriophage A DNA forms closed circles and long concatemers and will be more sensitive to
shearing. Handle the ligated DNA carefully! Do not vortex. Carry out the phenolzchloroform extraction by gently
inverting the tube to emulsify the two phases.

4. Centrifuge the emulsion for 1 minute at room temperature to separate the organic and aqueous phases.
Transfer the aqueous phase containing the viral DNA to a new tube using an automatic pipetting device
equipped with a Iarge-bore tip.

5. Recover the DNA by standard ethanol precipitation.

6. Proceed with Step 2 of this protocol to digest the concatenated DNA with the appropriate restriction
enzymes and fractionate the cleaved DNA by centrifugation through a sucrose gradient.

 

Preparation of Sucrose Gradients

1. Prepare one or more 38-m1 (10—40% w/v) sucrose gradients in clear ultracentrifuge tubes.

 
Store the gradients for 1—2 hours at 4°C in a quiet place until they are needed (Step 4).

Continuous sucrose density gradients are best made in a gradient-making device such as those sup-

plied by Bio—Rad or Techware. Each gradient should take 10—20 minutes to pour at room temper—

ature using a gradient maker. Each gradient can accommodate 60—75 ug of digested bacteriophage
A DNA.

2. Digest and analyze ~6O pg of the bacteriophage 7» vector DNA as described in Protocol 13 or

14. After standard ethanol precipitation, dissolve the DNA in TE (pH 7.6) at a concentration

of 150 ug/ml. Set aside an aliquot (0.2 pg) for use as an electrophoretic control (Step 7).

It is sometimes possible to digest the vector DNA with a restriction enzyme that cleaves within the
stuffer fragment but not the arms. The aims of this strategy are both to reduce the size ofthe stuffer
fragment(s) and thereby improve the separation of the stuffer from the arms and to produce ter-
mini that are incompatible with those of the arms. To determine whether this strategy can be used,
consult a description of the vector.

If the vector arms have been ligated first (please see the panel on LIGATION FIRST), proceed to
Step 4.

. Add MgCl2 (1 M) to a final concentration of 10 mM, and incubate the solution of bacterio—
phage DNA for 1 hour at 42°C to allow the cohesive termini of bacteriophage A DNA to
anneal. Analyze an aliquot (0.2 ug) by electrophoresis through an 0.7% agarose gel to deter-
mine whether annealing has occurred.

Use as markers 0.2 pg of intact bacteriophage A DNA (Protocol 11 or 12). and an aliquot (0.2 pg)
ot‘the annealed DNA that has been heated to 68°C for 10 minutes to melt the cohesive termini,
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4. Load onto each gradient no more than 75 pg of annealed, digested bacteriophage k DNA in
a volume of 500 pl 01‘ less.

More DNA can cause the gradient to be overloaded and lead to poor separation of the stuffer frag—
ments from the arms.

5. Centrifuge the gradients at 120,000g (26,000 rpm in a Beckman SW28 rotor) for 24 hours at
15°C.

6. Collect O‘S-ml fractions through a 21-gauge needle inserted through the bottom of the cen—

trifuge tube.

7. Take two 15'111 aliquots from every third fraction and dilute each with 35 pl of H30. Add 8 pl

of sucrose gel—loading buffer, heat one aliquot from each fraction to 68°C for 5 minutes, and
leave the second aliquot untreated. Analyze all of the samples by electrophoresis through a

thick 0.5% agarose gel. Use as markers intact bacteriophage k DNA and the aliquot Of digest-

ed DNA set aside in Step 2.

Adjust the sucrose and salt concentrations ofthe markers to match those ofthe samples; otherwise,
their electrophoretic mobilities will not be comparable.

The annealed arms migrate through the 0.5% agarose gel at a rate that is usually indistinguishable

from that of intact bacteriophage ). DNA. Do not run the analytical gels at high voltage or in elec-
trophoresis buffers of high electrical resistance: Overheating melts the cohesive termini of bacte—
riophage A DNA during electrophoresis.

8. After photographing the gel, locate and pool the fractions that contain the annealed arms

(Figure 2-13).

Be careful not to include fractions that are visibly contaminated with undigested bacteriophage X
DNA or fractions that contain significant quantities of unannealed left or right arms or stuffer
fragmentts).

l. control 1 4 7 10 13 16 19 22 25 28 31

A DNA

FIGURE 2-13 Preparation of the Arms of Bacteriophage A DNA by Sucrose Gradient
Centrifugation
 

In the experiment depicted here, the DNA of bacteriophage A vector Charon 28 was digested with BamHI,
and centrifuged through a 10—40% linear sucrose gradient, which was then fractionated as described in
the protocol. Aliquots from every third fraction were heated to 68°C for 5 minutes and then prepared for
electrophoresis and analyzed on a 0.5% agarose gel. The positions of the left arm (23.5 kb), right arm (9
kb), “stuffer” fragments 16.5 kb), and undigested x DNA are indicated. Fractions 1—1 6 containing the arms
were pooled
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10.

11.

12.

13.

Dialyze the pooled fractions against a IOOO—fold excess of TE (pH 8.0) for 12—16 hours at 4°C,

with at least one change of buffer.

Be sure to allow for a two- to threefold increase in volume during dialysis.

Alternatively, ifthe volume of the pooled sample is small, the DNA can be precipitated with ethanol
without prior dialysis by diluting the sample with TE (pH 76) so that the concentration of sucrose
IS reduced to ~10%. In this case, if ethidium bromide was included in the density gradients, extract
the purified arms twice with isoamyl alcohol to remove residual dye from the DNA.

Extract the dialyzed sample several times with n—butanol to reduce its volume to less than 3
ml.

Recover the dialyzed DNA by standard ethanol precipitation.

Dissolve the DNA in TE (pH 7.6) at a concentration of 300—500 ug/ml.

Measure the concentration of the DNA spectrophotometrically (1 OD260 : ~50 pg/ml), and
analyze an aliquot by electrophoresis through a 0.5% agarose gel to assess its purity. Store the
DNA at —200C in aliquots of 1—5 pg.
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Partial Digestion of Eukaryotic DNA for
Use in Genomic Libraries: Pilot Reactions

HIGH-MOLECULAR-WEIGHT DNA CAN BE FRAGMENTED in a quasi-random fashion, irrespective

of its base composition and sequence, by hydrodynamic shearing (please see Table 12—1 in

Chapter 12, Protocol 1). However, DNA prepared in this way requires extensive enzymatic manip—

ulations (repair of termini, methylation, ligation to linkers, digestion of linkers) to protect inter—

nal restriction sites and to generate cohesive termini compatible with those of the vectors used to

generate genomic DNA libraries (Maniatis et al. 1978). On the other hand, partial digestion with

restriction enzymes that recognize frequently occurring tetranudeotide sequences within eukary—

otic DNA yields a population of fragments that is close enough to random for many purposes and

yet can be used without further manipulation to generate genomic libraries.

The following are four methods commonly used for partial digestion of high—molecular—

weight DNA in solution:

0 varying the concentration of the enzyme

0 varying the length of the incubation

0 limiting the concentration of Mg2+ (Albertsen et al. 1990)

0 protecting a subset of restriction sites with the cognate methylase (Hoheisel et al. 1989)

The first of these methods is the simplest to set up and, in our hands, the most reproducible

The conditions for partial digestion are established empirically in pilot experiments presented in

this protocol, whose intent is to maximize the yield of fragments of a size appropriate for inser—

tion into a vector. The aim of these smaH—scale reactions is to determine the amount of enzyme

required to reduce the modal size of the DNA to 20—25 kb (when bacteriophage k is used as a vec-

tor) or ~45 kb (for construction of libraries in cosmids). The optimum amount of enzyme nec-

essary will vary for each batch of enzyme and preparation of DNA. On the basis of the results

obtained from the pilot experiments, large-scale preparative reactions are set up, each containing

slightly different concentrations of restriction enzyme (Protocol 18).

2.76
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To construct a genomic library, the average length of the starting genomic DNA should be at least eight times
the capat'ity Of the vector. This size range ensures that the majority of DNA molecules created by partial diges-
tion with restriction enzyme(s) are derived from internal segments of the high—molecular-weight DNA and
therefore carry termini that are compatible with those of the vector arms. Methods to isolate genomic DNA of
the required size are presented in Chapter 6, Protocols 7 and 2. The size of the genomic DNA before diges-
tion should be checked by pulsed-field electrophoresis or by conventional electrophoresis through a 0.7%
agarose gel, using as markers oligomers of bacteriophage A DNA. These can be either obtained commercially
or generated in the laboratory.

Before using a preparation of genomic DNA, it is a good idea to set up a mock enzyme digestion that
includes genomic DNA and 1x restriction enzyme buffer, but no enzyme. Incubate the solution for 1—2 hours
at the optimum digestion temperature for the particular enzyme and then examine the DNA by electrophore-
sis through a 0.5% agarose gel or by pulsed-field gel electrophoresis. Compare the mock-digested DNA to a
sample of DNA that has been incubated in TE for the same period of time and to a sample not subjected to
incubation. There should be no difference in the size of the DNA present in the three samples. If degradation
has occurred in the sample incubated in restriction enzyme buffer, then the starting DNA is probably contam-
inated with a nonspecific DNase that is activated by the presence of the Mgz‘ ions in the buffer. This type of
contaminant can be removed by gentle extraction with phenol:ch|oroform and dialysis against several changes
of TE (pH 7.6).   
 

MATERIALS
 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Sucrose gel-loading buffer
Please see Table 5—4 in Chapter 5, Protocol 1.

Tris-C/ (10 mM, pH 8.0)

Enzymes and Buffers

Restriction endonuc/eases
The best results are obtained if the same batch of 10x buffer is used in both the pilot reactions and the
largescale reaction.

Gels

Agarose gel (0.600) cast in 0.5>< TBE, containing 0.5 ng/m/ ethidium bromide <!>
or

Agarose gel for pulsed-field gel electrophoresis
Please see Step 8. For information on pulsedvfield gel electrophoresis, please see Chapter 5,

Nucleic Acids and Oligonucleotides

Genomic DNA, high molecular weight

Oligomers of bacteriophage A DNA and plasmids
Use as DNA size standards during gel electrophoresis. Please see Appendix 6.

Special Equipment

Capillary tube, sealed
Dialysis tubing, boiled

For preparation ofdialysis tubing for use with DNA, please see Appendix 8.

Water bath preset to 70”C

Wide—bore pipette tips  
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METHOD
 

1 . Set up pilot reactions using the same batch of genomic DNA that will be used to prepare frag-

ments for cloning.

a. Dilute 30 ug ofhigh-molecular—weight eukaryotic DNA to 900 111 with 10 mM Tristl (pH

8.0) and add 100 111 of the appropriate 10x restriction enzyme buffer.

b. Use a sealed glass capillary to mix the solution gently. This mixing ensures that the high-

molecular—weight DNA is distributed evenly throughout the restriction enzyme buffer.

c. After mixing, store the diluted DNA for 1 hour at room temperature to allow any resid-

ua] clumps of DNA to disperse (please also see the note to Step 8, below).

If the concentration of the high-moleculdr-weight DNA is low. it is best to increase the vol—
ume of the pilot reactions and concentrate the DNA after digestion by standard ethanol pre—
cipitation. This approach minimizes the possibility of shearing the high-moleculamveight
DNA, which can occur if it is concentrated before digestion. Each pilot reaction should con»
tain at 1east 1 pg of DNA to allow the heterogeneous products of digestion to be detected by
staining with ethidium bromide.

2. Label a series of microfuge tubes 1 through 10. Use a wide—bore glass capillary or disposable

plastic pipette tip to transfer 60 pl of the DNA solution to a microfuge tube (Tube 1). Transfer

30 pl of the DNA solution to each of nine additional labeled microfuge tubes. Incubate the

tubes on ice.

3. Add 2 units of the appropriate restriction enzyme to Tube 1.

Use a sealed glass capillary to mix the restriction] enzyme with the DNA. Do not allow the temper—

ature oi" the reaction to rise above 4°C.

4. Use a fresh pipette tip to transfer 30 pl of the reaction from Tube 1 to the next tube in the

series. Mix as before, and continue transferring the reaction to successive tubes. Do not

add anything to the tenth tube (the no enzyme control), but discard 30 111 from the ninth

tube.

5. Incubate the reactions for 1 hour at 37°C.

6. Inactivate the restriction enzyme by heating the reactions to 70°C for 15 minutes.

For some enzymes, it is necessary to heat the reaction to 80°C for 20 minutes. Check the product

documentation in the manufacturer’s catalog or Web site.

7. Cool the reactions to room temperature and add the appropriate amount of sucrose gel-load-

ing buffer.

Use 21 sealed glass capillary to mix the solutions gently.

8. Use wide-bore plastic pipette tip or a disposable wide-bore glass capillary to transfer the solu—
tions to the wells of a 0.6% agarose gel or, even better, to the lanes of an agarose gel for

pulsed-field electrophoresis (please see Chapter 5). Perform electrophoresis.

When separating the partial digestion products by agarose gel electrophoresis, it is essential to run
the gel under conditions of maximum resolution. Use the same batch of buffer to cast the gel and
to tilt the gel tank prior to electrophoresis. The gel should be run slowly (<1 Wait) at 4"(3 to pre
vent smearing of the fragments of DNA. Occasionally, problems arise during loading of the gel
because the DNA solution will not sink to the bottom of the well. This floating occurs when very
high-molecular-Weight DNA is present in the preparation. To minimize the problem, make sure
that the DNA is homogeneously dispersed and load the samples very slowly into the wells of the
gel. After loading, allow the gel to stand for a few minutes so that the DNA can diffuse evenly
throughout the wells.
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9. (Iompare the size of the digested eukaryotic DNA with that of DNA standards composed of
oligomers of bacteriophage A DNA and plasmids. Identify the partial digestion conditions
that result in a majority of the genomic DNA migrating in the desired size range.

Before partial digestion of genomic DNA with the desired It‘btl iction eiuyme, there should be no
low—molecularwcight DNA detectable in the preparation. With increasing time of digestion or
increasing amounts of restriction enzyme, the modal size of DNA should decrease monotonically,
ie, there should be no residual material at the top of the gel and no sign of a resistant fraction of
DNA. Optimal conditions ot‘digestion should yield a population of DNA molecules that migrates
as a fairly compact hand ofthe desired size. Ifthc DNA smears into the lower part of the gel, dn
not proceed further. It is likely that the DNA has been asynchronously digested by the restriction
enzyme, with some molecules in the starting population being cleaved more frequently than 0th
01‘s. This phenomenon can occur if the restriction buffer and enzyme are not distributed homogeA
neously throughout the DNA solution at the start of the reaction. Clumps of DNA are relatively
Inaccessibic to restriction enzymes and can be digested only from the outside. Unless the DNA is
evenly dispersed, the rate ofdigestitm cannot be predicted or controlled. One solutitm to this prob—
lem is to dialyzc the DNA to he used for the pilot and large—scale digests for several hours against
11 2()—It)ld excess of the appropriate 1x restriction enzyme buffer, Alternatively, allow the DNA to
stand for several hours at 4°C after dilution and addition of 10x restriction enzyme buffer. Gently
stir the DNA solution from time to time using a sealed glass capillary tube.

w . *-.~v<~r———A- FA- ,, ,.A,,_“__



Protocol 18
 

Partial Digestion of Eukaryotic DNA
for Use in Genomic Libraries:
Preparative Reactions

 

HIGH-MOLECULAR-WEIGHT DNA CAN BE FRAGMENTED by partial digestion with restriction

enzymes. (in particular circumstances, it may be desirable to perform a complete digestion of

the DNA; for further discussion, please see the panel on CLONING SPECIFIC FRAGMENTS OF

GENOMIC DNA.) The appropriate conditions for partial digestion are established in pilot exper—

iments (please see Protocol 17). The results of the pilot experiments determine the conditions

for three large—scale reactions for preparing genomic DNA for cloning, presented here. The reac—

tions utilize the results generated in Protocol 17 as a starting point and make small adjustments

in the ratio of enzyme to DNA substrate around the empirically determined optimum.

Bracketing the conditions that are predicted to work well offers some insurance against prob-

lems that can arise during scaie—up of pilot experiments. Nevertheless, it is important to ensure

that the conditions for the large-scale digestion are as identical as possible to those used in the

pilot experiment in Protocol 17. After preparative digestion, the products ofthe large—scaie par—

tiai digestion are fractionated by sucrose gradient centrifugation, and the fragments of the

desired size are recovered.

 

CLONlNG SPECIFIC FRAGMENTS OF GENOMIC DNA

in some cases, the size of the target DNA fragment in a genomic DNA sample is known. For example, a restric-
tion fragment of a known size may be required to fill a gap in a cloned region, for constructing a knock-out
vecton or for isolating a grossly rearranged allele of a target gene. In these situations, enriching the population
of genomic DNA for fragments in the desired size range decreases the amount of screening of recombinants
and increases the chance of isolating the desired clone. The protocol for partial purification is identical to that
described above except that the genomic DNA is subject to complete digestion with the restriction enzyme
instead of a partial digestion, Before sucrose gradient fractionation, the digested DNA can be subjected to
Southern blotting (if an appropriate probe is available) to ensure that the digest is complete. In addition, if a
probe is available, a Southern blot of the agarose gel used to analyze fractions isolated from the sucrose gra-
dient (Step 5) can identify those containing the highest concentration of the target fragment. Thereafter, the

pooled fractions can be dialyzed and the DNA recovered by standard ethanol precipitation before ligation into
an approprlate vector.
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CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Ammonium acetate (10 M)

Ethanol

n—butano/ <!>

Phenol:chloroform (1:7, v/v) <!>

Sodium acetate (3 M, PH 5.2)

Sucrose gel-load/ng buffer
Please see Table 5—4 in Chapter 5, Protocol I,

TE (pH 8.0)

Tris—CI (70 m/vl, pH 8.0)

Enzymes and Buffers

Gels

Restriction endonucleases
The best results are obtained if the same batch of 10x buffer is used in both the pilot reactions and tho
larguscalc reaction.

Agarose gel

Please see Step 2.

Agarose gel (0.6"o) cast in 0.5>< TBE, containing 0.5 ug/m/ ethidium bromide <!>
Please 500 Step 7.

Agarose gel for pulsed—field gel electrophoresis
Please see Step 12. For information on pulsedffield gel electrophoresis, please see Chapter 5.

Nucleic Acids and OIigonucleotides

Genomic DNA, high molecular weight

Oligomcrs of bacteriophage 7. DNA and plasmids
Use as DNA size standards during gel electrophoresis. Please see Appendix 6.

Centrifuges and Rotors

Beckman 5W28 rotor or equivalent

Special Equipment

Dialysis tubing, boiled
For preparation of dialysis tubing for use with DNA, please see Appendix 8.

Gradient fractionating device (optional)
Please see Step 4. These devices are rather hard to come by, but they generally can be borrowed from aged
biudtcmists. It‘ all else fails, the gradients can be fl‘aCUOHdIGd by puncturing the bottom of the centrifuge
tubc with a Zl—gaugc hypodermic needle (no syringe barre] required).

Sucrose gradients ,
Prepare two sucrose solutiom, one containing 100/0 (w/v) sucrose and another containing 40% (w/v)
sucrose in a buffer of] M N;1Cl,2()m.\1Tris-Cl (pH 8.0), and 5 mM EDTA (pH 8.0). Sterilizc the two solu—
tions by filtration through 0.22—pm nitrocellulose filtersfl‘he gradients are prepared as described in Step 1.
Altcrmtively linear sucrose gradients can be formed by diffusion (Brakke 1958 ). Many investigators prsv
{er to use this method when large numbers of gradients are required. Four sterile sucrose solutions are
required (l()%, 2094), 30%, and 40% [w/v] sucrose) in 1 M NaCl, 20 mM Tris—(Il (pH 8.0», and 5 m.\l
LDTA (pH 8.0). To form a 58—111] gradient in a Beckman SW28 centrifuge tube (or equivalent), 9.5 ml of  
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each 01 the four sucrose solutions is successively layered on top of each other. Most investigators prefer
to place the 40“/n sucrose solution in the bottom of the tube and then to overlay carefully with the three
renmining solutions in order of decreasing density: 30%, 20%, and finally 10% sucrose. However, the

gradients can also be formed by placing the least dense sucrose solution (100/o) in the bottom of the tube
and underlaying with progressively more dense sucrose solutions. Allow the step gradients to stand
undisturbed for 2,541.0 hours at room temperature. Place each gradient in a bath of ice water to cool for
15 minutes before centrifugation.

Water bath preset to 68°C

“METHOD
 

Preparation of the

1.

Gradient

Prepare one or more 38—m1 (10—40% w/v) sucrose gradients in clear ultracentrifuge tubes.

Store the gradients for 1—2 hours at 4°C in a quiet place until they are needed (Step 5).

Continuous sucrose density gradients are best made in a gradient-making device such as those sup-

plied by Bio-Rad or Techware. Each gradient should take 10—20 minutes to pour at room temper—
ature usmg a gradient maker. Each gradient can accommodate 60—75 pg ofdigested bacteriophage
7k DNA.

Set up a series of digestions, each containing 100 pg of high-molecular—weight DNA.

a. Use three different concentrations of restriction enzyme that straddle the optimal con-

centration determined in the pilot experiments (Protocol 17).

b. Incubate the reactions for the appropriate time with the restriction enzyme.

c. Analyze an aliquot of the partially digested DNA by gel electrophoresis to ensure that the

digestion has worked according to prediction. Until the results are available, store the

remainder of the sample at 0°C.

Gently extract the digested DNA twice with phenolrchloroform.

Recover the DNA by standard precipitation with ethanol and dissolve it in 200 pl of TE (pH

8.0).

Size Fractionation of DNA through the Gradient

5. Heat the DNA sample (100 pg) for 10 minutes at 680C, cool to 20°C, and gently layer the sam—

ple (m the top ofthe gradient. Centrifuge the gradients at 83,000g (25,000 rpm in a Beckman

SW28 rotor) for 22 hours at 20°C.

(jentrifugation is carried out at room temperature rather than 4°C to suppress intra» and inter—

molecular annealing Ofcohesive termini.

Use a 21-gauge needle or a gradient fractionation device to puncture the bottom of the tube

and collect 350-u1 fractions.

Mix 10 pl of every other fraction with 10 pl of H20 and 5 pl of sucrose gel—loading buffer.

Analyze the size of the DNA in each fraction by electrophoresis through a 0.6% agarose gel,

using oligomers of plasmid DNA or other high-molecular—weight standards as markers.

Adjust the sucrose and salt concentrations of the markers to correspond to those of the sam—

ples.

Following electrophoresis, pool the gradient fractions containing DNA fragments of the

desired size (e.g., 35—45 kb for construction of libraries in cosmids and 20—25 kb for con-

struction of libraries in bacteriophage k vectors).
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9.

10.

11.

12.

13.

Dialyze the pooled fractions against 2 liters of TE (pH 8.0) for 12—16 hours at 4°C, with a

change of buffer after 4—6 hours.

Leave space in the dialysis sac for the sample to expand two- to threefold in volume.

Alternatively, ifthe volume of the pooled sample is sufficiently small, the DNA can be precipitated

with ethanol without prior dialysis after first diluting the sample with TE (pH 8.0) so that the con»
centration of sucrose is reduced to ]0% or less.

Extract the dialyzed DNA several times with an equal volume of n—butanol until the volume

is reduced to ~1 ml.

Precipitate the DNA with ethanol at room temperature in the presence of 2 M ammonium

acetate (from a 10 M stock solution).

Recover the DNA by centrifugation and dissolve the DNA in TE (pH 8.0) at a concentration

of 300—500 ug/ml. Analyze an aliquot of the DNA (0.5 pg) by electrophoresis through a con-

ventional 0.6% agarose gel or by pulsed-field electrophoresis to check that the size distribu—
tion of the digestion products is correct. Store the DNA at 4°C.

To establish genomic DNAlibraries,1igate the fractionated DNA to the arms ot‘bacteriophage

7L vectors as described in Protocol 19. For the preparation of cosmid libraries, please see

Chapter 4, Protocol 1.

 



Protocol 19
 

Ligation of Bacteriophage 7» Arms to
Fragments of Foreign Genomic DNA

2. 84

TWO IMPORTANT PARAMETERS MUST BE CONSIDERED WHEN LIGATING bacteriophage K arms tO seg—

ments of foreign DNA: the molar ratio of arms to potential inserts and the concentration of each

DNA species in the reaction mixture. Optimum values for both of these parameters can be esti-

mated from theoretical considerations (Dugaiezyk et al. 1975). By necessity, however, such calcu—
lations assume that all the DNA molecules in the ligation reaction are perfect. As this nirvana is

rarely attained, it is advisable to carry out pilot reactions to check the efficiency of each new

preparation of arms and potential inserts.

Typically, trial ligations contain ~0.5—1.0 pg of bacteriophage 7L. arms and different amounts

of foreign DNA. The molar ratio of arms to potential inserts in the test ligations should range
from 1:4 to 8:1 (please see Table 2—4) and the volume of the ligation mixture should be as small

as possible (10 lll or less). The amounts of inserts recommended in Table 2-4 have been calculat-

ed on the assumption that the ligation reactions contain 1 pg of bacteriophage 7» arms, 40 kb in

size. In the ligation reactions containing the lowest recommended amount of foreign DNA, the
bacteriophage A arms will be present in eightfold molar excess; in mixtures containing the great-

est amount of potential insert, the insert will be present in fourfold molar excess. It is essential to

also include two controls containing (1) bacteriophage 1 arms but no insert and (2) insert but no

bacteriophage 1 arms. Once assembled, the ligation reactions are usually incubated for 4—16

hours at 16°C.

The success of the ligation reactions can be estimated by electrophoretic analysis of small

aliquots, using a 0.50/0 agarose gel. If the ligation reactions have been successful, then almost all of

the DNA should be at least as large as intact bacteriophage X DNA. However, it is difficult to know

whether a large DNA species on an agarose gel is composed of the desired veetor—insert combi-

nations or other undesirable combinations (e.g., [vector] n, [insert]fl). A better method of judging

the success of the ligation is to package a proportion of the ligation products (10—250/o) into bac—

teriophage particles in Vitro. The ligation reaction containing the optimum ratio of arms to

inserts should yield at least 106 to 107 recombinants/ug of bacteriophage ?L- After the ratio of arms

to insert that gives the largest number of recombinant bacteriophage has been established, addi-
tional ligation and packaging reactions may be set up to generate a library of cloned fragments.

This primary library can then be plated and screened by hybridization directly for recombinant

bacteriophages of interest, or the library can be amplified, divided into aliquots, and stored.

.. mv-Mv
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TABLE 2-4 Amounts of Insert DNA Used in Trial Ligations Containing 1 pg of Bacteriophage k Arms
 

 

SIZE OF POTENTIAL INSERT DNA (kb) AMOUNT or INSERT DNA (ng)

2_4 6—200
4—8 12—400

8—12 24—600

12—16 36—800

16—20 48—1000

20—24 60—1200

 

MATERIALS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

ATP (70 mM)

Omit ATP from Step 1 if the ligation buffer contains ATP.

SM and SM plus gelatin

Enzymes and Buffers

Bacteriophage T4 DNA Iigase

Gels

Agarose gel (O.7%) cast in 0.5x TBE, containing 0.5 ug/ml ethidium bromide <!>
Please see Step 6.

Nucleic Acids and Oligonucleotides

Genomic DNA, of an appropriate size for the vector
Prepared as described in Protocol 18 of this chapter. In addition, please see the panel in the introduction

to Protocol 18.

Media

LB or NZCYM agar plates
LB or NZCYM top agarose

For details on using top agarose, please see Protocol 1 of this chapter. Agarose is preferred to agar in this
protocol in order to minimize contamination with inhibitors that can interfere with subsequent enzy—
matic analysis of bacteriophage.

Special Equipment

Heating block or water bath preset to 47°C (for top agarose)

Water bath preset to 16°C

Additional Reagents

Step 4 of this protocol requires the reagents listed in Protocol 1 of this Chapter.

Vectors and Bacterial Strains

Bacteriophage A packaging mixtures
These may be purchased in kit form from any of several commercial manufacturers (e.g., Epicentre

Technology, Life Technologies, Promega, and Stratagene).

For a discussion of in vitro packaging extracts, please see the information panel on IN VITRO PACK-
AGING.

_,,,,..,.,m_w. .._ ._. v.._...-___.__~wd_
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METHOD

Bacteriophage A DNA arms
Prepared by one ofthe methods described in Protocols 1 1 through 15 of this chapter

E. coli plating bacteria
Prepared as described in Protocol 1 of this chapter.

Use Table 2—4 as a guide to set up a series of ligation reactions that contain the following:

bacteriophage A arms 0.5—].0 pg
partially digested genomic DNA 6—1200 ng

10x ligation buffer 0.5—1 .0 pl

10 mM ATP (if necessary) 0.54.0 til

bacteriophage T4 DNA ligase 0.54.0 pl

HzO to 5 or 10 pl

Set up two control reactions in which the vector and insert DNAs are each ligated in the

absence ofthe other. Incubate the ligation reactions for 4—16 hours at 16°C.

To achieve the maximum efficiency of ligation, set up the reactions in as small a volume as possi-
ble (540 pl). The addition of ATP as a component of the 10x ligation buffer leaves more volume
for vector or foreign DNA in the reaction mixture.

Omit ATP if using a commercial ligase buffer that contains ATP.

Package an aliquot (10—25%) of each of the ligation reactions into bacteriophage particles,

following the instructions provided by the manufacturer of the packaging extract.

Most manufacturers provide a control preparation of bacteriophage A DNA that can he used as a
standard to measure the efficiency of packaging.

. Make a series of tenfold dilutions (10’1 to 105) of the packaging reactions, using as a diluent

SM plus gelatin or an equivalent buffer recommended by the manufacturer of the packaging
extract.

Assay the number of plaque—forming units in 1 pl and 10 til of each dilution as described in

Protocol 1.

From the ligation reaction yielding the largest number of infectious bacteriophage particles,

pick 6—12 plaques and prepare a small amount of recombinant DNA from each as described

in Protocol 23.

Check the size of the inserts of genomic DNA by digestion with the appropriate restriction

enzymes, followed by electrophoresis through a 0.7% agarose gel, using appropriate size

markers.

If the bacteriophages are recombinants and contain inserts of the desired size, establish a

genomic DNA library by setting up multiple ligation and packaging reactions. The ratio of

insert to vector DNA in these reactions should be that which generated the greatest number

of recombinant plaques in the trial reactions.

Estimate the total number of recombinant plaques generated in the large—scale ligation and

packaging reactions. Calculate the depth to which a library of this size would cover the target
genome.

To provide fivefold coverage of a mammalian genome (3 X 10" hp), at bacteriophage 1 library con-

taining inserts whose average size is 20 kb would contain 2 x 10" independent recombinants

ka-Qmmwn “u ,
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Amplification of Genomic Libraries

MATERIALS

THE LIBRARY OF RECOMBINANT BACTERIOPHAGES MAY BE AMPLIFIED by growing plate Stocks direct—

ly from the packaging mixture as described in this protocol. However, whenever possible, the

amplification step should be omitted and the primary library screened directly for DNA

sequences of interest. Amplification invariably decreases the complexity (the number of inde—

pendent clones) present in the library, in part because slower-growing recombinant bacterio-

phages are disadvantaged during successive rounds of bacteriophage growth. Variation in the

growth of individual bacteriophages can arise, for example, from the presence of sequences in the

segment of foreign DNA that cannot be efficiently replicated or that are toxic for essential host or

viral functions or from recombination events that decrease the size of the bacteriophage genome

below that required for efficient packaging of the DNA. The greater the amplification of the

library, the more distorted the population of recombinant bacteriophages becomes.

Direct screening of an unamplified library increases the chance of identifying and recover—

ing recombinants of interest that grow slowly or produce lower yields of virus. Of course, the

recombinant bacteriophage particles packaged from the ligation reactions are a finite resource.

However, as long as the supply of foreign DNA is not limiting, it is preferable to set up addition-

al ligation/packaging reactions, to forego amplification, and to screen bacteriophages directly

from packaging reactions. If the source of foreign DNA is in short supply, amplification may be

unavoidable, but should be kept to a minimum. For an alternative amplification method, please

see the panel on IN SITU AMPLIFICATION in Protocol 21).

 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Chloroform <!>

SM
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Media

LB or NZCYM agar plates (150 mm)

LB or NZCYM top agarose
For details on using top agarose, please see Protocol 1 of this chapter. Agarose is preferred to agar in this

protocol in order to minimize contamination with inhibitors that can interfere with subsequent enzy~

matic analysis of bacteriophage.

Centrifuges and Rotors

Sorva/I 55-34 rotor or equivalent

Special Equipment

Water bath or heating block preset to 470C (for top agarose)

Vectors and Bacterial Strains

Bacteriophage 1 library
Prepared as described in Protocol 19 of this chapter.

E. coli plating bacteria
Prepared as described in Protocol 1 of this chapter.

AMETHOD

1. To amplify a bacteriophage 1 library, mix aliquots of the packaging mixture containing

10,000—20,000 recombinant bacteriophages in a volume of 50 pi or less with 0.2 m] of plat-

ing bacteria in a 13 x 100—mm tube. Incubate the infected culture for 20 minutes at 37°C.

2. Add 6.5 ml of melted top agar/agarose (47°C) to the first aliquot of infected bacteria. Mix the

contents of the tube by tapping or by gentle vortexing, and spread the infected bacteria onto

the surface of a freshly poured 150—mm plate of bottom agar. Repeat the procedure with the

remaining infected cultures.

Alternatively, as many as 450,000 bacteriophages may be mixed with 1.4 m1 of bacteria and plated
in 75 m1 of top agar/agarose on 500 m] of bottom agar in a 23 x 33—cm glass baking dish. For a dis—
cussmn of the pros and cons of using baking dishes, please see the note under the LB agar plates
entry in the materials list in Protocol 21.

3. Incubate the plates for a maximum of 8—10 hours at 37°C.

Do not allow the plaques to grow so large that they touch one another. The short period of growth
minimizes the chance for infection of bacteria with two different recombinants, thereby reducing
the possibility of recombination between repetitive sequences carried by different recombinants
with consequent “scrambling" of the library; and it decreases the opportunity for changes in the
bacteriophage population that may occur because of variations in the rate of growth of different
recombinants.

4. Overlay the plates with 12 m1 of SM (or 150 m1 of SM if baking dishes are used). Store the
plates overnight at 4°C on a level surface.

The amplified recombinant bacteriophage will elute from the top agar into SM.
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5. Harvest the SM from all of the plates into a single, sterile polypropylene centrifuge tube or

bottle. Wash each plate with an additional 4 ml of SM, and combine the washings with the

primary harvest. Add 0.2 ml of chloroform to the resulting amplified bacteriophage stock.

Store the stock for 15 minutes at room temperature with occasional gentle shaking to allow

time for the chloroform to lyse all of the infected cells.

6. Remove cell and agarose debris by centrifugation at 4000g (5800 rpm in a Sorvall 88—34

rotor) for 5 minutes at 4°C.

7. Transfer the supernatant to a sterile glass tube or bottle. Divide the amplified bacteriophage

library into aliquots and store them at 4°C. Measure the titer of the library by plaque assay.

The titer of the amplified library should be stable for several months. Nevertheless, to decrease the
chance of mishaps, several aliquots of the library should be placed in longiterm storage as
described in the panel on LONG-TERM STORAGE OF BACTERIOPHAGE k STOCKS in
Protocol 3.
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Transfer of Bacteriophage DNA
from Plaques to Filters

A METHOD TO IDENTIFY AND ISOLATE SPECIFIC RECOMBINANTS from libraries of bacteriophage x

was developed early in the history of molecular cloning by Benton and Davis (1977). The proce—

dure, which remains in common use, involves mass screening of plaques by hybridization in situ

with 32P—labeled probes. With practice, it is possible to identify a single recombinant that carries

the desired target sequence on a plate containing 15,000 or more plaques. For a method for ampli-

fication of bacteriophage particles on filters, please see the panel on IN SITU AMPLIFICATION at the

end of this protocol. This protocol describes how plaques are transferred en masse from Petri

dishes to nitrocellulose or nylon filters. The sequence of events is presented in Figure 2-14.

 

Plate bacteriophage at an appropriate density.

 

 

 V
Make imprint of the pattern of plaques by gently placing a nitrocellulose filter

(or nylon membrane) on the surface of the top agarose.   
 

  V
Allow the bacteriophage particles and DNA to transfer

from the top agarose to the filter paper by capillary action.

The pattern on the filter will be an exact replica of the pattern of plaques on the plate.

 

 

 t
Treat the filter with alkali to denature the bacteriophage DNA.

Bind the denatured DNA to the filter by baking, microwaving, or autoclaving

or by cross~linking with UV light.   
 

FIGURE 2-14 Flowchart: Sequence of Transfer Steps
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Protocol 21: Transfer quacteriophage DNA from Plaques to Filters

Buffers and Solutions

Media

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Denaturing solution
Depending on the number of filters to be processed, 1 liter or more may be required.

Neutralizmg solution

Depending on the number of filters to be processed, 1 liter or more may be required.

5M plus gelatin

2x SSPE

2.91

Depending on the number of filters to be processed, 1 liter or more may be required.

LB or NZCYM agar plates
If the plates are not well-dried, the layer oftop agarose will peel offthe agar base when the filter is removed.
Usually, 2—day—old plates that have been dried for several additional hours at 37°C with the lids slightly open
work well. In humid weather, however, incubation for 1 day or more at 41°C may be necessary.

In the 19705 and 19805, when screening large numbers of plaques, it was fashionable to use large Pyrex

dishes instead of standard Petri dishes. This vogue was driven more by energetic investigators of the time
than by common sense. For most laboratories, Pyrex dishes are an impractical option. They are heavy,

breakable, have large footprints, require some sort of temporary covering during incubation, and need

nitrocellulose or nylon sheets that have been specially cut to fit. Today, most laboratories use either the

standard lOO—mm plates or oversize (ISO-mm) plates, The choice between them is often determined by

the size of the investigators hands.

LB or NZCYM top agarose
For details on using top agarose, please see Protocol 1 of this chapter‘ Agarose is preferred to agar in this
protocol in order to minimi7e contamination with inhibitors that can interfere with subsequent en7y-
matic analysis of bacteriophage. In addition, top agarose is preferred because top agar often peels from
the plate when the nitrocellulose or nylon filters are removed.

Melt the top agarose just before use by heating it in a microwave oven for a short period of time. Store

the 3— or 7—ml aliquots of melted solution in a 47°C heating block or water bath to prevent the agarose
from solidifying until needed in Step 3 below

Special Equipment

Cross-Iinking device (e.g., Stratalinker, Stratagene; GS Gene Linker, Bio-Rad), Microwave oven,

or Vacuum oven preset to 80°C

Hypodermic needle and syringe (21 gauge)

Nitrocellulose or Nylon filters
Detergent—free nitrocellulose (Millipore HATF or equivalent) or nylon filters are required. To reduce the
possibility of contaminating the master plates, it is best to sterilize the filters before use as described in
Step 1.

Ifthe filters will be hybridized sequentially to a number of different probes, it is better to use nylon rather
than nitrocellulose filters. Nylon filters are more pliable than nitrocellulose filters and are more resistant
to repeated exposure to extremes of temperature. Nylon filters are also preferred when hybridization is
to be carried out in solvents containing formamide or tetramethylammonium chloride (please see
Chapter 6). However, different brands of nylon filters vary in their ability to bind DNA, in the ease with
which they can be stripped of radiolabeled probes, and in the degree to which they distort during repeat—
ed rounds of stripping and rehybridization (Khandjian 1987). It would therefore be sensible to check the

properties of nylon filters obtained from different manufacturers before attempting large—scale screen—
ing ofbacteriophage A libraries. Follow the manufacturer’s recommendations closely, as they presumably
have been shown to lead to optimal results. In our hands, however, the lysis and hybridization proce-

dures described in Protocol 22 work well with most commercial brands of nitrocellulose or nylon filters

mam».- mm“  
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Water baths preset to 470C and 650C
Waterproof black drawing ink (India Ink)

Whatmdn BMM paper

Whatman BMM filter papers (85-mm diameter)

Vectors and Bacterial Strains

Bacteriophage 71 library
Prepared as described in Protocol 19 of this chapter or purchase from a commercial source.

E. coli plating bacteria
Prepared as described in Protocol 1 of this chapter.

METHOD‘
 

Preparation of Filters and Transfer of Plaques

1 . Prepare the filters for transfer:

a. Number the dry filters with a soft-lead pencil or a ball-point pen.

Prepare enough filters to make one or two (duplicate) replicas from the starting agar plate. In
the latter case, number two sets of filters 1A, 18, 2A, 28, etc.

b. Soak the filters in water for 2 minutes.

C. Arrange the filters in a stack with each filter separated from its neighbor by an 85—mm—
diameter Whatman 3MM filter paper.

d. Wrap the stack of filters in aluminum foil, and sterilize them by autoclaving for 15 min—
utes at 15 psi (1.05 kg/cmz) on liquid cycle.

2. Make a dilution (in SM plus gelatin) of the packaging mixture, bacteriophage stock, or
library. Mix aliquots of the diluted bacteriophage stock with the appropriate amount of fresh—
ly prepared plating bacteria (please see Table 2-5). Incubate the infected bacterial cultures for
20 minutes at 37°C.

The diluted stock (100 111) should contain ~15,000 infectious bacteriophages when using lOO—mm

plates or 50,000 infectious particles when using 150—mm plates.

When screening bacteriophage libraries, it is best to infect the cells as a single pool. For example,
when using ten 150-mm plates, 1 ml of diluted batteriophage stock containing 500,000 pfu would
he added to 3 ml of freshly prepared plating bacteria. After 20 minutes at 37°C, equal volumes of
the infected culture are then distributed into 17 x lOO-mm tubes for plating. This procedure
ensures that each plate contains approximately the same number of plaques.

TABLE 2-5 Number of Plaques in Culture Dishes of Various Sizes
 

Size of Petri dish 90 mm 150 mm
Total area of dish 63.9 cm2 176.7 cm2
Volume of bottom agar 30 ml 80 ml
Volume of plating bacteria 0.1 ml 0.3 ml
Volume oftop agarose 2.5 ml 65—75 ml
Maximum number of p1aques/dish 15,000 50,000
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lo find a bacteriophage that carries a particular genomic sequence, it may be necessary to screen

one million or more rccomhinants in a genomic DNA library Table 245 shows the maximum num—

ber of plaques that can be efficiently screened in culture dishes ofdifferent sizes. If the bacterio—
phages tire plated at too high a density, the plaques will be crowded and hence unable to expand to
their full size. As a result, the hybridization signal will be attenuated. In addition. when the hacte—

riophage plaques form a confluent mass, the top agarose tends to peel from the plate during

removal Of the nitrocellulose or nylon filter. Although this is not a total disaster, it certainly makes
the task of identifying and isolating desired recombinants far more difficult. It is therefore impor—
tant to measure the titer of the library before plating to ensure that the number, si7e‘ and spacing
of plaques are correct

Add to each aliquot of infected cells 3 ml or 6.5 ml of molten (470C) top agarose. Pour the

contents of each tube onto separate, numbered 90-mm or 150~mm agar plates.

Avoid bubbles since these will displace the filter and can generate background during the liyhridizw
tion step.

Close the plates, allow the top agarose to harden, and incubate at 37°C in an inverted position

until plaques appear and are just beginning to make contact with one another ( 10—12 hours).

To minimize plate-to-plate variation, it is crucial that each plate be heated to the same extent when
placed in the incubator. lfpossihle‘ arrange the plates in a single layer rather than in stacks lf cmr

strictions on incubator space force stacking, stagger the plates on top of each other to enhance
exposure to the air in the incubator. During incubation, keep a close eye on the plates to monitor
plaque formation and size. However, resist the temptation to open the inside incubator door too

many times since this will alter the temperature ofthe incubator and retard plaque formation. The

density and size of plaques are ideal when a wispy filigree of bacterial growth is visible between
adjacent plaques, whose diameter should not exceed 1.0 mm. The yield ofviruses is often low from
plates that show confluent lysis with no visible remnants of the bacterial lawn, simply because of A

shortage ofbacteria for infection. The intensity of the hybridization signal is therefore reduced and
is frequently below the limit of detection.

Chill the plates for at least 1 hour at 4°C to allow the top agarose to harden.

Remove the plates from the cold room or refrigerator. Make imprints of the plaques on each

plate using the first set of labeled filters. Place a dry, labeled circular nitrocellulose or nylon

filter neatly onto the surface of the top agarose so that it comes into direct contact with the

plaques.

Handle the filter with gloved hands; finger oils prevent wetting of the filter and affect transfer or"
DNA. Grasp the filter by its edges and allow the center of the slightly bent filter to make contact
with the center of the top agar. Once contact has been made, slowly release the filter and allow it to
flatten onto the surface of the top agarosei Do not attempt to adjust the position of the filter since
this will inevitably lead to tearing of the top agarose. Be careful not to trap air bubbles. which will
displace the filter and may generate background during hybridization.

Mark the filter in three or more asymmetric, peripheral locations by stabbing through it and

into the agar beneath with a 21-gauge needle attached to a syringe containing waterproof

black drawing ink.

Make sure that the keying marks are asymmetrically placed and that both the filter and the plate
are marked. There must be enough ink on the plate to be easily visible when a second filter is in
place. Large blotehes of ink, however, are undesirable. Ink often becomes contaminated with hac-
teriophages and bacteria if it has been used many times. This problem can be minimized by heat-
ing the ink in a microwave oven to inactivate contaminating viruses and microorganisms.

After 1—2 minutes, use blunt—ended forceps (e.g., Millipore forceps) to peel the filters from

each plate in turn.

This step is best done by pulling slowly upward on one edge ofthe filter and peeling the entire fil—
ter from the underlying agarose in a single smooth motion. At this stage, some investigators prefer
to dry the filters for 15 minutes on paper towels or sheets of Whatman 3MM paper, Howeven in
our hands. this step is unnecessary.

At this point, the transferred bacteriophage may be amplified; please see the panel on IN SITU
AMPLIFICATION at the end of this protocol.  



2.94 Chapter 2: Bacteriophage k and Its Vectors

Denaturation of the Bacteriophage DNA on the Filter

9.

10.

Transfer each filter, plaque side up, to a sheet of Whatman 3MM paper (or equivalent)

impregnated with denaturing solution in a plastic cafeteria tray or Pyrex dish for 1—5 min—
utes.

Make sure that excess denaturing solution does not rinse over the sides of the nitrocellulose or
nylon filters. When transferring the filters, use the edge of cafeteria tray or dish to remove as m uch
fluid as possible from the underside of the filters.

Some investigators prefer to carry out the denaturation and neutralization (Steps 9 and 10) by
immersing the filters in each solution. However, this results in weaker signals when the filters are
probed by hybridization.

For an alternative method for processing filters (replacing Steps 9—13), please see the panel on
ALTERNATIVE PROTOCOL: RAPID TRANSFER OF PLAQUES TO FILTERS.

Transfer the filters, plaque side up, to a sheet ofWhatman 3MM paper impregnated with neu-

tralizing solution for five minutes.

If nitrocellulose filters are used, repeat the neutralizing step using a fresh impregnated sheet of
3MM paper.

Fixation of Bacteriophage DNA to the Filters

11.

12.

13.

Prepare the filters for fixing.

To fix the DNA to the filters by microwaving or baking: If using a microwave oven, proceed

directly to Step 13. If baking in a vacuum oven, transfer the filters, plaque side up, to a sheet

of dry 3MM paper or a stack of paper towels. Allow filters to dry for at least 30 minutes at

room temperature.

To fix the DNA to nylon filters by crass-linkihg with UV light: Place the filters on a sheet of

Whatman 3MM paper impregnated with 2x SSPE, and move the tray of 2x SSPE containing

the filters to the vicinity of the UV light cross—linker.

After the first set of filters has been processed, use the second set of filters to take another

imprint of the plaques, if required. Make sure that both sets of filters are keyed to the plate at

the same positions.

Generally, the second set of filters is left in contact with the plaques for 3 minutes, or until the fil—
ter is completely wet. As many as seven replicas have been prepared from a single plate (Benton
and Davis 1977), but the strength of the hybridization signal decreases significantly after the third
replica.

Fix the DNA from the plaques to the filter.

To fix by treatment in a microwave oven: Place the damp filters on a sheet of dry Whatman

3MM paper and irradiate them for 2—3 minutes at full power in a microwave oven.

To fix by baking: Arrange the dried filters (Step 10) in a stack with adjacent filters separated by

a sheet of dry Whatman 3MM paper. Bake the stack of filters for 1—2 hours at 80°C in a vacu-

um oven. ’

Check the oven after 30 minutes and wipe away any condensation from the door. The filters must
be baked under vacuum rather than stewed.

Baking for more than 2 hours can cause nitrocellulose filters to become brittle. Baking at temper‘
atures higher than 80°C can cause nitrocellulose filters to explode.

Nitrocellulose filters that have not been completely neutralized turn yellow or brown during bak—
ing and chip very easily. The background of nonspecific hybridization increases dramatically.
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To fix by cross—Zinking with UV light: Carry out the procedure using a commercial device for

this purpose and follow the manufacturer’s instructions.

A IMPORTANT Do not allow the filters to dry out prior to cross-Iinking.

14. After baking or cross-linking, loosely wrap the dry filters in aluminum foil and store them at
room temperature. Alternatively, if hybridization is to be carried out within a day or so, wash
the filters for 30 minutes at 65°C in 0.1x SSC or SSPE, 0.5% SDS and store them wet in sealed
plastic bags.

The filters may now be used for hybridization as described in Protocol 22.

 

IN snu AMPLIFICATION 1

Woo et al. (1978) and Woo (1979) have described a modification of the Benton and Davis (1977) screening
method that involves amplification of the bacteriophages on the nitrocellulose filter prior to hybridization.
Because more bacteriophage DNA becomes attached to the nitrocellulose filter, the autoradiographic signals
from positive clones are enhanced approximately fivefold. Amplification therefore leads to an improvement in
the ratio of signa| to noise and also al|ows the length of the autoradiographic exposure to be reduced
Amplification is particularly valuable when oligonucleotides of high degeneracy are used as probes (please see
Chapter 10), when only a small amount of a valuable probe is available, or when screening under conditions
of reduced stringency. A detai|ed protocol for in situ amplification is out|ined on pages 2.112—2.113 of the
Second Edition of Molecular Cloning.

 

 

(ALTERNATIVE PROTOCOL: RAPID TRANSFER OF PLAQUES TO FILTERS

The following procedure, based on a protocol developed by Gary Struhl in 1983 while he was a postdoctoral
fellow in Tom Maniatis’ laboratory, eliminates treatment of filters with alkali, can save time when dealing with
large numbers of filters, and may be used as an alternative to Steps 9 through 13. Nitrocellulose filters must
be sterilized to prewent shrinkage (please see Step 1 above); however, nylon filters are, in our hands, superior
and are therefore recommended.

Method

1. After removing the filters from the top agarose (Step 8), place them, DNA side up, on paper towels for 5-10
minutes.

2. When their edges begin to curl, place the filters in stacks of ten interleaved with circular Whatman 3MM
papers. Place a few 3MM papers on the top and bottom of the stack.

3. Place the stacks on a small platform (e.g., an inverted Pyrex dish) in an autoclave. Expose the filters to
"streaming steam" for 3 minutes (i.e., 100°C — avoid super—heated steam).

4. Transfer the stack of filter papers and nitrocellulose filters to a vacuum oven.

5. Bake for 2 hours at 80°C while drawing a vacuum continuously. Remove any 3MM paper that sticks to the
nitrocellulose filters by soaking in 2x SSPE before prehybridizing.

6. Proceed to Step 14 of the protocol.    



Protocol 22

Hybridization of Bacteriophage
DNA on Filters

 

FILTERS CARRYING IMMOBILIZED DNA FROM PlAQUES ARE SCREENED by hybridization in situ with

33P—labeled probes. The technique is extremely robust, highly specific, and very sensitive and

allows the identification of a single recombinant among several thousand plaques. The plaque

identified as hybridization—positive is then purified by subsequent rounds of screening. The over—

all sequence of events is presented in Figure 2-15. For further details on the hybridization of DNA

immobilized on filters, please see Chapter 6, Protocol 10.

 

Soak the filter/membrane in prehybridization solution containing blocking

agents to reduce nonspecific absorption of the radiolabeled probe.

 

 

 7
Incubate the filters with denatured radiolabeled

probe under conditions that promote specific hybridization.

 

  7
Wash the filters under conditions that preserve nucleic acid hybrids and promote

the dissociation of probe nonspecifically attached to the filter or membrane.

 

 

 tr
Obtain an image of the filter or membrane on X-ray film.

Align the image with the plates and recover the

plaques that hybridize specifically to the probe.  
 

FIGURE 2-15 Flowchart: Seguence of Hybridization Steps

2. 96
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MATFELALS
 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Chloroform < ! >

Prehybridization solution < ! >

Please sec the panel on PREHYBRIDIZATION AND HYBRIDIZATION SOLUTIONS in Chapter 1,
Protocol 32.

5M

2x SSPE

Depending on the number of filters to be processed, 1 liter or more may be required.

Wash solution 1
2x SSE

0.1% (w/v) SDS

Wash solution 2
]x SSC

0.1% (w/v) SDS

Wash solution 3
0. 1x SSC
0.1% (w/v) SDS

Nucleic Acids and Oligonucleotides

Filters immobilized with bacteriophage DNA
Prepared as described in Protocol 21 of this chapter.

Radiolabeled probe <!>
Prepared as described in Chapter 9 or 10.

Special Equipment

Boiling water bath (for denaturing double-stranded probes)

Glass (Pyrex) baking dish or other hybridization chamber

 

ALTERNATIVE HYBRIDIZATION CHAMBERS

Some investigators prefer to incubate filters in heat-sealable plastic bags (Sears SeaI—A-Mcal or equiva-
lent) (e.g., please see Chapter 6, Protocol 10) during the prehybridizaton and hybridization steps, rather
than in crystallization dishes. The former method avoids pr0b|ems with evaporation and, because the
sealed bags can be submerged in a water bath, ensures that the temperatures during hybridization and
washing are correct. The bags must be opened and resealed when changing buffers. To avoid radioac~
tive contamination of the water bath, the resealed bag containing radioactivity should be sealed inside a
second, noncontaminated bag.

It' only a small number of filters are subjected to hybridization, then use a glass screw-top bottle that
fits the rollers of a hybridization oven in place of a crystallization dish or SeaI-A-Meal bag These bottles
and ovens have the advantage that small volumes of hybridization solution can be used and the
hybridization temperature can be accurately controlled. 
 

Glue stick, water-so/ub/e (e.g., UHU Stic distributed by FaberCaste/l)

Incubation chamber preset at the appropriate hybridization temperature
Please see Step 2.

Radioactive ink <!>
Radioactive ink is made by mixing a small amount of 53P with waterproof black drawing ink. We find it
convenient to make the ink in three grades: very hot (>2000 cps on a hand-held minimonitor)‘ hot
(>500 cps on a hand—held minimonitor), and cool (>50 cps on a hand-held minimonitor). L'se a fiber-

“,‘N w» u.» ..___,. ._
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fiMETHOD

tip pen to apply ink of the desired hotness to the adhesive labels. Attach radioactive—waming tape to the
pen, and store it in an appropriate place.

Reusable alternatives to radioactive ink are chemiluminescent markers available from Stratagene
(Glogos). The markers can be used multiple times and should be exposed to fluorescent light just prior
to a new round of antoradiography,

Whatman BMM paper

 

1. if the filters are dry, float the baked or cross—linked filters on the surface of 2x SSPE until they

have become thoroughly wetted from beneath. Submerge the filters for 5 minutes.
Make sure that no air bubbles are trapped under the filters. The filters should change from white
to a bluish color as the aqueous solvent penetrates the pores of the filter. Make sure that there are
no white spots or patches remaining on the filters before proceeding to Step 2.

Transfer the filters to a Pyrex dish or other hybridization chamber containing prehybridiza-

tion solution. Use 3 ml of prehybridization solution per 82-mm filter or 5 ml per 132—mm fil-

ter. Incubate the filters with gentle agitation on a rocking platform for 1—2 hours or more at

the appropriate temperature (i.e., 68°C when hybridization is to be carried out in aqueous

solution; 42°C when hybridization is to be carried out in 50% formamide).

Whatever type of container is used, the important point is that the filters are completely covered by the
prehybridization solution. During prehybridization, sites on the nitrocellulose filter that nonspecifical—
ly bind single? or double—stranded DNA become bound by proteins in the blocking solution. Agitation

ensures that the filters are continuously bathed in and evenly coated by the prehybridization fluid.

Whether or not to use a prehybridization solution containing formamide is largely a matter ofper-
sonal preference. Both versions ofthe recommended solutions give excellent results and neither has
Clear—cut advantages over the other. However. hybridization in 50% formamide at 42°C is less harsh
on nitrocellulose filters than is hybridization at 68°C in aqueous solution. Offsetting this advantage
is the two- to threefold slower rate of hybridization in solutions containing formamide. Nylon til
ters are impervious to the deleterious effects of aqueous hybridization at high temperatures.

Denature 32P-labeled double-stranded probes by heating for 5 minutes at 100°C. Chill the
probe rapidly in ice water. Single—stranded probes need not be denatured.

Alternatively, the probe may be denatured by adding 0.1 volume of 3 N NaOH. After 5 minutes at
room temperature, transfer the probe to ice water and add 0.1 volume of 1 M Tris—Cl (pH 7.2) and

011 volume of 2.5 N HCl. After denaturation, store the probes in ice water until needed. At low tem—
perature, the rate of reassociation of DNA is extremely slow and essentially the probe remains in a
singie—stranded form.

Between 2 x 105 and 1 x 106 cpm 0f3ZP-labeled probe (specific activity 5 x 107 cpm/pg) should be
used per milliliter of hybridization solution. Using more probe causes the background of nonspe-
cific hybridization to increase; using less reduces the rate of hybridization.

[f radioiabelecl oligonucleotides are used as probes in this step, please see Chapter 6, Protocol 10,
or Chapter 10, Protocol 8 for hybridization and washing conditions.

 

lTURITY OF PROBES

It is essential that probes used to screen bacteriophage x libraries contain no sequences that will hybridize
to DNA sequences in the vector. Several bacteriophage A vectors, such as lgt1 1, XORF8, lambda ZAP, and
some of the x Charon bacteriophages, contain the E. coli IaCZ gene, either for immunochemicai screening
or as part of a plasmid integrated into the bacteriophage genome to assist with rescue of cloned
sequences, or as part of the central stuffer fragment. Because DNA probes are often prepared from frag-
ments of plasmids that contain all or part of the lacZ gene, even a small amount of contamination will cause

the probe to hyb ridize indiscriminately to bacteriophage plaques. To ensure that a DNA fragment does not
contain sequences that are complementary to the vector, we recommend (i) purifying the DNA succes-
sively through two gels (agarose or polyacrylamide) as described in Chapter 5, before carrying out the radi-
olabeling reaction, or (ii) preparing the probe by PCR amplification and purification (please see Chapter 8,
Protocol 1).   
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4. Add the denatured probe to the prehybridization solution covering the filters. Incubate the

filters for 12—16 hours at the appropriate temperature (please see Chapter 6, Protocol 10).

During hybridization, keep the containers holding the filters tightly closed to prevent the loss of

fluid by evaporation.

To maximize the rate of annealing of the probe with its target, hybridizations are usually carried
out in solutions of high ionic strength (6x SSC or 6x SSPE) at a temperature that is 20~25°C below

the melting temperature (please see Chapter 1, Protocols 28‘30 or Chapter 6, Protocol 10). Both
SSPE and SSC work equally well when hybridization is carried out in aqueous solvents. However,
when formamide is included in the hybridization buffer, 6x SSPE is preferred because of its greater
buffering capacity. For a general discussion of the factors that affect the rate and specificity of
hybridization of radioactive probes to nucleic acids immobilized on solid supports, please see

Chapter 6, Protocol 10.

5. When the hybridization is completed, quickly remove filters from the hybridization solution

and immediately immerse them in a large volume (300—500 ml) of Wash solution 1 at room

temperature. Agitate the filters gently, turning them over at least once during washing. After

5 minutes, transfer the filters to a fresh batch of wash solution and continue to agitate them

gently. Repeat the washing procedure twice more.

At no stage during the washing procedure should the filters be allowed to dry or to stick together.

Only a small fraction of the probe forms specific hybrids with the target sequences immobilized on
the filters. Therefore, hybridization solutions may be recovered, stored, and reused for a second

round of hybridization. However, the intensity of the signal obtained from recycled hybridization

solution may be reduced for a variety of reasons: the reduced specific activity of the probe due to
radioactive decay, degradation of the probe during incubation, and renaturation ofdouble—strand—
ed probe during the first hybridization step.

6. Wash the filters twice for 1—1.5 hours in 300—500 ml of Wash solution 2 at 68°C.

With experience, it is possible to use a hand—held monitor to test whether washing is complete. If

the background is still too high or if the experiment demands washing at high stringencies,
immerse the filters for 60 minutes in 300—500 ml of Wash solution 3 at 68°C.

7. Dry the filters in the air at room temperature on sheets of Whatman 3MM paper or stacks of

paper towels. Streak the underside of the filters with a water-soluble glue stick and arrange

the filters (numbered side up) on a clean, dry, flat sheet of 3MM paper. Firmly press the fil—

ters against the 3MM paper to ensure that they do not move. Apply adhesive labels marked

with radioactive ink or chemiluminescent markers to several asymmetric locations on the

3MM paper. These markers serve to align the autoradiograph with the filters. Cover the fil—

ters and labels with Saran Wrap/Cling Film. Use tape to secure the wrap to the back of the

SMM paper and stretch the wrap over the paper to remove wrinkles.

8. Expose the filters to X—ray film (Kodak XAR—Z, XAR~5, or their equivalent) for 12—16 hours

at ~70°C with an intensifying screen.

9. Develop the film and align it with the filters using the marks left by the radioactive ink or flu—
orescent marker. Use a nonradioactive red fiber-tip pen to mark the film with the positions

of the asymmetrically located dots on the numbered filters.

10. Identify the positive plaques by aligning the orientation marks with those on the agar plate.

When duplicate sets of filters are hybridized to the same probe, there is less chance of confusing a
background smudge with a positive plaque. Pick only those plaques that yield convincing
hybridization signals on both sets of filters for further analysis. When screening a genomic library

for a single-copy gene, expect to find no more than one positive clone per 105 plaques screened.
When screening cDNA libraries, the number of positives depends on the abundance ofthe mRNA
of interest.

Filters glued to 3MM paper are readily removed in preparation for stripping (please see Chapter 6,
Protocol 10) by placing the 3MM paper with attached membranes in a tub of 2x SSC. The water—
soluble glue dissolves in this solution, releasing the filters for transfer to a stripping solution and a
round of hybridization to another probe, if desired.  
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1 1 . Pick each positive plaque as described in Protocol 2 and store in 1 ml of SM containing a drop

12.

(50 pl) of chloroform.

If the alignment of the filters with the plate does not permit identification of an individual
hybridizing plaque, an agar plug containing several plaques in the area of interest should be cored
using the large end ofa sterile Pasteur pipette. Use a fresh pipette to core each hybridization—posi-
tive area.

To purify a hybridization—positive plaque, plate an aliquot (usually 50 pl of a 10‘2 dilution)
of the bacteriophages that are recovered from the cored agar plug and proceed with subse-
quent rounds of screening by hybridization.

Ideally, in a second round plating, there should be ~3OO plaques on a 100~mm plate. These plaques
are then screened at second time by hybridization. Pick a single, well-isolated positive plaque from

the secondary screen and subject it to additional rounds of screening until the stock is genetically
pure and every plaque hybridizes to the probe of interest. Use a plaque derived from the final ro und
of screening to make a stock as described in Protocol 3 or 4.

‘w...mm.m. f ,



Protocol 23

Rapid Analysis of Bacteriophage 7» Isolates:
Purification of K DNA from Plate Lysates

 

ANALYSIS OF PROMISRNG GENOMIC OR CDNA CLONES often begins by digesting minipreparations

of bacteriophage 7» DNA with restriction enzymes and analyzing the products of digestion by

agarose gel electrophoresis. The two methods presented here and in Protocol 24 are for the rapid

preparation of small amounts of bacteriophage X DNA that are suitable for use as substrates for

restriction enzymes, as templates for RNA synthesis with DNA-dependent RNA polymerases

encoded by bacteriophages SP6, T3, and T7, and as templates in the PCR.

This protocol (Xu 1986) is designed for use with bacteriophages prepared from plate lysates,

whereas Protocol 24 is more suitable for bacteriophages grown in liquid cultures (Leder et al. 1977).

Several other approaches are summarized in the panel on ALTERNATIVE PURIFICATION METHODS at

the end of this protocol.
The clones also may be analyzed simply and directly as described in the panel on ANALYSIS

OF CLONES USING PCR at the end of this protocol. In later chapters, we discuss additional meth-

ods that can be used to analyze inserts cloned in bacteriophage k recombinants.

o Vectors such as kZAP and kZipLox have been designed to allow inserts to be recovered and

analyzed as plasmids (for details, please see the introduction to Chapter 11). This method

works best with small inserts (S8 kb) and is chiefly of benefit when recovering cloned CDNA
from bacteriophage K recombinants.

0 Small inserts also can be recovered by using specially designed thermostable DNA polymeras—

es to catalyze iong-range PCR (for details, please see Chapter 8, Protocol 13).

This method is derived from that described by Xu (1986) and was provided by Diane Ielinek

and Daphne Davis (University of Texas Southwestern Medical Center, Dallas).

2.101
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MATERIALS
 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Chloroform <! >

Ethanol

High~salt buffer
20 mM Tristjl (pH 7.4)

l.() M NaCl

1 mM ED'I‘A (pH 8.0)

Isopropano/

Low-salt buffer

20 mM 'l‘ris~(jl (pH 7.4)
0.2 M NaCl

1 mM EDTA (pH 8.0)
Phenol:chlor0form (7:1, v/v) <!>

SM

TE (pH 8.0)

TM

Media

LB or NZCYM agarose plates
Freshly poured plates (150—mm diameter) that have been equilibrated to room temperature give the best
results in this method. Agarose is preferred to agar in order to minimize contaminants that can interfere
with enzymatic analysis of DNA prepared from plate lysates of bacteriophage k DNA.

LB or NZCYM top agarose
For details on using top agarose, please see Protocol 1 of this chapter. Agarose is preferred to agar in this
protocol in order to minimize contamination with inhibitors that can interfere with subsequent enzy—

matic analysis of bacteriophage.

Centrifuges and Rotors

Sorvall 55-34 rotor or equivalent

Special Equipment

Borosilicate Pasteur pipette
Elutip-d columns (Schleicher & Schuell)

Water bath or heating block preset to 470C
Whatman DE52

DE52 is a preparation of DEAE—cellulose, an anion—exchange resin, that is used in this protocol to

remove host DNA and RNA from plate or liquid lysates. A preswollen version of DE52 is available from
Whatman and works exceedingly well in this protocol. For each lSO-mm plate lysate to be purified, 10
ml of a 2:1 slurry of DE52 in LB medium is required.

Vectors and Bacterial Strains

Bacteriophage A, recombinant, grown as single weII-isolated plaques on a lawn of bacteria
Prepared as described in Protocol 1 ofthis chapter.

E. coli plating bacteria
Prepared as described in Protocol 1 of this chapter.
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METHOD

Preparation of Lysates

1.

10.

11.

12.

13.

Use a borosilicate Pasteur pipette to pick 8—10 well-isolated bacteriophage plaques from a

plate derived from a genetically pure, plaque-purified bacteriophage stock. Place the plaques

in 1 ml of SM and 50 til of chloroform. Store the suspension for 4—6 hours at 4°C to allow

the bacteriophage particles to diffuse from the top agarose.

In a small, sterile culture tube, mix 50—100 111 of the bacteriophage suspension (~105 pfu)

with 150 pl of plating bacteria. Incubate the infected culture for 20 minutes at 37°C. Add 7.0

ml of molten (47°C) top agarose (0.70/0), and spread the bacterial suspension on the surface

of a freshly poured 150-mm plate containing NZCYM agarose.

Incubate the inverted plate at 37°C until the plaques cover almost the entire surface of the
plate ( 7—9 hours).

Do not incubate the plates for too long, otherwise confluent lysis will occur, which reduces the
yield of bacteriophage DNA.

Add 7 ml of TM directly onto the surface of the top agarose. Allow the bacteriophage parti-

cles to elute during 4 hours of incubation at 4°C with constant, gentle shaking.

Transfer the bacteriophage k eluate to a centrifuge tube, and remove the bacterial debris by

centrifugation at 4000g (58,000 rpm in a Sorvall 85—34 rotor) for 10 minutes at 4°C. A small

aliquot of cleared lysate can be set aside at this step as a bacteriophage stock solution. Store

the stock at 4°C over a small volume of chloroform.

Dispense 10 m1 of a 2:1 slurry of DE52 resin into a centrifuge tube and sediment the resin

by centrifugation at 500g (2000 rpm in a Sorvall SS—34 rotor) for 5 minutes at room tem-

perature. Remove the supernatant from the resin pellet and place the centrifuge tube on

ice.

Resuspencl the DE52 in the cleared TM and allow the bacteriophage particles to absorb to the

resin by rocking the centrifuge tube for 3 minutes at room temperature.

Centrifuge the TM/DE52 slurry at 4000g (5800 rpm in a Sorvall 55—34 rotor) for 5 minutes.

Carefully transfer the supernatant to a fresh centrifuge tube and repeat the centrifugation

step. Discard the pellet after each centrifugation.

Transfer the supernatant from the second centrifugation to a fresh centrifuge tube. Extract

the supernatant, which contains the bacteriophage k particles, once with phenol:ch10r0-

form.

Transfer the aqueous phase, which contains the bacteriophage A DNA, to a fresh polypropy—

lene tube and add an equal volume of isopropanol. Store the mixture for 10 minutes at

~700C.

Collect the precipitated bacteriophage DNA by centrifugation at 16,500g (12,000 rpm in a

Sorvall 88-34 rotor) for 20 minutes at 4°C.

Drain the isopropanol from the centrifuge tube and allow the pellet of DNA to dry in air.

Redissolve the DNA pellet in 2 ml of low-salt buffer.
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14. Purify the bacteriophage DNA by chromatography on an Elutip-d column:

a. Use a syringe to push 1—2 ml of high—salt buffer through the Elutip—d column.

b. Push 5 ml of low-salt buffer through the column.

(3. Attach the 0.45-um prefilter to the column and slowly push the DNA sample (Step 13)

through the column.

d. Rinse the column with 2—3 ml oflow-salt buffer.

e. Remove the prefilter and elute the DNA with 0.4 ml of high—salt buffer. Collect the eluate

at this step in a 1‘5—m1 microfuge tube.

15. Add 1 ml of ethanol to the solution of eluted DNA, invert the tube several times, and incu—

bate the mixture on ice for 20 minutes. Collect the precipitated DNA by centrifugation in a

microfuge, discard the supernatant, and rinse the pellet of DNA with 0.5 ml of 70% ethanol.

Discard the supernatant and allow the pellet of DNA to dry in the air. Dissolve the pellet of

DNA in 50 pl of TE (pH 8.0).

Resuspend the DNA by tapping on the side of the tube. Try to avoid vortexing. If the DNA proves

difficult to dissolve, incubate the tube for 15 minutes at 50°C.

If minipreparations are working well, expect to isolate ~5 pg of purified bacteriophage DNA from
5 x 101“ infectious particles. It is possible to estimate the quantity ofbacteriophage DNA present in
a plate lysate or liquid culture lysate by direct agarose gel electrophoresis (please see Protocol 7).

For restriction analysis and agarose gel electrophoresis, digest a S—IO-ul aliquot of the resuspend-
ed DNA, If the DNAs are resistant to cleavage, treat them according to the method described on
the following page in ADDITIONAL PROTOCOL: REMOVING POLYSACCHARIDES BY
PRECIPITATION WITH (TAB.

 

ALTERNATIVE PURIFICATION METHODS

Hundreds of different methods are described in the literature to prepare small amounts of bacte-
riophage A DNA from plate Iysates or liquid cultures. Most of these are minor variations or elabo-
rations of the basic techniques described in this protocol. The two problems that arise most fre-
quentiy are poor yields of DNA and an inability to cleave the DNA with restriction enzymes. As dis-
cussed, the first of these problems is best solved by experimenting with the ratios of bacteriophage
to host cells when setting up the plate lysates or liquid cultures. The second, which is more com-
monly encountered with plate Iysates rather than liquid cultures, is often caused by polysaccharide
inhibitors derived from the host bacteria and/or the agar. This problem can sometimes be solved by
using agarose or agar from a different manufacturer or by substituting agarose for agar in the medi-
um used to pour the plates. If the problem persists, the best course of action is to use a more elab-
orate scheme to purify the bacteriophage particles and the bacteriophage DNA. For example:

0 Manfioietti and Schneider (1988) describe a variation of the above methods in which DEAE cellulose
or triethyaminoethyl cellulose is first used to remove polyanions from the lysate. Proteinase K and
EDTA are then used to release the DNA from the vims particles, and finally, the bacteriophage DNA
is precipitated with hexadecyltrimethyi ammonium bromide (CTAB).

o The protonated form of DE52 can also be used as a chromatography resin to purify bacteriophage 2»
particles from liquid cultures or plate Iysates (Helms et al. 1985, 1987). The negatively charged virus
particles bind to the resin in low concentrations of Mg2+ and are eluted in buffers containing high
concentrations of Mg“. The viral DNA is extracted by digesting the bacteriophage particles with pro-
teinase K in the presence of a detergent such as SDS. The DNA is then precipitated with isopropanol.

0 Several companies sell kits to prepare bacteriophage DNA from plate or liquid lysates. The Vtfizard kit
marketed by Promega is fairly typical and involves digesting the lysate with nuclease to remove con-
taminating bacterial DNA and RNA, precipitating the bacteriophage particles from the supernatant
with PEG or a resin, and finally purifying the viral DNA on another resin. These kits work well if the
manufacturers' instructions are followed to the letten However, like all commercial products, they are
expensive and are therefore best used as a last resort if other methods fail.   
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ANALYSIS OF CLONES USING PCR

A simple approach to analyze cDNA clones is to use PCR to amplify the insert (please see Chapter 8, Protocol
12).

If the oligonucleotide primers are weII-designed, the amplified DNA can be digested with a restriction
enzyme and ligated into a plasmid vector, or it can be cloned directly without restriction (please see Chapter
8, Protocol 5). With longer cDNA clones and genomic DNA inserts, three strategies should be considered. The
first is to use a version of long PCR (Barnes 1994) to amplify the insert before analysis or subcloning (Chapter
8, Protocol 13). The second is to rescue the insert as a phagemid DNA (Short et ai. 1988). This option requires
that a bacteriophage vector with an integrated phagemid genome (e.g., Stratagene’s AZAP or BRL’s ZipLox vec-
tors) be used in the construction of the original library. A third strategy is to digest the recombinant bacterio—
phage DNA with a restriction enzyme to release the foreign DNA from the A arms and then to subclone the
insert directly into a plasmid vector. In general, no purification of the restriction digest is required prior to liga-
tion, since vector arm—plasmid ligation products are poor candidates for transformation of bacteria. When set-
ting up the ligation reactions, aim for an equimolar molar ratio of insert to plasmid vector and use a high-fre-
quency transformation protocol (please see Chapter 1) to introduce the DNA into E. coli. For large genomic
DNA inserts of 15—20 kb, it is often necessary to screen colonies of transformed bacteria by hybridization, as
the background of empty colonies can be high. Once the cDNA or genomic DNA insert is cloned into a high-
copy-number plasmid vector, much larger quantities of DNA can be prepared for detailed restriction mapping,
exon hunting, and DNA sequence analysis.
 

 

 

ADDITIONAL PROTOCOL: REMOVING POLYSACCHARIDES BY PRECIPITATION WITH CTAB

If the bacteriophage DNA preparations obtained in Protocols 23 and 24 are resistant to cleavage by restriction
enzymes, the DNA can be purified further by precipitation with the cationic detergent hexadecyitrimethyi
ammonium bromide (CTAB). This procedure efficiently removes polysaccharides, which are frequently the
cause of the problem.

Additional Materials

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Bacteriophage DNA
Prepared as described in Protocol 23 or 24 of this chapten

Chloroform:isoamyl alcohol (24: 7, v/v) < ! >

CTAB (10% V/v) in 0.7 M NaCl < ! > i
Dissolve 41 g of NaCI in 80 ml of H20 and slowly add 10 g of CTAB while heating the solution to 55°C and stirring.
Adjust the final volume to 100 ml, and store above 15°C to prevent CTAB from precipitating.

CTAB, also known as cetrimide, is available from Sigma Please see the information panel on CTAB in Chapter 6.

Mad (5 M)
TE (pH 7.6)
Water bath preset to 68°C

Method

1. Precipitate the bacteriophage DNA with ethanol and dissolve it in 300 tl' of TE (pH 7.6).

Resuspend the DNA by tapping on the side of the tube. Try to avoid vortexing. if the DNA proves difficult to dis-
solve, incubate the tube for 15 minutes at 50°C.

2. T0 the bacteriophage DNA pellet, add 50 pi of 5 M NaCI, followed by 40 u| of CTAB/NaCl solution.
Incubate the DNA/CTAB/NaCl solution for 10 minutes at 68°C.

3. Purify the bacteriophage DNA by extraction with chloroform:isoamy| alcohol, and then centrifuge the
emulsion for 3 minutes in a microfuge to separate the phases.

 
4. Transfer the (upper) aqueous phase to a fresh tube, and extract with phenolzchioroform.

5. Centrifuge the emulsion for 3 minutes in a microfuge to separate the phases.

6. Transfer the (upper) aqueous phase to a fresh tube, and precipitate the bacteriophage DNA with iso-
propanol at room temperature.

7. Resuspend the pellet of DNA in 100 pl of TE (pH 8.0).
Resuspend the DNA by tapping on the side of the tube. Try to avoid vortexing. if the DNA proves difficult to dis-
solve, incubate the tube for 15 minutes at 50°C
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Rapid Analysis of Bactericphage 7x Isolates:
Purification of A DNA from Liquid Cultures

 

BACTERIOPHAGE 1 DNA MAY BE PURIFIED EASILY FROM BACTERIOPHAGE grown in liquid cultures as

described here. The preceding protocol presented a method for purifying bacteriophage A DNA

from plate lysates. In general, bacteriophage X does not grow as well in small liquid cultures as in

plate lysates. The following method should therefore be used only with robust strains of the bac-
teriophage, such as Agt10,kgt11, ?\ZAP, or ZipLox recombinants. For analyzing clones using PCR,

please see the panel on ANALYSIS OF CLONES USING PCR in Protocol 23.

MATERIALS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Chloroform < ! >

Ethanol

High-salt buffer
20 mM Tris—Cl (pH 7.4)

1.0 M NaCl

1 mM EDTA (pH 8.0)
Isopropanol

Low-salt buffer
20 mM Tris-Cl (pH 7.4)

0.2 M NaCl

1 mM EDTA (pH 8.0)

Phenol:chlor0form (7:1, v/v) <!>

SM

TE (pH 8.0)

Media

NZCYM medium

2.106
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Centrifuges and Rotors

Sorvall 55-34 rotor or equivalent

Special Equipment

Borosilicate Pasteur pipette
EIutip-d columns (Schleicher & Schuell)

Water bath or heating block preset to 47"C
Whatman DE52

DE52 is a preparation of DEAE—cellulose, an anion—exchange resin, that is used in this protocol to

remove host DNA and RNA from plate or liquid lysates. A preswoilen version of DES2 is available from
Whatman and works exceedingly well in this protocol. For each lSD—mm plate iysate to he purified, 10
ml ofa 2:1 slurry of DE52 in LB medium is required.

Vectors and Bacterial Strains

METHOD

Bacteriophage recombinant, grown as single weII-iso/ated plaques on a lawn of bacteria
Prepared as described in Protocol 1 of this chapter.

E. coli strain, grown as weIl—iso/ated, single colonies on an agar plate
Inoculate a single colony of an appropriate E. coli strain into 25 ml of NZCYM medium and incubate

overnight at 30°C. Measure the OD(700 of the overnight culture and calculate the number of cells/ml
using the conversion factor: 1 ODf700 : 1 x 109 cells/ml.

Growth at 30°C increases the chance that the cells will not have reached saturation during the overnight
growth period. The amount of cell debris in the medium is therefore kept to a minimum. Bacteriophages
added to a saturated culture can attach to the M2118 protein present on cellular debris, leading to a non-
productive infection.

 

1. Use a borosilicate Pasteur pipette to pick a single well—isolated bacteriophage plaque into 1

ml of SM containing a drop of chloroform in a small sterile polypropylene tube. Store the

suspension for 4~6 hours at 4°C to allow the bacteriophage particles to diffuse from the top

agarose.

2. In a 25—ml tube, mix 0.5 ml of the bacteriophage suspension (~3 x 106 bacteriophages) with

0.1 m1 of an overnight culture of bacteria. Incubate the culture for 15 minutes at 37°C.

The yield of bacteriophage particles (and hence DNA) is greatly affected by the absolute amounts
and relative amounts of bacteriophages and bacterial cells in the inoculum for the liquid lysate.
When using an unfamiliar strain of E. coli, bacteriophage in vector, or recombinant, it is best to set

up a series ofcultures containing different ratios of bacteria and bacteriophages. Prepare bacterio—
phage A DNA from each of the resulting liquid lysates.

3. Add 4 m1 of NZCYM medium, and incubate the culture for ~9 hours at 37°C with vigorous

agitation.

The culture should clear, but very little debris should be evident.

 

If Iysis does not occur or is incomplete, add an equal volume of prewarmed NZCYM medium to the cul-
tures and continue incubation for a further 2—3 hours at 37°C with vigorous agitation. This step will occa-
sionally drive the culture to complete lysis (and produce a higher yield of bacteriophage DNA).

Problems sometimes arise because minipreparations of bacteriophage DNA are contaminated by
bacterial DNA or RNA. In this case, digest the culture lysate with DNase 1 before batch chromatography
on DE52. To include this step, add crude pancreatic DNase I (please see Protocol 6) to a final concen-
tration of 10 ng/ml before starting Step 4, and incubate the lysate for 30 minutes at 37°C. Thereafter, con-
tinue with the remainder of the protocol. DNase treatment decreases the viscosity of the lysate and may
enhance removal of E. coli genomic DNA and RNA by DEAE-cellulose chromatography. 
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4.

10.

11.

12.

13.

14.

15.

Add 0.1 ml of chloroform to the culture and continue incubation for a further 15 minutes at

37°C with vigorous agitation. Transfer the lysate to a 5—m1 polypropylene centrifuge tube.

Centrifuge at 800g (2600 rpm in a Sorvail 58—34 rotor) for 10 minutes at 4°C.

. Transfer the supernatant to a fresh tube, and remove the bacterial debris by centrifugation at

4000g (5800 rpm in a Sorvall 88—34 rotor) for 10 minutes at 4°C. A small aliquot of cleared

lysate can be set aside at this step as a bacteriophage stock solution. Store the stock at 4°C over

chloroform.

Dispense 10 m1 of a 2:1 slurry of DESZ resin into a fresh centrifuge tube and sediment the

resin by centrifugation at 500g (2000 rpm in a Sorvall 88-34 rotor) for 5 minutes at room

temperature. Remove the supernatant from the resin pellet and place the centrifuge tube on

ice.

Resuspend the DESZ in the cleared bacteriophage k supernatant and aiiow the bacteriophage

particles to absorb to the resin by rocking the centrifuge tube for 3 minutes at room temper-

ature.

Centrifuge the bacteriophage k supernatant/DESZ slurry at 4000g (5800 rpm in a Sorvall SS-

34 rotor) for 5 minutes. Carefully transfer the supernatant to a fresh centrifuge tube and

repeat the centrifugation step. Discard the pellet after each centrifugation.

Transfer the supernatant from the second centrifugation to a fresh centrifuge tube. Extract

the supernatant, which contains the bacteriophage A particles, once with phenolzchloroform.

Transfer the aqueous phase, which contains the bacteriophage A DNA, to a fresh polypropy-

lene tube and add an equal volume of isopropanol. Store the mixture for 10 minutes at

—70°C.

Collect the precipitated bacteriophage DNA by centrifugation at 16,500g (12,000 rpm in a

Sorvall 55—34 rotor) for 20 minutes at 4°C.

Drain the isopropanol from the centrifuge tube and allow the pellet of DNA to dry in the air.

Dissolve the DNA pellet in 2 m1 of 10W«sait buffer.

Purify the bacteriophage DNA by chromatography on an Elutip-d column as described in

Protocol 23.

Mix 1 m1 of ethanol with the solution of eluted DNA and incubate the mixture on ice for 20

minutes. Collect the precipitated DNA by centrifugation in a microfuge, discard the super—
natant, and rinse the pellet of DNA with 0.5 m1 of 70% ethanol. Discard the supernatant and
allow the ethanol to evaporate. Dissolve the damp pellet of DNA in 50 pl of TE (pH 8.0).

Resuspend the DNA by tapping on the side of the tube. Try to avoid vortexing. Ifthe DNA proves
difficult to dissolve, incubate the tube for 15 minutes at 50°C.

[f miniprepamtions are working we11,expectto isolate ~5 ug of purified bacteriophage DNA from
5 x 10'” infectious particles. It is possible to estimate the quantity of bacteriophage DNA present in

a plate lysate or liquid culture lysate by direct agarose gel electrophoresis (please see Protocol 7).

For restriction analysis and agarose gel electrophoresis, digest a 5—10—01 aliquot of the resuspend-

ed DNA. If resistant to cleavage, treat the DNA samples according to the method described in
ADDITIONAL PROTOCOL: REMOVING POLYSACCHARIDES BY PRECIPITATION WITH
CTAB in Prot0c0123.
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BACTERIOPHAGES: HISTORICAL PERSPECTIVE

In 1909, Frederick William Twort was made Director of the Brown Animal Sanitary Institution in London,
which had been set up ~40 years before as a hospital “for the care and treatment of Quadrupeds and Birds
useful to Man.” Twort, who had been trained as a microbiologist, had one scientific idea that he pursued all
of his life — that pathogenic bacteria needed an “Essential Substance” for growth and vitality. Each organ«
ism required a different nutrient substance that was normally provided by the infected host. This was an
important idea at the time, opening up an entire field of the nutritional requirements of bacteria and lead-
ing to the development of vaccines for pathogenic organisms that previously had been impossible to culture.
In 1914, Twort set out to identify the elusive substance that would allow vaccinia virus to grow in vitro. At
that time, smallpox vaccines were prepared in the skin of calves and were almost always contaminated with
Staphylococcus. Twort wondered whether the contaminating bacteria might be the source of the essential
substance for vaccinia, He plated the smallpox vaccine on nutrient agar slants and obtained large bacterial
colonies of several colors. In addition, with the aid of a hand lens, he saw minute glassy areas that failed to
grow when subcultured. He quickly realized that these were not degenerative changes but rather were the
end stages of an acute infectious disease that destroyed the bacterial cells and could be artificially transmit-
ted from one staphylococcal colony to another. In a publication in the Lancet in 1915, he called the conta-
gion the Bacteriolytic Agent. Additional experiments proved that the agent could pass through porcelain fil-
ters and required bacteria for growth. Twort seems to have flirted with the idea that the Bacteriolytic Agent
was vaccinia that invaded the bacteria in search of the Essential Substance.

Twort, like others, became interested in the possibility of using bacteriolytic agents to cure bacterial dis-
eases of humans and animals. When this approach proved to be unsuccessful, Twort retreated to his origi—
nal idea — that bacteriolytic agents required an additional factor of an exceptional nature to satisfy their
fundamental physiological needs. However, his search for a substance that would allow viruses to grow apart
from other forms of life was fruitless and his later research became decreasingly rational as he struggled to
prove that bacteria evolved from viruses. Financial support for Twort’s work had dwindled to almost noth-
ing when, in 1944, the Brown Institution was destroyed by a bomb. This gave the University of London a
long-sought opportunity to deprive Twort of his post and research facilities. He retired to live at Camberley,
in a house appropriately called “The Wilderness.”

In 1949, Twort wrote an embittered account of his experiences. By then, his work was largely forgotten
and even the name Bacteriolytic Agent had been discarded in favor of Bacteriophage. By then, too, the phys-
ical nature of bacteriophages was understood: Their structures had been analyzed by electron microscopy,
and quantitative assays of infectivity had been established. The ability to infect bacteria synchronously in a
single—step growth experiment had opened the way to biochemical analysis of bacteriophage replication.
The first bacteriophage mutants had been isolated, and genetic recombination had been demonstrated
(Cairns et al. 1992). Finally, the ready emergence of bacterial mutants that were resistant to bacteriophage
infection provided a rational explanation for the failure of bacteriophages as therapeutic agents. All this
seems to have passed Twort by. He died in 1950, unaware of the impact of his early discovery and with his
belief in an Essential Substance intact.

In 1917, two years after Twort’s original publication, a French—Canadian, Felix D’Herelle, presented a
paper to the Académie des Sciences on a microorganism (Le Bacteriophage) that could kill dysentery bacil-
li. Whether D’Herelle was aware of Twort’s work has been a matter of speculation. D’Herelle vigorously
denied knowledge of Twort’s earlier discovery and made persistent attempts to claim priority for himself.
For many years, therefore, lysis of bacteria by phages was diplomatically known as the Twort—D’Herelle phe—
nomenon. D’Herelle was a more incisive thinker than Twort and quickly recognized that bacteriophages
behaved as infectious particles that could be titrated by plaque formation. He went on to describe a three-
step process for the life history of the bacteriophage (attachment, multiplication, and release) that is remark-
ably accurate and perceptive (D’Herelle 1926). However, like Twort, D’I—Ierelle became fascinated by the idea
that bacteriophages could be used to cure bacterial infections and over the years collected a large amount of
anecdotal data in support of this idea. Unlike Twort, D’Herelle tended to discount facts that were inconve—
nient and to the end remained a flamboyant proselyti7er of an idea that even Twort had long since aban-
doned.

For a more detailed account of D’Herelle’s discovery of bacteriophages, written with the benefit of
hindsight, please see D’Herelle (1949).
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MINIMIZING DAMAGE TO LARGE DNA MOLECULES
 

Long molecules of high—molecular-weight DNA (> 100 kb) are easily broken by shearing forces.
Conventional methods of extracting and concentrating DNA, which include extraction with organic sol-
vents and precipitation with ethanol or butanol, typically yield molecules smaller than 100 kb in size. Even
linear DNA molecules as short as 50 kb — the size of the bacteriophage l genome — can be broken by exces-
sively rapid and prolonged pipetting and vigorous shaking.

Linear double-stranded DNA behaves in solution as a random coil that is stiffened by (1) stacking
interactions between bases and (2) electrostatic repulsion between the regularly spaced negatively charged
phosphates in the backbone. The rigidity of long DNA molecules leaves them vulnerable to shearing forces
that cause double—stranded breaks, which occur most often in the center of the extended molecules.
Velocity gradients strong enough to shear DNA are generated when solutions are agitated by vortexing or
shaking, when solutions are drawn into or expelled from pipettes, or when long molecules of DNA are dis-
solved after precipitation by alcohols.

One way to minimize damage to DNA during transfer is simply to pour the solution from one con-
tainer to another. However, this is not always feasible and is a risky business at the best of times. Solutions
of high-molecular-weight DNA are viscous and tend to flow in one great lump rather than in a smooth con-
trollable stream.

Wide-bore pipettes offer a safer method. These pipettes can be purchased commercially or fashioned
as needed in the laboratory by cutting the tips from disposable plastic pipettes, blue pipette tips, or Pasteur
pipettes. However, the small amount of negative pressure provided by rubber bulbs or a manual pipetting
device may not be sufficient to retain extremely viscous solutions of DNA in the pipette. Electrically driven
automatic pipettes (such as PipetteAids) are, therefore, preferred. The following are additional ways to min-
imize shearing.

0 Stir rather than shake DNA solutions.

0 Maintain a high DNA concentration.
0 Use a buffer of high ionic strength to thereby reduce the electrostatic forces that confer stiffness upon large

DNA molecules.

0 Add condensing agents such as spermine or polylysine.
o Isolate and manipulate DNA inside agarose blocks (please see Chapter 5, Protocol 15). This method is not

required when preparing genomic DNA for cloning in cosmids or bacteriophage 7t vectors. However, it is the
method of choice when preparing high-molecular—weight DNA for cloning in bacteriophage P1 vectors or
when constructing bacterial and yeast artificial chromosomes.

 

IN VITRO PACKAGING
 

Packaging of bacteriophage X DNA in vitro was initially developed by Becker and Gold (1975) using mix-
tures of extracts prepared from bacteria infected with strains of bacteriophage k carrying mutations in genes
required for the assembly of bacteriophage particles. The procedure has been modified and improved to the
point where 2 x 109 pfu can be generated routinely in packaging reactions containing 1.0 pg of intact bac~
teriophage A DNA. This high efficiency of packaging, coupled with the development of a large stable of bac-
teriophage k vectors and the ability to screen libraries by hybridization or immunochemical methods, led
to the dominance of these vectors in cDNA library construction in the 19805. The increased use of bacte-
riophage k as a cloning vector also led to the development of commercial packaging reactions. Today, the
preparation of packaging reactions as described in the Second Edition of this manual is almost a lost art,
even in the laboratories of experienced bacteriophage workers. Commercial packaging reactions work
exceedingly well and are so reasonably priced that they have replaced homemade extracts in most routine
cloning tasks. However, for specialized applications such as the construction of linking and jumping genom-
ic DNA libraries (which use huge numbers of packaging reactions), it is worth taking the time to prepare
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home—brewed packaging extracts (Poustka 1993). Packaging extracts are prepared by one of two general

strategies:

1. Expression of bacteriophage 7» genes is induced in two separate lysogens that provide complementing compo—

nents of the packaging reaction (e.g., please see Scalenghe et al. 1981). As a consequence of mutations in the

prophage genomes, neither lysogen alone is capable of packaging exogenously added bacteriophage DNA.

Extracts of each culture are prepared separately and blended at the bench into a mixture that contains all of

the components necessary for packaging. The resulting packaging mixtures are efficient, typically yielding in

excess of 109 pfu/ttg of bacteriophage 7» DNA, and essentially free from background (when assayed on appro—
priate hosts strains). Examples of commercially available, two—component systems are Gigapack II Gold

(Stratagene) and the 7» packaging system available from Life Technologies.

2. A single E. coli C bacteriophage 7» lysogen is used to prepare an extract that contains all of the compo-

nents necessary to package exogenously added viral DNA (Rosenberg 1987). One lysogen can be used to

prepare packaging extracts for two reasons. First, the prophage carried in the lysogenic strain codes for

all of the proteins needed for packaging. Second, the cos site of the prophage has been deleted. These fea—

tures work together in the following manner. Induction of the lysogen results in the intracellular accu-
mulation of all protein components needed for packaging, and complete preheads are formed. However,

the next steps in the packaging process are the recognition of the cos sites on concatenated bacteriophage

7» DNA by the bacteriophage A protein and the insertion of the bacteriophage 7t genome into the pre-

head. The lack of the cos site in the prophage DNA prevents this step from occurring, and packaging is

thus effectively halted at the prehead stage, even though all of the necessary components used later in the

process are present. However, exogenous DNA with an active cos site can be inserted into the prehead,

and the packaging process then leads to the production of an infectious bacteriophage particle. Extracts

made in this way usually have a lower background of plaques than the classical binary mixtures, because

the deletion of the cos site blocks packaging of endogenous bacteriophage 7 DNA more completely than

the mutations present in the binary strains. E. coli C was chosen as the lysogenic host to lessen the prob-

ability of recombination between cryptic bacteriophage 7» prophages, which are known to be present in

the genome of E. coli K, and the cos-deleted prophage. Furthermore, E. coli C lacks the EcoK restriction

system (Rosenberg 1985). This system, like other restriction systems, cuts unmodified DNA in a

sequence-specific manner and is also functional in packaging reactions in vitro. Thus, extracts prepared

from cells of E. coli K have the potential to select against DNA that contains an unmodified EcoK recog-

nition site. Because eukaryotic DNA used to construct libraries will not be protected from cleavage,

clones that by chance contain an EcoK recognition site may be lost from the population during packag-

ing. Reconstruction experiments show that bacteriophage A DNA carrying an EcoK recognition site is

packaged two— to sevenfold less efficiently in extracts derived from E. coli K than in extracts prepared

from E. coli C (Rosenberg 1985).

The E. coli C restriction—modification systems express components (mcrA /mch and mrr) that digest

DNA carrying methyl groups on cytosine and adenine residues. (e.g., please see Kretz et al. 1989; Kohler et

al. 1990). Because most eukaryotic DNAs are methylated on these residues, packaging extracts from strains

of E. coli carrying intact mcr and mrr systems select against methylated eukaryotic DNA sequences.

However, the use of packaging extracts prepared from bacterial cells deficient in the EcoK, mcr, and mrr

genes (genotype Almrr-hstMS-mchD effectively eliminates this problem (Kretz et al. 1989). For good

measure, the mch— and mrr-encoded restriction systems have also been eliminated from the E. coli strains

used to prepare some commercially available in vitro packaging extracts. Examples of commercially avail—

able single-component bacteriophage 7» packaging extracts are the Gigapack III Gold from Stratagene, the

MaxPlax packaging extract from Epicentre Technologies, and the Packagene extract from Promega.

7mm—_,7 ,
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fragments of DNA cloned in other vectors. This approach is now commonly used in place of older
physical and enzymatic techniques to separate the strands of segments of DNA. These single—

stranded DNA fragments are used chiefly as templates for site-directed mutagenesis, sequencing

of DNA fragments by the dideoxy chain-termination method, construction of subtractive cDNA

libraries, and synthesis of strand-specific probes. Specialized M13 vectors can also be used for dis-

play of foreign peptides and proteins on the surface of the bacteriophage particles.
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THE DISCOVERY OF MAlE-SPECIFIC BACTERIOPHAGES

A search of New York City sewage (Loeb 1960) for viruses that grow only on male (F+ and Hfr) strains of
Escherichia coli resulted in the isolation of seven types of bacteriophages (f1 through f7). Most of these bac-
teriophages turned out to be small, spherical viruses that contain RNA as their genetic material (Loeb and
Zinder 1961). f1, although clearly different from the others in buoyant density and antigenic structure, was
not immediately studied because it made turbid plaques that were difficult to detect and count. However, the
initial report of male-specific bacteriophages inspired other groups to search for additional viruses with a sex-
specific host range. From this work emerged the male-specific bacteriophages M13 (Munich 13)
(Hofschneider 1963) and fd (Marvin and Hoffman-Berling 1963). Early electron micrographs of fd phages
showed spheres embedded in a matrix of tangled fibrous material, which was at first thought to be piIi that
had detached from the bacterial cell wall. However, during extensive attempts to clean the bacteriophage
preparations, infectivity always remained associated with these long flexible rod-Iike structures. The conclu-
sion that these filaments were, in fact, the bacteriophages was strengthened by the observations (1) that high
titers of infectious virus were always highly viscous and (2) that the infectivity was very sensitive to shearing
forces. Chemical analysis showed that the filaments contained DNA whose base composition was not con-
sistent with Watson-Crick base pairing. In addition, the DNA showed anomalous hydrodynamic properties
that were not understood at the time but are now easily interpretable as those expected of circular and linear
single-stranded DNA molecules.

 

_THE BIOLOGY OF FILAMENTOUS BACTERIOPHAGES
 

M] 3 is a member of a family of filamentous bacteriophages with single—stranded DNA genomes
~64OO bases in length. The genomes of M13 and its two closest relatives fd and fl are organized
identically, and their particles are similar in size and shape. The DNAs of these bacteriophages
have been completely sequenced (fd, Beck et al. 1978; M13, van Wezenbeek et al. 1980; H, Beck
and 2in 1981 ). More than 98% of their nucleotide sequences are identical; the few sites of dif-
ferences are scattered around the genome, mostly in the third position of redundant codons
(Beck and Zink 1981). M13, fd, and H actively complement and recombine with one another
(Lyons and Zinder 1972) and may be regarded as identical for the purposes of the summary that
follows. The genetic map of bacteriophage M13 is shown in Figure 3-1.

0 MB bacteriophages are filamentous particles that infect only male bacteria and do not lyse
their hosts. Instead, they are released from infected cells even as the cells continue to grow and
divide.

0 During infection, the single—stranded bacteriophage genome is converted into a double‘
stranded, circular form called the replicative form (RF), which replicates as a Cairns or 6 struc-
ture. The RF molecules then generate single—stranded plus (+)-strand progeny DNA molecules
by a rolling-circle mechanism. RF molecules are also templates for transcription of Ml3 genes,
of which there are 11.

a Three of the viral gene products (p11, pV, and pX) are involved in the replication of the viral
DNA and five virally coded transmembrane proteins (plll, le, leI, pVIH, and pIX) make
up the capsid.

o Progeny particles are formed by a concerted process in which coat proteins are mustered into
the bacterial membrane where they are assembled around the (+)-strand progeny DNA mol-
ecules. The protein-DNA complex is extruded from the cell in the form of a filamentous virus
particle. These two processes, secretion and assembly of the filamentous virus particle, occur
simultaneously in a coordinated manner. The Viral gene products pl, pl* (which is also known
as le), and pr are required for assembly of progeny bacteriophages, but do not become
incorporated into particles.
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FIGURE 3-1 Genetic Map of Bacteriophage M13

Wild-type M13 is a single-stranded circular DNA, 6407 nucleotides in length. The nucleotides are num-
bered from a unique Hpal site (van Wezenbeek et al. 1980). In the figure, the genes, which are all ori-

ented in the same direction ”clockwise,” are numbered I to XI, the two intergenic regions are labeled IR,
the major promoters are indicated with arrows, and the transcription terminators are marked with a cross
in a circle. By convention, the viral DNA is called the (+) strand, which has the same sense as the viral

mRNAs.

o All indispensable cis-acting elements of the MI3 genome are sequestered into a SOS—bp inter-

genic region, which has been cloned into plasmids. When cells transformed by these plasmids

(or phagemids) are infected by a wild—type or mutant “helper” bacteriophage M13, single-

stranded forms Of the plasmid DNA are packaged into progeny particles.

0 Because their genomes tend to be unstable, recombinant filamentous bacteriophages are not

used for cloning and long-term propagation of segments of foreign DNA (please see Alting—

Mees and Short 1993). Instead, they are used to provide single-stranded copies of fragments of

DNA that have already been cloned in other vectors.

More than 90% of the bacteriophage MB genome codes for protein products, and most of

the 11 genes are separated by only a few nucleotides. The single—stranded genome encodes three

classes of proteins: replication (p11, pV, and pX), morphogenetic (pl, pIV, and pXI), and structural

(pIII, pVI, pVII, pVHI, and pIX) proteins. All structural proteins of the bacteriophage are insert—

ed into the bacterial membrane prior to bacteriophage assembly (Endemann and Model 1995).

For further details about the structures and functions of these proteins, please see Table 3— l.

A small noncoding region lies between genes VIII and III, whereas a more substantial non—

coding region of 508 bp is located between genes [1 and IV. All of the vital cis-acting elements in

the bacteriophage genome are condensed into this larger intergenic region, which contains

sequences regulating packaging and orientation of the DNA within bacteriophage particles

(Dotto et al. 1981b; Webster et al. 1981; Dotto and Zinder 1983), sites for the initiation and ter—

mination of synthesis of (+)—strand and minus (—)-strand DNA (please see Beck and Zink 1981;

Dotto et al. 1983), and a signal for p—independent termination of transcription (see Konings and

Schoenmakers 1978). Because these cis-acting elements are packed so tightly into a small region

of DNA, they can easily be transferred en bloc to other types of cloning vehicles, such as plasmids.
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TABLE 3-1 Summary of the Functions of Proteins Encoded by Bacteriophage M13

 

PROTEIN/
SIZE FUNCTION

pl/348 pl, which spans the inner membrane of M13—infected bacteria, interacts with the viral pIV and host—encoded thiore—
residues

pll/410

residues

p111/427
residues

pl\”~136
residues

pV/87

residues

plei 12
residues

p\'ll/33

residues

p\'111/73
residues

plX/32
i'emdues

PX

le (also

known

(15 pl‘)

doxin and may also recognize the packaging signal in phage DNA, thereby initiating phage assembly.

A smaller product, le, is produced by internal initiation of translation within the gene I transcript at methionine codon

241. pXI, which is also known as pI*, may be involved in forming the site for assembly of bacteriophage particles.

pll introduces a nick at a specific site in the intergenic region of the (+)—strand of RF DNA, initiating the rolling circle
phase of replication, which generates (+)—strand progeny DNA molecules. pII also cleaves the single-stranded product

oi‘rolling circle replication into monomeric molecules that are packaged into progeny bacteriophage particles.

p11], a minor coat protein, is anchored to the membrane by a single membrane-spanning domain near the carboxyl tere

minus. As the M13 filament emerges from the infected cell, three to five copies of leI are attached to the proximal tip

of the bacteriophage particle. The proximal tip enters a new host first during infection and leaves the membrane last
when progeny particles are extruded. pIII, which is associated with pVI at the proximal tip, is required for adsorption of
the bacteriophage to the sex pili of new hosts and for penetration of the phage DNA.

Fusion peptides in bacteriophage display libraries are located in the early mature region of p111, near or immediately adja-
cent to the signal peptide cleavage site.

pI\', a multimeric protein, may form a gated channel connecting the bacteria] cytoplasm to the exterior. pIV, which is syn—
thesized in large quantities in infected cells, interacts with p1 and is required for the induction of the E. coli psp (phage
shock protein) operon that occurs during M13 infection.

pV, an 87—amino—acid protein synthesized in large amounts in infected cells, binds strongly and in a cooperative manner
to newly synthesized (+) strands. The resulting pV-DNA complexes move to specialized packaging sites on the bacter—
ial membrane, where pV is stripped from the viral DNA and is recycled into the cell. In addition to DNA binding. pV

also acts as a translational repressor by binding specifically to the leader sequences of viral mRNAs coding for gene 11
and other viral proteins.

These two properties of pV work in combination to regulate both the expression and replication of the viral genome.

When the intracellular concentration of pV reaches a critical level (105 to 106 molecules/cell/generation), the con-

version of progeny (+) strands to double-stranded RF is suppressed, and the rolling circle phase of bacteriophage DNA

replication therefore proceeds at an essentially constant pace.

le is a minor coat protein of MB. A few molecules of pVI are located at the proximal end ofthe M13 filament, where

they are associated with pIII. pVI is a membrane protein that is located in the cytoplasmic membrane before incorpor—
ation into virus particles.

lel is a coat protein that interacts with the packaging signal located in the intergenic region of Ml3 DNA. Five

molecules of pVII are located at the end of the bacteriophage particle that emerges first from the infected cell.

pVIII, the major coat protein 0fM13, is synthesized as a preprotein known as “procoat,” which binds to the inner surface
of the plasma membrane and subsequently translocates as a loop structure across the membrane in the presence of a
transmembrane potential. Particles of M13 contain ~2700 copies of the processed or mature SO—residue a—helical
protein, arranged in a cylindrical sheath around the bacteriophage DNAA

pIX is a minor coat protein of MIS. Five copies of pIX are located at the end of the bacteriophage particle where
assembly begins. Like pVII, pIX is a membrane protein that interacts with the packaging signal located in the intergenic
region of M 1 3 DNA.

Translation of pX begins at the in—frame AUG triplet at codon 300 of p11. pX is therefore identical in sequence to
the earboxy-terminal third of pH.

pX, which is required for efficient accumulation of single—stranded DNA, is a powerful repressor of phage—specific DNA
synthesis in vivo and is thought to limit the number of RF molecules in infected cells.

le, which spans the cytoplasmic membrane but lacks a cytoplasmic domain, is produced by internal initiation of
translation within the gene I transcript at methionine codon 241. pXI may be involved in forming the site for assem—
bly of bacteriophage particles.
 

lor retcrences, please see reviews by Makowski (1984), Webster and Lopez (1985), Model and Russel (1988), and Russel (1991, 1995).
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Bacteria transformed by these phage-piasmid hybrids (which are known as phagemids) produce

single-stranded versions of the plasmid DNA when infected with helper wild—type or mutant til—

amentous bacteriophages carrying replication-defective intergenic regions. For further details,

please see the introduction to Protocol 8, which deals with phagemids.

The filamentous particles of M13 infect only bacterial strains that express sex piii encoded

by an F factor. Adsorption of the Virus to the bacterial cell requires interaction between a sex piius

and the viral minor coat protein pIII, three to five copies of which are located at one end of the

filamentous rod (please see Table 3—1). The following events then occur: As the rod-shaped virus

penetrates the piius, pIII interacts with the host TolQ, TolR, and TolA proteins, which (1) medi-

ate removal of the major coat protein and (2) allow the Viral DNA to penetrate into the body of

the bacterium (Webster 1991).

o The infecting (+)—strand singie-stranded DNA is then converted into a double—stranded cir-

cular form, called RF DNA. Synthesis of the (—) strand is initiated by a 20-nucle0tide RNA

primer that is synthesized at a unique site on the viral DNA by E. coli RNA polymerase (Geider

and Kornberg 1974; Higashitani et al. 1993). Transcription of Viral genes begins at any one of

a series of promoters in RF DNA and proceeds unidirectionally to one of two terminators,

which are located immediately downstream from genes VIII and IV. This organization of pro—

moters and terminators leads to gradients of transcription in which genes located closest to a

termination site (e.g., gene VIII) are transcribed much more frequently than genes further

upstream (e.g., gene 11) (for a review of this and other aspects of the molecular biology of fil—

amentous bacteriophages, please see Model and Russel 1988; Russel 1995).

o Amplification of the viral genome begins when the protein product of gene 11 introduces a

nick at a specific site in the (+) strand of the parental RF DNA (Meyer et a]. 1979). E. coli DNA

polymerase I then adds nucleotides to the free 3'-hydroxyl terminus, progressively displacing

the original (+) strand from the circular (—)-strand template (please see Figure 3-2).

0 After the replication fork has completed a full circle, the displaced (+) strand is cleaved by the

gene 11 protein, generating a unit—length viral genome that is then circularized (Horiuchi

1980). During the first 15—20 minutes of infection, these progeny (+) strands are converted by

cellular enzymes to closed circular RF DNA molecules, which serve as templates for further

rounds of transcription and synthesis of additional (+) strands.

o By the time 100—200 copies of the RF DNA have accumulated in the infected cell, there is

enough single-stranded DNA—binding protein (the product of gene V ) to repress translation,

inter alia, of gene 11 mRNA (Model et al. 1982; Yen and Webster 1982; Zaman et ai. 1990) and

to bind strongly and cooperatively to the newly synthesized (+) strands, thereby preventing

their conversion to RF DNA. DNA synthesis therefore becomes dedicated almost exclusively to

the production of progeny viral strands (Salstrom and Pratt 1971; Mazur and Zinder 1975). In

addition, pX and pV are powerful repressors of phage-specific DNA synthesis and are thought

to limit the number of RF molecules in infected cells (Fulford and Model 1984, 1988; Guilfoyle

and Smith 1994). As a consequence, both the number of RF DNA molecules in the infected cell

and the rate of production of progeny (+) strands are kept within moderate limits (Mazur and

Model 1973; Lerner and Model 1981).

The morphogenesis of filamentous bacteriophage particles is extraordinary. Unlike most

other bacteria] viruses, progeny particles are not assembled intracellularly. Instead, morphogene—

sis and secretion occur in a concerted fashion, so that nascent virus particles are assembled as they

cross the inner and outer bacterial membranes of the host cell. The intracellular pV—viral DNA

complexes are compact, rod-like structures (Gray 1989) that associate with specific assembly sites

in the bacterial membrane (Lopez and Webster 1983, 1985). The signal for packaging — an
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Infecting single—stranded circular Viral

DNA is converted to doubIe-stranded

replicating form (RF) DNA by host—
i encoded enzymes.

1
Several rounds of replication occur

\ through 9 structures.

© The (—) strand ofthe RF DNA is tran—
scribed into viral mRNAs.

/ The viral gene II productintroduces a
nick at a specific site (red arrow) in the
(+) strand of the RF DNA.

Progeny (+) strand is synthesized con-
tinuously by movement of the replication
machinery around the (—) strand template

(rolling circle replication).

1 rolling Circle
._

structure The completed progeny (+) strand is cleaved
from the rolling circular structure by the viral
gene II product (red arrow]. The progeny strand

/ \ then circularizes.

0 Synthesis of progeny (+) strand continues.

progeny (+) strand

FIGURE 3-2 Replication of Bacteriophage M13 DNA in Infected Bacteria

The first four stages, up to the point where nicking of closed circular RF DNA begins, occur during the
first 15—20 minutes of infection and result in the accumulation of 100—200 circular RF DNA molecules per
cell. The subsequent production of single-stranded DNA is a continuous process that leads to morpho-
genesis of progeny particles.

 

inverted repeat located in the intergenic region of the bacteriophage DNA — protrudes from one
end of the pV—viral DNA (Bauer and Smith 1988) and presumably initiates morphogenesis by
interacting with the membrane—associated coat proteins, pVII and pIX. Assembly of virus parti—
cles is a repetitious process whereby the 1500 dimeric pV proteins are progressively removed from
the (+) strand and replaced by capsid proteins as the nascent bacteriophage particle is extruded
through the membranes of the infected cell. The finished viral filaments (illustrated in Figure 3-
3), which are 100 times greater in length than in width, are extruded from the host cell without
causing lysis or cell death (for reviews, please see Russel 1991, 1994, 1995).

Mature particles contain 5 of the 11 bacteriophagenencoded proteins (please see Table 3— 1 ).
At least four other proteins (pl, pIV, pXI, encoded by the virus, and thioredoxin, encoded by the
host cell) are required for assembly and secretion.

Wild—type filamentous bacteriophages are long and flexible tubular structures, 880 nm in
length and 6—7 nm in diameter (for reviews, please see Rasched and Oberer 1986; Russel 1991;
Makowski 1994). A high—resoiution X—ray crystallographic structure of the particles is not avail—
able, but models of the bacteriophage have been generated from fiber diffraction studies and
solid—state nuclear magnetic resonance (NMR) (Opella et al. 1980; Banner et al. 1981; Glucksman
et al. 1992; McDonnell et a]. 1993; Marvin et al. 1994). The DNA at the core of the particles is
coated by 2700 copies of an a-helical SO-residue protein, which is encoded by gene VIII. The cap
or distal end of the nascent bacteriophage cylinder extruded from the membrane consists of five
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FIGURE 3-3 Structural Model of an M13 Particle

M13 is a filamentous bacteriophage of the family Inoviridae. The native particle is ~900 nm long and 6.5
nm in diameter and is composed of the singIe-stranded circular viral DNA encapsulated by ~2300 copies
of the major coat protein, the product of phage gene 8 (g8p), plus five copies each of four minor proteins‘
The singIe-stranded bacteriophage DNA extends along the axis of the phage particle, with the length of
the DNA determining both the length of and the number of gap in the virus particle. The minor phage
proteins g7p and g9p are involved in the initiation of assembly and are required for particle stability. g3p
is a 42,000-dalton protein attached to the virus particle by g6p and is responsible for binding to host cells.
(Courtesy of Lee Makowski and Matt Ray.)

 

copies each of pVII and pIX, which interact with the packaging signal in the intergenic region.

The tail or proximal end of the completed cylinder consists of a complex of three to five copies of

pVI and pIII.

Because the viral genome is not inserted into a preformed structure, there is no strict limit to

the size of the single—stranded DNA that can be packaged. Rather, the length of the filamentous par—

ticle varies according to the amount of DNA it contains. Particles longer than unit length and con-
taining multiple copies of the viral genome are found in stocks of all filamentous viruses (Salivar et
al. 1967; Scott and Zinder 1967; Pratt et al. 1969), and inserts of foreign DNA seven times longer

than the wild-type viral genome have been cloned and propagated in M13 (Messing 1981).

The replication of the filamentous bacteriophages occurs in harmony with that of the host

bacterium, and the infected cells are therefore not lysed but continue to grow (albeit at one half

to three quarters of the normal rate) while producing several hundred virus particles per cell per

generation (Marvin and Hohn 1969). This production leads to the accumulation of vast numbers

of particles in the medium; the titer of bacteriophage from a culture of infected bacteria fre-

quently exceeds 1012 pfu/ml.  
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BACTERIOPHAGE M13 AS A VECTOR

Because single-stranded DNA is a poor substrate for most restriction endonucleases and DNA lig—

ases, double~stranded segments of foreign DNA are inserted in Vitro into the RF of the bacterio-

phage DNA (please see the panel on ENGINEERING M13 AS A VECTOR). This double-stranded

closed circular DNA can easily be purified from infected cells, manipulated in the same way as

plasmid DNA, and then reintroduced into cells by standard transformation procedures. The dou-

ble-stranded DNA then reenters the replication cycle, eventually generating progeny bacterio-

phage particles that contain only one of the two strands of the foreign DNA. The other strand of

the DNA, the (—) strand, is never packaged.

 

ENGINEERING M13 AS A VECTOR

In 1963, when Peter—Hans Hofschneider described the isolation of Munich 13 from Bavarian sewage, the virus
seemed to have few prospects. Indeed, research on M13 remained parochial until the early 19705, when
Joachim Messing, then a graduate student at the Max—Planck Institute in Munich, saw that the biological prop-
erties of the bacteriophage could be exploited for cloning and sequencing of foreign DNAs.

Messing reasoned that the length of the bacteriophage filaments reflected the size of the singIe-stranded
DNA inside them. M13 might therefore be able to accommodate additional sequences of nonviral DNA in a
manner that other single-stranded DNA viruses, such as the icosahedral ¢X174, could not. In addition, the sin-
gle-stranded nature of the M13 genome made it ideal for use as a template in the recently described Sanger
DNA sequencing method (Sanger et al. 1973). However, turning these properties into an advantage required
solutions to some serious problems. In 1974, the restriction map of M13 was rudimentary, the locations of its
genes were vague, and, worst of all for Messing, the restriction enzymes and DNA Iigases required to solve
these difficulties and to construct vectors were not commercially available. Messing (1991, 1993, 1996) has

described in some detail the bootstrapping and borrowing that eventually allowed him to insert into M13 the
genetic element that has been the key to the success of all subsequent vectors of the mp series: a 789-bp frag-
ment of DNA encoding the control region of the wild-type lac operon and the first 146 amino acids of fi-galac-
tosidase. The resulting recombinant M13mp1 (for Max-Planck Institute), which carried the lac sequences
inserted into a HaeIII site in the intergenic region of the bacteriophage, was viable and expressed an a—com-
plementing fragment of [i-galactosidase in infected cells (Messing et al. 1977; Gronenborn and Messing 1 978).

Messing deliberately chose a strain of male host cells carrying an F ’ plasmid encoding a mutant of B—galac-
tosidase lacking amino acids 11—41. This defective polypeptide can associate with the 146-residue amino-ter-
minal fragment of fi-galactosidase encoded by M13mp1 to form an enzymatically active protein. M13mp1 will
therefore form deep-blue plaques when plated on hosts carrying the appropriate F ’ episome on medium con-
taining IPTG (isopropyl-B-D—thiogalactoside, a gratuitous inducer of the B-galactosidase gene) and X-gal (5-
bromo-4-chloro-3-indolyl-B-D-galactoside, a chromogenic substrate). (For additional historical details, please
see the information panels on X-GAL and cx-COMPLEMENTATION in Chapter 1.) Insertion of foreign DNA
into the IacZ region of M13mp1 usually eliminates oc-complementation and gives rise to recombinants that
form pale blue or colorless plaques (Gronenborn and Messing 1978). Messing was therefore able to develop
a histochemical test to distinguish between M13 recombinants that carried a piece of foreign DNA and empty
vectors that did not.

Messing’s next task was to equip the lac region of M1 3mp1 with restriction sites suitable for cloning. The
lac fragment contained no useful restriction sites and few sequences that could be easily converted into one.
During a trip to California, however, Messing learned that the chemical mutagen nitrosomethylurea would effi-
ciently promote the conversion of guanine residues to thymine. Gronenborn and Messing (1978) therefore
treated M13mp1 with nitrosomethylurea and screened for infectious RF molecules that were linearized by
EcoRI. In this way, they were able to isolate a bacteriophage (M13mp2) that carried an EcoRI site at codon six
of the B-galactosidase gene as a consequence of a G to T transition. Messing quickly realized that in-frame inser-
tions of synthetic linkers into the newly created EcoRI site retained their ability to synthesize an a-comple-
menting fragment of B-galactosidase in infected cells. This observation was turned to great advantage during
the course of the succeeding 15 years, when Messing and his co-workers equipped a succession of mp vec-
tors with a wide variety of multiple cloning sites (e.g., please see Messing 1979; Messing et al. 1981 ; Yanisch-
Perron et al. 1985; Vieira and Messing 1987, 1991 ). These embellishments, combined with an already pow-
erful set of biological properties, provided M13 vectors with decisive practical advantages for site-directed
mutagenesis, subtractive hybridization, and shotgun DNA sequencing. 
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Three types of MlS vectors have been described that differ in the location of the cloning

site:

0 Cloning into the large intergenic region: All genes of filamentous bacteriophages are essential‘

and vectors must therefore carry a full complement of coding sequences. However, segments

of foreign DNA may be inserted into the 508—bp intergenic region located between genes I I and

IV (Messing et al. 1977; Gronenborn and Messing 1978). Insertion of foreign DNA segments

within this intergenic region can severely affect the replication of the bacteriophage genome

(Dotto and Zinder 1984a). Fortunately, most vectors used to clone foreign DNA sequences

carry mutations (in gene 11 or V) that partially compensate for the disruption of the cis—acting

elements (Dotto and Zinder 1984b).

A majority of vectors in current use adhere closely to the theme established by the Ml3mp

series, differing chiefly in the number and variety of restriction sites that can accept DNA frag—

ments. Typically, M13 vectors appear as pairs (e.g., M13mp18 and Ml3mp19) that vary only

in the orientation of the nonsymmetrical polycloning region within the lacZ region. After

cleavage of the RF DNAs with two different restriction enzymes, M13mp18 and M13mp19

cannot recircularize easily unless a double-stranded foreign DNA fragment with compatible

termini is present in the ligation mixture. This fragment will be inserted in opposite orienta—

tions in the two vectors. Thus, one of the two strands of the fragment will be attached to the

(+) strand of M13mp18, and the complementary strand will be attached to the (+) strand of

M13mp19. The progeny of the M13mp18 recombinant will therefore contain one strand of the

foreign DNA, and the progeny of the M13mp19 recombinant will contain the other (comple—

mentary) strand. Consequently, by using M13mp18 and MlSmp19 as dual vectors, it is possi—

ble to use a single primer (“universal primer”) to determine the sequence of nucleotides on

opposite strands from each end of the inserted DNA and to generate probes that are comple-

mentary to only one strand or the other of the foreign DNA.

The lacZ fragments used in the construction of bacteriophage M13 vectors have also been

inserted into a deleted version of pBR322, creating a family of plasmid vectors (pUC vectors)

that contain a variety of commonly used cloning sites. These vectors are especially useful

because they (1) can participate in oc-complementation and (2) carry the same constellation of

restriction sites in the polycloning site as the analogous vectors of the mp series. Thus, frag-

ments of foreign DNA can be moved between Ml3mp vectors and pUC vectors with great

ease. In addition, the intergenic region of M13 is now a standard fixture of most plasmid vec—

tors, which can therefore be used as conventional plasmids or as phagemids.

 

The original lacZ fragment carried in the mp series of M13 vectors and in pUC plasmids is derived from F
the wild-type lac operon and does not carry the uv5 mutation and is therefore sensitive to catabolite repres-
sion. l

J

o Cloning into the small intergenic region: The smaller intergenic region between genes VIII

and 111 has also served as the Cloning site for another series of vectors (Barnes 1979, 1980). In

addition, a number of vectors carry other selectable markers (antibiotic resistance; hisD) that

may be destroyed by insertion of a foreign DNA sequence (e.g., please see Barnes 1979;

Ilerrmann et al. 1980; Zacher et al. 1980). Unfortunately, these systems require the establish—

ment of colonies of infected cells that must be screened by replica plating, a much slower and

more tedious process than visual examination of plaques.

o Cloning into gene X: If overproduced, gene X protein completely blocks phage—specific DNA

synthesis (Fulford and Model 1988). A bacteriophage vector called MlS-IOO carries a super-
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numerary copy of gene X in the large intergenic region of M13 (Guilfoyle and Smith 1994).

Expression of the gene is driven by the T7 promoter and therefore occurs only in host cells, such

as IM109(DE), that express T7 RNA polymerase. When foreign DNA sequences are cloned into

the supernumerary copy of gene X, the gene is inactivated and the resulting recombinants can

therefore replicate on IM109(DE) cells, which) of course, are nonpermissive hosts for empty

vectors. This elegant system, which was developed to reduce the cost and manual labor of

screening large numbers of plaques by histochemical staining, has not been widely adopted.

BACTERIAL HOSTS FOR BACTERIOPHAGE M13 VECTORS

Because M13 enters the host cell through sex pili encoded by an F factor, only male bacteria are

used to propagate the virus. Infections can be established in female cells if the bacteriophage DNA

is introduced by transfection. However, the progeny particles produced by the transfected cells are

unable to infect other cells in the culture, and the yields of Virus are consequently very low.

Bacterial strains carrying F' plasmids and a number of genetic markers useful in work with

M13 vectors have been constructed by Messing and his co-workers (Yanisch—Perron et al. 1985).

The following are the most important of these markers:

0 lacZAM15:A deletion mutant that lacks the sequences of the lacZ gene coding for the amino-
terminal portion of B-galactosidase (Beckwith 1964). The peptide expressed by AM15 can take

part in (x-complementation (Ullmann et al. 1967; Ullmann and Perrin 1970). Many hosts for

bacteriophage M13 vectors carry this deleted version of the lacZ gene on an F' plasmids

o A(lac—proAB): A deletion of the chromosomal segment that spans the lac operon and neigh-

boring genes coding for enzymes involved in proline biosynthesis. Bacterial hosts carrying this

marker are unable to use lactose as a carbon source and require proline for growth, unless

proAB is present on an F’ plasmid.

o laclq: A mutant of the lac] gene that synthesizes approximately tenfold more repressor than

wild type (Muller—Hill et al. 1968). This overproduction of repressor suppresses still further the

already low level of transcription of the lac operon in the absence of inducer. Thus, synthesis

of potentially toxic proteins is minimized when foreign coding sequences are placed under the

control of the lacZ promoter in cells carrying a lac]q mutation. When the host cells carrying a

lacl‘1 mutation are grown in glucose, catabolite repression reduces the level of transcription

across the intergenic region from the 10162 promoter, and so potentiates the production of sin-

gIe—stranded DNA. In most of the strains used in cloning with M13 vectors, lac]q is carried with

lacZAMlS (see above) on an F' plasmid.

o proAB: The region of the bacteria] chromosome that encodes enzymes involved in proline

biosynthesis. The proAB genes are often carried on an F’ plasmid, which can then complement

proline prototrophy in a host with a (lac-proAB) deletion. When such cells are grown in media

lacking proline, the maintenance of the F’ plasmid in the host can be guaranteed.

0 traD36: A mutation that suppresses conjugal transfer of F factors (Achtman et al. 1971). This

marker was required by the National Institutes of Health (NIH) guidelines that were extant

many years ago. The guidelines are no longer in force, but the marker lingers on in several of
the bacterial strains dating from that era.

0 hst17 and hst4: Mutations that lead to loss of restriction, but not modification, by the type

I restriction/modification system of E. coli strain K. Unmodified DNA cloned directly into

Ml3 vectors and propagated in bacterial strains carrying this mutation will be modified and

therefore protected against restriction if the vector is subsequently introduced into an hsd+
strain of E. coli K.  
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o mcrA and mrr: Mutations that lead to loss of restriction of methylated DNA and therefore

enhance the cloning of genomic DNA in bacteriophage M13 vectors.

0 recAl: The recA gene of E. coli codes for a DNA—dependent ATPase that is essential for genet—
ic recombination in E. coli (for review, please see Radding 1982). Strains that carry the recAl
mutation are defective in recombination and therefore have two advantages. First, plasmids
propagated in these strains remain as monomers and do not form multimeric circles
(Bedbrook and Ausubel 1976). Second, segments of foreign DNA propagated in M13 vectors
may experience fewer deletions in recAT strains (Yanisch—Perron et al. 1985).

o supE: An amber suppressor that inserts glutamine at UAG eodons, At one time, the NIH guide-
lines required bacteriophage Ml?) vectors to carry an amber mutation. This requirement has
long since been dropped, and most vectors in common use today do not carry such mutations.
However, many of the strains of E. coli that are used as hosts were developed when the guide-

lines were still in force. These strains and many of their derivatives carry a suppressor that

allows the growth of vectors carrying certain amber mutations.

Table 3-2 contains a summary of strains of E. coli commonly used to propagate M13 vec-

tors and recombinants, and Figure 3-4 displays the polycloning sites in many vectors.

SHOOSING AND MAINTAINING A SUITABLE STRAIN OF E. COLI
 

As mentioned above, infection of E. coli by bacteriophage M13 and its close relatives requires an

intact F pilus. To ensure that bacteria used for propagating bacteriophage M13 maintain the F'

plasmid encoding the pilus structure, one of two positive selection strategies may be used:

0 In all strains of E coli commonly used for propagation of male-specific bacteriophages, the F'

plasmid carries genes encoding enzymes involved in proline biosynthesis (proAB+). Because

these genes have been deleted from the host chromosome, only those bacteria that carry the F'

plasmid will be proline prototrophs and hence be able to form colonies on media lacking pro—

line (e.g., M9 minimal medium). Bacterial strains grow much more slowly on minimal media

than on rich media and do not survive prolonged periods of storage at 4"C. For this reason, it

is important to prepare fresh cultures of host bacteria every few days on M9 minimal agar

plates, using a master stock stored at —70°C as inoculum (please see below).

0 Some but not all F' plasmids carry a gene encoding resistance to an antibiotic, usually

kanamycin or tetracycline. Only cells that maintain the F’ plasmid will grow in media con—

taining the appropriate antibiotic. Using this selection eliminates the need to use minimal

media, thereby greatly speeding the work of the laboratory.

Whatever the selection used to maintain the F’ plasmid, master stocks of F ' strains of E. coli

used for propagation and plating of M13 should be stored at —70°C in LB medium containing
15% glycerol. The choice of bacterial strain should, however, not be dictated by the type of selec—
tion used to maintain the F’ plasmid. Of much greater importance are the chromosomal markers
carried by the strain, which can greatly influence the stability and yield of M13 recombinants and
the purity of the single—stranded DNA templates prepared from infected cells. The following are
two types of strain—dependent problems commonly encountered when cloning in filamentous
bacteriophage vectors:

0 Deletion ofpart of the foreign DNA segment. DNA cloned into the intergenic region of fila-
mentous bacteriophages tends to be unstable. The larger the cloned segment, the greater the
rate at which deletions occur. This problem can be minimized (although never completely
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3.14 Chapter 3: Workmg WII/I Bacteriophage M13 Vectors

M13mp7/pUC7

7237/2674 Thr Met lIe Thr Asn Ser Pro Asp Pro Ser Thr Cys Arg Ser Thr Asp Pro Gly Asn Ser Leu Ala
ATG ACC ATG ATT ACG AAT TCC CCG GAT CCG TCG ACIC TGC AGG TCG ACG GAT COG GGG AAT TCA CTG GCC

EcoRI BamHI |___I Pstt I_—I BamHI EcoRI
Sail Salt

Accl Accl

Hmcll Hmcll

M13mp8/pUCS
7237/2674

Thr Met Ie Thr Asn Ser Arg GIy Ser Val Asp Leu Gln Pro Ser Leu Ala Leu Ala
ATG ACC ATG ATT ACG AAT TCC CGG GGA TCC GTC GAC CTG CAG CCA AGG TTG GCA CTG GCC

I I I IL JI I L I
EcoRl | |BamH| Sail PstI H/ndIII

Smal Accl

Xmal Hmcll

M13mp9/pUC9
7598/2665 Thr Met IIe Thr Pro Ser Leu Ala Ala Gly Arg Arg Ile Pro Gly Asn Ser Leu Ala

ATG ACC ATG ATT ACG CCA AGC TTG GCT GCA GGT CGA CGG ATC CCC GGG AAT TCA CTG GCC
I L

Hmdttl Pstl | ] BamHI | IECORI
Salt Smal

Accl Xmal
Hmcll

M13mp10/pUCt2

7243/2680 Thr Met He Thr Asn Ser Ser Ser Pro Gly Asp Pro Leu Glu Ser Thr Cys Ser Pro Ser Leu Ala Leu Ala Va!

ATG ACC ATG ATT ACG AAT TCG AGC TCG CCC GGG GAT CCT CTA GAG TCG ACC TGC AGC CCA AGC TTG GCA CTG GCC GTC
L_J

EcaRt |___| Smal t___| Xbal |___J Pstt HdeII
Sacl Xmal BamHI Sail

Accl

Hmcll

M13mp11/puc13
7243/2680 Th! Met Ile Thr Pro Ser Leu Gly Cys Arg Ser Thr Leu Glu Asp Pro Arg Ala Ser Ser Asn Ser Leu Ala

ATG ACC ATG ATT ACG CCA AGC TTG GGC TGC AGG TCG ACT CTA GAG GAT CCC CGG GCG AGC TCG AAT TCA CTG GCC
|___I |___| |__l |___| l___|
HdeIl Pstl I____I Xbal |___| Smal Sacl L___|

Salt BamHI Xmat EcoRI

Acct

Hmcll

M13mp18/pUCIB

7249/2686 Thr Met Ile Thr Asn Ser Ser Set Val Pro Gly Asp Pro Leu GIu Ser Thr Cys Arg HIS Ala Ser Leu Ala Leu Ala
ATG ACC ATG ATI' AGG AAT TCG AGC TCG GTA CCC GGG GAT CCT CTA GAG TCG ACC TGC AGG CAT GCA AGO TTG GCA CTG GCC

J
EcoRI I I KpnII IaamHt I J Sa/I L I Sphl |___j

Sacl Smal Xbal Accl Psll HlndllI

Xmal Hmcll

M13mp19/pUC19

7249/2686 Thr Met IIe Thr Pro Ser Leu HIS Ala Cys Arg Ser Thr Leu Glu Asp Pro Arg Val Pro Ser Ser Asn Ser Leu Ala t

MG ACC ATG ATT AGG CCA AGO TTG CAT GCC TGC AGG TCG ACT CTA GAG GAT CCC CGG GTA CCG AGC TCG AAT TCA CTG GCC

|__I 1—1 |__I
HdeII | Pstl | I Xbal I I l | Sacl | J

Sphl SaII BamHI SmaI KpnI EcoRI

Ach Xmal

Hlncll

FLQURE 3-4 Mgltiple Cloning Sites in Bacteriophage M13 and Phagemid Vectors
  

Shown are the positions of restriction sites in the multiple cloning sites of commonly used bacteriophage M13 vectors and their
(orresponding pUC plasmids. The numbers beneath the names of the vectors are their approximate Sizes (in nucleotides). The
p0|y( Ioning regions of the corresponding phagemids are virtually identical.
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pCR 2.1

3900

Mr Mex he Pro Ser Leh Va) Pro Ser Ser Asp Pro Leu VaI 'hr Ala AIa Ser VaI Leu Glu Phe GM Leu Gly

ATG ACC ATG ATT CCA AGC TTG GTA CCEGC TCG GAT CCA CTA GTA ACG GCC GCC AGT GTG CTG GAA TTC GGC TTA GCC

L J] J II M
 

H/ndlll Kpnl SacI BamHI Spei EcoRI

Giu Phe Cys Arg Tyr Pro Ser H1s Trp Arg Pro Leu Glu H>s Ala 86' Arg Gly Pro Asn Ser P10 Tyr Ser

GAA TTC TGC AGA TAT CCA TCA CAC TGG CGG COG CTC GAG CAT GOA TCT AGA GGG CCC AAT TCG CCC TAT AGT
I__I |____I
EcoRI EcoHV Ava! Xbal

Xbol

pBluescnpt H SK (+/—)

2961

Me! Th Met He Thr Pro Ser A13 Girl Leu Thr Leu Thr Lys GIy Asn Lys Ser Trp Ser Ser Thr Ala Va

(5 GAA RCA GOT ATG ACC ATG ATT ACG CCA AGE GCG CAA TTA ACC CTC ACT AAA GGG AAC AAA AGC TGG AGO TCC ACC GOG GTG

Sam

Ala A3 AIa Leu Glu Leu VaI Asp Pro Pro GIy Cys Arg Asa Leu He Ser 59! Leu Ser lie Pro 597 Ihr Ser Arg Gly

(1&6 GHC GCT CTA GAA CTA GTG GAT CCC CCG GGC TGC AGG AAT TCG ATA TEA AGC TTA TCG ATA CCG TOG ACC TCG AGG GGG

L J! lg I L I I II I
 

Xbal Spel BamHI Smal Psll EcoRl HdeII Sa/I Xhol

Xmar Accl
Hum”

GIy Fro VaI Pro Asn Ser Pro Tyr Ser Glu Ser Tyr Tyr Ala Arg Ser Leu Ala Var Val Leu Gm

GGC CCG GTA CCC AAT TCG CCC TAT AGT GAG TCG TAT TAC GOG CGC TCA CTG GCC GTC GTT TTA CAA

L__I
Kprl

pBIuescrlpt II KS (+/—)

2961

Mei Thr Met “9 Thr P'o Ser AIa Gln Leu Thr Leu TI‘r Lys GIy Asn Lys Ser Trp V211 F’ra GIy P'o

G (JAA AGA GCT ATG ACC ATG ATT ACG GCA AGO GOG CAA TTA ACC CTC ACT AAA GGG AAC AAA AGC TGG STA CCG GGC CCC

Kpnl

Pm Ser Am Ser Thr Val Ser Ile Ser Leu lle Ser Asn Ser Sys Ser Pro GIy Asp Pro Leu VaI Leu Glu Arq Pro Pro Pro Avg

CCC TCG AGG TOG ACG GTA TCG ATA AGC TTG ATA TCG AAT TCC TGC AGC CCG GGG GAT CCA CTA GTT CTA GAG CGG CCG CCA CCG CGG

l___I I__l l I I I I IL 41 I I
 

Xhol Salt H/ndIII EcoFH Pstl Smel EamHI Spel Xbal

Accl

HmcH

Trp Say Ser Asn Ser Pro Tyr Ser GIu ser Tyr Tyr Ala Arg Ser Leu Ala VaI VaI
TGG AGC TCC AAT TCG CCC TAT AGT GAG TOG TAT TAO GC G CGC TCA CTG GCC GTC GTT

Sad

pG L2

5789

ATC fm' GTA TCT TAT GGT ACT GTA ACT GAG CTA ACA TAA CCC GGG AGG TAC CGA GCT CT"

I I II I
Smal Kpnl Sacl M/ul Xhol

Xmal Nhel

ACG CGT GCT AGO TCG AGA TCT
L, I

Bg/II

Met GIu Asp Ala Lys Asn Ile Lys Lys

AAG TAA GCT TGG SAT TCC GGT ACT GTT GGT AAA ATG GAA GAC GCC AAA AAC ATA AAG AAA

L__J

 

HdeII

911961
7486
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eliminated) (1) by using strains ofbacteria that carry recA mutations and (2) taking care never

to propagate the bacteriophage by serial growth of infected cells in liquid culture. Instead,

stocks of recombinant bacteriophages stored at —70°C should be plated on an appropriate host,

and bacteria from the center Of a single well-isolated plaque should be used to establish a

small—scale culture. This culture should provide sufficient quantities of single—stranded DNA

or double—stranded RF DNA for most purposes. The culture should be grown for the shortest

possible time (usually 4—8 hours, depending on the vector and the strain of E. coli) and should

not be used as a stock to seed further cultures. Please see the information panel on GROWTH

TIMES.

o Insertion of the foreign DNA in only one orientation. Quite frequently, a given vector will

carry a specific segment of foreign DNA far more readily in only one of the two possible ori-

entations. This phenomenon occurs because sequences on opposite strands of the foreign

DNA interfere to different extents with the functioning of the vector’s intergenic region. This

problem can sometimes be avoided by inserting the foreign DNA at a different site within the

polycloning site, by changing hosts strains, or by using a combination of restriction enzymes

that allow directional cloning. However, if bacteriophage M13 vectors are forced to propagate

unwelcome sequences of foreign DNA, the resulting recombinants are often unstable and give

rise to progeny that carry deleted or rearranged versions of the foreign sequences. Under these

circumstances, a better alternative is to propagate the foreign DNA in plasmid vectors that

carry an origin of replication derived from a filamentous bacteriophage. Vectors of this type

(phagemids) are discussed in detail in the introduction to Protocol 8. For the moment, how-

ever, it is worthwhile pointing out that phagemids are not a universal panacea: The quantities

of singie-stranded DNA produced by phagemids vary from one host strain to another and are

often low.

In summary, the yield and stability of recombinants constructed in bacteriophage M13 and

phagemid vectors are influenced by several variables: the structure and size of the foreign DNA,

the type of vector, and the properties of the host strain, including its efficiency of transformation

and ability to produce high yields of single-stranded DNA. The best course of action, therefore,

is to try several combinations of vector and host cell. Start by using standard host strains such as

TGl or XLIABlue. If problems arise, switch to a host cell such as DHl IS that contains several

additional genetic markers (please see Table 3—2). DHIIS carries mutations in ( 1) the recA gene

to enhance stability of inserts, (2) the restriction systems that attack methylated mammalian

genomic DNA, and (3) the deer gene that increases the efficiency of transformation by larger plas—

mids (Lin et al. 1992).

In this chapter, we describe methods for the propagation of bacteriophage M13, the uses of

bacteriophage M13 vectors, the preparation of double-stranded DNAs from infected cells and

single-stranded DNAs from virus particles, and methods to characterize bacteriophage recombi—

nants. Methods for the use and propagation of phagemids complete the chapter.

 

 

Once upon a time an honestfellow had the idea that men drowned in water only because they were

possessed with the idea ofgravity. If they were to knock this idea out of their heads, say by stating

it a superstition, a religious idea, they would be sublimely resilient against any dangerfrom water.

His whole hfe long he fought against the illusion ofgravity, of whose harmful results all statistics

brought him new and manifold evidence.

Karl Marx, preface to The German Ideology (Vol I. 1845—1846)   
 



Protocol 1
 

Plating Bacteriophage M13

A PLAQUE OF BACTERIOPHAGE M13 DERIVES FROM INFECTION of a single bacterium by a single

virus particle. The progeny particles infect neighboring bacteria, which in turn release another

generation of daughter virus particles. If the bacteria are growing in semisolid medium (e.g., con—

taining agar or agarose), then the diffusion of the progeny particles is limited. Because cells infect-

ed with bacteriophage M 13 have a longer generation time than uninfected E. coli, plaques appear

as areas of slower—growing cells on a faster—growing lawn of bacterial cells. Bacteriophage Ml3
plaques are therefore turbid, in contrast to the clear plaques of viruses such as the T bacterio—

phages that lyse the bacterial host. Very clear “plaques” are most likely to be small air bubbles

trapped in the soft agar during mixing prior to plating.

Minimal (M9) agar plates can be used to advantage for plaque formation by bacteriophage

M13. Not only are plaques formed on minimal media easier to see than those on richer media,

but infected cultures established from a plaque formed on minimal medium are unlikely to con—

tain a significant number of female cells. Plaques formed on richer medium (YT or LB) may be

overgrown by auxotrophic female cells that are resistant to infection by bacteriophage M13.

Fortunately, the danger is slight since the spontaneous loss of F’ plasmids from bacteria grown for

a limited period in rich medium is rarely high enough to cause problems. Because plaques form

more rapidly on richer medium than on minimal medium, we recommend that YT or LB medi—

um be used for routine plating of bacteriophage M13 stocks.

Bacteriophage M13 can be propagated by infecting a susceptible strain of E. coli and plating

the infected cells in soft agar. After 4—8 hours, “plaques,” or zones of slowed cellular growth, are

readily detectable in the top agar. Infection is carried out with either a bacteriophage stock or

freshly picked plaques and freshly grown colonies of the appropriate strain of E. coli.

3.17
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MATERIALS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

IPTC so/ution (20% w/v)

X-gal solution (2% vv/v) <!>

Media

LB agar plates containing tetracycline or kanamycin
These plates are needed only ifa tetracycline-resistant strain of E. coli, such as XL] —Blue, or a kanamycinfl
resistant strain of E. coli, such as XL] —Blue MRF’ Kan, is used to propagate the virus.

or

Supplemented M9 minimal agar plates
When using E. coli strains that carry a deletion of the proline biosynthetic operon (A[lac—proAB]) in the
bacterial chromosome and the complementing proAB genes on the F' plasmid, use supplemented M9
minimal medium.

LB or YT medium

LB or YT medium agar plates containing 5 mM IVIgCI2

LB or YT medium top agar or agarose containing 5 mM MgCl2
The addition of Mg“ (5 mM'l to media (Reddy and McKenney 1996) is reported to improve the yield of
bacteriophage M 13 cultures infected at low multiplicity.

Special Equipment

Heating block or water bath preset to 47°C
Ice-water bath

Vectors and Bacterial Strains

Bacteriophage M13 stock in LB or YT medium
or

Bacteriophage M73 plaque in 1 ml of LB or YT medium
Medium from a fully grown liquid culture of bacteria infected with bacteriophage Ml3 contains between
10'“ and 10” pfu/ml. A bacteriophage MIS plaque contains between 106 and 108 pfu.

E. coli F' strain, prepared as a master culture
Preparation ofa master culture is described in Chapter 1, Protocol 1. For a list of E. coli strains suitable
for the propagation of bacteriophage M 13, please see Table 3—2 in the introduction to this chapter.

_METHOD

1. Streak a master culture of a bacterial strain carrying an F’ plasmid onto either a supple—
mented minimal (M9) agar plate or an LB plate containing tetracycline (XLl-Blue) or
kanamycin (XLl —Blue MRF’ Kan). Incubate the plate for 24—36 hours at 37°C.

2. To prepare plating bacteria, inoculate 5 ml of LB or YT medium in a 20-ml sterile culture tube
with a single, well-isolated colony picked from the agar plate prepared in Step 1. Agitate the
culture for 6—8 hours at 37°C in a rotary shaker. Chill the culture in an ice bath for 20 minutes
and then store it at 4°C. These plating bacteria can be stored for periods of up to 1 week at 4°C.

A IMPORTANT Do not grow the cells to saturation/ as this will increase the risk of losing the pili
encoded by the F’ plasmid.
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Prepare sterile tubes (13 x 100 mm or 17 x 100 mm) containing 3 ml of melted LB or YT

medium top agar or agarose, supplemented with 5 mM MgC12. Allow the tubes to equilibrate

to 47°C in a heating block or water bath.

Label 21 series of sterile tubes (13 x 100 mm or 17 x 100 mm) according to the dilution factor

and amount of bacteriophage stock to be added (please see Step 5), and deliver 100 pl of plat—

ing bacteria from Step 2 into each of these tubes.

Prepare tenfold serial dilutions (10‘6 to 109) of the bacteriophage stock in LB or YT medi—
um. Dispense 10 u] or 100 u] of each dilution to be assayed into a sterile tube containing plat-

ing bacteria from Step 4. Mix the bacteriophage particles with the bacterial culture by vor—

texing gently.

Unlike bacteriophage k, M 13 adsorbs rapidly to bacteria; there is thus no need to incubate the plat-
ing bacteria with the bacteriophage suspension before adding top agart

Add 40 pl of 2% X-gal solution and 4 pl of 20% IPTG solution to each ofthe tubes contain—

ing top agar. Immediately pour the contents ofone ofthese tubes into one ofthe infected cul—

tures. Mix the culture with the agar/agarose by gently vortexing for 3 seconds, and then pour

the mixture onto a labeled plate containing LB or YT agar medium supplemented with 5 mM

MgCl7 and equilibrated to room temperature. Swirl the plate gently to ensure an even distri-

butioh of bacteria and top agar.

Work qwckly so that the top agar spreads over the entire surface of the agar before it sets.

Repeat the addition of top agar with X—gal and IPTG for each tube of infected culture pre—

pared in Step 5.

Replace the lids on the plates and allow the top agar/agarose to harden for 5 minutes at room

temperature. Wipe excess condensation off the lids with Kimwipes. Invert the plates and

incubate them at 37°C.

Pale blue plaques begin to appear after 4 hours: The color gradually intensifies as the plaques
enlarge. Development of both plaques and color is complete after 8—1 2 hours of incubation. The
blue color will intensify further if the plates are placed for several hours at 4°C or examined against
a canary yellow background
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Growing Bacteriophage M13 in Liquid Culture

STOCKS OF BACTERIOPHAGE M13 ARE USUALLY GROWN in liquid culture. The infected bacteria do

not lyse but instead grow at a slower than normal rate to form a dilute suspension. The inoculum

of bacteriophage is almost always a freshly picked plaque or a suspension of bacteriophage parti—

cles obtained from a single plaque. Infected cells contain up to 200 copies of double-stranded RF

DNA and extrude several hundred bacteriophage particles per generation. Thus, a 1-ml culture of

infected cells can produce enough double—stranded viral DNA (1—2 pg) for restriction mapping

and recovery of cloned DNA inserts and sufficient single—stranded DNA (~5—10 pg) for site-

directed mutagenesis, DNA sequencing, or synthesis of radiolabeled probes. The titer of bacte—

riophages in the supernatant from infected cells is so high (~1012 pfu/ml) that a small aliquot

serves as a permanent stock of the starting plaque. Alternatively, larger volumes of the super—

natant can be used to scale up the production of virus, RF DNA, and single-stranded DNA (please

see Protocol 5).

Most manipulations involving bacteriophage M13, including preparation of viral stocks and

isolation of single- and double—stranded DNAs, begin with small-scale liquid cultures. Typically, a

plaque is picked from an agar plate and added to a l—Z-ml aliquot of medium containing unin-
fected E. coli cells. After a 4—6-hour period of growth (please see the information panel on
GROWTH TIMES), the titer of bacteriophage particles in the medium reaches ~1012 pfu/ml, which
is sufficient for the subsequent isolation of viral DNA or for storage as a stock solution.

MATERIALS
 

Media

LB medium containing tetracycline or kanamycin
These media are needed only if a tetracycline-resistant strain of E. coli, such as XLl-Blue, or a
kanamycin—resistant strain of E. coli, such as XLl-Blue MRF' Kan, is used to propagate the virus.

or

Supplemented M9 minimal medium
When using E. coli strains that carry a deletion of the proline biosynthetic operon (AUac—pmABD in the
bacterial chromosome and the complementing proAB genes on the F’ plasmid, use supplemented M9
minimal medium.

YT or LB medium

2x YT medium containing 5 mM MgCIZ

Special Equipment

Sterile toothpicks or Inoculating needles or Class capillary tubes (50 pl)

3.20
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Vectors and Bacterial Strains

Bacteriophage M73 plaques plated onto an agar or agarose plate

METHOD

For methods to produce bacteriophage M13 plaques in top agar or agarose, please see either Protocol 1
or 6 of this chapter.

E. coli F' strain, grown as well—isolated colonies on an agar plate
For a list 01" E. coli strains suitable for the propagation of bacteriophage M13, please see Table 3—2 in the
introduction to this chapter.

Streak a master culture ofan appropriate host onto an M9 minimal agar plate or, for zmtibiotic—resistant

strains, onto an LB plate containing the appropriate antibiotic. Incubate for 24—36 hours At 37“C,
Bacteriophage M13 single-stranded DNA to be used as a template for oligonucleotide—directed mutage~

nesis should be propagated in E. coli F’ strains bearing mutations in the dut and llflg genes, For a detailed
protocol for growth of bacteriophage in these strains, please see Chapter 13, Protocol 1.

 

S“

. Inoculate 5 m1 of supplemented M9 medium (or, for antibiotic-resistant strains) LB medium

with the appropriate antibiotic) with a single freshly grown colony of E. mli carrying an F’

plasmid. Incubate the culture for 12 hours at 37°C with moderate shaking.
Avoid growing the culture to stationary phase, which increases the risk of losing the pili encoded
by the F' plasmid.

. Transfer 0.1 ml of the E. coli culture into 5 m1 of 2x YT medium containing 5 mM MgC11.

Incubate the culture for 2 hours at 37°C with vigorous shaking.

. Dilute the S-ml culture into 45 m1 of 2x YT containing 5 mM MgCl2 and dispense 1-ml

aliquots into as many sterile tubes (13 x 100 mm or 17 x 100 mm) as there are plaques to be

propagated. Dispense two additional aliquots for use as positive and negative controls for

bacteriophage growth. Set these cultures aside for use at Step 7.

. Dispense 1 m1 of YT or LB medium into sterile 13 x 100-mm tubes. Prepare as many tubes

as there are plaques. Dispense two additional aliquots for use as positive and negative con—

trols for bacteriophage growth.

Prepare a dilute suspension of bacteriophage M13 by touching the surface of a plaque with

the end of a sterile inoculating needle and immersing the end of the needle into the YT or LB

medium. Pick one blue Ml3 plaque as a positive control for bacteriophage growth. Also pick
an area of the E. coli lawn from the plate that does not contain a plaque as a negative control.

Please see the panel on PICKING PLAQUES on the following page.

. Allow the suspension to stand for 1—2 hours at room temperature to allow the bacteriophage

particles to diffuse from the agar.

An average plaque contains between 106 and 108 pfu. The suspension ofbacteriophage particles can
be stored indefinitely in LB medium at 4°C or —20°C without loss ofviability.

. Use 0.1 ml of the bacteriophage suspension (Step 6) as an inoculum to infect l—ml cultures

of E. coli (Step 3) for isolation ofviral DNA. Incubate the inoculated tubes for 5 hours at 37°C

with moderate shaking.

Alternatively, transfer a plaque directly into the E coli culture: Touch the surface of the chosen

plaque with the end of a sterile inoculating needle, and immediately immerse the end of the me

dle into the tube containing the 2x YT medium (Step 3). Shake the tube vigorously to dislodge

small fragments of agar (or agarose).

A IMPORTANT To minimize the possibility of selecting deletion mutants, grow cultures infect-

ed with recombinant M13 bacteriophages for the shortest time that will produce a workable
amount of single-stranded DNA (usually 5 hours). For additional information, please see the
information panel on GROWTH TIMES.
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8.

10.

 

PICKING PLAQUES

Bacteriophage M13 can diffuse considerable distances through top agar. To minimize the possibility of
cross contamination, pick plaques that are well separated (ideally by ~0.5 cm) from their nearest neigh-
bors. Do not pick plaques that have been grown for more than 16 hours at 37"C or stored for extended
periods at 4°C. The following are several alternative methods for picking plaques:

0 Use an inoculating loop or sterile applicator stick.

0 Attach a bulb to a sterile, disposable Pasteur or capillary pipette and stab through the plaque into the
underlying agar. Then expel the plug of agar from the pipette into the liquid culture.

0 Touch the surface of the plaque with a sterile toothpick, and then drop the toothpick into the liquid
culture. This method violates the rules of sterile technique, since a nonsterile hand has held the tooth-
pick. However, in practice, few problems arise, perhaps because the ”dirty” end of the toothpick usu-
ally does not come into contact with the medium. This method may be used when picking plaques
that will be used immediately (e.g., to generate templates for sequencing), but it is not recommend-
ed when picking plaques that will be stored for long periods of time or that will be used to make mas-
ter stocks of valuable recombinants.

- Attach a sterile SO-ttl glass capillary tube to a mouth pipette plugged with cotton. Core the plaq ue with
the capillary tube and use gentle suction to dislodge the plug containing the plaque from the plate.
Expel the core into the aliquot of 2x YT medium containing bacteria.   

Transfer the culture to a sterile microfuge tube and centrifuge at maximum speed for 5 min-

utes at room temperature. Transfer the supernatant to a fresh microfuge tube without dis—

turbing the bacterial pellet.

. Transfer 0.1 ml of the supernatant to a sterile microfuge tube.

This high-titer stock can be stored indefinitely at 4°C or —20°C without loss of infectivity.

Use the remaining 1 ml of the culture supernatant to prepare single—stranded bacteriophage

DNA (Protocol 4). Use the bacterial cell pellet to prepare double-stranded RF DNA (Protocol

3).

Alternatively, the culture supernatant may be stored at 4°C for large-scale preparation of M13
(Protocol 5).

 



Protocol 3

Preparation of DoubIe-stranded (Replicative
Form) Bacteriophage M13 DNA

 

BACTERIA INFECTED WITH BACTERIOPHAGE M13 contain the double—stranded RF of the viral DNA
and extrude virus particles containing single—stranded progeny DNA into the medium. The douf

ble—stranded RF DNA can be isolated from small cultures of infected cells using methods similar

to those used to purify plasmid DNA. Several micrograms of RF DNA can be isolated from a 1—2—

m] culture of infected cells, which is enough for subcloning and restriction enzyme mapping.

Minipreparations or midipreparations (described in Chapter 1, Protocols 1 and 2) for plas-

mid purification may be used to prepare RF DNA. The method described here was devised by

Birnboim and Doly (1979) and subsequently modified by Ish—Horowicz and Burke (1981). it was

originally used to isolate closed circular plasmid and cosmid DNAs from bacterial cultures.

Bacteriophage M15 RF DNA prepared with this method generally is used in two ways:

0 To confirm the presence of a desired insert in the bacteriophage M13 vector by restriction

analysis and Southern hybridization of recombinant bacteriophage RF DNA.

0 To recover double—stranded DNA from recombinant bacteriophage Ml3 clones that have been

subjected to site—directed mutagenesis (Chapter 13, Protocol 2). The mutated DNA can then

be subcloned into a bacterial or eukaryotic expression vector.

Preparations of bacteriophage Ml3 RF DNA are rarely as clean as small-scale preparations of

plasmid DNA. The former are often contaminated with single—stranded viral DNA that can con—

fuse the pattern of DNA fragments obtained by digestion with restriction enzymes. This problem

can be alleviated by analyzing in parallel an aliquot of RF DNA that has not been digested. Linear

and circular single—stranded viral DNAs (which usually appear as fuzzy bands migrating faster than

the double—stranded RF DNA) are not cleaved by most of the restriction enzymes commonly used

for cloning in bacteriophage M13. Fragments of double—stranded DNA with recessed 3' termini

can also be distinguished from singie-stranded DNAs by end—labeling using the Klenow fragment

of E. coli DNA polymerase I (please see Chapter 10, Protocol 7).
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MATERIALS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Alkaline lysis solution I

Alkaline lysis solution II
Prepare fresh for each use from standard stocks; use at room temperature.

Alkaline lysis solution III
Ethanol

Phenol:ch/oroform (1:1, v/v) <!>

TE (pH 8.0) containing 20 ug/ml RNase A

Enzymes and Buffers

Restriction endonucleases

Gels

Agarose gel (0.8%) cast in 0.5x TBE, containing 0.5 pg/ml ethidium bromide <!>
Please see Step 13.

Vectors and Bacterial Strains

E. coli culture infected with bacteriophage M13
Prepared as described in Protocol 2 of this chapter.

METHOD

Lysis of the Infected Cells

1. Centrifuge 1 ml of the M13-infected cell culture at maximum speed for 5 minutes at room

temperature in a microfuge to separate the infected cells from the medium. Transfer the

supernatant to a fresh microfuge tube and store at 4°C. Keep the infected bacterial cell pellet

on ice.

The supernatant contains M13 bacteriophage housing single-stranded DNA. If desired, prepare
M13 DNA from this supernatant at a later stage (Protocol 4).

2. Centrifuge the bacterial cell pellet for 5 seconds at 4°C and remove residual medium with an
automatic pipetting device.

3. Resuspend the cell pellet in 100 pl of ice-cold Alkaline lysis solution I by vigorous vortexing.
Make sure that the bacterial pellet is completely dispersed in Alkaline lysis solution I. Vortexing two
microfuge tubes simultaneously with their bases touching increases the rate and efficiency with
which the bacterial pellets are resuspended.

Some strains of bacteria shed celI—wall components into the medium that can inhibit the action of
restriction enzymes. This problem can be avoided by resuspending the bacterial cell pellet in 0.5 ml
of STE (0.1 M NaCl, 10 mM Tris—Cl [pH 8.0], 1 mM EDTA [pH 8.0]) before Step 3 and centrifuging
again. After removal of the STE, resuspend the pellet in Alkaline lysis solution I as described above.
Some protocols for the preparation of bacteriophage M13 RF DNA include digestion of the cell
walls with lysozyme. This step is generally not necessary but does no harm. To include this step,
add 90 pl of Alkaline lysis solution I to the bacterial cell pellet and resuspend the cells by vortex-
ing. To the resuspended cells, add 10 pl of Alkaline lysis solution I containing freshly prepared 10
mg/ml lysozymc. Mix the components by tapping the side of the tube and incubate on ice for 5
minutes. Continue with Step 4.
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Add 200 pl of freshly prepared Alkaline lysis solution II to the tube. Close the tube tightly and

mix by inverting the tube rapidly five times. Do not vortex. Store the tube on ice for 2 min~

utes after mixing.

Add 150 pl of ice-cold Alkaline lysis solution III to the tube. Close the tube to disperse

Alkaline lysis solution III through the viscous bacterial lysate by inverting the tube several

times. Store the tube on ice for 3—5 minutes.

Centrifuge the bacterial lysate at maximum speed for 5 minutes at 4°C in a microfuge.

Transfer the supernatant to a fresh tube.

Purification of RF Bacteriophage M13 DNA

7.

11.

12.

13.

Add an equal volume of phenolrchloroform. Mix the organic and aqueous phases by vortex—

ing and then centrifuge the tube at maximum speed for 2—5 minutes. Transfer the aqueous

(upper) phase to a fresh tube.

Precipitate the double—stranded DNA by adding 2 volumes of ethanol. Mix the contents of

the tube by vortexng and then allow the mixture to stand for 2 minutes at room tempera—

ture.

Recover the DNA by centrifugation at maximum speed for 5 minutes at 4°C in a microfuge.

. Remove the supernatant by gentle aspiration. Stand the tube in an inverted position on a

paper towel to allow all of the fluid to drain away. Remove any drops of fluid adhering to the
walls of the tube.

This step can be conveniently accomplished with a disposable pipette tip attached to 4 vacuum line.
Use a gentle vacuum and touch the tip to the surface of the liquid. Keep the tip as far away from
the pellet of nucleic acid as possible as the fluid is withdrawn from the tube. Use the pipette tip to
vacuum the walls of the tube to remove any adherent droplets of fluid.

 

An additional ethanol precipitation step here helps to ensure that the double-stranded DNA is efficiently
cleaved by restriction enzymes. |

o Dissolve the pellet of RF DNA in 100 pl of TE (pH 8.0).

a Add 50 t1| of 7.5 M ammonium acetate (please see Appendix 1), mix well, and add 300 pl of ice-cold
ethanol.

0 Store the tube for 15 minutes at room temperature or overnight at —20"C and then collect the pre-
cipitated DNA by centrifugation at maximum speed for 5—10 minutes at 4"C in a microfuge. Remove
the supernatant by gentle aspiration.

0 Rinse the pellet with 250 pl of ice-cold 70% ethanol, centrifuge again for 2—3 minutes, and discard the

supernatant.

0 Allow the pellet of DNA to dry in the air for 10 minutes and then dissolve the DNA as described
in Step 12.   

Add 1 ml of 70% ethanol at 4°C and centrifuge again for 2 minutes. Remove the supernatant
as described in Step 10, and allow the pellet of nucleic acid to dry in the air for 10 minutes.

To remove RNA, resuspend the pellet in 25 pl of TE (pH 8.0) with RNase. Vortex briefly.

Analyze the double-stranded RF DNA by digestion with appropriate restriction endonucle—
ases followed by electrophoresis through an agarose gel.

The yield of RF DNA expected from 1 m1 of an infected bacterial culture is usually several micro—
grams, which is enough for 5—1 0 restriction digests.

m ummmwww. H... _
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Preparation of Single-stranded
Bacteriophage M13 DNA

MATERIALS

BACTERIOPHAGE M13 SlNGLE-STRANDED DNA IS PREPARED from virus particles secreted by infect-

ed cells into the surrounding medium. The filamentous virus is first concentrated by precipita-

tion with polyethylene glycol (PEG) in the presence of high salt. Subsequent extraction with phe—

nol releases the single-stranded DNA) which is then collected by precipitation with ethanol. The

resulting preparation is pure enough to be used as a template for DNA sequencing by the dideoxy

chain termination method (Chapter 12, Protocol 3 or 4), for oligonucleotide-directed mutagene-

sis (Chapter 13, Protocol 1), or for synthesis ofradioactive probes (Chapter 9, Protocols 4 and 5).

The following protocol, adapted from Sanger et al. (1980) and Messing (1983), is the simplest and

most widely used method for preparing single-stranded DNA from a small number of bacterio—

phage M 13 isolates. A yield of 5—10 11g of single—stranded DNA/ml ofinfected cells may be expect—

ed from recombinant bacteriophages bearing inserts of 300~1000 nucleotides. This amount is

enough for 10—20 cycle-sequencing reactions or 5—10 Sequenase reactions (Chen et a]. 1991;

Halloran et al. 1993).

The standard method for purification of bacteriophage M13 DNA described in this proto—

col is not appropriate for large—scale sequencing projects, which typically require many thousands

of DNA templates. For a method to produce these templates in large numbers, see Chapter 12,

Protocol 2.

 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

3. 26

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Chloroform <!>
Please see note at Step 7.

Ethanol

Phenol <Z>

Polyethylene glycol 8000 (20% w/v PEG 8000) <!> in 2.5 M NaCl
Please see the information panel on POLYETHYLENE CLYCOL

._—.__477 _m 7“ f”, ,
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Sodium acetate (3 M, pH 5.2)
Sucrose gel-loading buffer

TE (pH 8.0)

Gels

Agarose gel (7.2%), cast in O.5>< TBE and containing 0.5 ug/m/ ethidium bromide <!>
Please ace Step IS.

Nucleic Acids and Oligonucleotides

Single-stranded bacteriophage M73 vector of recombinant DNA
Use preparations of bacteriophage Ml3 DNA of known concentration as controls during gel
electrophoresis. Please see Step 13.

Special Equipment

Multitube vortexing machine (optional)

Vectors and Bacterial Strains

E. coli cultures infected With bacteriophage M73
Prepare an] infected culture AS described in Protocol 2. These cultures should be infected with both the
hoped—t’or recombinant bacteriophage and a control culture infected with nonrecombinant bacterio-
phage. Please see note to Step 4. To minimize the possibility of selecting deletion mutants, grow culf
ture infected with recombinant MIS bacteriophages for the shortest possible time required to achieve
an adequate yield (S5 hours). For further details, please see the information panel on GROWTH
TIMES.

Bacteriophage M13 singlestranded DNA to be used as a template for certain types ofoligontlcieotidee

directed mutagenesis should be propagated in E. coli F’ strains bearing mutations in the din and ring
genes. For a detailed protocol for bacteriophage growth in these strains, please see Chapter 13,
Protocol 1.

E. coli cultures, uninfected

Prepare a moek—infeeted culture by picking an area of the E. coli lawn from the plate that does not con-
tain a plaque 115 a negative control. Use this culture to monitor the recovery of bacteriophage MU par-
ticles. Please see Step 4.

METHOD
 

Precipitation of Bacteriophage Particles with PEG

1. Transfer 1 ml of the infected and uninfected cultures to separate microfuge tubes and cen—

trifuge the tubes at maximum speed for 5 minutes at room temperature. Transfer each super—

natant to a fresh microfuge tube at room temperature.

If desired, set aside U.| ml ofthe supernatant as a master stock of the bacteriophage particles.

2. T0 the supernatant add 200 pl of 20% PEG in 2.5 M NaCl. Mix the solution well by inverting
the tube several times, followed by gentle vortexing. Allow the tube to stand for 15 minutes
at room temperature.

Make sure that all of the dense PEG/NaCl solution is mixed with the infected cell medium.

3. Recover the precipitated bacteriophage particles by centrifugation at maximum speed for 5
minutes at 4°C in a microfuge.
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4. Carefully remove all of the supernatant using a disposable pipette tip linked to a vacuum line

or a drawn—out Pasteur pipette attached to a rubber bulb. Centrifuge the tube again for 30

seconds and remove any residual supernatant.

A tiny, pinhead—sized, pellet of precipitated bacteriophage particles should be visible at the bottom

ofthe tube. N0 pellet should be visible in the negative control tube in which a portion ofthe unin—
fected E. coli lawn was inoculated. If no bacteriophage pellet is visible, it is unlikely that sufficient
single—stranded DNA will be obtained to justify proceeding further. In this case, the best course of
action is to pick more recombinant plaques, using them to infect cultures at different multiplici-
ties, and then to grow the infected cultures for longer periods of time (6—12 hours). Remember,
however, that longer growth periods can result in deletions and rearrangements in the cloned insert
DNA (please see Protocol 2). Also be sure that true plaques (not air bubbles) were picked.

Extraction of SingIe-stranded DNA with Phenol

5. Resuspend the pellet of bacteriophage particles in 100 pl of TE (pH 8.0) by vortexing.

The best method to accomplish resuspension is to allow the bacteriophage pellet to soak in the TE
buffer for 15—30 minutes at room temperature. Subsequent low-speed vortexing will dissolve the
now clear pellet. It is important to resuspend the bacteriophage pellet completely to allow efficient
extraction of the single-stranded DNA by phenol in the next step. A multitube vortexing machine
saves time and effort when multiple samples are processed.

6. T0 the resuspended pellet add 100 pl of equilibrated phenol. Mix well by vortexing for 30 sec—

onds. Allow the sample to stand for 1 minute at room temperature, and then vortex for

another 30 seconds.

Centrifuge the sample at maximum speed for 3—5 minutes at room temperature in a

microfuge. Transfer as much as is easily possible of the upper, aqueous phase to a fresh

microfuge tube.
To facilitate separation of the phases, add 30 pl of silicone lubricant (Phase—Lock Gel, 5'—>3'). This
step sometimes improves yields but is generally not necessary. Do not try to transfer all of the aque—
ous phase. Much cleaner preparations of single-stranded DNA are obtained when ~5 pl of the
aqueous phase is left at the interface.

The templates prepared with a single phenol extraction are adequate for most purposes (including
DNA sequencing), and there is generally no need to use other extraction steps. However, contam—
ination of the bacteriophage pellet with components in the PEG/NaCl supernatant in Step 3 can

affect the reproducibility of the dideoxy sequencing reactions and can reduce the length of reliable
sequence to 300 bases per reaction or less. These problems can be avoided by taking special care to
extract all traces of supernatant material from the microfuge tube. To this end, some investigators

either (i) add 100 pl of chloroform to each tube after Step 6 and re—Vortex the tubes before sepa—
rating the phases by centrifugation or (ii) transfer the aqueous phase to a fresh tube as described

in Step 7, and then extract the aqueous phase once with 100 ttl of chloroform. Separate the phases

by centrifugation and transfer the aqueous phase to a fresh tube.

Precipitation of the Bacteriophage DNA with Ethanol

8. Recover the M] 3 DNA by standard precipitation with ethanol in the presence of 0.3 M sodi-

um acetate. Vortex briefly to mix, and incubate the tubes for 15—30 minutes at room temper—

ature or overnight at —20°C.

The aqueous phase of the phenol extraction may be cloudy upon transfer to the fresh microfuge
tube, but it should clear up when the sodium acetate solution is added.

 
 



10.

11.

12.

13.

Protocol 4: Preparation of Single—stmnded Bacteriophage M13 DNA 3.29

Precipitation ofthe single-stranded DNA can also be accomplished by adding 300 pl of a 25:1 mix—

ture of absolute ethanolz3 M sodium acetate (pH 52) followed by an incubation for 15 minutes at
room temperature. This alteration saves independent pipetting of the sodium acetate and ethanol
and can speed up the step when large numbers of single—stranded DNAs are being purified.

M13 DNAs can be stored in ethanol at —20°C for several months.

Recover the precipitated singlewstranded bacteriophage DNA by centrifugation at maximum
speed for 10 minutes at 4°C in a microfuge.

Remove the supernatant by gentle aspiration, being careful not to disturb the DNA pellet
(which is often only Visible as a haze on the side of the tube). Centrifuge the tube again for
15 seconds and remove any residual supernatant.

Add 200 pl of cold 70% ethanol and centrifuge at maximum speed for 5—10 minutes at 4°C.
Immediately remove the supernatant by gentle aspiration.

A IMPORTANT At this stage, the pellet is not firmly attached to the wall of the tube. It is therefore
important to work quickly and carefully to avoid losing the DNA.

Invert the open tube on the bench for 10 minutes to allow any residual ethanol to drain and
evaporate, Dissolve the pellet in 40 pl of TE (pH 8.0). Warm the solution to 37°C for 5 min-
utes to speed dissolution of the DNA. Store the DNA solutions at ~200C.

The yield of single—stranded DNA is usually 5—10 ug/ml of the original infected culture.

Estimate the DNA concentration of a few of the samples by mixing 2-ul aliquots of the DNA
from Step 12 each with 1 pl of sucrose geHoading buffer. Load the samples into the wells of
a 1.2% agarose gel cast in 0.5x TBE and containing 0.5 pg/ml ethidium bromide. As controls,
use varying amounts of M13 DNA preparations of known concentrations. Examine the gel
after electrophoresis for 1 hour at 6 V/cm. Estimate the amount of DNA from the intensity
of the fluorescence.

Usually 2—3 pl ofa standard bacteriophage M13 DNA preparation is required for each set of four
dideoxy cycle sequencing reactions using dye primers.
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Large-scale Preparation of SingIe-stranded and
DoubIe-stranded Bacteriophage M13 DNA

MATERIALS

THIS PROTOCOL, A SCALED-UP VERSION or PROTOCOLS 3 AND 4, is used chiefly to generate large

stocks of double-stranded DNA of strains of bacteriophage M13 that are routinely used as cloning

vectors in the laboratory. Large amounts of single-stranded bacteriophage DNAs are needed for

specialized purposes, for example, when a particular recombinant is to be used many times to

generate radiolabeled probes or to construct large numbers of site-directed mutants. Most impor-

tantly, perhaps, large-scale preparations of both double- and single-stranded DNAs can be divid-

ed into small aliquots and used as standardized controls in dideoxy sequencing reactions and

transfections by everyone in the laboratory.

In general, the yields of double- and single-stranded viral DNAs are not as high as those

obtained from small-scale (1—2 ml) cultures of bacteriophage M13. The problems encountered
with this method are similar to those outlined in Protocols 3 and 4.

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Gels

Media

3.30

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Ethanol

NaC/ (solid)

Phenol <!>

Phenol:chloroform (1:1, v/v) <!>

Polyethylene glycol (20% w/v PEG 8000) <!> in HZO
Sodium acetate (3 M, pH 5.2)

STE

TE (pH 8.0)
Tris-C/ (10 mM, pH 8.0)

Agarose gels (0,8%) cast in 0.5x TBE, containing 0.5 pg/m/ ethidium bromide <!>
Please see Steps 6 and 17.

LB or YT medium containing 5 mM MgC12
Transfer 250 ml of the medium into a 2—liter flask and warm to 37°C before Step 2.
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Centrifuges and Rotors

Sorva/I GSA rotor or equivalent

Sorvall 55-34 rotor or equivalent

Special Equipment

Corex centrifuge tubes (30 ml)
Silicon rubber band

Sterile culture tubes (73 x 100 mm or 17 x 700 mm)

Additional Reagents

Step 5 of this protocol requires the reagents listed in Protocols 3, 8, 9, and 70 of Chapter 1.

Vectors and Bacterial Strains

E. coli F’ plating bacteria
Please see Table 3—2 for a list of E. coli strains suitable for the propagation of bacteriophage M 13. Pick a
single colony of an appropriate host from a freshly streaked M9 minimal agar plate (or from an LB plate
containing tetracycline or kanamycin for XLl—Blue strains) into 5 ml of LB in a 20—ml sterile culture
tube. Incubate the culture for 6—8 hours at 37°C with moderate agitation. The aim here is to avoid grow—
ing the culture to stationary phase, which increases the risk of losing the pili encoded by the F’ plasmid.

Bacteriophage M13 single—stranded DNA to be used as a template for certain types Of oligonucleotide—

directed mutagenesis should be propagated in E. coli F' strains bearing mutations in the dut and ung

genes. For a detailed protocol for medium—scale growth of bacteriophage in these strains, please see
Chapter 13, Protocol 1.

Bacteriophage M 73 Stock

METHOD

Prepared as described in Protocol 2 ofthis chapter.

 

Preparation of Bacteriophage M13 RF DNA

1. Transfer 2.5 ml of plating bacteria (please see Protocol 1) to a sterile tube (13 x 100 mm or

17 x 100 mm). Add 0.5 ml of bacteriophage M13 stock (~5 x 10” pfu) and mix by tapping
the side of the tube. Incubate the infected cells for 5 minutes at room temperature.

Dilute the infected cells into 250 ml of fresh LB or YT medium containing 5 mM MgCl2 pre—

warmed to 37°C in a 2—liter flask. Incubate for 5 hours at 37°C with constant, vigorous shaking.

Harvest the infected cells by centrifugation at 4000g (5000 rpm in a Sorvall GSA rotor) for 15
minutes at 4°C. Recover the supernatant, which may be used for large—scale preparations of
single—stranded bacteriophage M13 DNA, as described in Steps 7—17 below.

Resuspend the bacterial pellet in 100 ml of ice—cold STE. Recover the washed cells by cen-
trifugation at 4000g ( 5000 rpm in a Sorvall GSA rotor) for 15 minutes at 4°C.

Isolate the bacteriophage Ml3 closed circular RF DNA by the alkaline lysis method (please
see Chapter 1, Protocol 3). Scale up the volumes of lysis solutions appropriately. Purify the
DNA either by precipitation with PEG, by column chromatography, or by equilibrium cen—
trifugation in CsCl—ethidium bromide gradients.

Measure the concentration of the DNA spectrophotometrically and confirm its integrity by
agarose gel electrophoresis. Store the closed circular DNA in small (1—5 11g) aliquots at —20°C.

The yield of RF DNA expected from 250 m1 of infected cells is ~200 pg.

w» «ranmm-n—m-u-ur—w-- .<_..... w ~—
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Preparation of SingIe-stranded Bacteriophage M13 DNA

7.

10.

11.

12.

13.

14.

15.

16.

17.

To isolate single—stranded DNA from the bacteriophage particles in the infected cell medium,

transfer the 250-m1 supernatant from Step 3 to a 500—ml beaker containing a magnetic stir-

ring bar.

Add 10 g of PEG and 7.5 g of NaC1 to the supernatant. Stir the solution for 30—60 minutes at

room temperature.

Do not stir for longer periods of time or at lower temperature because undesired bacterial debris
may precipitate.

Collect the precipitate by centrifugation at 10,000g (7800 rpm in a Sorvall GSA rotor) for 20
minutes at 4°C. Invert the centrifuge bottle for 2—3 minutes to allow the supernatant to drain,

and then use Kimwipes to remove the last traces of supernatant from the walls and neck of
the bottle.

Avoid touching the thin whitish film of precipitated bacteriophage particles on the side and bot-
tom of the centrifuge bottle.

Add 10 ml of 10 mM Tris-Cl (pH 8.0) to the bottle. Swirl the solution in the bottle and use a

Pasteur pipette to rinse the sides of the bottle thoroughly. When the bacteriophage pellet is

dissolved, transfer the solution to a 30-ml Corex centrifuge tube.

To the bacteriophage suspension, add an equal volume of equilibrated phenol, seal the tube
with a silicon rubber stopper, and mix the contents by vortexing vigorously for 2 minutes.

Centrifuge the solution at 3000g (5000 rpm in a Sorvall 55-34 rotor) for 5 minutes at room
temperature. Transfer the upper aqueous phase to a fresh tube and repeat the extraction with

10 m1 of phenolzchloroform.
If there is a visible interface between the organic and aqueous layers, then extract the aqueous
supernatant once more with chloroform.

Transfer equal amounts of the aqueous phase to each of two 30-ml Corex tubes. Add 0.5 ml

of 3 M sodium acetate (pH 5.2) and 11 m1 of ethanol to each tube. Mix the solutions well and

then store them for 15 minutes at room temperature.

Recover the precipitate of single—stranded DNA by centrifugation at 12,000g (10,000 rpm in

a Sorvall 85-34 rotor) for 20 minutes at 4°C. Carefully remove all of the supernatant.
Most of the precipitated DNA will collect in a thin film along the walls of the centrifuge tubes. To
avoid discarding the DNA accidentally, it is best to mark the outside of the tubes with a permanent
marker and to place the tubes in the centrifuge rotor with the marks facing outward from the axis
of rotation.

Add 30 m1 of 70% ethanol at 4°C to each tube, and centrifuge at 12,000g (10,000 rpm in a
Sorvall SS-34 rotor) for 10 minutes at 4°C. Carefully remove as much of the supernatant as

possible, invert the tubes to allow the last traces of supernatant to drain away from the pre-

cipitate. and wipe the neck of the tubes with Kimwipes.

Make sure that the precipitate does not slide out of the tubes.

Allow the residual ethanol to evaporate at room temperature. Dissolve the pellets in 1 m1 of

TE (pH 8.0). Store the DNA at —20°C.

Measure the concentration of the DNA spectrophotometrically and confirm its integrity by

agarose gel electrophoresis. Store the closed circular DNA in small (10—50 pg) aliquots at
—20°C.

The yield of single—stranded DNA expected from 250 ml of infected culture is 250 pg to 1 mg.  
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Cloning into Bacteriophage M13 Vectors

CLONING FRAGMENTS OF FOREIGN DNA INTO BACTERIOPHAGE M13 vectors takes little effort:

0 Ligate double-stranded segments of DNA with blunt or cohesive termini into compatible sites

in double—stranded M13 RF DNAs.

0 Use the products of the ligation reaction to transform competent male E. coli cells, which are

plated in top agar containing IPTG and X-gali

0 Pick and propagate blue (nonrecombinant) and white (recombinant) plaques appearing after

6—8 hours as described in Protocol 2.

This blue—white test is an excellent indicator, but it is not infallible: Rare recombinant virus-

es retain the ability to generate blue plaques. On analysis, the segment of foreign DNA in these

anomalous recombinants is generally found to be very small — perhaps < 100 bases — and insert-

ed in-frame into the lacZ sequences of the vector (e.g., please see Close et al. 1983). The resulting

fusion peptide retains sufficient a-complementing activity to generate a blue plaque in media

containing IPTG and X-gal.

Although there is no limit in theory to the size of the fragment of foreign DNA that can be

carried in bacteriophage M13 recombinants, there are restrictions in practice: Larger segments of

foreign DNA are far more likely to suffer deletions and rearrangements than smaller fragments.

For this reason, it is best wherever possible to clone into bacteriophage M13 pieces of foreign

DNA that are no more than 1000 bases in length. In addition, the central regions of larger frag-

ments may lie outside the range that can be reached in DNA sequencing reactions primed by the

universal “forward” and “reverse” sequencing primers. Limit the opportunities for deletion and

other rearrangements of cloned DNAs as follows:

0 Keep the fragments of foreign DNA as small as the experiment will allow.

0 Do not propagate recombinant bacteriophages for more than one or two serial passages in cul-
ture.

o Recover double—stranded DNA fragments from M13 recombinants as soon as possible after
site-directed mutagenesis.

3.33
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Described below are three different methods commonly used to construct bacteriophage
M13 recombinants.

o Cloning by ligation ofinsert to linearized vector. A site within the multiple cloning region of

the vector is cleaved with a single restriction enzyme, and the resulting linear DNA is ligated

with a three- to fivefold molar excess of foreign DNA that has compatible termini. No effort is
made to reduce the background of nonrecombinant viruses formed by recircularization of the

vector or to suppress the formation of chimeric clones. This method is best suited to cloning

a single segment of DNA — perhaps purified from a gel —— in preparation for site—directed

mutagenesis, DNA sequencing, or synthesis of radiolabeled probes.

Recombinant bacteriophages made in this way can in theory carry the foreign DNA

sequences in two possible orientations. Sometimes, however, it happens that most of the pop-

ulation of recombinants carry the insert in the same orientation. This phenomenon occurs

because sequences on opposite strands of the foreign DNA interfere to varying extents with the

functioning of the intergenic region. The problem can be overcome by cloning the foreign

DNA at a different site within the multiple cloning site or by using a combination of restric-

tion enzymes that will allow directional cloning (please see below). Alternatively, a reversal

experiment can be attempted in which RF DNA from the original recombinant is digested with

the restriction enzyme used for cloning, religated, and used to transform E. coli. Screening of

the resulting white plaques may yield clones carrying the insert in the opposite orientation. In

general, however, it is not advisable to force bacteriophage M13 vectors to propagate unwel-

come sequences of foreign DNA. The resulting recombinants are often unstable and give rise

to progeny that carry deleted or rearranged versions of the foreign sequences. A possible solu—

tion to this problem is to propagate the foreign DNA in plasmid vectors that carry an origin of

replication derived from a filamentous bacteriophage (phagemids; please see Protocol 8).

0 Treatment ofvector DNA with alkaline phosphatase. After linearization with a single restric-

tion enzyme, the vector is dephosphorylated to reduce its ability to recircularize during liga—

tion and to increase the proportion of recombinant clones (please see Chapter 1, Protocol 20,

and Chapter 9, Protocol 13). This is the method of choice when the amount of foreign DNA is

limiting or when ligating blunt-ended DNA fragments into bacteriophage M13 vectors, for

example, when creating libraries of M13 subclones for sequencing (please see Chapter 12,
Protocol 1).

o Forced or directional cloning. The multiple cloning site of the vector can be cleaved with two

different restriction enzymes, generating molecules with incompatible termini that do not

need to be dephosphorylated before use. The vector is ligated to a one— to threefold molar
excess of foreign DNA whose termini are compatible with those of the vector. This strategy
works well when cloning a single segment of foreign DNA in a desired orientation within M13.
However, it is clearly unsuitable for the construction in M13 of libraries of large DNAs cloned
in YACs, P1 vectors, or cosmids. Directional cloning may also prove to be a liability when sin—
gle—stranded templates are used to determine the sequence of a segment of foreign DNA or to
generate radiolabeled strand-specific probes. If a “universal primer” is used in the reaction, the
sequences obtained will be restricted to the 200—700 nucleotides of foreign DNA immediately
downstream from the primer—binding site; radioactive probes will correspond to only one of
the strands of the foreign DNA. One solution to this problem is to insert the foreign DNA sep-
arately into each member of a pair of bacteriophage M13 vectors (e.g., Ml3mp18 and
M13mp19) that carry the polycloning site in opposite orientations. Single-stranded templates
prepared from these recombinants will yield the terminal sequences of each of the two strands
of the foreign DNA; radiolabeled probes can be generated that will hybridize specifically to one
strand or the other of the foreign DNA.
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CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

ATP (10 mM)

Ethanol

IPTG (20% w/v)

Phenol:chloroform (1:1, v/v) <!>

Sodium acetate (3 M, pH 5.2)

TE (pH 7.6 and pH 8.0)
X-gal (2% w/v) <!>

Enzymes and Buffers

Bacteriophage T4 DNA ligase

Restriction endonucleases

The choice of restriction enzymes to be used in Steps 1 and 6 depends on the cloning strategy.

Gels

Agarose gels (0.8%) cast in 1x TBE, containing 0.5 ug/ml ethidium bromide <!>
Please see Steps 2, 6, and 9.

Nucleic Acids and Oligonucleotides

Foreign DNA
Individual fragments of foreign DNA to be cloned in M13 vectors are usually derived from a larger seg—
ment of DNA that has already been cloned and characterized in another vector. For methods to con—
struct M13 libraries of DNA segments cloned in YACS or other genomic vectors, please see Chapter 12,
Protocol 1.

Test DNA

Please see note at Step 7.

Media

YT or LB agar plates

YT or LB medium

YT or LB top agar or agarose

Special Equipment

Culture tubes (5 ml or 15 ml, e.g., Falcon 2054 or 2006, Becton Dickinson), chilled to 0°C

Heating block preset to 47°C

lce-water bath
Water baths preset to 12-16OC and 42°C

Additional Reagents

Step 4 of this protocol requires the reagents listed in Chapter 7, Protocol 20.

Vectors and Bacterial Strains

Bacteriophage M73 vector DNA (RF)
A large number of bacteriophage M13 vectors, equipped with a wide variety of cloning sites, are avail-

able from both commercial and academic sources (please see Figure 3-4 and Appendix 3).

M,,‘.w,w. ....._., ..
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E. coli competent cells of an appropriate strain carrying an F ’ plasmid
Competent cells may be prepared in the laboratory as described in Chapter 1, Protocol 25 or purchased

from commercial suppliers.

E. coli F’ plating bacteria

METHOD

Plating bacteria may be prepared in the laboratory as described in Protocol 1 or purchased from com-
mercial suppliers.

 

Preparation of Vector DNA

1. Digest 1—2 ug of the bacteriophage Ml3 vector RF DNA to completion with a three- to five-

fold excess of the appropriate restriction enzyme(s). Set up a control reaction containing

M13 RF DNA but no restriction enzyme(s).

At the end of the incubation period, remove a small sample of DNA (50 ng) from each of the

reactions and analyze the extent of digestion by electrophoresis through an 0.8% agarose gel.

If digestion is incomplete (i.e., if any closed circular DNA is Visible), add more restriction

enzyme(s) and continue the incubation.

Preparations of M13 RF DNA can contain significant amounts of singJe—stranded M13 DNA,
which are visible as fuzzy, faster—migrating bands in agarose gel electrophoresis. Because single-
stranded DNA is not cleaved efficiently by most restriction enzymes, the appearance and mobility
of these bands should be identical in the control and test lanes.

When digestion is complete, purify the M13 DNA by extraction with phenolzchloroform fol-

lowed by standard precipitation with ethanol in the presence of 0.3 M sodium acetate (pH

5.2). Dissolve the DNA in TE (pH 8.0) at a concentration of 50 ug/ml.

If required, dephosphorylate the linearized vector DNA by treatment with calf alkaline phos—

phatase or shrimp alkaline phosphatase. At the end of the dephosphorylation reaction, inac-
tivate the alkaline phosphatase by heat and/Or by digestion with proteinase K, followed by

extraction with phenolzchloroform (for details, please see Chapter 1, Protocol 20).

Recover the linearized M13 DNA as outlined in Step 3. Dissolve the dephosphorylated DNA

in TE (pH 7.6) at a concentration of 50 ug/ml.

Preparation of Foreign DNA to be Cloned

6.

Ligation

Generate individual restriction fragments of foreign DNA by cleavage with the appropriate

restriction enzymes and purify them by agarose gel electrophoresis. Dissolve the final prepa-

ration of foreign DNA in TE (pH 7.6) at a concentration of 50 ug/ml.

When ligating DNAs with complementary cohesive termini, please follow Steps 7—9 below. For

methods to set up blunt-ended ligation reactions, please see Chapter 1, Protocol 19.

7. In a microfuge tube (Tube A), mix together ~50 ng of vector DNA and a one- to fivefold

molar excess of the target (foreign) DNA fragment(s). The combined volume of the two

 



Transformation

10.

11.

12.

13.

14.
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DNAS should not exceed 8 pl. If necessary, add TE (pH 7.6) to adjust the volume to 7.5—8.0

01. As controls, set up three ligation reactions containing:

 

Tube DNA

B the same amount of vector DNA, but no foreign DNA

C the same amount of vector DNA and a one— to fivefold

molar excess of the target DNA fragment(s)

D the same amount of vector DNA together with an

equal amount by weight of a test DNA that has been
successfully cloned into bacteriophage MB on previous

occasions

As a test DNA, we routinely use a standard preparation Of bacteriophage A DNA cleaved with

restriction enzymes that recognize tetranucleotide sequences and generate termini that are com-
plementary to the M13 vectors to be used.

Add 1 pl of 10x ligation buffer and 1 1.11 of 10 mM ATP to all four reactions (Tubes A—D).

Omit ATP if using a commercial buffer that contains ATP.

Add 0.5 Weiss unit of bacteriophage T4 DNA ligase to Tubes A, B, and D. Mix the compo-

nents by gently tapping the side of each tube for several seconds. Incubate the ligation reac—

tions for 4—16 hours at 12—160C.

At the end of the ligation reaction, analyze 1 pl of each ligation reaction by electrophoresis
through an 0.8% agarose gel. Bands of circular recombinant molecules containing vector and
fragment(s) of foreign DNA should be visible in the test reaction (Tube A) but not in the control
(Tube C).

After ligation, the reactions may be stored at ~20°C until transformation.

Prepare and grow an overnight culture of plating bacteria (please see Protocol 1) in YT or LB

medium at 37°C with constant shaking.

Remove from the —70°C freezer an aliquot of frozen competent cells of the desired strain car-
rying an F' plasmid, allow the cells to thaw at room temperature, and then place them on ice

for 10 minutes.

Transfer 50-100 01 of the competent F' bacteria to each of 16 sterile S-ml culture tubes

(Falcon 2054, Becton Dickinson) that have been chilled to 0°C.

Tubes other than Falcon 2054 (Becton Dickinson) may be used in the plating reaction, but in this
case, it will be necessary to adjust the time and temperature of heat shock. For example, if 15—cm
plates are preferred for some reason, larger tubes (17 x 150 mm) should be used (e.g.‘ Falcon 2006,

Becton Dickinson). Falcon 2006 tubes require 2 minutes of heat shock (Step 15) and larger amounts
of top agar, 2% X~gaL and 20% IPTG (7 m], 120 pl, and 20 pl, respectively),

Immediately add 0.1-, 1.0—, and 5—01 aliquots of the ligation reactions and controls (Tubes
A—D) to separate tubes of competent cells. Mix the DNAs with the bacteria by tapping the

sides of the tubes gently for a few seconds. Store on ice for 30—40 minutes. Include two trans-
formation controls, one containing 5 pg of bacteriophage M13 RF DNA and the other con-

taining no added DNA.

While the ligated DNA is incubating with the competent cells, prepare a set of 16 sterile cul-
ture tubes containing 3 ml of melted YT or LB top agar. Store the tubes at 47°C in a heating
block or water bath until needed in Step 16.
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15. Transfer the tubes containing the competent bacteria and DNA to a water bath equilibrated

to 42°C. Incubate the tubes for exactly 90 seconds. Immediately return the tubes to an ice-

water bath.

In this protocol, all ofthe transfected cultures of competent E. coli cells are exposed to heat shock

simultaneously. An alternative is to administer heat shock to each culture in turn and thus avoid
leaving the cells on ice. In this approach, the plating cells, X-gal, and IPTG are added to the top
agar/agarose during the heat shock step. At the end ofthe heat shock, the top agar/agarose, plating
cells, X—gal, etc., are immediately mixed with the transfected cells and poured directly onto an agar
plate. This approach requires careful timing and exact knowledge ofthe length oftime required for
each step.

Plating the Transformed Cells

16. Add 40 pl of 20/0 X-gal, 4 lll of 20% IPTG, and 200 |J.l of the overnight culture of E. coli cells

(Step 10) to the tubes containing the melted top agar prepared in Step 14, and mix the con-

tents of the tubes by gentle vortexing for a few seconds. Transfer each sample of the trans-

formed bacteria to the tubes. Cap the tubes and mix the contents by gently inverting the tubes

three times. Pour the contents of each tube in turn onto a separate labeled LB agar plate. Swirl

the plate to ensure an even distribution of bacteria and top agar.

It may be difficult to obtain an even distribution of the top agar across the agar plate, especially
when larger plates (15—cm diameter) are used for the first time. The speed with which the top agar
solidifies can be decreased (thereby allowing more time for the swirling step) by preheating the
agar plates for 30—60 minutes at 37°C before the plating step. Top agar that is hotter than 47°C will

kill the competent bacteria (and dramatically decrease the transfection frequencyl).

17. Close the plates and allow the top agar to harden for 5 minutes at room temperature. Use a

Kimwipe to remove any condensation from the top of the plate, invert the plates, and incu-
bate at 37°C.

Plaques will be fully developed after 8—12 hours. Plaques formed by nonrecombinant bacterio-
phage M13 will be deep blue; those formed by recombinants will be colorless in most cases. For
details on efficiencies and expected results, please see Table 33

TABLE 3-3 Typical Transformation Results Using a Frozen Preparation of Competent Cultures of E. coli Strain TG1
 

NUMBER or PLAQUES/ug VECTOR DNA
 

 

RF DNA BLUE WHITE

(filosed circular 3x 107 3 x 103 “
linearized by cleavage with one restriction enzyme 1 x 105 ~5 x 104
l ineurized by cleavage with one restriction enzyme and self—ligated 2 x 107 ~l x 10"
linearized by cleavage with one restriction enzyme, phosphatase—treated,

(1nd self—ligated 3 x 104 ~5 x 104
(filcavcd by two different restriction enzymes <5 x 103 ~l x 104
l,illCdl‘lYCd by cleavage with one restriction enzyme and ligated in the presence of
molar excess of foreign DNA cleaved with a compatible restriction enzyme ~1 x 105 ~4 x 106

(Ilcuved by two different restriction enzymes and ligated in the presence of molar
excess of foreign DNA carrying compatible termini <5 x 103 ~2 x 106
 

I'hc method used to prepare the competent cells can dramatically influence the number of bacteriophage M13 plaques. The frequencies in the above
table are those obtained using preparations of competent bacterial cells that produce ~ 107 plaques/ug of RF DNA. Lower or higher transfection efficien»
ciu will require more or less of the ligation reaction to obtain equivalent numbers of recombinant plaques. For example, if electroporation is used
t(ilmpter 1, Protocol 26), then the ligation reactions should be diluted substantially (104 to 103) to obtain well—separated plaques.

"l'he small proportion of colorless plaques is Formed by spontaneous mutants that have lost the ability to accomplish a~complementation.

 



Protocol 7

Analysis of Recombinant Bacteriophage
M13 Clones

 

SEVERAL METHODS ARE USED TO ANALYZE THE SIZE AND ORIENTATION of foreign DNA sequences
carried in M13 recombinants.

o screening laE (white) bacteriophage M13 plaques by hybridization (please see the panel on

ALTERNATIVE PROCOTOL: SCREENING BACTERIOPHAGE M13 PLAQUES BY HYBRIDIZATION at

the end of this protocol)

0 analysis of lac” plaques by PCR (please see Chapter 8, Protocol 7)

0 analysis of small-scale RF DNA preparations (Protocol 3) by restriction enzyme digestion, gel

electrophoresis, and Southern hybridization

0 electrophoretic analysis Of the size of single-stranded DNA in putative recombinant clones

(this protocol)

In this protocol, recombinant bacteriophage M13 clones carrying sequences of foreign DNA

longer than 200—300 nucleotides are detected by gel electrophoresis of single-stranded DNA

released from infected bacteria into the surrounding medium.

MATERIALS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

SDS (2% w/v)
20x 55C
Sucrose gel-Ioading buffer

Gels

Agarose gel (0.7%) cast in 0.5x TBE, containing 0.5 pg/m/ ethidium bromide <!>
Please see Step 4.

3.39
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Nucleic Acids and Oligonucleotides

Special Equipment

SingIe-stranded recombinant bacteriophage M13 DNA
Choose previously characterized recombinants that carry foreign sequences of known size to use as pos—
itive controls during gel electrophoresis. Please see Step 4 note.

Water bath preset to 65°C

Additional Reagents

Step 1 of this protocol requires the reagents listed in Protocol 2 of this chapter.

Step 7 of this protocol may require the reagents listed in Chapter 2, Protocols 27 and 22.

Vectors and Bacterial Strains

METHOD

Bacteriophage M13 recombinants plaques in top agarose
Prepared as described in Protocol 6 of this chapter.

Bacteriophage M13 nonrecombinant vector, grown as weII-isolated plaques in top agarose
Prepared as described in Protocol 1 of this chapter.

E. coli F’ strain

For a listing of strains suitable for the propagation of bacteriophage M13, please see Table 3—2 in the
introduction to this chapter.

. Prepare stocks of putative recombinant bacteriophages from single plaques, grown in an
appropriate F’ host, as described in Protocol 2.

As controls, prepare stocks of several nonrecombinant bacteriophages (picked from well—isolated
dark blue plaques).

. Use a micropipettor with a sterile tip to transfer 20 pl of each of the supernatants into a fresh

microfuge tube. Store the remainder of the supernatants at 4°C until needed.

. To each 20—ul aliquot of supernatant, add 1 u] of 2% SDS. Tap the sides of the tubes to mix
the contents, and then incubate the tubes for 5 minutes at 65°C.

. To each tube, add 5 pl of sucrose gel~loading buffer. Again mix the contents of the tubes by
tapping and then analyze each sample by electrophoresis through an 0.7% agarose gel. Run
the gel at 5 V/cm. As positive controls, use single-stranded DNA preparations of previously
characterized M 13 recombinants that carry foreign sequences of known size.

Electrophoresis at low voltage eliminates problems associated with salt fronts created in the gel by
the large volume of sample.

. When the bromophenol blue has traveled the full length of the gel, photograph the DNA
under UV illumination.

. Compare the electrophoretic mobilities of the single—stranded DNAs liberated from the puta-
tive recombinants with those of the DNAs liberated from the control nonrecombinant bac—
teriophages.

The single—stranded DNAs of recombinants carrying sequences of foreign DNA longer than
200—300 nucleotides migrate slighdy more slowly than empty vector through 0.7% agarose gels.
Once recombinants of the desired size have been identified, single-stranded DNAs can be prepared
from supernatants stored at 4°C (Step 2).

. If necessary, confirm the presence of foreign DNA sequences by transferring single—stranded
DNAs from the gel to a nitrocellulose or nylon membrane (please see Chapter 2, Protocol 21)
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and hybridizing to an appropriate radiolabeled probe (please see Chapter 2, Protocol 22).

Soak the gel in 10 volumes of 20x SSC for 45 minutes, and then transfer the DNA directly to

the membrane.

There is no need to denature the DNA by soaking the gel in alkali.

Southern blotting using oligonucleotide probes is particularly useful in identifying recombinants
carrying different strands of a target DNA.

 

 

ALTERNATIVE PROTOCOL: SCREENING BACTERIOPHAGE M13 PLAQUES BY

HYBRIDIZATION

Bacteriophage M13 plaques can be screened by hybridization to 32P-Iabeled probes by following essentially
the same methods devised for screening bacteriophage 7».

Method

1. Transfer the bacteriophage DNA to a nitrocellulose or nylon filter as described in Chapter 2, Protocol 21.

2. After removing the filter from the surface of the agar or agarose, allow it to dry (DNA side up) at room tem-
perature.

The singIe-stranded bacteriophage M13 DNA transferred to the filter does not need to be denatured with alkali.

3. Bake the filter under vacuum for 2 hours at 80°C or autoclave for 3 minutes, or, in the case of nylon filters,
expose to UV irradiation to fix the DNA to the filter (please see Chapter 2, Protocol 21).

4. Hybridize the immobilized DNAs to an appropriate 32P—Iabeled DNA probe as described in Chapter 2,
Protocol 22.

Double-stranded DNA probes will hybridize to all M13 recombinants that carry the target sequence irrespective of
the orientation ofthe segment of foreign DNAwithin the vector. SingIe-stranded probes will hybridize only to recom-
binants that carry complementary sequences attached to the (+) strand of M13 bacteriophage DNA.

If the filter is treated with alkali, as in conventional Benton-Davis screening of plaques, double-stranded M13 RF DNA
released from the infected bacteria will be denatured. Both the (+) and H strands of M13 recombinants therefore
become available for hybridization. Since the amount of (+) strand attached to the filter is much greater than the
amount of RF DNA, single-stranded probes complementary to the (+) strand will generate a much stronger
hybridization signal than probes complementary to the (—) strand. A weak hybridization signal with a single-strand-
ed probe usually results from hybridization of the probe to denatured M13 RF DNA in plaques that contain the insert
in the opposite orientation. This difference in intensity of hybridization has been used as a method to assay the ori-
entation of cloned inserts (Picken 1990).   

..», A_meM—f.m wuunm.__._.<.. __

 



Protocol 8
 

Producing SingIe-stranded DNA
with Phagemid Vectors

PHAGEMIDS FELICITOUSLY COMBINE FEATURES OF PLASMIDS and filamentous bacteriophages.

Stripped to their bare essentials, these vectors are conventional high-copy-number plasmids that

carry a modified version of the major intergenic region of a filamentous bacteriophage (please see

Table 3-4). This region (508 bp in its wild-type form) encodes no proteins but contains all of the

cis-acting sequences that are indispensable for initiation and termination of viral DNA synthesis

and for morphogenesis of bacteriophage particles.

TABLE 3-4 Phagemids
 

 

INTERGENIC
PLASMID REGION HELPER VIRUS HOST BACTERIA“ REFERENCE

pEMBL (derived fl IR], an interference-resistant 71/18 Dente et al. (1983)

from pUC8) variant of flb

pRSAIOI (derived M13 a variant of M13 resistant to inter— X8127, X5101 Levinson et al. (1984)

from n VX‘) ference by plasmids containing

the M13 intergenic region

pUCl 18/1 19 (derived M13 M13K07 carries a mutated version MV1184 Vieira and Messing

(mm pUC18/19) of gene 11 that works less well on (1987)

its own intergenic region than on

that cloned in pUC118/119

pBluescript fl M13K07 XLl—Blue Short et al. (1988)

pBluescript II SK +/— fl R408 or M13K07 XLl—Blue MRF’ Short er al. (1988)

p85 +/— fl R408 or M13K07 XLl-Blue MRF’ Alting-Mees and Short

(1989)

pB(J SK +/— fl R408 or M13KO7 XLl—Blue MRF' Alting—Mees and Short

(1989)

pGEM llZflt) fl M13K07 or R408 DH115,]M109

pGEM I3Zf(t) fl M13K07 or R408 DH118, JMIO9
 

Other more complicated phagemid systems have been devised (e.g., p1ease see Geider et al. 1985; Mead et al, 1985; Peeters et al. 1986).
“Please see Table 3—2.

"1- nea 11nd Zinder 1 1982).

«cod (1983).

3.42
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Segments of foreign DNA can be cloned in phagemids and propagated as plasmids in the

usual way. However, when a male strain of E. coli carrying a phagemid is infected with a suitable

filamentous bacteriophage, the mode of replication of the phagemid changes in response to gene

products expressed by the incoming Virus. The gene 11 protein encoded by the helper virus intro—
duces a nick at a specific site in the intergenic region of the phagemid and hence initiates rolling
circle replication (Beck and Zink 1981; Dotto et al. 1981a), which generates copies of one strand
of the plasmid DNA. These single-stranded copies of the plasmid DNA are packaged into proge—
ny bacteriophage particles, which are then extruded into the medium (Dotto et al. 1981b; Dente
et al. 1983; Levinson et al. 1984; Zagursky and Berman 1984; Geider et al. 1985; Mead et al. 1985).
The secreted particles can easily be recovered by precipitation with polyethylene glycol and the
single-stranded DNA purified by extraction with phenol (Protocol 4).

Single—stranded DNAS produced by phagemids are used for the same purposes as single-

stranded DNAs of bacteriophage M13 recombinants: for DNA sequencing, for the synthesis of

strand-specific radiolabeled probes, for subtractive hybridization, and for oligonucleotide-

directed mutagenesis. In addition, phagemid vectors can be used in appropriate strains of E. coli

(e.g., BW313) to produce singIe-stranded DNAs that contain uracil in place of a proportion of

the thymine residues. These uracil—substituted DNAs are excellent substrates for certain types

of oligonucleotide-directed mutagenesis (please see Chapter 13, Protocol 1; McClary et al.
1989).

Phagemids have several attractive features that overcome problems commonly encountered

with cloning in bacteriophage M 13, including:

o a positive selectable marker that can be used to select bacteria transformed by the phagemid

0 higher yields of double—stranded DNA

0 elimination of the time—consuming process of subcloning DNA fragments from plasmids to

filamentous bacteriophage vectors

0 a significant reduction in the frequency and extent of deletions and rearrangements in single-

stranded DNA

0 the ability to allow segments of DNA several kilobases in length to be isolated in single—strand—

ed form

In addition, it is possible to construct a complete expression cassette in a phagemid, con-

taining, for example, a strong promoter, the gene or cDNA of interest, and a transcription termi-

nator (e.g., please see Kunapuli and Colman 1993). Expression phagemids of this type can be iso-

lated in single—stranded DNA form, subjected to site—directed mutagenesis, and then used to

transform E. coli or yeast for phenotypic expression.

iMPROVEMENTS IN PHAGEMIDS AND HELPER VIRUSES
 

The first generation of vectors, the pEMBL vectors, gave phagemids a bad name because, after
superinfection with a helper virus, the yield of single-stranded DNA was generally poor and was

influenced by many factors, including the density of the culture at the time of infection, the mul—
tiplicity of infection, and the length of time after infection. Even when superinfection was carried
out under optimal conditions, the yield of progeny Virus all too often consisted predominantly of
helper viruses rather then packaged single-stranded phagemid DNA. These problems were ame-
liorated by constructing helper viruses encoding a mutated version of gene II that preferentially
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activates the phagemid origin of replication (please see the panel on HELPER BACTERlOPHAGES).

In addition, novel strains of E. coli have been engineered (e.g., DHl IS, TG2, and MV1184) that

are efficiently transformed by plasmids, are easily infected by commonly used helper viruses, and

yield preparations of single-stranded phagemid DNA that are free from contamination with bac—

terial DNA and helper phages (e‘gq please see Lin et al. 1992).

The particular strand of the foreign DNA that is packaged into the bacteriophage particles

depends on its orientation in the polylinker site of the phagemid vector and on the orientation of

the bacteriophage origin of DNA replication carried in the vector. As a consequence, most com-

mercially available phagemid vectors (e.g., pBluescript II from Stratagene and pGEMZf from

Promega) come in four chiralities in which the orientation of the polylinker sequence is opposite

in one pair of vectors (e.g., pBluescript II SK and pBluescript II KS), and the orientation of the

intergenic region is opposite in the other pair (e.g., pBluescript ll SK [+] and pBluescript II SK

[—]). The (+) and (—) orientations of the intergenic region allow the rescue by helper bacterio—

phages of sense and antisense single-stranded DNAs. For a list of phagemid vectors and helper

bacteriophages, please see Table 3-4. For first-time users of phagemids, the safest choices for

helper Virus, phagemid vector, and host are a well-tested and reliable helper virus such as M13K07

and a dependable phagemid (e.g., one or more of the Stratagene SK or Promega pGemZ series)

in an E. coli strain such as DHI IS (Lin et al. 1992).

 

HELPER BACTERIOPHAGES

Several helper viruses have been engineered to maximize the yield of single-stranded phagemid DNA pack-
aged into filamentous particles after superinfection of a phagemid-transformed culture. When working well,
the ratio of phagemid to helper genomes in the bacteriophage particles released into the medium should be
~20:1. A smaII-scale (1.5 ml) culture should provide enough single-stranded phagemid DNA for four to eight
sequencing reactions.

. M13K07 is a derivative (Vieira and Messing 1987) of bacteriophage M13 that carries a plasmid origin of
replication (derived from p15A), the kanamycin-resistance gene from the transposon Tn903, and a mutat-
ed version of gene II (derived from M13mp1), in which the G residue at 6125 has been replaced by a T
(Vieira and Messing 1987). When M13K07 infects cells carrying phagemids, the incoming single-stranded
DNA of the helper bacteriophage is converted by cellular enzymes to a doubIe-stranded form that then uses
the plasmid p15A origin to replicate. Because the accumulation of double-stranded M13KO7 DNA does not
require viral gene products, there is little opportunity for the resident phagemids to interfere with the early
stages of replication of the incoming helper bacteriophage genome. With time, the pool of doubIe-strand-
ed M13K07 genomes expresses all of the proteins required to generate progeny single-stranded DNA.
However, the mutated gene II product encoded by M13K07 interacts less efficiently with the bacteriophage
origin of replication carried on its own genome (due to the insertion of lad sequences) than with the ori-
gin cloned into the phagemid vector (Vieira and Messing 1987). This preference results in the production
of more (+) strands from the phagemid than from the helper virus and ensures that the virus particles pro-
duced by the cell contain a preponderance of single-stranded DNA derived from the phagemid. When
M13K07 is grown in the absence of a phagemid vector (Steps 1—3 in this protocol), the mutant gene II pro-
tein interacts well enough with the disrupted origin of replication to produce sufficient bacteriophage for
superinfection.

0 R408 is a derivative (Russel et al. 1986) of bacteriophage f1 from which an internal 24-bp segment of the
signal required for packaging of bacteriophage particles has been deleted. The resulting helper bacterio—
phage packages singIe-stranded DNAs containing a complete packaging signal better than it packages its
own single-stranded DNA. In addition to a modified packaging signal, R408 carries (1) a mutation known
as 1R1 that renders R408 insensitive to interference by defective viruses (Enea and Zinder 1982) and (2) the
gtrxA mutation that improves the efficiency of bacteriophage assembly by altering an amino acid in a mor-
phogenetic protein. Unlike M13K07, R408 does not carry an antibiotic resistance marker.

. Other Helper Viruses: Although M13K07 and R408 are the most widely used helper viruses, companies
that sell phagemids may recommend other helper viruses, for example, ExAssist (Stratagene) and VCSM13,
which is a derivative of M13K07 (Vieira and Messing 1987). However, both in our experience and that of
others) the yield and proportion of filamentous particles containing singIe-stranded phagemid genomes are
usually higher with M13K07 (e.g., please see Lin et al. 1992) than with other helper viruses. 
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MATERIALS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

P|ease see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Kanamycin (70 mg/ml)

Kanamycin is used in this protocol to ensure that all bacterial cells containing a phagemid genome are

infected by the helper M13KO7 bacteriophage. During propagation of M13K07 (e.g., Steps 1—3), there is

selection for bacteriophage genomes that have lost the p15A origin and the Tn903 transposon. For this rea—
son, it is essential to include kanamycin in the medium used to prepare the stock of helper virus (Step 3).

SDS solution (2% w/v)

Sucrose gel-loading buffer

Gels

Agarose gel (O.7%) cast in 0.5x TBE, containing 0.5 pg/ml ethidium bromide <!>
Please see Step 12.

Media

Supplemented M9 minimal agar plates
When using E. coli strains that carry a deletion of the proline biosynthetic operon (A(lac—proABD in the
bacterial chromosome and the complementing proAB genes on the F' plasmid, use supplemented M9
minimal medium.

YT agar plates containing 60 pg/ml ampicillin

2x YT medium
2x YT medium containing 60 pg/ml ampicillin

2x YT medium containing 25 ug/ml kanamycin
The addition of Mg2+ (5 mM) to media (Reddy and McKenney 1996) is reported to improve the yield of
bacteriophage M13 cultures infected at low multiplicity.

Special Equipment

Water bath preset to 65°C

Additional Reagents

Steps 2 and 5 of this protocol require the reagents listed in Protocol 1 of this chapter.

Step 14 of this protocol requires the reagents listed in Protocol 4 of this chapter.

Vectors and Bacterial Strains

Bacteriophage M13K07 (helper)
M13KO7 may be obtained commercially (eg., from Pharmacia or New England Biolabs) and propagat—
ed as described in Steps 1—3 below. Store stocks of helper virus at 4°C in growth medium or at —20°C in
growth medium containing 50% (v/v) glycerol. M13KO7 should not be used to superinfect cultures of E.
coli JM109 transformed with phagemid vectors. For reasons that are not understood, this strain under—

goes significant Iysis when infected with M13K07. The recommended strain for M13K07 is DH 1 1 S (Lin
et al. 1992).

E coli F’ strain

For a listing of strains suitable for the propagation of bacteriophage M13, please see Table 3—2 in the
introduction to this chapter.
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In principle, it should be possible to produce bacteriophage particles that contain singIe-stranded copies of
phagemid DNA in any male strain of E. coli. Unfortunately, the yield of single-stranded DNA can be greatly
affected by the bacterial strain used to propagate the plasmid. For example, E. coli strains MV1184 (derived
from JM83) and MV1190 (derived from JM101) produce satisfactory yields, whereas MV1304 (derived from
JM105) does not. The biological reasons for varying yields are poorly understood. Several strains (MV1184,
DH11S, XL1-Blue, XL1-Blue MRF’; for more complete details, please see Table 3-2) have been used by many

laboratories and generally yield workable quantities of single-stranded phagemid DNAs (Vieira and Messing
1987; Lin et al. 1992). With all strains, maximum yields of phagemid DNA are obtained when infected cul-
tures are weII-aerated.   
 

E. coli strain DH11S
DH1 lS (Lin et al. 1992) is available from Life Technologies. MV1184, a less—preferred option, can be
obtained from I. Messing. Both strains should be plated on supplemented minimal agar plates.

E. coli strain DH1 15, transformed with bacteriophage M13 phagemid vector
Transform E. coli with the phagemid vector as described in Protocol 6. The transformed strain may be
propagated as a culture as described in Protocol 2.

E. coli strain DH1 15, transformed with bacteriophage M13 recombinant phagemid vector
Clone carrying foreign DNA
Transform E. coli with the recombinant phagemid vector as described in Protocol 6. The transformed
strain may be propagated as a culture as described in Protocol 2.

METHOD

Preparation of a High-titer Stock of Helper Bacteriophage

The key to success in using phagemids is to prepare a stock of helper virus whose titer is accu—
rately known‘

1. In 20 ml of 2x YT medium, establish a culture of E. coli strain DHIIS from a single colony

freshly picked from supplemented minimal agar plates. Incubate the culture at 37°C with

moderate agitation until the OD600 reaches 0.8.

2. Prepare a series of tenfold dilutions of bacteriophage M13K07 in 2x YT medium, and plate

aliquots of the bacteriophage as described in Protocol 1 to obtain well—isolated plaques on a
lawn of DH1 15 cells.

3. Pick well-separated, single plaques and place each plaque in 2—3 ml of 2x YT medium con-
taining kanamycin (25 ug/ml) in a 15—ml culture tube. Incubate the infected cultures for
12—16 hours at 37°C with moderate agitation (250 cycles/minute).

A IMPORTANT Use stocks of M13K07 derived from single freshly picked plaques in the following
steps.

4. Transfer the infected cultures to 1.5—ml sterile microfuge tubes and centrifuge them at max-
imum speed for 2 minutes at 4°C in a microfuge. Transfer the supernatants to fresh tubes and
store them at 4°C.

5. Measure the titer of each of the bacteriophage stocks by plaque formation (Protocol 1) on a
strain of E. coli F’ (TGl, DHIIS, NM522, or XLl—Blue) that supports the growth of bacte-
riophage M13.

The titer of infectious bacteriophage particles in the stocks should be 1010 pfu/ml. Discard any
stock with a lower titer.
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Growth of Recombinant Phagemids with Helper Virus

6. Streak DHllS cells transformed by (i) the recombinant phagemid and (ii) the empty (par-

ent) phagemid vector onto tw0 separate YT agar plates containing 60 iig/ml ampicillin.

Incubate the plates for 16 hours at 37°C.

7. Pick (i) several colonies transformed by the recombinant phagemid and (ii) one or two

colonies transformed by the parent vector into sterile 15—ml culture tubes that contain 2—3

ml of 2x YT medium containing 60 tig/ml ampicillin.

Because the variables that affect the yield of single~stranded DNA are poorly defined, pick multi-

ple isolates from each phagemid recombinant to increase the chances of success.

8. To each culture, add M13K07 helper bacteriophage to achieve a final concentration of 2 x 10

pfu/ml. Incubate the cultures for 10—15 hours at 37°C with strong agitation (300 cycles/

minute).

The bacterial cultures should be only slightly turbid after this short incubation. lf growth is too
florid, dilute the cultures with prewarmed 2x YT medium until the turbidity is only just visible,

 

ALTERNATIVE PROCEDURES FOR SUPERINFECTION BY HELPER VIRUS

Using Neglected Colonies for Superinfection
The standard protocol works best with cultures established directly from freshly picked colonies of DH11S,
i.e., colonies that have been grown for 18 hours or less and have not been stored at 4°C. Colonies that have

been stored at 4°C or otherwise neglected need to be restored to full health before superinfection.

1. Inoculate 2 ml of 2x YT medium containing ampicillin (100 iig/ml) with a bacterial colony transformed by
the recombinant plasmid.

2. Incubate the culture at 37°C with strong agitation (300 cycles/minute) until the culture reaches saturation.

3. Dilute 20 ul of the saturated culture into 2 ml of 2x YT medium containing M13K07 helper bacteriophage
at a concentration of 2 x 108 to 4 x 108 pfu/ml.

4. Incubate the culture for 1 hour at 37°C with strong agitation. (Please see the note in Step 8 regarding tur-
bidity at this stage.) Proceed as described in Steps 9—14 of the standard protocol.

Using Frozen Cultures for Superinfection
Some investigators find that the yield of single-stranded phagemid DNA is highest when a saturated culture of
DH11S is used in Step 6. Saturated cultures may be prepared ahead of time and stored at —70°C. Lin et al.
(1992) recommend growing the cells containing the phagemid to saturation and then adding sterile glycerol to
a final concentration of 20% (v/v). The cells are divided into small aliquots, quick—frozen in a dry ice-ethanol
bath, and stored at —70“C. Thawed cells (20 pl) are then used to inoculate 2 ml of 2x YT medium containing
M13K07 helper bacteriophage. The optimum amount of helper bacteriophage should be determined empiri-
cally for each culture, but usually lies in the range of 107 to 4 x 103 pfu/ml. The infected cultures are grown at
3 7°C with strong agitation (300 cycles/minute) until the OD600 reaches 0.5. Then proceed as described in Steps
9—14 of the standard protocol.   
 

9. Add kanamycin to the cultures to a final concentration of 25 tig/ml. Continue incubation for

a further 14—18 hours at 37°C.

Because the bacteriophage M 1 3K07 contains a kanamycin resistance gene, only those cells that are

infected will survive the addition of this antibiotic in this step.

Other helper bacteriophages (e.g., R408) do not carry an antibiotic resistance marker. Check the
genotype of the helper virus before adding antibiotic to the medium!

10. Transfer the cell suspensions to microfuge tubes and separate the bacterial cells from the

growth medium by centrifugation at maximum speed for 5 minutes at room temperature in

a microfuge. Transfer the supernatants to fresh tubes and store them at 4°C.

m m ,..-,_n. ..._. ,_., .._____~.___
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Estimation of the Yield of SingIe-stranded Phagemid DNA by Gel Electrophoresis

1 1. Combine 40 pl of each supernatant with 2 pl of 2% SDS in 0.5-ml microfuge tubes. Mix the
contents of the tubes by tapping and then incubate the tubes for 5 minutes at 65°C.

Alternatively, estimate the yield of Virus particles containing single-stranded copies of the
phagemid by infecting E. cali DHllS cells with dilutions of the supernatants (please see Protocol
1) and then plating the infected cells on YT agar containing ampicillin (60 ug/ml). The number of
ampicillin-resistant colonies that arise after 24 hours incubation at 37°C is a measure of the num-
ber of virus particles in the supernatant that contain single—stranded phagemid DNA. Supernatants
that contain 2 x 10” to 5 x 10“ cfu/ml will generate satisfactory yields of purified single-stranded
phagemid DNA.

12. Add 5 pl of sucrose gel—loading buffer to each sample of the phagemid DNA, mix the sam—
ples, and load them into separate wells of an 0.7% agarose gel.

13. Carry out electrophoresis for several hours at 6 V/cm until the bromophenol blue has migrat-
ed approximately half the length of the gel. Examine and photograph the gel by UV light.

Yields vary depending on the size and nature of foreign DNA in the phagemid, but are generally
~1 ug/ml of culture volume.

14. Isolate single-stranded phagemid DNA from the supernatants containing the largest amount
of single—stranded DNA. Follow the steps outlined in Protocol 4, scaling up the volumes two-
to threefold.

In phagemids, as in bacteriophage M13 vectors, the yield of single-stranded DNA can vary over a
five— to tenfold range depending on the size and nature of the foreign DNA. In general, the larger

the fragment, the poorer the yield. Furthermore, for reasons that are not understood, foreign DNAs
of equivalent size can suppress the yield of single-stranded DNA to varying extents. For example,
most segments of yeast DNA seem to be amenable to propagation in phagemids, whereas human
genomic DNAs of equivalent size may produce disappointing yields of single-stranded DNA. The
orientation of both the foreign DNA insert and the bacteriophage origin ofDNA replication in the
phagemid vector can also dramatically affect yields. Thus, recloning a fragment in the opposite ori-
entation or in a vector with the bacteriophage origin of replication in the opposite orientation will
sometimes solve a problem of low yields.
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GROWTH TIMES

Deletion or rearrangement of part of the foreign DNA segment can be a problem with some bacteriophage

M13 clones. The larger the insert, the greater the rate at which deletions occur. This problem can be mini-
mized (although not eliminated) by taking care never to propagate the bacteriophage by serial growth of
infected cells in liquid culture. Instead, stocks of recombinant bacteriophages stored at —20°C should be
plated on an appropriate host, and a single, well—isolated plaque be used to establish a small~scale culture
This culture should provide enough single-stranded DNA (Protocol 4) for most purposes. The culture
should be grown for the shortest possible time (5 hours is usually optimal) and not be used to seed further
cultures. Recombinant bacteriophages carrying larger segments of foreign DNA almost always grow more
slowly than those carrying smaller inserts. Cultures of these slower-growing recombinants may require up
to 8 hours of incubation to produce a satisfactory yield of single-stranded DNA. Deletion of foreign DNA
sequences confers a selective advantage that is frequently strong enough to result in the elimination of bac-
teria synthesizing the original recombinant within a few serial passages. Recombinant bacteriophages that
harbor DNA inserts with long tracts of a single nucleotide (such as a segment of a eukaryotic cDNA con‘
taining the 3‘ poly(A) sequence or a fragment of DNA containing multiple copies of a short repeated
sequence) are very susceptible to rearrangement. These bacteriophages should be grown for the shortest
possible periods of time and never for more than 8 hours.

 

POLYETHYLENE GLYCOI.

Polyethylene glycol (PEG) is a straight-chain polymer of a simple repeating unit H(OCH2 CH2)HOH. PEG
is available in a range of molecular weights whose names reflect the number (n) of repeating units in each
molecule. In PEG 400, for example, n = 8—9, whereas in PEG 4000, n ranges from 68 to 84.

PEG induces macromolecular crowding of solutes in aqueous solution (Zimmerman and Minton
1993) and has a range of uses in molecular cloning, including:

o Precipitation of DNA molecules according to their size (Lis and Schleif 1975a,b; Ogata and Gilbert
1977; Lis 1980).

o Precipitation and purification of bacteriophage particles (Yamamoto et al. 1970).

0 Increasing the efficiency of reassociation of complementary chains of nucleic acids during
hybridization, blunt-end ligation of DNA molecules, and end-labeling of DNA with bacteriophage
T4 polynucleotide kinase (Zimmerman and Minton 1993).

0 Fusion of cultured cells with each other or with bacterial protoplasts (Schaffner 1980; Rassoul~
zadegan et al. 1982).
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IE REASON THAT WE KNEW so LITTLE FOR 50 LONG OF THE HUMAN GENOME is its immense scale:

3 billion or more base pairs containing ~1 million exons grouped into an estimated 40,000 to

60,000 genes distributed among 23 pairs of chromosomes. However, if current estimates are cor-

rect, we have moved in less than 50 years from the discovery of the structure of DNA in 1953 to
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TABLE 4-1 High-capacity Vectors for Genomic Cloning

 

CAPACITY Copy INTRODUCTION SCREENING FOR RECOVERY OF
VECTOR (KB) REPLICON HOST NUMBER INTO CELLS RECOMBINANTS CLONED DNA

Cosmid 30—45 colEl E. coli high transduction not necessary alkaline extraction

P1 70400 Pl E. coli 1 (amplifiabie) transduction sacB alkaline extraction

PA(‘ 230—150 P1 E. coli 1 electroporation sacB alkaline extraction

BAC 120—300 F E. cali 1 electroporation oc—complementation alkaline extraction
YAC 250~400 ARS yeast 1 transformation ade2 pulse—field gels
 

the elucidation of the complete sequence of the human genome in the year 2000. That we have

learned so much about the human genome during the last decade is in part due to the develop—

ment of a series of vectors with the capacity to propagate large segments of genomic DNA. These
vectors have been instrumental in the rapid assembly of overlapping arrays of individual clones

(contigs) in which each recombinant contains a piece of genomic DNA that partially overlaps

DNA carried by its neighbor. Such physical maps grant access to genes that in their entirety may

sprawl over several hundred kilobases; they fuel DNA sequencing mills; and they provide points

through which physical and genetic maps may be riveted together.

There are five major types of high-capacity vectors. Because physical maps of eukaryotic

chromosomes are built by linking together overlapping clones, it might seem that the vector with

the largest capacity would be preferred for construction of framework maps. However, it turns

out that each vector has its own set of advantages and disadvantages (please see below and Table
4—1), and, in consequence, physical maps of chromosomal regions are typically constructed from

a mosaic of DNA fragments cloned in different vectors.

0 Yeast artificial chromosomes (YACs) are linear DNA molecules whose architecture mimics

that of authentic yeast chromosomes (Burke et al. 1987). Recombinant YACs are created by lig-

ating large fragments of genomic DNA to two “arms” of a YAC vector, and the ligation mix—
ture is then introduced into yeast by transformation. Each of the arms carries a selectable
marker, as well as appropriately oriented DNA sequences that function as telomeres. In addiA

tion, one of the two arms carries centromeric DNA segments and an origin of replication (also

called an autonomously replicating sequence or ARS). In recombinant YACs, therefore, a seg-

ment of foreign genomic DNA becomes flanked on one side by a centromere, an origin of

replication, and a selectable marker and on the other side by the second selectable marker.

Yeast transformants that have taken up and stably maintained an artificial chromosome are

identified as colonies on selective agar plates.
Most YAC vectors in current use are designed to allow facile distinction between clones

that are empty and those that carry inserts of genomic DNA (please see Figure 4-1). For exam-

ple, in several YAC vectors, insertion of DNA into the cloning site interrupts a suppressor

tRNA gene and results in the formation of red rather than white colonies by yeast strains that
carry an ochre mutation in the adeZ gene. Because YACs have no packaging constraints that

limit their cloning capacity, the average size of the inserts is determined chiefly by the quality

of the preparation of genomic DNA. Most YAC libraries contain between 250 kb and 400 kb

of foreign DNA per clone. However, libraries of mammalian genomic DNA have been con-

structed containing clones whose size exceeds 1 Mb.

0 Bacterial artificial chromosomes (BACs) are circular DNA molecules that carry an antibiotic

resistance marker, a stringently controlled replicon derived from the F factor (fertility factor)
of Escherichia coli (Shizuya et al. 1992), an ATP—driven helicase (repE) to facilitate DNA repli—

cation, and three loci (parA, parB, and parC) to ensure accurate partitioning of low-copy-

number plasmids to daughter cells. Segments of foreign genomic DNA are ligated to the ~7-
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TEL TRP A931 CEN4 SUP4 URA3 TEL
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50—2000—kb DNA fragments

FIGURE 4-1 Cloning in YAC Vectors

The genome of the YAC vector includes two selectable markers (TRP and URA), an autonomously repli-
cating sequence (ARS7)/ a centromere (CEN4), a suppressor tRNA gene (SUP4), and telomeric sequences
(TEL) at the termini.

kb BAC vector in Vitro, and the ligation mixture is introduced by electroporation into well-

characterized recombination—deficient strains of E. coli, where they become established as sin—
gle—copy plasmids.

The first generation of BAC vectors (Shizuya et al. 1992) carried no markers that could be

used to distinguish between antibiotic—resistant bacterial colonies carrying recombinants and

those carrying empty vectors. Newer BAC vectors allow screening by a—complementation to

identify recombinants with inserts and are equipped with sites to facilitate recovery and

manipulation of cloned DNAs (see Figure 4-2) (Kim et al. 1996; Asakawa et a]. 1997). BACs,

like YACs and PACS (P1 artificial chromosomes), have no packaging contraints and there is no

fixed limit to the size of genomic DNA that they can accept. The median size of clones in most

pBeIoBACII
7.40 kb

 

FIGURE 4-2 Diagram of pBeloBACII

The circular vector contains genes parA, parB, and parC derived from the fertility factor (F factor) of E. coli
to ensure that the Iow-copy-number plasmid is accurately partitioned to daughter cells during division of its
bacterial host. In addition, the vector carries genes (oriS and repC) involved in initiation and orientation of

DNA replication; a chloramphenicol resistance gene (Cmr); an element (lacZ) that allows color-bdsed iden-
tification of recombinants; loxP and cosN sites that facilitate recovery of cloned sequences; and restriction
sites that can be used to clone large fragments of genomic DNA.
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adenovirus
stuffer
fragment

pAd10sacBII
30.30 kb

bacteriophage promoter _ bacteriophage promoter

Bam HI

FIGURE 4-3 Diagram of pAd10sacBll

The Ieft-hand side of the circular vector contains two onP sites, a plasmid origin of DNA replication, a
minimal signal (pac) for packaging into P1 particles, and a stuffer fragment derived from adenovirus DNA.
The right-hand side contains a kanamycin resistance gene (kan'): a replicon (P1 plasmid replicon) derived
from bacteriophage P1 that allows the vector to replicate as a Iow-copy-number plasmid in E. coli; an
inducible replicon (P1 Iytic replicon) that can be used to increase the copy number of the plasmid; and a
selectable marker (sacB) containing a cloning site (BamHl) flanked by promoters derived from bacterio-
phages SP6 and T7.

BAC libraries is ~ 120 kb, whereas the largest individual recombinant BACS contain ~300 kb of
genomic DNA.

0 Bacteriophage P1 vectors contain many cis—acting elements derived from bacteriophage P1

and will accommodate fragments of genomic DNA between 70 kb and 100 kb (Figure 4-3)

(Sternberg 1990, 1992, 1994). In this system, linear recombinant molecules consisting of

genomic and vector sequences are packaged in vitro into bacteriophage P1 particles, which

have a total capacity (vector plus insert) of 115 kb. After injection into a strain of E. coli

expressing Cre recombinase, the linear DNA molecules are circularized by recombination

between two loxP sites present in the vector. The vector carries, in addition, a general selectable

marker (kanr), a positive selection marker (sacB) for clones that carry inserts of foreign DNA,

and a P1 plasmid replicon, which maintains the circular recombinant plasmids at ~1 copy per

cell. A second P1 replicon (the P1 lytic replicon), under the control of the inducible lac pro—

moter, can be used to amplify the plasmid before isolation of DNA.

0 P1 artificial chromosomes combine the best features of P1 vectors and BACs, including the

positive selection marker (55163) and the plasmid and lytic replicons of bacteriophage P1

(please see Figure 4-4). However, instead of packaging ligation products into bacteriophage

particles, and instead of using site-specific recombination at cre-loxP sites to generate plasmid

molecules, circular recombinant PACs generated during ligation in vitro are introduced into E.

cali by electroporation and are then maintained as single-copy plasmids (Ioannou et al. 1994).

The inserts in PAC—based libraries of human genomic DNA range in size from 60 kb to 150 kb
(Ioannou et al. 1994; Strong et al. 1997).

o Cosmids, the oldest of the five types of vectors used for analysis of complex genomes (Collins
and Hohn 1978), also have the smallest capacity: 43—45 kb of foreign DNA stretches cosmids
to their limit. Cosmid vectors are conventional plasmids that contain one or two copies of a
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FIGURE 4-4 Diagram of pCYPAC1
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The vector contains a subset of the genetic elements contained in pAd105acBlI (Figure 4-3), a kanamycin
resistance gene (kan')/ a loxP site, a replicon (P1 plasmid replicon) derived from bacteriophage P1 that
allows the vector to replicate as a Iow-copy-number plasmid in E. coli; an inducible replicon (P1 lytic repli-
con) that can be used to increase the copy number of the plasmid; and a selectable marker (sacB) con-
taining a variety of cloning sites.

small region of bacteriophage K DNA—the cohesive end site (cos)—which contains all of the

cis-acting elements required for packaging of viral DNA into bacteriophage A particles (please

see Figure 4—5) (for review, please see Hohn 1979; Hohn et al. 1988). Linear concatenated DNA

substrates, suitable for packaging in vitro, are generated by ligating restriction fragments con-

taining a cos sequence to each end of a genomic DNA molecule. During packaging, the two
flanking cos sequences are cleaved by the bacteriophage k ter function to generate a linear mol—

ecule with termini that are complementary to one another but not identical (Feiss et al. 1983;

please see the panel on K TERMINASE in the introduction to Chapter 2). After injection into sus-

ceptible bacterial cells, the complementary termini anneal to one another and are sealed by the

host’s DNA ligase, generating circular DNA molecules carrying a colicin E1 (colEI) plasmid

replicon and a selectable marker. Bacterial colonies selected on plates containing the appropri-

ate antibiotic carry multiple copies of recombinant cosmids.

T3 T7
EcoRI Notl—>BamHl <——Notl EcoRI

SuperCos-1

 

 
FIGURE 4-5 Diagram of SuperCos-1 (Stratagene)
 

This cosmid vector contains two cos sites separated by a unique Xbal restriction site, an SV40 origin of
replication (SV40 ori), two antibiotic resistance genes (neorand amp'), a coIE1 origin of replication (ori)
and a cloning site flanked by bacteriophage promoters.

/
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CONSTRUCTING LIBRARIES OF GENOMIC DNA
 

Genomic libraries are constructed by cloning segments of DNA generated by partial digestion of

high-molecular—weight genomic DNA with restriction enzymes (Maniatis et al. 1978). In some

cases, these fragments are fractionated by preparative gel electrophoresis or density gradient cen-

trifugation to select those of a size suitable for insertion into the vector.

In theory, every DNA sequence in the target genome should be proportionally represented

in a library of recombinant clones. In practice, this ideal is never realized. Instead, in libraries of

complex genomes, some DNA sequences are missing entirely and others may be overrepresented

to varying degrees. Such bias is the inevitable result of the methods that are used to construct

genomic libraries.

Gaps in coverage arise in part because there is no truly random method to shear complex

genomes, irrespective of their sequence and base composition. Since genomic libraries are typi—

cally generated by partial digestion of high-molecular-weight DNA, the composition of the

resulting population of size-selected fragments depends on the distribution of restriction sites

within the genomic DNA and on the relative rates at which these sites are cleaved. Unfortunately,

the distribution of restriction sites is far from normal and the efficiency of digestion at different

sites is influenced by surrounding sequences (for review, please see Brooks 1987). Regions rich in

restriction sites tend to be underrepresented because they are quickly reduced to an unacceptably

small size. Conversely, impoverished regions may be excluded because they generate fragments

that are too large. For theoretical treatment of these problems, please see Seed (1982), Seed et al.

(1982), and Tang and Waterman (1990). Although there is no general solution, juggling with

digestion conditions can sometimes be used to correct underrepresentation of specific sequences

in genomic libraries (e.g., please see Wong et al. 1993).

Gaps in coverage are inevitable because libraries are at best a statistical sampling of a pop—

ulation of restriction fragments. The size and number of these “statistical” gaps depend on the

number of genome equivalents carried in the entire library (please see the panel on GENOMIC

LIBRARIES). For example, a cosmid library of human genomic DNA consisting of 75,000 clones of

~40-kb DNA fragments would contain a total of 3 X 109 bp of human DNA, or one haploid equiv-

alent. Even if the 40-kb cloned fragments were generated by entirely random cleavage of the orig—
inal DNA preparation, and even if the packaging of these fragments into bacteriophage heads

were also entirely random, the library would be far from complete. In this case, the probability

that any DNA sequence of interest would not be represented in the library is ~37%. This prob-

lem can be ameliorated by increasing the depth of coverage of the library. For example, in a

library of 750,000 cosmids that covers the genome ten times, there is an ~99.995% chance that

 

 

GENOMIC LIBRARIES

The probability that any given DNA sequence will be represented in a genomic library can be calculated from
the equation

|n(1 — P)

In(1 — f)
N: 

where P is the desired probability, f is the fractional proportion of the genome in a single recombinant, and N
is the necessary number of clones in the library (Clarke and Carbon 1976). For example, to achieve a 99%
probability (P = 0.99) of having a given DNA sequence represented in a library of 17-kb fragments of mam-
malian DNA (3 x 109) bp

N :M = 8.1x105
ln (1_1.7x104)

3x109

For more detailed mathematical treatments of genomic library construction and probability calculations, please
see Seed (1982) and Seed et al. (1982).   
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the human DNA sequence of interest would be represented at least once. Unfortunately, because

some genomic clones replicate better than others, additional bias in representation may occur as

the library is replicated and expanded. Finally, because cloned sequences may undergo

rearrangements during passage, there is no guarantee that any given recombinant clone isolated from

a genomic library would necessarily carry an accurate copy of the corresponding genomic sequence.

Knowing that genomic libraries are always imperfect, pessimists and purists might throw up

their hands and say “Enough.” However, given the size, quality, number, depth of coverage, and

proven performance of currently available libraries, optimists and pragmatists can remain confident

knowing that the odds of isolating the desired genomic clones are stacked very much in their favor.

CHOOSING AMONG VECTORS
 

The major variables that influence the choice of a vector for construction of genomic libraries are the

size of the target region and the capacity of the vector, the ease of screening libraries, whether the vec—

tor is designed to facilitate chromosome walking, whether cloned DNA sequences can easily be puri—

fied and recovered, and, finally, whether instability of cloned sequences is likely to be a problem.

Size of the Target Region

If the target region of the genome is very small (<50 kb), then bacteriophage k or cosmids are the

vectors of choice for the construction of genomic libraries. Unless the investigator works on an eso-

teric organism or wants to construct a library from a particular mutant strain, there is a good chance

that a suitable cosmid library of genomic DNA already exists. If such a library is not available, well-

defined cosmid vectors, highly efficient packaging mixtures, and suitable strains of E. roli are read—

ily available from commercial sources. Preparation of the necessary high-molecular-weight genom—

ic DNA should be within the capacity of any experienced laboratory (please see Chapter 6).
If the region of interest is too large to fit into a single cosmid or if there is good reason to

believe that the region may be difficult to clone, a possible alternative is bacteriophage Pl, PAC,

or BAC libraries. Genomic libraries of many species are now available in these vectors. For a list—

ing of companies that provide libraries and various cloning services, please see the information

panel on LARGE-FRAGMENT CLONING PRODUCTS AND SERVICES. Although screening of existing

libraries is straightforward, and generation of small P1 libraries is well within the capacity of most

laboratories, de novo construction of large genomic libraries in P1 vectors remains a difficult

undertaking. This is because the efficiency of packaging of DNA into bacteriophage Pl particles

is relatively low and preparation of sufficient quantities of 75—90-kb fragments of genomic DNA

is laborious. Until the efficiency ( and cost) of P1 packaging improves, the PAC system may be a

more reasonable alternative because it requires no experience with bacteriophage P1 or special—

ized reagents such as packaging mixtures.

If the region of interest is >250 kb in size, then YACs are the vectors of choice. However, as

with bacteriophage P1, construction of new large genomic libraries in YAC vectors is probably

best left to experts.

The Ease of Screening Libraries

For cloning of small (<50 kb) sequences, genomic libraries in cosmid or bacteriophage k vectors

are generally prepared and maintained as a single pool of clones that are plated anew when

screening by conventional hybridization. However, this process is too laborious and expensive for

the construction of regional maps and contigs. More and more, genomic libraries are being main-

tained as two-dimensional arrays that can be screened for specific sequences, either by conven—

tional hybridization with single—copy probes (for review, please see Bentley and Dunham 1995) or

-w—... .-..-, ,_.,_,_, 7 a MM_mrv
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as pools in microtiter dishes that can be screened by polymerase chain reaction (PCR)-based pro—

tocols. In the latter case, a pair of oligonucleotide primers, designed to amplify a specific target seg—

ment of DNA, are used to screen pools of clones. The number of clones in the pools decreases with
each round of screening until the clone of interest is identified (Green and Olson 1990; Anand et

al. 1991; for review, please see Evans et al. 1992; also see the panel on ARRAYED LIBRARIES).

Reference libraries constructed in high—capacity vectors such as bacteriophage P1, BAC, and YAC

are archived in this way as a resource that can be used by many groups (e.g., please see Francis et

al. 1994; Shepherd et al. 1994; Zehetner and Lehrach 1994). Copies of the libraries are maintained

at Human Genome Centers in the United States, Europe, Asia and Australiasia, and some libraries

may be accessible through commercial screening companies (please see Table 4—2 and the infor—
mation panel on LARGE-FRAGMENT CLONING PRODUCTS AND SERVICES).

Chromosome Walking

Chromosomal regions or individual genes that are too large to be isolated as a single segment of

DNA can be cloned by chromosome walking as a series of overlapping fragments. In this tech-
nique, a segment of nonrepetitive DNA isolated from one end of a cloned segment of genomic

DNA is used to rescreen the library for additional recombinant clones containing overlapping

 

ARRAYED [IBRARIES

The idea of storing libraries as individually picked clones in microtiter dishes goes back to the very early days
of cloning when the few available cDNA libraries were small in size and high in value. Transformed bacterial
clones carrying recombinant plasmids were picked from the initial selective plates and transferred to wells of
microtiter dishes containing liquid medium. Arraying libraries in this fashion eliminated competition between
clones, reduced contamination by molds, and facilitated storage, replication, and screening.

The major disadvantage of arrayed libraries is the sheer number of clones that must be picked and stored
in microtiter plates in order to accommodate a representative set. In the case of cDNA libraries, arraying is
only worthwhile when a particular CDNA library is to be screened many times (Lennon and Lehrach 1991).
However, arraying is certainly a cost-effective method for storing libraries of genomic DNA that have been con-
structed in “difficult” vectors such as YACs, BACs, and bacteriophage P1; Some YAC libraries are arrayed in
microtiter dishes at a density of 1 clondwell, and others are arrayed as pools of specific size. P1 libraries are
often stored as pools of 10—20 ciones/well. The work involved in picking recombinant clones by hand and
transferring them one at a time into microtiter dishes is formidable in its scale and depressing in its nature.
However, several research groups and commercial companies have developed mechanical colony and plaque
pickers that considerably ease the effort required to establish arrayed libraries. Furthermore, the use of high-
er—density arrays that compress several hundred clones onto a microscope slide reduces storage space at
—70°C (please see Appendix 10).

Arraying P1, BAC, and YAC genomic libraries has four advantages that together outweigh the problems of
picking and storage.

0 Each clone has a specific set of coordinates (dish number, row, and column) and can therefore be easily
located and recovered. This feature is especially important when several laboratories are working on the
same set of arrayed clones, since sharing of clones merely involves sharing of coordinates within the ref-
erence library.

0 The arrayed format allows libraries to be screened in a combinatorial fashion. Individual clones are pooled
into overlapping N-dimensional sets, which are then screened hierarchically by hybridization or PCR. The
pattern of positive and negative results obtained from these pools can then be deciphered to identify the
location of an individual clone that carries the sequences of interest (Kwiatkowski et al. 1990; Barillot et al.
1991; Amemiya et ai. 1992). Once the appropriate pools are established, this combinatorial approach can
greatly reduce the amount of labor involved in screening genomic libraries with many different probes. For
example, in the scheme devised by Barillot et al. (1991), only 258 pools and 282 tests are needed to screen

the 72,000 clones of a human genomic YAC library.

. The arrayed format naturally leads to an elimination of redundancy and a detection of overlapping clones
during screening. Since a clone is always at the same address, its detection by two different probes is
immediately obvious.

o The ordered layout of the library allows simple robotic devices to carry out many of the routine steps
involved in the replication and screening.   
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TABLE 4-2 Widely Used Large-insert Human Genomic Libraries
 

LIBRARY AND CHARACTERISTICS CONTACT INFORMATION
 

CEPH Mega YAC Library“
Number 01 clones: 23,808

Average insert length: 918 kb
Genome cquivalents: ~7
Estimated chimera frequency: 30—400/0

(?onstructcd in yeast strain 1131111380 using 46, XY cell line DNA
(Iohcn ct 111. 1 1993)

Human PAC Library
Number Of clones: ~500,000

Average imcrt length: 115 kb
Genome equivalents: ~20

Estimated chimera frequency: <5%
(Ionstructcd in PAC vector pCYPAC-l using HSF7
fibroblast cell line DNA

lounnou ct 1111 (1994)

CIT Human BAC Library

Number ofulunes: total ~680,000 (segment B: ~74,000,
scgmcnt (i: ~216,0()0, segment D: —390,000

fwcragc insert length: ~130 kb
Genome equivalents: ~30

1351111111th chimera frequency: <5%
(jonstructcd with DHloB/r using XY—fibroblast cell line DNA
Shixuyd ct dl. (1992)

RPCl-ll Human BAC Library
Number. ofdonesz ~437,000 (four subsets with ~109,000 clones)
Average insert length: ~175 kb
Genome equivalents: 25

1-,stimulcd chimera frequency: <5%

(Innstructed in BAC vector pBACe3.6 using male blood
lymphocyte DNA

K. Omegmxa at a]. (unpub1.)

Fondation Jean Dausset—CEPH (clones)
Email: yac_manager@cephb.fr
URL: http://www.cephb.fr/services/

Research Genetics, Inc. (screening resources and clones)

Fax: (205) 536—9016
E-mail: info@resgen.c0m
URL: http://www.resgen.com

Genome Systems, Inc. (screening resources and clones)
Fax: (314) 692-0044

E—mail: sales@genomesystems.com

URL: httpzl/www.gen0mesystems. com

HGMP Resource Centre (screening resources and clones)

E-mai1: biohelp@hgmp.mrc.ac.uk
URL: http://www.hgmp.mrc.ac.uk

Roswell Park Cancer Institute

Contact: Pieter deJong
E-mail: pieter@dejong.med.buffalo.edu
URL: http:/lbacpacmedbuffalaedu

Research Genetics, Inc. (screening resources and clones)
Fax: (205) 556-9016

E—mail: info@resgen‘com
URL: http://www.resgen.com

Genome Systems, Inc. (screening resources and clones)
Fax: (314) 692-0044
F-mail: sales@genomesystems.com

URL: http://www.gen0mesystems. com

HGMP Resource Centre (screening resources and clones)
E-mail: biohelp@hgmp.mrc.acluk
URL: http://www.hgmp.mrc.ac.uk

Research Genetics, Inc. (screening resources, services, clones,

and other specialized services)
Fax: (205) 536-9016
E-mail: info@resgen.com
URL: http://www.resgen.com

Roswell Park Cancer Institute (screening resources and clones)

E-mail: pieter@dej0ng.med.buffalo.edu
URL: http://bacpac.med.buffalo.edu

Research Genetics, Inc. (screening resources, services, and clones)
Fax: (205) 536-9016
E—mail: info@resgen.com
URL: http://www.r€sger1.c0m
 

The libmncs listed here are widely used by the human genome research community. Several other largednsert human libraries are available through
thc Roswell Park (Ianccr Institute, Research Genetics, Genome Systems, and the HGMP Resource Centre. Additional large—imert beraries are available
1mm .1t least one of thcxc suppllt‘rs for baboon, mouse, rat, dog, zebrdfish, pufferfish (Fugu and Spheraides), maize, Arabidopsis, Drosophila, filaria, mos»
quit“, ( ' uh'gmrs, (f. Izriggsunx Chlamydomonas, Cryptospordium and Halobacterium.

‘(jopicx 01 lhls library are maintained by many laboratories in the United States but are generally not available for outside screening. Copies for redis-
Irlbution wcrc sent to: l“.ric1,‘1nder. Fax: (617) 252-1933 (for L'.S. distribution); Hans Lehrach, Fax: (49) (30) 8413 1380 (Berlin); M. Mummatsu, Fax: (81)
1193) 36—9140 'L1pan); Y. Nakamura, Fax: (81) (3) 3918-0342 (Japan); Z. Chen, Fax: (86) (21) 3180-300 (China).

(chrmlcd. mth permission, from Current Protocols in Human Genetics 18d. N.C. Dracopuli et al.] 1994 [©Wiley, New York“
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sequences. The new set of clones is then mapped and the sequences furthest away from the start-

ing point are used to screen the library for a third time. This process (walking) is repeated until

the entire region of interest has been recovered in a series of overlapping clones.

Most vectors used in recent years to construct genomic libraries carry promoters for bacte-

riophage-encoded RNA polymerases in regions immediately flanking the foreign DNA. This

advance, and the development of PCR methods that use oligonucleotide cassettes, “vectorette” or

“splinkerette,” to amplify insert sequences immediately adjacent to each vector arm, has greatly

simplified the task of generating end—specific probes (for reviews, please see Arnold and Hodgson

1991; Hengen 1995; Ogilvie and James 1996). However, chromosome walking remains a laborious

process. High-capacity vectors that accommodate large segments of DNA are greatly preferred

because they decrease the number of steps that are required to complete a chromosomal walk.

Recovery of Cloned Sequences

Cosmids, bacteriophage P1, PAC, and BAC clones can be separated easily from E. coli chromoso-

mal DNA by alkaline extraction. However, recovery of pure YACs from Saccharomyces cerevisiae

is a major problem because there is no simple method to separate YAC DNA from the background

of natural yeast chromosomal DNA. Purifying inserts of mammalian genomic DNA from YACs

usually requires pulsed—field gel electrophoresis (PFGE) and/or direct subcloning of the entire

yeast genome into bacteriophage k or cosmid vectors. The subclones carrying mammalian

sequences are then identified by their ability to hybridize to repetitive DNA probes.

Stability of Cloned Sequences

Summary

Serious concerns have been raised over the years about the fidelity and stability of genomic

sequences cloned in cosmids and YACs. In the case of cosmids, rearrangement of cloned DNA
occurs because the recombinants are carried at high copy number in E. coli, a situation that often
favors the emergence of shorter, deleted clones that can replicate faster than their parent. Genomic
sequences cloned in YACs also undergo rearrangements, but for a different reason. Unlike cosmids,
YACs do not exclude one another during transformation, and it is fairly common to find two or
more YACs coexisting in the same cell. This provides opportunities for recombination between
repetitive DNA sequences in the genomic DNA of different YACs. The products of this type of
rearrangement are chimeric inserts that consist of DNA from two different chromosomal regions.
More than 40% of the clones in YAC libraries may be chimeric, as judged from fluorescent in situ
hybridization of individual YAC clones to spreads of mammalian chromosomes (Green et al. 1991;
Selleri et al. 1992) or from characterizing subcloned YAC ends (Nagaraja et al. 1994).

In summary, no single genomic vector is ideal for all purposes (please see Table 4-1, p. 4.2) and no
single genomic library contains a perfect representation of the genome from which it is derived. For
some investigators, the best option will be to screen a copy of an existing arrayed or pooled genom-
ic library; for others, the only way forward may be to generate their own libraries; for an increasing
number, the best course is to use the services of commercial organizations such as Genome Systems
Inc., who, for a fee, will use oligonucleotides provided by the investigator to screen BAC and YAC
libraries for clones that contain the desired sequences. Cloners who take pride in doing everything
for themselves should take solace from the fact that it is considerably less expensive and by far quick-
er to use a commercial service than to set up screening of large-insert libraries in the laboratory.
With these considerations in mind, we describe in this chapter methods for the construction and
screening of cosmid libraries containing genomic DNA inserts, and the manipulation of individual
bacteriophage P1, BAC, and YAC clones containing a gene or region of interest.



Protocol 1
 

Construction of Genomic DNA

Libraries in Cosmid Vectors

ESSENTIALLY THE SAME PROCEDURES ARE USED TO CONSTRUCT genomic DNA libraries in both bac-

teriophage x and cosmid vectors. In each system, segments Of eukaryotic DNA are ligated in vitro

to vector DNA, forming concatemers that can be packaged into bacteriophage 1 particles.
Libraries constructed in A vectors are stored and propagated as infectious recombinant bacterio—

phages (please see Chapter 2). In cosmid cloning, however, bacteriophage particles generated by

in vitro packaging serve merely as Trojan horses that deliver recombinant DNA molecules effi-

ciently into bacteria, where the DNA circularizes and is propagated as large plasmids (please see

Figure 4—6). Because cosmids are subject to the same packaging constraints as bacteriophage l

vectors and because cosmid vectors are typically ~5—7 kb in size, recombinant cosmids can con-

tain no less than ~28 kb and no more than ~45 kb of foreign genomic DNA. Genomic fragments

of a size appropriate for cloning are generally obtained by partial digestion of high—molecular-
weight chromosomal DNA with a restriction enzyme that recognizes a 4-bp sequence and gener—

ates a cohesive terminus. The enzymes most widely used for this purpose are M1701 and SauSAI,

which generate DNA fragments that can be cloned into a BarnHI site.

The aim when constructing a genomic DNA library in cosmids should be to generate

recombinants in numbers sufficient to encompass five to seven equivalents of the target genome.

A good cosmid library of a mammalian genome, with a haploid complement of ~3 x 109 bp of

DNA, should therefore contain 2500,000 individual transformants (please see the introduction to

this chapter). Once created, the library is generally amplified and then stored frozen either as a

single pool of transformed bacteria that is plated afresh for screening (Protocol 3), as a popula-

tion of transformed colonies on nitrocellulose filters or LB-glycerol plates (Hanahan and

Meselson 1980), or as an array of single or pooled transformants in wells of microtiter plates

(Protocol 4) (Evans et al. 1992). Alternatively, and less frequently, the recombinant cosmids are

rescued from the population of primary transformants by transduction and maintained as a stock
of transducing bacteriophage particles.

Cosmid vectors can contain either one or two cos sites. Cloning into older, single cos vectors

requires many steps, including the isolation of fragments of genomic DNA of the appropriate size
(please see Figure 4—7). Because of the inefficiency of this and several other steps, generating rep—

resentative libraries of complex genomes in single cos vectors has always been a challenging task.

A great improvement in cosmid design came with the inclusion of two cos sites in the vector

(Bates and Swift 1983). These dual cos vectors have a singular advantage: They no longer require

fractionation of partial digests of genomic DNA before ligation and packaging. Figure 4-8 shows

how a cosmid vector with two cos sites (in this example, SuperCos— 1; Evans et al. 1989) can be used

to generate genomic libraries.
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HGURE 4-6 Cloning in Cosmid Vectors

Shown in diagrammatic form are the steps involved in cloning in cosmid vectors. The steps are discussed
in detail in the text.

In vectors such as SuperCos—l, two cos sites are separated by a recognition site for a restric-

tion enzyme that cleaves the vector only once (in this case, XbaI). The vector arms are prepared by

first digesting the DNA with XbaI and then removing the 5’-terminal phosphate residues from the
linearized cosmid by treatment with alkaline phosphatase. In a second digestion, the linearized

double cos vector is digested with BamHI to produce two arms, each of which carries a cos site. The

two arms are then ligated to partially digested genomic DNA, generating, inter alia, molecules in

which the two cos sites are oriented in the same manner and separated by eukaryotic DNA inserts.
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FIGURE 4-7 Cloning into Single cos Site VectonflpJB8)

The DNA of cosmid ijB is digested with BamHI and dephosphorylated with alkaline phosphatase to yield
a vector with protruding 5 ’ termini that can be ligated to 35—45-kb fragments of eukaryotic DNA gener-
ated by partial digestion with Mbol or 5au3Al. The resultant concatemers serve as substrate for in vitro
packaging of bacteriophage A particles. Following introduction into E. coli, the cosmid DNA recircularizes
and replicates in the form ofa large plasmid. The plasmid contains the B-Iactamase gene that confers resis-
tance to ampicillin on the host bacterium.

Although at best, only 50% of the concatemers can have the correct arrangement of cos sites, such
molecules are packaged into bacteriophage 7» heads with very high efficiency, provided they are
between 35 kb and 52 kb in length (Feiss et al. 1977). When all is working well, between 105 and

w ».-.x_m-m....... .. .. _ _i,7,, \,
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FIGURE 4-8 Cloning into Double cos Site Vectors (SuperCos-I)

Following digestion with Xbal and treatment with alkaline phosphatase, the cosmid DNA is further digest-
ed with BamHI to separate the cos sequences that are now carried on separate fragments. The resulting
cosmid DNA is ligated to dephosphorylated fragments of eukaryotic DNA obtained by partial digestion
with Mbol and treatment with alkaline phosphatase. These eukaryotic fragments carry termini that are
compatible only with the BamHI cohesive termini of the vector. The concatenated DNA is then packaged
into bacteriophage A particles that are used to infect a recA‘ strain of E. coli.

2 x 107 transformed colonies are generated per microgram of genomic DNA (Bates 1987; Evans
et a]. 1992). With this level of efficiency, only 5 pg of partially digested genomic DNA is needed to
generate a library that is a reasonable representation of a mammalian genome.
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During ligation, there is a risk that smaller fragments of eukaryotic DNA in the preparation

will ligate to one another and to the cosmid vector producing recombinants that contain

sequences derived from two or more noncontiguous segments of the genome. A population of

DNA fragments with an average size of 42 kb will contain many molecules that are shorter than

the mean. Although these shorter molecules may comprise only a fraction of the total weight of

the DNA, they make a more substantial contribution to the number of molecules in the popula-

tion. As the kinetics of ligation are determined by the concentration of reactive termini of DNA,

these smaller molecules become preferentially incorporated into concatemers, which may be of a

size suitable for packaging in Vitro. Three methods are available to reduce the number of unde-

sirable chimeric clones in cosmid libraries:

0 As described in the following protocol, the partially digested genomic DNA may be treated

with alkaline phosphatase before ligation.

o The cohesive ends of the genomic and cosmid DNAs may be partially filled so that they ligate

only to each other and not to themselves (Hung and Wensink 1984; Zabarovsky and Allikmets

1986; Loftus et al. 1992). In this technique, genomic DNA is partially digested with Mbol

(GATC) and cosmid arms are prepared by cleavage with Sall (G TCGAC). The cohesive termi-

ni generated by Mbol and Sall are not normally compatible, but partial filling of the recessed

3' termini in controlled reactions using the Klenow fragment of E. coli DNA polymerase I gen—

erates complementary termini and simultaneously destroys the ability of the original termini

to self-anneal (please see Figure 4—9). Partial filling of the recessed termini therefore suppress-

es self-ligation and prevents formation of chimeric molecules of genomic DNA.

target DNA vector DNA
(Mbol endS) (Sail ends)

5 GATC_____ 5 5 TCGAC r

3————CTAG 5 3‘G Am CAGCT5

partially fill recessed partially fill recessed

3' end with dATP. dGTP 3’ end with dTTP and dCTP

5 GATC ————GA3 5TCGAC r GTC3
3AG——CTAG 5 3 CTG CAGCT5

ligate target and vector DNA

l
GTCGATC——GATCGAC ,

CAGCTAG——_ CTAGCTG

package in vitro into

bacteriophage A particles,

infect E. coli and select for

h Ampr colonies

FIGURE 4-9 Clonigg into cos Vectors with Partial Fillingin of Ends
 

The strategy illustrated in this diagram allows the conversion of noncompatible termini of target and vec-
tor to compatible termini. Fragments of target DNA generated by digestion with Mbol are partially filled
with dATP, resulting in fragments carrying a 5' overhang of “GA.” Similarly, vector DNA digested with Sail
is filled with dTTP and dCTP to generate termini, now complementary to the ends of the target fragments,
carrying the 5 ‘ overhang of ”TC.” The ligated product is packaged into bacteriophage A particles and used
to infect an appropriate strain of E. coli.
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o The partially digested genomic DNA can be fractionated according to size by agarose gel elec—

trophoresis or centrifugation through sucrose or NaCl gradients before ligation to the cosmid

arms. However, because of the inevitable losses associated with these techniques, sizing of par-

tial digestion products can be used only when high—molecular-weight genomic DNA is avail-

able in abundance. Even then, most laboratories have difficulty in recovering sufficient DNA

of the proper size for cloning. For this reason, sizing is nowadays the least favored of the three

available options to reduce the number of chimeric clones in cosmid libraries.

A great variety of cosmid vectors are available, many of them carrying specialized functions.

Among these are selectable genes for drug resistance, which may be used to establish mammalian

cell lines that have incorporated cosmid sequences after transfection. Other features include bacte-

riophage promoters for the production of RNA probes complementary to the termini of the

cloned genomic DNA sequences, recognition sites for restriction enzymes that cleave mammalian

DNA very rarely (e.g., NotI, Sal], SacII, PacI; please see Table 4-3) and may allow the cloned seg-

ment to be isolated from the cosmid in one piece, sequences that facilitate homologous recombi—

nation between cosmids, multiple cloning sites, and replicons of several different types. For exam—

ples of these vectors, please see the Appendix 3 and Hohn et al. (1988).

TABLE 4-3 Frequency of Restriction Endonuclease Sites in the Human Genome
 

 

AVERAGE FRAGMENT ESTIMATED

ENZYME SEQUENCE Sm; (KB) NUMBER OF SITES

Apal GGGCC 2 1.5 x 10"

AscI GGCGCGCC 80 3.75 x 104

Awll CCTAGG 8 3.75 x 105

BamHI GGATCC 5 6 x 105

BglI GCCNSGGC 3 1 x 106

Bng AGATCT 3 1 x 10“

BssHII GCGCGC 10 3 x 105

DraI TTTAAA 2 1.5 x 106

Eng] CGGCCG 10 3 x 105
EcoRI GAATTC 5 6 x 10‘

HindIlI AAGCTT 4 7.5 x [0;

MM GCCGGC 4 7.5 x 105

Nari GGCGCC 4 7.5 x 103

Nhel GCTAGC 10 3 x 105

Not! GCGGCCGC 100 3 x 104

Pac] TTAATTAA 60 5 x 104

Pmel GTTTAAAC 70 4.3 x 104

Rer CGGWCCG 60 5 x 104

Sad GAGCTC 3 1 x 106

SaclI CCGCGG 6 5 x 10;

SalI GTCGAC 20 1.5 x 105

Sbfl CCTGCAGG 15 2 x 105

SfiI GGCCNSGGCC 30 1 x 105

SgrAI CRCCGGYC 70 4.3 x 104

Smal CCCGGG 4 7.5 x 105
SpeI ACTAGT 10 3 x 105
Sphl GCATGC 6 5 x 105
Srfl GCCCGGGC 50 6 x 104

Sspl AATATT 2 1.5 x 106
Swa] ATTTAAAT 30 1 x 105

XbaI TCTAGA 5 6 x 105

XhoI CTCGAG 7 4.3 x 105
 

Adapted with permission, 1998/99 New England Biolabs Catalog (©NEB)1
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The following protocol, describing the construction of a genomic DNA library, has been

written with SuperCos—l in mind. However, the procedure can easily be adapted for use with

other cosmid vectors that contain two cos sites (e.g., please see Evans et al. 1989) and for use with

different combinations of restriction enzymes. Procedures for screening libraries are presented in

Protocol 2, and for amplifying libraries in Protocols 3 and 4.

MATERIALS

CAUTION: Please see Appendix 12 for appropriate for appropriate handling of materials
marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Di|ute stock solutions to the appropriate concentrations.

Chloroform <!>

70x Dephosphorylation buffer (CIP buffer)
Ethanol

Phenol:chloroform (7:7, v/v) <!>

5M

Sodium acetate (3 M, pH 5.2)

TE (pH 8.0)

Enzymes and Buffers

Bacteriophage T4 DNA Iigase

Calf intestinal phosphatase (CIP)
Restriction endonucleases: BamHI, MboI, Xbal

Restriction endonucleases that cleave cosmid vector but not the genomic insert DNA

Gels

Agarose gels (0.7%) cast in 0.5x TBE, containing 0.5 pg/ml of ethidium bromide <!>
Please see Step 24‘

Agarose gel (0.8%) cast in 0.5x TBE, containing 0.5 pg/ml of ethidium bromide
Please see Steps 2 and 8, and the pan el following Step 6.

Pulsed-field gels (or 0.5% agarose gels)
Please see Steps 10, 11, and 26, and the panel on PULSED-FIELD GEL ELECTROPHORESIS on the fol-
lowing page.

Media

TB agar plates containing 25 ug/ml kanamycin

TB medium

TB medium containing 25 ug/ml kanamycin

Nucleic Acids and Oligonucleotides

Control DNA: bacteriophage A DNA digested with HindIII
Control DNA: superhe/ical SuperCos-1 DNA

High-mo/ecular-weight genomic DNA

Linearized plasmid in 1x dephosphorylation buffer
Please see the panel after Step 6.

Marker DNA: linear bacteriophage A DNA
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Special Equipment

Water baths preset to 160C and 65°C

Additional Reagents

Step 70 of this protocol requires the reagents listed in Chapter 2, Protocol 17.

Step 23 of this protocol requires the reagents listed in Chapter 1, Protocol 1.

Vectors and Bacterial Strains

Bacteriophage it packaging mixtures
Packaging mixtures may be purchased in a kit form from any of several companies (e.g., Gigapack lll Xl.

Packaging Extract, Stratagene). Please see note to Step 19 and the information panel on IN VITRO

PACKAGING in Chapter 2.

Bacteriophage it stock
Please see panel following Step 6

E. coli plating bacteria of the appropriate strain for titering packaged cosmid (eigv XL1-Blue,
ED8767, NM554, DH5aMCR)

For a complete listing of appropriate strains, please see Appendix 3.

5uperCos-1 DNA (Stratagene)

 

PULSED-FIELD GEL ELECTROPHORESIS

PFGE is the preferred method to measure the size of an insert in a high-capacity vector. After digestion with a
restriction enzyme (e.g., Notl), the DNA fragments are separated by pulsed-field electrophoresis through a 1%
agarose gel. Transverse alternating field electrophoresis (TAFE, please see Chapter 5, Protocol 17) resolves
DNA fragments between 50 kb and 500 kb in a program in which switch times are ramped from 7 to 50 sec-
onds/pulse at 9 V/cm for 20—24 hours at 1 5°C (Shizuya et al. 1992). Alternatively, a CHEF hexagonal array sys-
tem can be used with switch times ramping from 1 to 150 seconds/pulse at 9 V/cm for 20 hours at 15°C
(Zimmer and Verrinder Gibbins 1997). For additional information on PFGE, please see Chapter 5.  
 

METHOD

Linearization and Dephosphorylation of SuperCos-1 DNA

1. Combine 20 ug of SuperCos—l DNA with 50 units of Xbal in a volume of 200 pl of 1x Xbal

digestion buffer and incubate the reaction mixture for 2—3 hours at 37°C.

2. After 2 hours of incubation, transfer an aliquot (~l 1,11) of the reaction mixture to a fresh tube.
Analyze the aliquot of cosmid DNA by electrophoresis through an 0.8% agarose gel, using as

controls (i) 50—100 mg of superhelical SuperCos-l DNA and (ii) 50—100 ng of a bacterio-

phage it DNA digested with HindIII.

If the digestion with the restriction enzyme is complete, all of the superhelical SuperCos—l DNA
will have been converted to a linear 7.9—kb fragment of DNA.

[f superhelical or nicked forms of SuperCos-l DNA are still visible, add 10 more units of XbaI to
the digest and continue incubation at 37°C until the reaction has gone to completion.

Ifthe Xbal digestion is not complete, the library will contain a significant number ofcolonies gen—
erated by concatemerization of the vector.

3. Extract the digestion reaction once with phenol:chloroform and once with chloroform.

4. Transfer the aqueous phase to a fresh tube and recover the linearized cosmid DNA by stan—

dard precipitation with ethanol and subsequent washing in 70% ethanol. Store the open tube  
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in an inverted position on a bed of paper towels to allow the ethanol to drain and evaporate.
Dissolve the damp pellet of DNA in 180 pl of 1-130. Remove a lOO—ng aliquot of the DNA for
use as a control (please see the panel on DEPHOSPHORYLATION REACTIONS).

In some cosmid vectors (e.g., ZCRB), the two cos sites are separated by cleavage \\'1ll’l a restriction
enzyme that creates blunt ends. In this case, dephosphorylation ot‘the linearized vector (Step 5) is
no longer necessary. This is because concatemerization of the vector can be suppressed very effec—

tively by including high concentrations of ATP (5 mM) in the ligation buffer (Ferretti and
Sgaramella 1981 ). Dephosphorylation ofthe genomic DNA must still be carried out to prevent cre~
ation of chimeric clones.

5. Add 20 ul of 10x dephosphorylation buffer to the remainder of the DNA solution. Add 0.1
unit of CIP and incubate the reaction for 30 minutes at 37°C. Add a second aliquot (0.1 unit)
of CIP and continue digestion for an additional 30 minutes. Transfer the reaction to a water
bath set at 65°C and incubate for 30 minutes to inactivate CIP. Remove two lOO-ng aliquots
of the DNA for use as controls (please see the panel on DEPHOSPHORYLATION REACTIONS).

6. Extract the reaction mixture once with phenolzchloroform and once with chloroform. Recover

the linearized, dephosphorylated SuperCos—l DNA by standard precipitation with ethanol and
subsequent washing in 70% ethanol. Dissolve the damp pellet of DNA in 180 pl of H10.

 

DEPHOSPHORYLATION REACTIONS

Successful construction of a genomic library in double cos vectors requires that the linearized vector be
completely dephosphorylated. Unfortunately, there is no simple way to monitor the progress of the
dephosphylation reaction catalyzed by alkaline phosphatases. However, since DNA molecules lacking

5 '-terminal phosphate residues cannot be ligated together, the success or failure of the dephosphoryla-
tion reaction can be assessed by testing whether the linearized DNA can serve as a substrate in ligation
reactions catalyzed by bacteriophage T4 DNA Iigase. The outcome of the ligation reaction can be
checked either by agarose gel electrophoresis (please see below) or by comparing the efficiency with
which dephosphorylated and phosphorylated cosmid DNAs can, after ligation, transform E. CO/I.
Dephosphorylation should reduce the efficiency of transformation by at least 100—fold. l

l
l

,

1. At the completion of Step 4, transfer a 100-ng aliquot obeaI-digested DNA to a fresh microfuge tube
(Tube 1).

2. At the completion of Step 5, transfer two 100-ng aliquots of XbaI-digested/CIP treated vector DNA to
separate microfuge tubes (Tubes 2 and 3).

3. To all three tubes, add 18 ul of H20 followed by 2 pl of 10x Iigase buffer.

4. To Tubes 1 and 2, add 0.2 Weiss units of bacteriophage T4 DNA Iigase. Incubate all three tubes for 3 1
hours at room temperature. l

5. Analyze the DNAS by electrophoresis through an 0.8% agarose gel.

The DNA digested with Xbal alone (Tube 1) should ligate to itself, forming dimers, closed circular
monomers, and higher—order multimers. After removal of 5’-terminal phosphate residues, the DNA
should no longer be capable of ligation (Tube 2) and should therefore display an electrophoretic pattern
similar to that of the DNA of Tube 3 (no Iigase control). If any ligation products are visible in the DNA of
Tube 2, the dephosphorylation reaction (Step 5) must be repeated. 
 

Isolation of the Cosmid Arms

7. Transfer an aliquot of the dephosphorylated DNA (50—100 rig) to a fresh microfuge tube and
store it on ice. Add 20 pl of 10x BamHI restriction buffer to the remainder of the desphos—
phorylated DNA. Add 40 units of BamHI and incubate the reaction for 2—3 hours at 37°C.

8. After 2 hours of incubation, remove a second aliquot of DNA to a separate microfuge tube.
Analyze both aliquots of DNA by agarose gel electrophoresis. After digestion with BamHI, the
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9.

linear 7.9—kb fragment of dephosphorylated SuperCos-l DNA should be quantitatively

cleaved into two DNA fragments of ~1.1 and ~6.8 kb.

If traces of the 7.9—kb DNA are still visible, add 10 more units of BamHI to the digest and contin—

ue incubation at 37°C until the reaction has gone to completion.

Extract the digestion reaction once with phenolzchloroform and once with chloroform. Recover

the DNA by standard precipitation with ethanol followed by washing with 70% ethanol.

Dissolve the damp pellet of DNA in 20 ul of H20 and store the solution at 4°C until needed.

Partial Digestion of High-molecular-weight Genomic DNA

10. Establish the conditions for partial digestion of a 30—ug sample of high-molecular—weight

11.

12.

genomic DNA with MboI. The aim is to establish conditions that produce the highest yield

of DNA fragments with a modal size of 38—52 kb.

For guidance in establishing conditions for partial digestion of genomic DNA, please see Chapter 2,
Protocol 17. The progress of the digestion can be followed by PFGE or, less desirably, by elec—
trophoresis through a 0.5% agarose gel using as markers (i) unit—length bacteriophage x DNAs

and/or (ii) multimers of bacteriophage A DNA ligated at the cos site and then partially digested with
a restriction enzyme that cleaves the linear A DNA once. The 0.5% agarose gels are very sloppy and
are best poured and run at 4°C at low voltage (1—2 V/cm) for long periods of time (15—24 hours).

When only small amounts of the genomic DNA are available (e.g., when constructing libraries of
flow—sorted chromosomes or gel—purified YAC DNAs), conditions for partial digestion can be
established in small—scale reactions containing 50—100 mg of genomic DNA and different amounts

(00005—0001 unit) of restriction enzyme. After digestion for 15 minutes, aliquots (10—20 ng) of
each reaction are analyzed by PFGE and Southern blotting with a repetitive DNA probe. For fur«
ther details, please see Longmire et a]. (1993).

Using the conditions for partial digestion established in Step 10, set up three large-scale reac-
tions each containing 100 ug of high—molecular-weight genomic DNA and amounts of MboI

that bracket the optimal concentration, as determined in Step 10. At the end of the incuba—

tion period, check the size of an aliquot of each partially digested DNA by agarose gel elec-

trophoresis, as described in the note to Step 10.

Pool the two samples of partially digested genomic DNA that contain the highest amounts of

DNA in the 38—52—kb range. Extract the pooled DNAs once with phenolzchloroform and

once with chloroform. Recover the DNA by standard precipitation with ethanol and subse-

quent washing in 70°/o ethanol. Dissolve the damp pellet of DNA in 180 pl of TE (pH 8.0).

Resuspension is best accomplished by allowing the DNA pellet to soak in TE overnight at 4°C. Do
not vortex the DNA. Instead, mix the DNA by gently tapping the sides of the tube (please see the
information panel on MINIMIZING DAMAGE TO LARGE DNA MOLECULES in Chapter 2). If
only small amounts of DNA are available, as is the case when constructing cosmid libraries from
flow-sorted eukaryotic chromosomes or from purified YACs, then, instead of ethanol precipitation,
purify the DNA by drop dialysis against TE (pH 8.0) with floating membranes, as described in
Protocol 5.

Dephosphorylation of High-molecular-weight Genomic DNA

13. T0 the resuspended partially digested genomic DNA, add 20 ul of 10x dephosphorylation
buffer and 2 units of CIP. Immediately withdraw a sample of DNA for use as a control:

a. Remove an aliquot of the reaction containing 0.1—1.0 pg of DNA to a small (0.5 ml)
microfuge tube containing 0.3 pg of a linearized plasmid in 1x dephosphorylation buffer
(e.g., pUC cleaved with BamHI).

 



14.

15.

16.

17.
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b. Set up a second control that contains 0.3 pg of the same linearized plasmid in 10 pl of 1x
dephosphorylation buffer.

Do not add CIP to this control.

c. Follow the instructions in Steps 14—16.

Incubate the large—scale dephosphorylation reaction and the two controls for 30 minutes at
370C. Then transfer the three reactions to a water bath set at 65°C and incubate them for 30
minutes to inactivate CIP.

Cool the reactions to room temperature. Purify the DNAS by extracting once with
phenolzchloroform and once with chloroform. Recover the DNA by standard precipitation
with ethanol and subsequent washing in 70% ethanol.

If only small amounts (<1 pg) of genomic DNA are present in the test dephosphorylation reaction,
dialyze the extracted DNA against TE (pH 7.6) with floating membranes as described in the panel
on ADDITIONAL PROTOCOL: PURIFICATION OF HIGH-MOLECULAR-WEIGHT DNA BY
DROP DIALYSIS in Protocol 5.

Dissolve the two control DNAs in 10 1,11 of 1x ligation buffer. Add 0.1 Weiss unit of bacterio—
phage T4 DNA ligase to each tube and incubate them for 3 hours at room temperature.
Examine the ligated DNAs by agarose gel electrophoresis.

There should be no evidence of ligation in the control reaction containing genomic and plasmid
DNAs that was subject to phosphatase treatment, whereas the untreated plasmid DNA should be
converted to multimers and closed circular molecules.

Allow the DNA in the large-scale reaction to dissolve overnight at 4°C in a small volume of
H20. Aim for a final concentration of ~500 pg of DNA/ml. Estimate the concentration of
DNA by agarose gel electrophoresis, or better, by measuring A260.

Ligation of Cosmid Arms to Genomic DNA: Packaging and Plating Recombinants

18.

19.

Set up a series of ligation reactions (final volume 20 ul) containing:
cosmid arms DNA (Step 9) 2 pg
dephosphoryiated genomic DNA (Step 17) 0.5, 1, or 2.5 pg
10x ligation buffer 2 pl
bacteriophage T4 DNA ligase 2 Weiss units

Incubate the ligation reactions for 12—16 hours at 16°C.
When using vectors in which the two cos sites are separated by cleavage with a restriction enzyme
that creates blunt ends, the ligation buffer should be supplemented with ATP to a final concentra—
tion of 5 mM. This addition inhibits ligation of blunt ends (Ferretti and Sgaramella 1981) and
thereby suppresses concatemerization of the vector.

Package 5 ul of each of the ligation reactions in bacteriophage 1 particles (equivalent to 0.5 pg
of vector arms) using a commercial packaging kit and following the conditions recommend-
ed by the supplier. After packaging, add 500 11101: SM and 20 pi of chloroform to the reactions
and then store the diluted reactions at 4°C.

The size of the inserts that can be cloned in cosmids is affected by the method used to prepare pack-
aging extracts (Bates and Swift 1983). Ideally, extracts used to package cosmids should be prepared
using a buFfer that contains spermidine but not putrescinc. When putrescine is omitted from the
packaging extract and the packaging reaction, the system exhibits selectivity in the size of DNA
molecules that are packaged. Thus, DNA that is 80% of wild—type bacteriophage DNA in length is
packaged 200—fold less efficiently than wild-type bacteriophage A DNA itself. In the absence of
putrescine, cosmids that contain large inserts (~45 kb) will be preferentially packaged. For
unknown reasons, possibly because of a shortage of ter function, some preparations of packaging
extracts that work well with bacteriophage 1. DNA are not suitable for packaging cnsmids. Some
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20.

21.

22.

commercially available packaging extracts, such as the Gigapack III XL extract from Stratagene, are
better than others for construction of cosmid libraries.

Measure the titer ofthe packaged cosmids in each ofthe packaging reactions by transduction

into an appropriate E. coli host. Mix 0.1 ml of a 10‘2 dilution of an aliquot of each reaction
with 0.1 m1 of SM and 0.1 ml of fresh plating bacteria. Allow the bacteriophage particles con-
taining the recombinant cosmids to adsorb by incubating the infected bacterial cultures for 20
minutes at 37°C. Add 1 ml of TB medium and continue the incubation for a further 45 min-
utes at 37°C to allow expression of the kanamycin resistance gene in the SuperCos—l vector.

Store the remainder of the packaging mixtures at 4°C until Steps 21—24 have been completed (2—3 days).

The ability of a strain of E. coli to be infected efficiently with bacteriophage A should always be test—
ed before it is used to propagate the cosmid library. This control is best done by measuring the
infectivity of a bacteriophage A stock of known titer on the plating bacteria.

Spread 0.5 ml and 0.1 m1 of the bacterial culture onto TB agar plates containing kanamycin (25

ug/ml). After incubating the plates overnight at 37°C, count the number of bacterial colonies.

Each microgram of iigated cosmid-eukaryotic DNA should yield between 105 and 107 bacterial
colonies.

Pick 12 individual colonies and grow smail—scale (2.5 ml) cultures in TB containing 25 pg/ml

kanamycin for periods of no longer than 6—8 hours. Shake the cultures vigorously during incuba-
tion.

For unknown reasons, the yield of some recombinant cosmids is poor when cultures of the host
bacteria are grown to late log phase.

Isolation and Analysis of Recombinant Cosmids: Validation of the Library

23.

24.

25.

26.

27.

Isolate cosmid DNA from 1.5 ml of each of the 12 small—scaie bacterial cultures using the
alkaline lysis method, described in Chapter 1, Protocol 1.

For some applications, it may be necessary to purify minipreparations of cosmid DNA further. For
details, please see the panel on CLEANING UP COSMID DNA.

Digest 2—4 pl of each of the DNA preparations with restriction enzymes (e.g., Natl and SalI)
that cleave the cosmid vector but are unlikely to cleave the cloned insert of genomic DNA.
Analyze the sizes of the resulting fragments by electrophoresis through a 0.7% agarose gel.

Use as markers linear bacteriophage A DNA and HindIII fragments of bacteriophage k DNA, which
can be prepared easily in the laboratory and are also available commercially.

Calculate the proportion of colonies that carry inserts.

Estimate the average size of the inserts by isolating a few dozen clones and measuring the size
of inserts by PFGE ( for details, please see Chapter 5, Protocol 17 or 18).

Calculate the “depth” of the library, i.e., how many genome equivalents it contains (please see
the panel on GENOMIC LIBRARIES, in the chapter introduction).

If the library is satisfactory in size and quality, proceed to plate and screen the library by hybridiza—
tion (Protocol 2) or, alternatively, to amplify and store the library (Protocols 3 and 4)

If difficulties are encountered during construction of the library, try to work out the most likely
reasons for the failure of the experiment. For example, a high proportion 0f“empty”c10nes might
indicate that the vector DNA was not completely dephosphorylated (Step 5). A disappointingly
small number of recombinants might indicate that insufficient amounts of genomic DNA or cos-
mid arms were present in the ligation reaction or that packaging of concatemers into bacteriophage
A particles was inefficient.
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CLEANING UP COSMID DNA

SmaII-scale preparations of cosmid DNA are sometimes not suitable for use as a template for in vitro tran- :
scription by bacteriophage DNA-dependent RNA polymerases, for labeling with biotin- or digoxigenin-
modified dNTPs, or for use as a probe in fluorescent in situ hybridi7ation (FISH) experiments. Additional
purification steps are required for these and other fastidious techniques:

1.

2.

3.

Extract the DNA once with phenolzchloroform and once with chloroform

Collect the DNA by standard precipitation with ethanol and subsequent washing in 70% ethanol.

Dissolve the DNA in 100 pl of TE (pH 7.6) and then precipitate the DNA again by adding NaCl and PEG
8000 to final concentrations of 0.4 M and 6.5% (w/v), respectively. Imubdte the reaction for 2 hours at
O"C.

. Collect the DNA by standard ethanol precipitation and subsequent washing in 70% ethanol. Dissolve
the damp pellet of DNA in a small volume of DEPC-treated HZO.
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Screening an Unamplified Cosmid Library by
Hybridization: Plating the Library onto Filters

DENSE POPULATIONS OF BACTERIAL COLONIES TRANSFORMED BY cosrqus may be screened by

hybridization using a method originally devised for mass screening of plasmid-transformed

colonies (Hanahan and Meselson 1980). The following protocol is a variant of the original

method (DiLeHa and Woo 1987; please see Chapter 1, Protocol 30), adapted for plating and

screening unamplified libraries. Colonies may be plated onto either nitrocellulose or nylon filters.

In certain cases, it may be desirable to amplify the library before screening. Methods for amplifi—

cation of cosmid libraries are given in Protocols 3 and 4.

MATERIALS

Media

TB agar plates (750 mm) containing 25 ug/ml kanamycin

TB medium

Special Equipment

Glass plates (thick)
Sterilize two plates by swabbing with ethanol and allowing them to dry in a laminar flow hood.

Hypodermic needle (17 gauge)

Nitrocellulose or Nylon filters (137 mm), sterile
Whatman No. 7 filter papers, sterile

Additional Reagents

Step 16 of this protocol requires the reagents listed in Chapter 7, Protocols 37 and 32.

Vectors and Bacterial Strains

Bacteriophage K packaging reaction
Please see Protocol 1, Step 19 of this chapter.

E. coli plating bacteria of the appropriate strain (e.g., XL1—Blue, ED8767, NM554, DHSaMCR)
For a complete listing of appropriate strains, please see Appendix 3.
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METHOD

Transformation of E. coli by Cosmid DNA Packaged in Bacteriophage x Particles

1.

10.

11.

12.

Calculate the volume of the packaging reaction (Protocol 1, Steps 20—21) that will generate

30,000f50,000 transformed bacterial colonies.

. Set up a series of sterile test tubes containing this volume of packaging reaction and 0.2 ml

of plating bacteria.

The actual number of tubes to set up for plating the packaging reaction depends on the genome size,
average size of fragments cloned, and the coverage of the genome required to find the particular
clone of interest. In most cases, 15—20 tubes should be sufficient. For a further discussion of this
issue, please refer to the chapter introduction and the panel on GENOMIC LIBRARIES (p. 4.6).

. Incubate the tubes for 20 minutes at 37°C.

To each tube, add 0.5 ml of TB. Continue the incubation for a further 45 minutes.

Place sterile filters onto a series (equal in number to the series of tubes in Step 2) of lSO-mm

TB agar plates containing kanamycin (25 ug/ml).

Use a sterile spreader to smear the contents of each tube over the surface of a filter on an agar

plate. After the inoculum has been absorbed into each filter, transfer the plates to a 37°C incu—

bator for several hours to overnight (12—15 hours).

Try to avoid spreading the inoculum within 3 mm of the edge of the master filters.

Transformed colonies first become visible on the master filters after 8—10 hours of incubation. The
plates are usually incubated for a total of 12—15 hours before the colonies are screened by
hybridization to a radiolabeled probe.

Place a sterile, numbered 137—mm filter on a fresh TB agar plate containing kanamycin (25

ug/ml).

Filters may be numbered using a soft-lead pencil. This filter will become a replica of one of the
master filters.

. Place a sterile Whatman No. 1 filter on a thick, sterile glass plate.

Use blunt—ended forceps to remove the replica filter from the fresh TB agar plate (Step 7) and

place it on the Whatman N0. 1 filter.

Again use forceps to remove a master filter now carrying transformed colonies from its TB agar

plate (Step 6) and place it, colony side down, exactly on top of the numbered replica filter on

the Whatman N0. 1 filter. Cover the two filters with another sterile Whatman No. 1 filter.

Place a second sterile glass plate on top of the stack of filters. Press the plates together.

Remove the upper glass plate and the upper Whatman N0. 1 filter. Use a 17—gauge hypoder—

mic needle to key the two nitrocellulose or nylon filters to each other by making a series of

holes ( ~5 will do), placed asymmetrically around the edge of the filters.

Growth of the Replica Filters

13.

14.

Peel the two nitrocellulose or nylon filters apart, and working quickly, replace them on their

TB agar plates containing kanamycin (25 pg/ml).

Incubate the master and replica filters for a few hours at 37°C, until the bacterial colonies are
0.5—1.0 mm in diameter.

Nm—wmv—uu". -.. .._--..-...... ....- firm...“ 7 W.
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15. Seal the master plates in Parafilm and store them at 4°C in an inverted position.

16. Lyse the colonies on the replica filter (Chapter 1, Protocol 31), and process the filters for

hybridization to radiolabeled probes (Chapter 1, Protocol 32).

Replica filters can be used to replicate the library again or may be stored frozen at —70°C.

 

o Labeled probes used for screening must be free of plasmid vector sequences and bacteriophage A cos
sequences. Otherwise, every recombinant cosmid will hybridize to the probe.

0 Because of their lower copy number, cosmids generate weaker hybridization signals than plasmids.
Care must therefore be taken to reduce the level of nonspecific background hybridization to a mini-

mum. This is best done by using Church buffer (please see recipe below) as a solvent for hybridiza-
tion and, if necessary, including a competitor DNA in the hybridization mixture (usually 50 pg/ml of
denatured E. coli DNA).

Church Buffer
BSA (1 %)
EDTA (1 mM)
Phosphate buffer (0.5 M)*

SDS (7%)

*Phosphate buffer (2 M) (pH 7.2) is made up by dissolving 142 g of N%HPO4'7HZO in 999 ml of H20 and adding
1 ml of 85% (w/v) H3P04.

o The genomic DNA of most species contains amounts of repetitive sequences that can cause enor-

mous problems in hybridization experiments and chromosome walking experiments. For example, a
radiolabeled probe containing an Alu sequence will hybridize to the majority of recombinants in a cos-
mid library of human genomic DNA. Repetitive elements are also present in mRNAs, albeit at lower
frequency (e.g., please see Yamamoto et al. 1984). When using a cloned segment of genomic DNA
or cDNA to screen a cosmid library, first ascertain whether the probe contains repetitive elements.
This is best done by hybridizing the radiolabeled probe to a Southern blot of genomic DNA. If highly
repetitive sequences are present, the autoradiograph will display a complex series of bands or a con-
tinuous smear of hybridization along the length of the gel track. 
  



Prutoml 2: Screening m1 Unamplifi'ed Cosmid Library by Hybridization: Plating the Library onto Filters 4.27

 

ADDITIONAL PROTOCOL: REDUCING CROSS-HYBRIDIZATION

Cross-hybridization between repetitive DNAs can be substantially reduced by prehybridizing the radiolabeled
probe with a com petitor DNA. The following protocol is designed for use with human genomic DNA and may
be readily modified for use with DNA from other species. Commercial preparations of DNA enriched for repet-
itive sequences (e.g., C0t1 DNAs from Life Technologies) may be used in place of total placental DNA in this
protocol.

Additional Materials

Ethanol
Plasmid pBLUR8
Solution A

0.9 M NaCl

50 mM sodium phosphate (pH 8.0)
5 mM EDTA

0.1% (w/v) SDS
Solution 8

50 mM sodium phosphate (pH 8.0)
5 mM EDTA

0.1% (w/v) SDS
Sonicator, probe or bath type
TE (pH 7.6)
Total human genomic DNA
Water baths preset to 42°C and boiling

Method

1. In 10 ml of TE (pH 7.6), dissolve 25 mg of total human genomic DNA and 50 mg of the plasmid pBLUR8
that contains a member of the Alu family of repetitive DNAs (Deininger et al. 1981 ).

2. Sonicate the DNA mixture to an average length of 50—100 bp using a probe or bath type sonicator (please
see Appendix 8).

Store the blocking mixture in 1—ml aliquots at 4°C.

3. To set up a hybridization reaction, add 100 pl of blocking mixture (from Step 2) to the radiolabeled probe.
Denature the mixture of probe and blocking DNAs by heating to 100°C for 5 minutes, and then plunge the
tube into ice water.

4. To the hybridization reaction, add 20 pl of Solution A. Mix well, and add 600 pl of ice-cold ethanol.

5. Collect the precipitated nucleic acids by centrifugation at maximum speed for 10 minutes in a microfuge,
and allow the pellet to dry in the air until no more traces of ethanol are visible. Dissolve the damp pellet in
Solution B. Incubate the mixture for 10 minutes at 42°C to allow the repetitive DNA sequences to rean-
neal.

6. Immediately add the partially annealed mixture of radiolabeled probe and blocking solution to hybridiza-
tion buffer and continue with the standard protocol for in situ hybridization of colonies to radiolabeled
probes (Chapter 1, Protocol 32).   
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Amplification and Storage of a Cosmid Library:
Amplification in Liquid Culture
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OVERENTHUSIASTIC AMPLIFICATION OF COSMID LIBRARIES is not recommended, because it
inevitably results in a distorted representation of the original genome. Faster-growing clones

become overrepresented; unstable clones undergo rearrangement (please see the panel on DEAL-

ING WITH UNSTABLE RECOMBINANT COSMID CLONES); slow—growing clones may disappear

completely from the library.

Undesirable though it may be, amplication is generally necessary and sometimes unavoid-

able. For example, if the library is to be screened with several different probes and transported to

other laboratories, or if there is a chance that the library will be used for chromosome walking,

then the library must be expanded and copied several times. This protocol and Protocol 4

describe several options for amplification and storage of cosmid libraries. Amplification of the

library during growth in TB medium is presented here, whereas Protocol 4 deals with amplifica-

tion during growth on filters or on plates. (An alternative means of cosmid library amplification

and storage is outlined in the panel on AMPLIFICATION BY RESCUING COSMID DNA IN TRANS-

DUCING PARTICLES OF BACTERIOPHAGE A at the end of this protocol.) In our hands, the method

of amplification in liquid culture introduces less distortion of cosmid libraries than any other
method, perhaps because the shock to the host cells associated with plating is avoided. This expe-

rience is documented by Longmire et al. (1993), who report that plating cosmid libraries on fil—

ters reduces the complexity of the library.

 

DEALING WITH UNSTABLE RECOMBINANT COSMID CLONES

Repeated sequences, palindromic sequences, and methylated bases can all trigger rearrangement of genomic
DNAs cloned in cosmids. The first outward sign of rearrangement is usually the appearance of extra bands,
often in submolar amounts, in restriction digests of a cosmid. Although there is no guaranteed cure for insta-
bility, two methods are available to ameliorate the problem:

o If the problematic cosmid is between 38 kb and 52 kb in size, it can be transferred to a different host strain
by packaging in vitro using commercial packaging extracts (Yokobata et al. 1991) or by packaging in vivo
using a helper bacteriophage (Vollenweider et al. 1980; Little and Jackson 1987). In both cases, improve-
ments in stability have been reported.

0 Cosmid DNA, isolated from a series of individual bacterial colonies, can be analyzed by digestion with
restriction enzymes. In many cases, some colonies will be identified that contain a high proportion of full-
Iength cosmid DNAs. These intact molecules can be transferred to a new bacterial strain by electropora-
tion or rescued with high efficiency by in vitro packaging and then transferred to a different strain.

Strains of E. coli that have been reported to improve stability of individual cosmids include DHSaMCR and
NM554. 
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MATERIALS

Buffers and Solutions

Glycerol

Media

TB agar plates containing 25 ug/ml kanamycin
TB medium

TB medium containing 25 ug/mi kanamycin

Centrifuges and Rotors

Sorvall GSA rotor or equivalent

Special Equipment

Freezing vials

Additional Reagents

Step 9 of this protocol requires reagents listed in Protocol 2 of this chapter.

Step 9 of this protocol also requires the reagents listed in Chapter 7, Protocols 37 and 32.

Vectors and Bacterial Strains

Bacteriophage x packaging reaction

Please see Protocol 1, Step 19 of this chapter.

E. coli plating bacteria of the appropriate strain (fig, XL7-Blue, ED8767, NM554, DH5aMCR)
For a complete listing of appropriate strains, please see Appendix 3.

METHOD

Preliminary Growth

1. Calculate the volume of the packaging reaction (Protocol 1, Steps 20—21) that will generate

30,000—50,000 transformed bacterial colonies.

2. Set up a series of sterile test tubes and into each tube deliver 0.2 ml of plating bacteria fol-

lowed by the volume of packaging reaction determined in Step 1.

The actual number of tubes to set up for plating the packaging reaction depends on the genome size,
average size of fragments cloned, and the coverage of the genome required to find the particular
clone of interest. In most cases, 15—20 tubes should be sufficient. For a further discussion of this

issue, please refer to the chapter introduction and the panel on GENOMIC LIBRARIES (p. 4.6).

3. Incubate the tubes for 20 minutes at 37°C.

Large amounts of packaging mixture can inhibit attachment of the bacteriophage particles to the
plating bacteria. Ifthe concentration ofpackaged bacteriophages is low (<104 transducing units/m]
of packaging mixture), use more plating bacteria, e.g., 5 mI/ml of packaging reaction. After incu—
bating the cells for 20 minutes at 37°C, recover the bacteria by centrifugation at 5000g (6500 rpm
in a Sorvall 55—34 rotor) for 10 minutes at 4“C. Resuspend the cells in 0.5 ml of TB and proceed to
Step 4.

4. Add 0.5 ml of TB to each tube. Continue incubation for a further 45 minutes.
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Amplification in TB Medium Containing 25 pyml Kanamycin

5. lnoculate 0.25-ml aliquots of each culture of infected cells into lOO—ml volumes of TB medi—

um containing 25 ug/ml kanamycin in 250-ml flasks.

Incubate the inoculated cultures with Vigorous shaking at 37°C until the cells reach an opti—

mal density of 0.5—1.0 ODm.

Pool the cultures and recover the cells by centrifugation at 5000g (5500 rpm in a Sorvall GSA

rotor) for 15 minutes at 4°C. Resuspend the cells in a volume of TB that is equal to 0.1x the
volume of the original pooled cultures.

Cosmid DNA can be isolated (please see Step 23 in Protocol 1) from aliquots of cells taken before
the addition of glycerol. This stock of DNA can be used as a template in PCR to determine whether
a particular DNA sequence of interest is present in the library (please see Chapter 8).

Add sterile glycerol to the cell suspension to a final concentration of 150/0 (V/v). Mix the sus-

pension well by inverting the closed tube several times. Dispense aliquots (0.5—1.0 ml) of the

bacterial suspension into sterile vials. Store the tightly closed vials at —70°C.

T0 screen the library, thaw an aliquot of frozen cells rapidly at 37°C and plate 30,000w50,000

bacteria onto each of a series of numbered filters as described in Protocol 2 beginning with

Step 5. Proceed with lysing the colonies on the replica filters (Chapter 1, Protocol 31) and

processing the filters for hybridization to labeled probes (Chapter 1, Protocol 32).

Once some likely clones of interest are identified by hybridization, they may be further analyzed by
restriction enzyme digestion (please see the panel on CONSTRUCTING RESTRICTION MAPS
OF RECOMBINANT PLASMIDS in Protocol 4).

 

AMPLIFICATION BY RESCUING COSMID DNA IN TRANSDUCING PARTICLES OF
BACTERIOPHAGE A

Because circular cosmid molecules carried in bacterial cells contain a cos sequence, they can be effi-

ciently packaged into bacteriophage ). particles. When cosmid-containing bacteria are infected with bac-
teriophage A (or when a resident prophage is induced), the cos site in the cosmid DNA is cleaved by the
bacteriophage x terminase function (ter). The linearized cosmid DNA is then packaged into the heads of
newly formed bacteriophage 1 particles, which can be readily isolated, stored for long periods of time,
and used at the investigator’s convenience to transduce the cosmid genome into other bacterial strains.
Although this method of storage is in little use today, the ability to rescue the cosmid DNA in the form
of bacteriophage particles provides a convenient method to amplify cosmid libraries. For a transduction
protocol, please see Sambrook et al. (1989; pages 352—353).   
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Amplification and Storage of a Cosmid Library:
Amplification on Filters

MATERiALs

I N THIS METHOD OF AMPLIFICATION, DISTORTION OF THE LIBRARY is rarely a problem: At no stage are

mixed populations of bacteria containing different recombinant cosmids grown in competition
with one another. However, amplification is tedious and is sometimes compromised by the loss

of colonies that do not grow after storage of the master filters. An alternative method is provided

for amplification on TB plates (please see the panel on ALTERNATIVE PROTOCOL: AMPLIFICATION

ON PLATES at the end of this protocol). This alternative amplification protocol is vulnerable to the

loss of cosmid clones that grow poorly. The best of all options may be to obtain a cosmid library

that has been arrayed in microtiter plates; such libraries may then be used to generate high-den-

sity arrays (for review, please see Evans et al. 1992).

For the vast majority of laboratories, arraying is not a realistic option. However, arrayed

libraries are becoming available to an increasing extent from commercial sources. In addition,

copies of arrayed libraries are stored in most of the major academic Genome Centers in the

United States and Europe and in some commercial organizations. Access to these libraries is

sometimes possible by setting up appropriate collaborative arrangements.

 

Media

TB agar plates (150 mm) containing 25 pg/mi kanamycin

TB medium

Special Equipment

Nitrocellulose or Nylon filters (737 mm), detergent—free, sterile

Additional Reagents

Step 7 of this protocol requires reagents listed in Protocol 2 of this chapter.

Step 8 of this protocol requires the reagents listed in Chapter 1, Protocols 37 and 32.

Vectors and Bacterial Strains

Bacteriophage k packaging reaction

Please see Protocol 1, Step 19 of this chapter.

E. coli plating bacteria of the appropriate strain (e.g., XL7-B/ue, ED8767, NM554, DHSaMCR)
Mr 3 complete listing of appropriate strains, please see Appendix 3.
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METHOD ;
 

Preliminary Growth

1. Calculate the volume of the packaging reaction (Protocol 1, Steps 20—21) that will generate

30000—50000 transformed bacterial colonies.

Set up a series of sterile test tubes and into each tube deliver 0.2 ml of plating bacteria fol-

lowed by the volume of packaging reaction determined in Step 1.

The actual number of tubes to set up for plating the packaging reaction depends on the genome size,
average size of fragments cloned, and the coverage of the genome required to find the particular
clone of interest. In most cases, 15—20 tubes should be sufficient. For a further discussion of this

issue, please refer to the chapter introduction and the panel on GENOMIC LIBRARIES (p. 4.6).

Incubate the tubes for 20 minutes at 37°C.

Large amounts of packaging mixture can inhibit attachment of the bacteriophage particles to the
plating bacteria. If the concentration of packaged bacteriophages is low (<104 transducing units/ml
of packaging mixture), use more plating bacteria, e.g., 5 ml/ml of packaging reaction. After incu—

bating the cells for 20 minutes at 37°C, recover the bacteria by centrifugation at 5000g (5500 rpm
in a Sorvall 55-34 rotor) for 10 minutes at 4°C. Resuspend the cells in 05 ml of TB and proceed to
Step 4.

4. Add 0.5 m1 of TB to each tube. Continue incubation for a further 45 minutes.

Amplification on Filters

5. Place sterile, numbered filters onto a series (equal in number to the series of tubes in Step 2)

of ISO-mm TB agar plates containing kanamycin (25 ug/ml).

Filters may be numbered using a soft-lead pencil.

Use a sterile spreader to smear the contents of each tube over the surface of a filter on an agar

plate. After the inoculum has absorbed into each filter, transfer the plates to at 370C incuba—

tor for several hours to overnight (12—15 hours).

Try to avoid spreading the inoculum within 3 mm of the edge of the master filters.

Transformed colonies first become visible on the master filters after 8—10 hours of incubation. The
plates are usually incubated for a total of 12-15 hours before the colonies are screened by
hybridization to a radiolabeled probe.

Make a replica of each of the master filters as described beginning with Step 7 of Protocol 2.

Store the filters at —70°C.

8. T0 screen the library, thaw the replica filters and proceed with lysing the colonies on the fil-

ters (Chapter 1, Protocol 31) and processing the filters for hybridization to labeled probes

(Chapter 1, Protocol 32).

Once some likely clones of interest are identified by hybridization, they may be further analyzed by
restriction enzyme digestion (please see the panel on CONSTRUCTING RESTRICTION MAPS
OF RECOMBINANT COSMIDS).  
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CONSTRUCTING RESTRICTION MAPS OF RECOMBINANT COSMIDS

Several strategies are available to construct iow-resolution restriction maps of segments of genomic DNA
cloned in cosmids:

o The cloning sites of many cosmid vectors are flanked by restriction sites for enzymes that cleave
mammalian DNA infrequently (e.g., Sacll, Sall, Pacl, and Notl). Digestion with these enzymes, singly

or in combination, will generally yield a small number of DNA fragments that can be ordered into a
map.

0 If a restriction enzyme is identified that releases the insert from the vector but does not cleave with-
in it, then a second strategy becomes available in cosmid vectors such as SuperCos-1. In vectors of
this type, the promoters for the bacteriophage T3 and T7 RNA polymerases are located between the
BamHI cloning site and the flanking Not! restriction sites. Restriction sites can be mapped by releas-
ing the insert with Not], setting up partial digestion with restriction enzymes, and analyzing the prod-
ucts by Southern hybridization using an oligonucleotide probe complementary to either the bacte-
riophage T3 or the bacteriorphage T7 promoter sequence. A ladder of hybridizing bands is detected
on the autoradiogram, with the smallest band generated by cleavage at the site nearest one of the ter-
mini of the cloned genomic fragment and progressively larger bands generated by cleavage at sites
increasingly distant from the end. The difference in size between adjacent bands is a measure of the
distance between restriction sites. This rapid mapping approach is a variation on the strategy origi-
nally developed by Smith and Birnstiel (1976).

o A similar method takes advantage of the ability of the terminase enzyme of bacteriophage A to rec-
ognize and cleave at cos sites (Rackwitz et al. 1985). Cleavage of cosmid DNA in vitro with terminase
yields a linear molecule carrying protruding singIe-stranded termini, 12 nucleotides in length (Wu and
Taylor 1971). Partial digestion reactions can then be carried out as described above to map the sites
of cleavage of other restriction enzymes. In single cos vectors, the terminase-digested DNA can be
end—Iabeled with [a-53P1dNTPS and the Klenow fragment of E. coli DNA polymerase I (please see
Chapter 9, Protocol 10) before partial digestion with the restriction enzyme. In double cos vectors,
the two cos sites can be distinguished by end labeling with different [a~’2P]dNTPS (Wu and Taylor
1971). Alternatively, oligonucleotide probes specific for the left cos site or right cos site can be used
as probes in Southern hybridizations (Rackwiu et al. 1984).   
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ALTERNATIVE PROTOCOL: AMPLIFICATION ON PLATES

Additional Materials

Freezing vials
Glycerol
Step 10 of this protocol requires the reagents listed in Protocol 2 of this chapter and in Chapter 1, Protocols 31
and 32.
TB medium containing 25 ug/ml kanamycin

Method

1. Follow Steps 1 through 3 of Protocol 4.

2. Add 0.5 ml of TB to each tube. Continue incubation for a further 45 minutes.

3. Use a sterile spreader to smear the contents of each tube over the surface of a TB agar plate containing
kanamycin (25 ug/ml), and transfer the plates to a 37°C incubator for several hours to overnight (12—15
hours).

4. When the transformed bacterial colonies reach 0.1 —0.2 mm in diameter, scrape them from each plate in
turn into separate 10-m| a|iquot5 of TB containing kanamycin (25 ug/ml).

5. Rinse each plate with an additional 5 ml of TB containing kanamycin (25 ug/ml), to ensure complete recov-
ery of the bacteria. Pool the bacterial suspensions obtained from different plates.

6. Vortex the pooled suspension to disperse clumps of bacteria. Measure the exact volume of the suspen-
sion.

7. To the suspension, add sterile glycerol to a final concentration of 15% (v/v). Mix the suspension well by
inverting the closed tube several times. Dispense aliquots (0.5—1.0 ml) of the bacterial suspension into
sterile vials. Store the tightly closed vials overnight at —70°C.

8. The next day, remove an aliquot of the bacterial suspension from the freezer and thaw it rapidly at 37°C.
Make a series of tenfold dilutions of the suspension in TB. Spread duplicate 0.1-ml aliquots of each dilu-
tion onto TB plates containing kanamycin (25 ug/ml). Incubate the plates overnight at 37°C.

9. Count the number of colonies and calculate the number of viable ceIIs/ml of original suspension.
The titer of the library should remain constant for at least 1 year during storage at —70°C.

10. To screen the library, thaw an aliquot of the suspension rapidly at 37°C and plate 30,000—50,000 bacteria
onto each of a series of numbered filters as described in Protocol 2 beginning with Step 5. Proceed with
lysing the colonies on the replica filters (Chapter 1, Protocol 31) and processing the filters for hybridiza-
tion to labeled probes (Chapter 1, Protocol 32).

 

  

 

 



Protocol 5
 

Working with Bacteriophage P1
and Its Cloning Systems

BACTERIOPHAGE P1 WAS DISCOVERED IN THE SAME YEAR as bacteriophage A (Bertani 1951).

Although both bacteriophages are temperate in their natural hosts, their histories in the labora-

tory could hardly be more different. Almost immediately after its discovery, bacteriophage A was

quickly adopted by the influential laboratories of the time as the typespecies for molecular stud-

ies of lysogenic bacteriophages. The 30—year effort to understand its intricate control circuits

became a lodestone for generations of graduate students and postdoctoral fellows. By the early

19705, a huge amount of knowledge had been harvested and, as a consequence, bacteriophage L

was the natural first choice as a vector to clone fragments of genomic DNA.

It was to be another 20 years before the first bacteriophage P1 vector was developed as part

of a deliberate effort to create a cloning vehicle that could efficiently propagate larger (90—100 kb)

fragments of genomic DNA (Sternberg 1990). By then, it had become clear that the assembly of

sets oflarge contiguous sequences (contigs) and the construction of physical maps of mammalian

genomes could not readily be achieved with libraries constructed in either bacteriophage A or cos—

mid vectors. Efforts to produce contigs longer than several hundred kilobases generally failed

because of the slow rate of chromosome walking imposed by the small size of inserts in bacterio—

phage 7L clones, by rearrangement of cloned genomic sequences during propagation of cosmids,
or because of gaps in coverage in both kinds oflibraries. YAC vectors (Burke ct al. 1987) had their

own sets of problems, chiefly, the high frequency of chimeric clones and the difficulty in manip-

ulating and isolating YACs in a background of yeast genomic DNA.

THE DESIGN OF P1 VECTORS
 

By contrast to bacteriophage k, where vectors evolved from the work of many hundreds of inves-
tigators in traditional academic instituions, bacteriophage P1 vectors were the product of a single
laboratory, that of Nat Sternberg at the Dupont Merck Pharmaceutical Company, located in the
then wilderness of Wilmington, Delaware. Sternberg’s goal was to “develop a system that would
generate libraries that exhibit the desirable features of cosmid and YAC libraries but minimize
their deficiencies.” The resulting P1 cloning system, which is full of ingenious ideas. draws deeply
on the biology of bacteriophage P1 (please see the panel on THE LIFE CYCLE OF BACTERIOPHAGE
P1) but is similar in principle to cloning in cosmids:

4.35
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o Genomic DNA is partially digested with a restriction enzyme such as Sau3AI, and molecules
70—100 kb in length are then purified by sucrose density centrifugation or pulsed-field gel elec-
trophoresis.

o The fragments of genomic DNA are ligated to a vector that contains various genetic elements
derived from P1 and a plasmid replicon/partition system.

0 Linear recombinant molecules are packaged in Vitro into bacteriophage P1 particles.

0 The packaged DNA is transfected into bacteria where it circularizes and replicates
autonomously under the control of the single-copy P1 plasmid replicon.

o The plasmid can be amplified to high copy number by adding isopropyl-B-D—5—thiogalactoside
(IPTG), which induces replication from the P1 Iytic replicon (please see Step 1 of this protocol).

Although simple in principle, this scheme requires Pl vectors equipped with many accesso-

ry elements that assure a high efficiency of cloning and recovery of unrearranged genomic DNA

 

THE LIFE CYCLE OF BACTERIOPHAGE P1

o The DNA molecules extracted from a population of infectious P1 particles are ~110 kb in length, dou-
ble-stranded, linear, terminally redundant, and circularly permuted. The nonredundant DNA sequences

are ~90 kb in length.

o After injection into a permissive, recombination-proficient host, homologous recombination between
the 10-kb redundant terminal sequences generates nonredundant circular DNA genomes, ~100 kb in
length. In a rec‘ host, circularization can still occur if the viral DNAs contain onP sites in the terminal-
ly redundant regions. loxP sites are 34-bp sequences that are substrates for the virally encoded Cre
recombinase (please see the information panel on CRE-onP).

0 Depending on the physiological state of the host cell, either the circularized viral DNA can enter a lyso-
genic state and become a prophage in which Iytic functions are repressed by the viral cl repressor or
it can unfurI the much larger set of viral functions required for Iytic infection.

o In P1 lysogens, the viral DNA is maintained as a single-copy plasmid that replicates via the R replicon,
which consists of an origin of replication and DNA encoding an essential replication protein (RepA)
with its associated control region. Adjacent to the replicon is a 2.7-kb partitioning element (par) that
ensures faithful segregation of the daughter prophage molecules at cell division.

0 Lytic infection proceeds when the concentration of CI repressor is insufficient to establish or maintain
the lysogenic state. DNA replication, which is driven by the Iytic or L replicon, occurs first in Cairns or
9 structures but soon switches to a rolling circle mechanism, which produces head-to-tail tandemly
repeated copies of the viral DNA. These concatemeric molecules are the templates for packaging into
bacteriophage particles.

0 Precursor head structures (proheads) bind to the concatemeric viral DNA at a specific 162-bp site (pac)
that is cleaved by the P1-encoded pacase and two E. coli DNA-binding proteins, IHF and HU. Starting
from the newly created end, the viral DNA is packaged unidirectionally until the prohead is full. The
packaged DNA is then cleaved from the remainder of the concatemer by a sequence-independent cut-
ting reaction and a second round of packaging is initiated from the end created by the “headful” cut-
ting reaction.

0 Because bacteriophage P1 heads can accommodate 110 kb of DNA, whereas the P1 genome is only
100 kb in length, the DNA packaged into each prohead is terminally redundant. Since the headful cut-
ting reaction moves progressively along the viral genome, the population of packaged molecules is cir-
cularly permuted.

o Lytic infection of laboratory strains of E. coli with bacteriophage P1 generates 100—200 progeny parti-
cles per cell. Lysis of the infected cell requires expression of virally encoded Iysis genes and occurs
after ~60 minutes.

For references and further details, please see the comprehensive review of bacteriophage P1 biology
by Yarmolinsky and Sternberg (1988). The detailed mechanism of cleavage at the pac site is discussed by
Black (1989) and Skorupski et al. (1992, 1994).   
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from transformed bacteria. For the last several years, the vectors Of choice for construction of

genomic libraries have been pAlesacBH (please see Figure 4—3, p. 4.4) and its derivatives (Pierce

et al. 19923; for reviews, please see Pierce and Sternberg 1992; Sternberg 1992, 1994; Shepherd and

Smoller 1994). These vectors, which contain a marker that allows positive selection of recombi-

nants (sacBfi please see below), have allowed the construction of genomic libraries of sufficient

complexity to cover mammalian genomes with redundancy required for chromosome mapping

and isolation of genes. The following are the chief features of the circular pAlesacBIl molecule

(please see Figure 4—3):

0 The vector is divided into two domains by ZoxP recombination sites (Hoess and Abremski

1984). The ZoxP sequences are substrates for the P1-encoded Cre recombinase, which can be

used in vitro or in vivo to divide the vector into two circular plasmids (Abremski et al. 1983).

o The domain on the left—hand side of the vector contains:

1. A colEl replicon derived from pBR322.

2, The minimal P1 packaging site (162 bp) (pac) (Béchi and Arber 1977), within the coding

sequence of the pacA gene (Skorupski et al. 1992).

3. An 11—kb stuffer fragment of adenovirus DNA whose insertion into a Scal site has inac-

tivated an ampr gene while leaving intact the ScaI site immediately clockwise to par. The

stuffer fragment has a purely passive function: to fill the phage head when the insert DNA

is of insufficient size (Sternberg et al. 1990).

o The “kim” domain on the right—hand side of the vector contains:

1, The kanamycin gene from Tn903.

2, The unit copy P1 plasmid replicon and a partition system par. The basic P1 replicon

maintains P1 plasmids in E. coli at about one copy per host chromosome.

3. A synthetic replicon, consisting of the lytic P1 replicon whose activity is driven by the lac

promoter. The replicon is inactive in bacteria expressing the lac repressor but can be

brought to life by adding the inducer IPTG to the medium. The plasmid DNA is then

rapidly amplified (within 30 minutes) from a copy number of ~1 to ~20 copies per cell

(Sternberg and Cohen 1989).

4. A tet' gene that has been deliberately inactivated by insertion of the sacB gene from

Bacillus amyloliquefaciens. sacB encodes an exoenzyme, levan sucrase, which catalyzes the

hydrolysis of sucrose. When expressed in E. coli, the SacB enzyme generates levan, which

acculumates in the periplasmic space, with lethal effects (Gay et al. 1983, 1985; Tang et al.

1990). Expression of sacB in pAlesacBH is controlled by a synthetic near-consensus E.

coli promoter that overlaps with a consensus P1 cI repressor/operator site (Eliason and

Sternberg 1987). The sacB gene is therefore repressed in cells that express the cI repressor,

allowing the efficient production of vector DNA.

CLONING INTO P1 VECTORS
 

P1 libraries are typically generated by cloning into the P1 vector pAlesacBH (please see Figure

4—10). Cloning DNA into the BamHI site of the sacB gene interrupts expression of levan sucrase

and permits growth of plasmid-containing cells in the presence of 5% sucrose. This disruption

provides a 50—75—f01d discrimination of P1 clones that contain inserts from those that do not

contain inserts (Pierce et al. 19923; Ioannou et al. 1994). The BamHI cloning site is flanked by
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bacteriophage T7 and SP6 promoters to facilitate the synthesis of RNA probes from the termini

of cloned DNA and by rare restriction sites that allow easy recovery of cloned DNA fragments.

The steps involved in generating libraries in pAlesacBII are shown diagrammatically in

Figure 4— 10. The complete nucleotide sequence of the sacBII ktm domain of pAlesacBII cloning

vector is available (Pan et al. 1994; Genbank numbers L19899, L] 19900, and L19898). We have not
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FIGURE 4-10 Cloning in P1 Vectors

P1 vector DNA, digested with BamHI, is ligated to 70—100-kb fragments of eukaryotic DNA obtained by
partial digestion with Mbol or Sau3A. The resulting products are packaged into bacteriophage P1 heads,
and the recombinant virus particles are introduced into an appropriate host and selected as described in
the text.
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TABLE 4-4 Screening Facilities for YAC, PAC, and P1 Libraries
 

 

SCREENING CENTER SCREENING SERVICES CONTACT

Eicnome Systems, Inc. PCR E-mail: sales®genomesystems.com

St. Louis, Missouri URL: http://www.genomesystcmscom

Research Genetics, Inc. PCR, high-density h-mail: info@resgenunn

membrane hybridization URL: httpzl/www.resgenxom

Leiden YAC Center PCR, high-density

The Netherlands membrane hybridization

Pavia YAC Center PCR, high-density

Italy grid screening

(IEPH PCR E—mail: yac_manager@cephbfr

Paris URL: http://www.ccphb.tr/services

UK HGMP Resource Center PCR, high-density E~maiiz biohelpGl‘hgmp.mrc.ac.uk

London, England grid screening URL: http://www.hgmp.mreac.uk

[(JRF Filter hybridization

London, England
 

(Reprinted, mth permission, from Currant Protocols in Human Genetics [ed. NC. Dampoli et al.] 1994 {@ Wilev, New York].)

provided a protocol for construction of a P1 library; the process is sufficiently complex that few

investigators actually create their own libraries. For a listing of the facilities that provide available

libraries, please see Table 4—2 (p. 4.3), and for contacts for facilities that provide screening options

for the library, please see Table 4—4.

The Organization and Screening of Genomic Libraries Constructed in P1 Vectors

Libraries in P1 vectors have been constructed using genomic DNA isolated from fission yeast

(Hoheisel et al. 1993), Drosophila (Smolier et al. 1991, 1994; Hartl et al. 1994), pine (Gorman et

al. 1992), mouse (Pierce et al. l992a,b; Sternberg 1994; Francis et a]. 1994), and human (Sternberg

et al. 1990; Francis et al. 1994; Shepherd et al. 1994; Tanahashi 1994). In addition, a human

genomic library has been constructed in a smaller derivative of pAlesacBII, pCYPACl, which

was developed for electroporation of circular ligation products, rather than packaging and Cre-

mediated recombination (Ioannou et al. 1994).

Most P1 libraries are arrayed, either as individual clones or, more commonly, as pools of
clones in the wells of microtiter dishes. In the latter case, the pools are screened by PCR in a top-

down approach (Green and Olson 1990; Pierce et al. 1992b). Individual clones, picked at random

from the library, are pooled in various combinations of increasing complexity and screened for

the presence of the desired target sequence. For example, the murine genomic P1 libraries

described by Pierce et al. (1992a) and Sternberg (1994) are initially screened in six pools 0f25,000

clones each. When a positive pool is identified, a second round of screening is carried out on 10

subpools, each containing 2500 clones. The third and final round of screening is carried out on
10 subsub pools containing 350—500 clones each. Once a positive third-level pool is identified, the

desired clone is identified by colony hybridization. The plasmid DNA can then be amplified and

isolated by standard methods, e.g., alkaline DNA extraction (Shepherd and Smoller 1994).
Although arrayed P1 libraries containing multiple clones per well can be screened efficient-

ly, pooling of clones also carries risks. Because individual clones grow at different rates, there is a
danger that slow-growing recombinants may be lost from the pools (Shepherd et al. 1994; Shovlin
1996). This possibility has led to the suggestion that libraries should be plated or maintained in a
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one-cione-per-well format. However, screening such a library is beyond the capacity of most lab-

oratories. For a full discussion of the advantages and disadvantages of pooled, arrayed P1

libraries, please see Shepherd and Smoller (1994).

THE PAC CLONING SYSTEM

The PAC system combines the features of P1 vectors and bacterial artificial chromosomes (BAC).

The PAC vector is derived from pAlesacBII by deletion of the adenovirus stuffer and insertion

of a pUC-based plasmid. These changes increase the yield of vector and reduce the toxicity of the

SacBII protein in the absence of sucrose. The PAC vector retains all of the other features of

pAlesacBlI, including the positive selection system and the two P1—encoded replicons. However,

instead of packaging and site-specific recombination, recombinant PACs are introduced into E.

cali by electroporation. The inserts in a PAC-based library of human genomic DNA range in size

from 130 kb to 150 kb (Ioannou et al. 1994).

ADVANTAGES AND DISADVANTAGES OF THE P1 AND PAC CLONING SYSTEMS
 

By contrast to cosmids and bacteriophage k, a single P1 or PAC clone of genomic DNA is long

enough to span the average mammalian gene, including introns and controlling elements. In the-

ory at least, it should be possible to transfect such long DNA molecules into appropriate lines of

mammalian cells and obtain expression of the target gene in its natural setting of 5' and 3'

sequences. However, the existing P1 and PAC libraries are constructed in vectors that lack reporter

genes and selectable markers for mammalian cells. At present, therefore, it is necessary to retrofit

individual PAC and P1 clones containing the gene of interest with cassettes carrying the relevant

markers and reporters (Chatterjee and Sternberg 1996; Mejia and Monaco 1997).

In addition to functional analysis of particular genes, P1 and PAC clones are used increas—

ingly to generate contigs and to construct physical maps of genomic regions. In general, genom-

ic sequences cloned in P1 and PAC vectors exhibit lower rates of rearrangement and chimerism

(1—20/0) (Sternberg 1994) than YACs. In addition, they are considerably more tolerant of repeti—

tive and palindromic genomic sequences that are underrepresented or absent from YAC and cos-

mid libraries. The bacteriophage promoters flanking the cloned genomic DNA in pAlesacBII

facilitate the production of probes that can be used to build contigs by chromosome walking and

to bridge gaps in cosmid and YAC contigs.

The chief disadvantage of the bacteriophage P1 system lies in the difficulty of constructing

large libraries that cover the genome to a depth sufficient for chromosome walking. This remains

a challenge even for laboratories such as those descended from Sternberg’s that know the system

intimately. Although packaging extracts are commercially available, a better option for most

investigators is to use commercial bacteriophage P1 libraries, even though their depth of cover—

age (~3-fold) is generally smaller than one might wish.

Several companies and genome centers now offer services in which preexisting bacterio—

phage P1 and PAC libraries are screened for a gene of interest (please see Table 4-4). To take

advantage of the service, an investigator typically submits proof that a pair of oligonucleotide

primers can be used in a PCR to detect a particular target gene. The company then screens one or

more P1 libraries to identify clones harboring the target gene, and aliquots of the E. coli cultures

harboring the recombinant P1 or PAC clone(s) identified in the PCR screen are then returned to
the investigator. At this point, the investigator carries out a detailed characterization of the target

gene or region of DNA identified by the service.
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WORKING WITH BACTERIOPHAGE P1 AND PAC CLONES

The following protocol describes methods for recovery and purification of recombinant clones of

closed circular bacteriophage P1 or PAC DNAs from bacteria. These methods are longer and

somewhat more complicated than the techniques used to isolate cosmid DNA. The reason for this

is that the large P1 or PAC DNAs are sensitive to shearing forces, which necessitates certain pre—

cautions during handling, including the use of wide-bore pipette tips to transfer DNAS and drop

dialysis to exchange buffers. In addition, because P1 and PAC recombinants are maintained at

much lower copy number than cosmids and plasmids) more stringent methods of purification are

required to obtain clean DNA. Low yields, the presence of contaminating E. coli chromosomal

DNA, and poor results in subsequent molecular cloning reactions are the typical outcomes of

quick and dirty P1 purifications. This protocol, derived from Pierce and Sternberg (1992) and

from methods supplied by David Smoller of Genome Systems, Inc., generally yields P1 DNA that

is efficiently digested with many different restriction enzymes, is readily ligated, serves as a good

template for DNA sequencing and amplification with thermostable DNA polymerases, and is an

efficient template for in vitro transcription assays using bacteriophage RNA polymerases.

MATERIALS
 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Ammonium acetate (0.5 M)

Ethanol

IPTG (1 mM)

Optional, please see note to Step 1.

lsopropanol
MgC/2 (7 mM)

Phenolxhloroform (1:1, v/v) <!>

Polyethylene glycol (40% w/v PEG 8000 solution) <!>
Please see the information panel on POLYETHYLENE GLYCOL in Chapter 1.

Sodium acetate (0.3 M, pH 5.2)

Solutions for DNA isolation:
Alkaline lysis solution I

Alkaline lysis solution II
Solution [I should be freshly prepared and used at room temperature.

Alkaline lysis solution III

TE (pH 8.0)
TE (pH 8.0) containing 20 ug/ml RNase

Enzymes and Buffers

Restriction endonucleases

Gels

Pulsed-fie/d gels (or 0.5% agarose gels)
Please see Step 15 below and the panel on PULSED-FIELD GEL ELECTROPHORESIS in Protocol 1.

 



4.42 (flmpu'r 4: Working with High—capacity Vectors

Media

LB medium containing 25 pg/ml kanamycin

Optional, use with IPTG in Step 1.

TB medium containing 25 pg/ml kanamycin

Centrifuges and Rotors

Sorva/I 55-34 rotor or equivalent

Special Equipment

Corex centrifuge tubes (30 ml)

Water bath preset to 65°C

Vectors and Bacterial Strains

E. coli strain transformed with a nonrecombinant bacteriophage P7 or PAC vector (culture)
E. coli strain transformed with a recombinant bacteriophage P7 or PAC vector (culture)

METHOD
 

Preparation of Recombinant P1 or PAC DNA

1. Transfer 10 ml of TB containing 25 ug/ml kanamycin into each of two SO-ml Falcon tubes or

Erlenmeyer flasks. Inoculate one tube with a single colony of bacteria containing the recom-

binant P1 or PAC. Inoculate the other tube with a single colony of ba cteria transformed by the

vector alone. Grow the cultures to saturation, with vigorous shaking for 12—16 hours at 37°C.

The addition of IPTG (1 mM) to cultures of cells carrying P1 recombinants inactivates the lac
repressor and leads to induction of the P1 lytic replicon, which results in an increase in the copy

number of the plasmid DNA from 1 to ~20 copies/cell. However, there are indications that amplifi»

cation in the presence of IPTG can lead to instability in P1 recombinants that carry repetitive
sequences of genomic DNA (Sternbcrg 1994). Most investigators therefore avoid the amplification

step completely or induce the cultures only for short periods of time (2—3 hours). In the latter case,

comparison of the restriction maps of clones before and after amplification with IPTG is rec0m~
mended

For induction with IPTG, cultures are grown in LB containing 25 pg/ml kanamycin until the ODMJ
reaches ~0.8, at which point IPTG is added to a final concentration of0.5—1 mM. The cells are incu-
bated for a further 3 hours at 37°C and then harvested.

2. Transfer each culture to a 15—ml centrifuge tube. Harvest the cells by centrifugation at 3500g
(5400 rpm in a Sorvall 55-34 rotor) for 5 minutes at 4°C. Resuspend each cell pellet in 3 ml

of sterile H20 and repeat the centrifugation step.

3. Resuspend each cell pellet in 2 ml of Alkaline lysis solution I and place on ice.

4. Add 3 ml of Alkaline lysis solution II, and gently invert the tube several times to mix the solu-
tions. Transfer the tube to an ice bath for 10 minutes.

AIMPORTANT Because recombinant P1 and PAC clones are large enough to be sensitive to shear-
ing, keep vortexing, pipetting, and shaking to a minimum during the isolation of DNA. Wherever pos-
sible, transfer by pouring the DNA from one tube to another. When pipetting cannot be avoided, use
wide-bore pipette tips. Please see the information panel on MINIMIZING DAMAGE TO LARGE DNA
MOLECULES in Chapter 2.
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Add 3 ml of ice—cold Alkaline lysis solution 111 to each cell suspension, and mix the solution

by gent1y inverting the tube several times. Store the tube on ice for 10 minutes.

. Pellet the cellular debris by centrifugation at 12,000g (10,000 rpm in a Sorvall 85—34 rotor)

tbr 10 minutes at 4°C.

Decant the supernatant (~7 m1) into a 30-ml Corex centrifuge tube and add an equal volume

of isopropanoL Mix the solutions by gently inverting the tube several times and c011ect the

precipitated nucleic acids by centrifugation at 12,000g ( 10,000 rpm in a Sm'vall 58—34 rotor)
for 10 minutes at 40C.

Remove the supernatant by gentle aspiration. Invert the tube on a Kimwipe tissue until the

last drops of fluid have drained away. Use a Pasteur pipette attached to a vacuum line to

remove any drops remaining attached to the wall of the tube. Dissolve the pellet of nucleic

acids in 0.4 ml of 0.3 M sodium acetate (pH 5.2). Heat the solution to 65°C briefly (for a few

minutes) to assist in dissolving the nucleic acids.

Purification of Recombinant P1 or PAC DNA

9.

10.

11.

12.

13.

14.

15.

w. auwmrw- w._> . 4.

Transfer the DNA solution to a microfuge tube. Extract the solution once with an equal vol-

ume of phenolzchloroform. Separate the aqueous and organic phases by centrifugation at

maximum speed for 5 minutes at room temperature in a microfuge. Transfer the upper aque—

ous phase to a fresh microfuge tube.

Add 1 ml of ice—cold ethanol. Mix the solutions by inverting the tube several times. Collect

the precipitated DNA by centrifugation at maximum speed for 10 minutes at 4°C. Rinse the

DNA pellet with 0.5 ml of 70% ethanol and centrifuge again for 2 minutes.

Carefuhy remove the supernatant. Store the open inverted tube at room temperature until no

more traces of ethanol are visible. Add 0.4 ml of TE plus RNase to the pellet and place the

closed tube at 37°C. Periodically during the next 15 minutes, shake the tube gently to assist in

dissolving the DNA. Continue the incubation for a total of 2 hours.

Add 4 u] of 1 M MgCl2 and 200 111 of 40% PEG solution. Mix well and collect the precipitat—

ed DNA by centrifugation at maximum speed for 15 minutes at 4°C in a microfuge.

Remove the supernatant by aspiration and resuspend the pellet in 0.5 ml of 0.5 M ammoni-

um acetate. Add 1 m1 of ethanol, mix the solutions by inverting the tube several times, and

collect the precipitate by centrifugation at maximum speed for 15 minutes at 4"C in a
microfuge.

Decant the supernatant and rinse the pellet twice with 0.5 ml of ice—cold 70% ethanol. Store

the open inverted tube at room temperature until no more traces of ethanol are visible.

Resuspend the damp pellet in 50 pl of TE (pH 8.0).

The yield of DNA varies between 2 pg and 5 pg per 10 m1 of uninduced overnight culture.

For restriction enzyme analysis, digest 5—15 pl (~1 pg) of resuspended DNA and analyze the
products either by 0.5% agarose gel electrophoresis or by PFGE.

Larger amounts of DNA are used in the enzymatic reactions to achieve adequate molar concentrw
tions of substrate.
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ADDITIONAL PROTOCOL: PURIFICATION OF HlGH-MOlECUlAR-WEIGHT DNA BY
DROP DIALYSIS

If high-molecular-weight (e.g., bacteriophage P1 or PAC) DNA will be used as a template in DNA sequencing
reactions, or if restriction enzymes fail to digest the DNA to completion, then Iow-molecular-weight contami-
nants should be removed by drop dialysis.

Additional Materials

Millipore Series V membranes (13-mm—diameter discs) pore size 0.025 um
P1 DNA (prepared in Step 14 above)

Method

1. Spot the remainder of the bacteriophage P1 DNA from Step 14 above in the center of a Millipore Series V
membrane, floating shiny side up on 10 mi of sterile H20 in a 90-mm-diameter Petri dish.

2. Dialyze the DNA for 10 minutes.

3. Remove the drop to a clean microfuge tube and use aliquots of the dialyzed DNA for restriction enzyme
digestion and/or DNA sequencing.  
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ALTERNATIVE PROTOCOL: PURIFICATION OF HIGH-MOlECULAR-WEIGHT CIRCULAR
DNA BY CHROMATOGRAPHY ON QIAGEN RESIN

Qiagen resins have been used successfully to purify circular high-molecular-weight DNA (e.g., bacteriophage
P1 DNA; e.g., please see Pierce and Sternberg 1992; MacLaren and Clarke 1996). However, this protocol will
not work for linear high-molecular—weight DNA, which binds irreversibly to the column.

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Additional Materials

Cheesecloth
E. coli host strain carrying P7 recombinant
Elution buffer

50 mM Tris-Cl (pH 8.1—8.2)
7.4 M NaCl
15% (v/v) ethanol

Lysozyme

Dissolve solid lysozyme at a concentration of 10 mg/ml in 10 mM Tris-Cl (pH 80) just before using.
Qiagen-tip 500 or 2500 column with appropriate buffers (e.g., P3 and QB7,’ supplied in Qiagen kit).
Sorvall GSA rotor or equivalent
TB medium containing 25 pg/ml kanamycin
Wash buffer

50 mM MOPS—KOH < ! > (pH 7.5—7.6)
0.75 M NaCI
15% (v/v) ethanol

When making this buffer, adjust the pH of a MOPS/NaCI solution before adding the ethanol.

Method

1. Grow an overnight culture of the appropriate host strain carrying the P1 recombinant clone in 500 ml of
TB containing 25 pg/ml kanamycin.

2. Recover the cells by centrifugation at 50002; (5500 rpm in a Sorvall GSA rotor) and digest them using
Iysozyme at a final concentration of 1 mg/ml and the modified alkaline procedure described in the Qiagen
literature. After the addition of chilled P3 buffer and incubation on ice for 20 minutes, centrifuge the lysate
at 15,000g (9600 rpm in a Sorvall GSA rotor) for 30 minutes at 4°C.

3. Promptly transfer the supernatant to a fresh tube, and filter the supernatant through several layers of
cheesecloth.

4. Equilibrate a Qiagen-tip column with 10 ml of QBT buffer (supplied in Qiagen kit).

5. Apply the filtered lysate from Step 3 to the column.

6. Wash the column with 30 ml of wash buffer.
Do not wash the column with more than 30 mi of this buffer.

7. Elute the P1 DNA from the column with 15 ml of elution buffer.

8. Precipitate the eluted DNA with 0.7 volume of isopropanol. Collect the precipitated DNA by centrifuga-
tion at 10,000g (12,000 rpm in a Sorvall 55-34 rotor) for 30 minutes at 4°C.

9. Rinse the pellet with 70% ethanol. Remove as much ethanol as possible, and resuspend the DNA in 200
pl of TE (pH 8.0).

10. Analyze samples of the DNA (2.0 ul or ~1 ug) by restriction enzyme digestion and electrophoresis through
a conventional agarose gel or a pulsed‘field agarose gel.   

~wa- m, - 2 ~_,__ _.__  
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Transferring Bacteriophage P1 Clones
between E. coli Hosts

MATERIALS

_I-}-—1E YIELD AND QUALITY OF BACTERIOPHAGE P1 DNA OBTAINED from different strains of E. coli vary

depending on the genotype of the host bacterium and the particular sequence of foreign DNA

carried in the recombinant. Problems with low yield or poor quality can sometimes be overcome

by transferring the P1 or PAC recombinant into a strain of E. coli that does not express Cre recom—

binase (e.g., NS3516; Sternberg et al. 1994). Two methods are commonly used to transfer recom—

binant P1 clones from one host strain to another:

0 Transduction of the P1 recombinant plasmid involves superinfection of the strain originally car-

rying the P1 done with wild-type P1 bacteriophage. During the ensuing cycle of lytic infection,

the P1 plasmid is packaged into P1 particles, which can be used to infect another strain of E. coli.

Transformed cells containing the P1 clone in plasmid form are then selected on plates containing

kanamycin. Stocks of wild-type P1 bacteriophage, together with protocols for transduction, are

often supplied by commercial companies as part of their service to screen P1 libraries.

0 Electroporation of purified Pl DNA into a different strain of host cells is a simple method, but

some of the recombinant genomes may suffer deletions during electroporation. The restriction

patterns of the original recombinant and DNAs from a series of independent transformants

should be compared to identify clones that have not suffered rearrangements during electro—
poration.

The following protocol for transfer of P1 clones by electroporation was supplied by Ray
MacDonald (University of Texas Southwestern Medical Center, Dallas) and describes the electro—
poration of a commercially available strain of E. coli (JS—S, Bio—Rad). In the MacDonald labora-
tory, the yields of bacteriophage P1 DNA were increased as much as tenfold after transfer into
strains JS-S or DH 108 from NS3529. Similar results have been reported after transfer into E. coli
strain NS3516 (MacLaren and Clarke 1996).

 

Enzymes and Buffers

Gels

4. 46

Restriction endonucleases

Agarose gel

Please see Step 10.
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LB agar plates containing 25 ug/ml kanamycin

SOC medium
Warm the SOC medium to 37°C before use.

TB medium containing 25 ug/ml kanamycin

Special Equipment

Equipment for electroporation
Please see Chapter 1, Protocol 26.

Additional Reagents

Step 9 of this protocol requires reagents listed in Protocol 5 of this Chapter.

Vectors and Bacterial Strains

Closed circular recombinant P1 DNA

Prepared as described in Protocol 5 ofthis chapter.

E. coli strain (e.g., DH1OB) as frozen electrocompetent cells

METHOP

Please see Chapter 1, Protocol 26.

 

?
?
‘
?
9
’

. Dilute 2—3 pg ofPl plasmid DNA to a concentration of 60 ng/u] in sterile HJO. Set up a con—

trol lacking Pl DNA (sterile HZO only), and carry the control through the electropomtion

procedure in parallel with the DNA sample.

. Thaw vials OF electrocompetent cells on ice and prechill 0.1-cm electroporation cuvettes.

For infornmtion on electroporation, please see Chapter 1, Protocol 26.

Combine 20 p] of cells and 1 pl of P1 DNA in the cold cuvette.

Set the electroporation device to 1.8 IN, 200 0th, and 25 “F.

Shock the cells. The optimum time constant is usually ~S milliseconds.

Immediately add 0.5 ml ofprewarmed (37°C) SOC medium to the cell suspension. Transfer

the suspension to a culture tube and incubate the suspension for 1 hour at 37°C with mod—

erate agitation.

. Plate 100—pl aliquots of the cell suspensions on LB plates containing 25 ttg/ml kanamycin.

Incubate the plates overnight at 37°C.

'I he control plates (no P1 DNA) should remain sterile; plate% from the culture treated with P1 DNA
should contain several hundred transformed colonies.

Transfer 10—12 colonies into separate ll—ml aliquots of TB containing 25 pg/ml kanamycin.

Incubate the cultures overnight at 37°C with vigorous agitation.

. Prepare P1 DNA as described in Protocol 5.

the remainder of the overnight cultures can be stored at —800C in TB/kanumyein containing 30%
(v/v) glycerol.

. Perform digestions with several different restriction endonucleases and compare the patterns

of the newly isolated DNAs with that of the original recombinant by agarose gel elec-
trophoresis.

 

 



Protocol 7
 

Working with Bacterial Artificial
Chromosomes

BACTERIAL ARTIFICIAL CHROMOSOMES, OR BACS, ARE SYNTHETIC VECTORS based on the fertility (F)

factor of E. coli. Among the properties that make the F factor so attractive as a high~capacity vec-

tor for genomic DNA are the following:

o A low copy number (1—2 molecules/cell; Frame and Bishop 1971) and the presence of two
genes (parA and parB) ensure the accurate partitioning of F-factor DNA molecules to daugh-

ter cells during cell division. parB is also responsible for excluding extraneous F plasmids from

cells. This combination of low copy number and an insulated environment limits the oppor-

tunities for intermolecular recombination between plasmid molecules within cells. In practi—

cal terms, this limitation means that recombinant BACs display a lower level of rearrangement

and chimerism of foreign DNA sequences than YACs.

o It has the ability to propagate very large segments of DNA. Naturally occurring F factors can

carry up to one quarter of the E. coli chromosome without strain or instability.

o It is easy to manipulate. Because of its closed circular nature, F—factor DNA can be isolated

from E. coli by straightforward, familiar techniques such as alkaline lysis, isopycnic centrifuga-

tion in CsCl-ethidium bromide gradients, and spun column chromatography through resins

(Zimmer and Verrinder Gibbins 1997). Sufficient BAC DNA can usually be obtained from a 5-

ml bacterial culture for restriction analysis, PCR, and fluorescent in situ hybridization.

For more information on F factors, please see the panel on F FACTORS.

BAC CLONING VECTORS
 

4.48

The features described here were exploited by Mel Simon and colleagues in the early 19905 to

develop BAC vectors that contain, in addition to parA and parB, genes (oriS and repE) involved

in the initiation and orientation of F—factor DNA replication. The vectors (~7.4 kb in length) are

also equipped with a polycloning sequence and a selectable marker (chloramphenicol resistance).

Newer BAC vectors contain additional elements that (1) allow color-based identification (lacZ, (x-

complementation) of recombinants carrying inserts and (2) contain elements to facilitate recov—

ery and manipulation of cloned DNAs (Kim et al. 1996; Asakawa et al. 1997) (please see Figure 4-

2 in the introduction to this chapter).
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F FACTORS

Fertility or F factors were discovered through the independent work of CavaIIi—Sforza (1950) and Hayes (1952)
on the unidirectional transfer of chromosomal markers during conjugal mating of E. coli. The ability to serve
as a donor of chromosomal markers (the F+ character) was transferred to recipient cells (F‘) with very high
efficiency (Cavalli-Sforza et al. 1953; Hayes 1953), suggesting that conjugative transfer required a transmissi-
ble fertility factor, which was designated F. We now know that this original F-factor plasmid was a naturally
occurring variant that could integrate into the host chromosome and transfer genetic markers at an abnormally 1
high frequency. The development of conjugative transfer of markers was therefore advanced several years by 1
this happy chance. [

The F factor of E. coli is an ~100—kb plasmid encoding more than 60 proteins involved in replication, par- 1
tition, and conjugation (for review, please see Willetts and Skurray 1987). Usually carried in the form of a dou-
ble-stranded, closed circular DNA (1—2 copies/cell), the F factor can nevertheless integrate at random into at
least 30 sites on the E. coli chromosome (for review, please see Low 1987). Cells carrying F, either episomally
or in an integrated state, express up to three hair—Iike F pili, which are flexible hollow cylinders ~8 nm in diam-
eter with a 2-nm axial lumen. The pili are composed largely of a single protein, pilin, which is the processed

product of the plasmid traA gene (for reviews, please see Ippen-lhler and Minkley 1986; Paranchych and Frost
1988). F-pili not only are required for productive physical contact between donor and recipient cells, but also
provide sites for the attachment of maIe-specific, filamentous bacteriophages such as M13 and fd (for more
information, please see the introduction to Chapter 3). 
 

EONSTRUCTION OF GENOMIC LIBRARIES IN BAC VECTORS
 

Genomic libraries are constructed in BAC vectors essentially the same way as in PAC vectors

(please see Figure 4—11). In brief, closed circular vector DNA is linearized by digestion with a

restriction enzyme, treated with alkaline phosphatase and ligated to genomic DNA that has been

partially digested with an appropriate restriction enzyme, and fractionated by PFGE. To prevent

formation of chimeric clones, the ligation reaction contains a tenfold molar excess of vector DNA.

The ligation products are introduced into E. coli by electroporation, and transformants are select-

ed on agar plates containing chloramphenicol, IPTG, and X-gal. White colonies carrying recom-

binant BACS are transferred to a second plate containing the same additives to confirm the color

selection. White colonies are again picked and arrayed in the wells of microtiter plates. These steps

are described in more detail in papers describing the establishment of libraries of genomic DNA

of various species (e.g., human, Shizuya et al. 1992; Kim et al. 1996; sorghum, Woo et al. 1994;

rice, Wang et al. 1995; bovine, Cai et al. 1995; chicken, Zimmer and Verrinder Gibbins 1997).

Unlike bacteriophage 7», c05mid, and bacteriophage P1 vectors, BACs have no packaging

limitations, and recombinants may contain segments of genomic DNA that exceed 300 kb in size

(Shizuya et a]. 1992). However, the average size of the inserts in many BAC libraries is consider-

ably smaller, between 100 kb and 140 kb (Kim et al. 1996). Nevertheless,1ibraries with much larg—

er inserts can be generated by careful sizing of the genomic DNA before cloning and by optimiz—
ing conditions for electroporation that favor transformation of E. coli with very large plasmids
(Zimmer and Verrinder Gibbins 1997). To prevent intrachromosomal recombination betWeen

repetitive sequences commonly found in eukaryotic DNAs, BACs are propagated in recombina—
tion-defective hosts such as E. coli DHlOB (mcrA A[mrr-hsd RMS-mchC/ recAI ). Large plasmid

DNAs can be introduced into this strain with high efficiency by electroporation (Sheng et al.
1995), a property that facilitates both construction of libraries and retrofitting of individual BAC
recombinants with accessory elements that facilitate manipulation of large cloned DNAs (Mejia
and Monaco 1997).
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 Linearize BAC vector Digest and fractlonate _

and treat W|th genomic DNA Acquwe or construct BAC
phosphatase according to size library (see Table 4—2)    
 

 ;*__I l

Ligate and transform
E. coli by electroporation

i
Select transformants on agar plates

supplemented with CAM, IPTG, and X-gal

 

 

Design screening assay

to identify clone of interest  
   
 

 

  
 

  

  
   

 

 

 

 

 

 

 

Transfer selected transformants as ordered Submit assay (hybridization probes
arrays for screening by hybridization or PCR primers) to years
or as pools for screening by PCR faculty for screenmg

’ Obtain designated target BAC clone 1

1 Verify clone

Grow and store BAC clone ___> ° Analyze size by PFGE
(Protocol 7) 0 Confirm identity by PCR

or Southern hybridization    
 

 

 

Prepare BAC DNA
SmaII-scale prep (Protocol 8)
Large-scale prep (Protocol 9)

i i

  
 

 
 

  

  
Analyze DNA by PCR, Generate library of subclones
Southern hybridization, for mapping and/or sequencing

or PFGE    
 

FIGURE 4-11 Flowchart: Cloning in BAC Vectors

SCREENING BAC LIBRARIES

Genomic libraries constructed in BACs are routinely gridded into ordered arrays for screening by
hybridization, or they are combined into bins, pools, and subpools for rapid screening by PCR.
Many of these arrayed libraries are not readily available from academic sources but are instead
maintained by commercial companies such as Research Genetics, Inc., or Genome Systems, Inc.
(please see Table 4—2). For most investigators, it is by far less expensive and faster to obtain recom—
binant BAC clones from these commercial suppliers than to construct their own libraries. In most
cases, a hybridization probe or a pair of oligonucleotides specific for the chromosomal region of
interest is sent to a commercial supplier, who screens genomic BAC libraries of the appropriate
species and returns individual positive clones as transformed bacteria or BAC DNA. In our expe—
rience, at least 50% of these positive clones actually contain the region of interest, in all or part.
The remainder are false positives of one sort or another. For this reason, it is essential to confirm
by independent methods the identity and chromosomal location of newly isolated BAC clones.
These methods include PCR analysis with multiple primer pairs, DNA sequencing, Southern
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hybridization with more than one probe, genetic mapping by analysis of radiation hybrid panels,

and physical mapping by fluorescent in situ hybridization (for a more detailed discussion of these

techniques, please see Green et al. 1997—1999).

BAC DNA is generally isolated from individual clones oftransformed E. coli by alkaline lysis

and may be further purified by column chromatography. Depending on the size and nature of the

insert, a S.O-ml culture of transformed bacterial cells will yield O.1—0.4 pg of BAC DNA, suitable

for analytical restriction enzyme digestions, PCR, and Southern blotting (Protocol 8). More

extensive characterization (e.g., detailed restriction mapping, DNA sequencing, or subcloning)

requires purification of BAC DNA from larger-scale cultures (250—500 ml) by column chro—

matography (Protocol 9). In this and the following two protocols, we outline methods for the

propagation and storage of BAC—transformed bacteria and the isolation of BAC DNA.

WHEN A NEW BAC APPEARS IN THE LABORATORY
 

MATERIALS

BACs are supplied by commercial companies as purified DNA or as cultures of transformed bac—

teria. In general, BACs should be maintained as frozen, transformed bacteria and not as stocks of

DNA. DNA stored at 4°C is susceptible to degradation by contaminating enzymes; DNA stored at

—20°C is damaged by freezing and thawing.

 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

LB freezing buffer

Enzymes and Buffers

Gels

Media

Restriction endonucleases
Please see Step 5. Choose restriction endonucleases appropriate for measuring insert size in BACs.

Equipment for pulsed-field gel electrophoresis
Please see the panel on PULSED-FIELD GEL ELECTROPHORESIS in Protocol 1.

LB agar plates containing 12.5 pg/ml chloramphenicol <!>
LB medium containing 72.5 ug/ml chloramphenicol

Dissolve solid chloramphenicol in ethanol to a final concentration of 34 mg/ml. Prepare and add the
chloramphenicol just before use.

Special Equipment

Equipment for electroporation (optional)
Required only if the BAC isolate is supplied as purified DNA (please see Step 1). Please see Chapter 1,
Protocol 26.
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Additional Reagents

Step 4 of this protocol requires reagents listed in Protocol 8 of this chapter.
Step 5 of this protocol requires either reagents listed in Chapter 8, Protocol 12 or reagents
listed in Chapter 6, Protocol 10.

Vectors and Bacterial Strains

METHOD

BAC DNA

or

Culture of E. coli strain transformed with BAC isolate

E. coli strain (e.g., DH1OB) as frozen electrocompetent cells
Required only if the BAC isolate is supplied as purified DNA. Please see Chapter 1, Protocol 26.

1. Prepare fresh BAC transformants.

|F THE BAC IS SUPPLIED IN THE FORM OF DNA

a. Transform E. coli (strain DHIOB) with BAC DNA by electroporation.

Because the efficiency of transformation by large BACs decreases dramatically as a function
of the voltage applied during electroporation, it is best to set up a series of electroporation
reactions at voltages ranging from 13 kVicm to 25 kV/cm (Sheng et al. 1995; Zimmer and
Verrinder Gibbins 1997).

b. Plate 2.5, 25, and 250 pl of each batch of electroporated bacteria onto LB agar plates con-

taining 12.5 ug/ml chloramphenicol. Incubate the plates for 16—24 hours at 37°C.

IF THE BAC IS SUPPLIED AS A TRANSFORMED BACTERIAL STOCK

a. Streak the culture without delay onto LB agar plates containing 12.5 ug/ml chloram-

phenicol.

b. Incubate the plates for 12—16 hours at 37°C.

2. Select 12 individual transformants and inoculate these into 5-ml aliquots of LB medium con—

taining chloramphenicol (12.5 ug/ml). Grow the cultures overnight at 37°C with vigorous

shaking.

3. Use a loopful of each 5-ml culture to set up cultures of the 12 transformants in LB freezing

medium. When these cultures have grown, transfer them to a —20°C freezer for storage.

4. Purify the BAC DNA from 4.5 m1 of each 5-m1 culture from Step 2, as described in Protocol

8.

5. Analyze the BAC DNA.

a. Confirm by PCR that the BACs contain the chromosomal region of interest (please see

Chapter 8, Protocol 12) or Southern hybridization (please see Chapter 6, Protocol 10).

b. Measure the size of the inserts by digestion with restriction enzymes and PFGE.

6. On the basis of the results, select one or more of the BACS for further analysis.
 



Protocol 8

Isolation of BAC DNA from SmaIl-scale Cultures

 

SMALL AMOUNTS OF BAC DNAS ARE PREPARED from 5-m1 cultures of BAC transformed cells.

DNA is isolated by an adaptation of the alkaline lysis method described in Chapter 1, Protocol 1.

The yield of the preparation is 0.1—0.4 ug of BAC DNA, which is suitable for analysis by restric-

tion enzyme digestion, PCR, or Southern blotting.

MATERIALS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations. '

Ethanol
Isopropanol

Solutions for DNA isolation:

Alkaline lysis solution I, ice cold

Alkaline lysis solution /I
Solution II should be freshly prepared and used at room temperature.

Alkaline lysis solution III, ice cold
Place the solution on ice just before use.

STE solution, ice cold
Place the solution on ice just before use.

TE (pH 8.0)

Enzymes and Buffers

Restriction endonucleases

Gels

Equipment for pulsed-field gel electrophoresis
Please see the panel on PULSED-FIELD GEL ELECTROPHORESIS in Protocol 1.

Media

LB medium containing 12.5 pg/m/ chloramphenicol <!>
Dissolve solid chloramphenicol in ethanol to a final concentration of 34 mg/ml. Prepare and add the

chloroamphenicol just before use

Nucleic Acids and OIigonucleotides

DNA markers for pulsed—field gel electrophoresis

Obtain megabase markers from Life Technologies or use BACS whose sizes have been previously established.

4.53
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Centrifuges and Rotors

Special Equipment

Sorval/ 55-34 rotor or equivalent

Chromatography resin
Chromatography resin may be required to facilitate restriction endonuclease digestion of BAC DNA
(please see Step 9). Resins can be purchased from Qiagen Inc. (Qiaprep Spin Plasmid MiniPrep kit works

very nicely) or from Genome Systems, Inc. (KB—lOO columns).

Vectors and Bacterial Strains

METHOD

E. coli strain transformed with BAC isolate

10.

Please see Protocol 7 of this chapter.

Prepare S-ml cultures of BAC-transformed E. coli in LB medium containing 12.5 ug/ml chlo-

ramphenicol, and grow the cultures overnight at 37°C with vigorous shaking.

Collect the bacterial cells by centrifugation at 2000g (4100 rpm in a Sorvall 88-34 rotor) for

5 minutes at 4°C. Decant the medium carefully and remove any residual drops by aspiration.

Add 5 ml of ice-cold STE to each tube, and resuspend the bacterial pellet by pipetting.

Recover the cells by centrifugation as in Step 2.

Cleaner preparations of BAC DNA are obtained if the cells are washed briefly in ice-cold STE at
this stage.

Resuspend the cells in 200 pl of ice—cold Alkaline lysis solution I. Transfer the cells to an ice—

cold microfuge tube. Place the tube on ice.

The cell suspension may be gently vortexed to break up clumps of cells.

Add 400 u] of freshly prepared Alkaline lysis solution II to the tube. Gently invert the closed

tube several times. Place the tube on ice.

Add 300 pl of ice—cold Alkaline lysis solution III to the tube. Gently invert the closed tube sev—
eral times. Place the tube on ice for 5 minutes.

Remove the precipitated cell debris by centrifugation at maximum speed for 5 minutes at 4°C

in a microfuge. Decant the supernatant into a fresh microfuge tube. Add 900 pl of iso-

propanol at room temperature and mix the contents of the tube by gentle inversion.

Immediately collect the precipitated nucleic acids by centrifugation at maximum speed for 5

minutes at room temperature in a microfuge. Discard the supernatant and carefully rinse the
pellet with 1 ml of 70% ethanol‘ Centrifuge the tube for 2 minutes at room temperature and

remove the ethanol by aspiration. Allow the pellet of nucleic acid to dry in the air for 5—10

minutes. Dissolve the damp pellet in 50 pl of TE (pH 8.0).

The usual yield of BAC DNA from a 5—ml culture is 0.1—0.4 pg.

Digest the BAC DNA with restriction endonucleases.

Occasional preparations are resistant to cleavage and must be purified further by column chro-
matography on Qiagen resin or KB—IOO columns, In each case, follow the manufacturer’s directions
precisely.

Analyze the digested BAC DNA by PFGE, using DNA markers of an appropriate size.  
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Isolation of BAC DNA from

Large-scale Cultures

MATERIALS

EXTENSIVE ANALYSIS OF BAC RECOMBINANTS, including detailed restriction mapping, DNA

sequencing, or subcloning, requires more DNA than is provided by a small—scale culture (Protocol

8). In this protocol, the isolation procedure is scaled up to accommodate large—scale cultures car—

rying a recombinant BAC. The average yield from a 500—ml culture of BAC-transformed cells is

20—25 ug of BAC DNA. The DNA may be further purified by column chromatography.

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Ethanol

lsopropano/

Phenolxhloroform (1:1, v/v) <!>

Solutions for DNA isolation:
Alkaline lysis solution I, ice cold

For large—scale preparations of BAC DNA, sterile Alkaline lysis solution I should be supplemented

just before use with DNase—free RNase at a concentration of 100 ug/ml.

Alkaline lysis solution II
Solution 1! should be freshly prepared and used at room temperature.

Alkaline lysis solution III, ice cold

Place the solution on ice just before use.

STE solution, ICG cold

Place the solution on ice just before use‘

TE (pH 8.0)

Enzymes and Buffers

Lysozyme

Restriction endonucleases

Nucleic Acids and Oligonucleotides

DNA markers for pulsed—field gel electrophoresis
Obtain megabase markers from Life Technologies or use BACS whose sizes have been previously estab-
lished.
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Gels

Media

Equipment for pulsed-field gel electrophoresis
Please see the panel on PULSED-FIELD GEL ELECTROPHORESIS in Protocol 1.

LB medium containing 725 ug/ml chloramphenicol <!>
Dissolve solid chloramphenicol in ethanol to a final concentration of 34 mg/ml. Prepare and add the
chloroamphenicol just before use.

Centrifuges and Rotors

Special Equipment

Sorva/I GSA rotor or equivalent, with Oakridge tubes (Nalgene)

Chromatography resin
Chromatography resin may be required to facilitate restriction endonuclease digestion of BAC DNA
(please see Step 13). Resins can be purchased from Qiagen Inc. or from Genome Systems, Inc. (KB- 100
columns).

Vectors and Bacterial Strains

METHOD

E. coli strain transformed With BAC isolate

Please see Protocol 7 of this chapter. Prepare a fresh overnight culture; please see Step 1.

. Inoculate 500 mi of LB medium containing 12.5 ug/ml of chloramphenicol with 50 pl of a

saturated overnight culture of BAC-transformed cells. Incubate the SOO-ml culture for 12—16
hours at 37°C with vigorous agitation (300 cycleS/minute) until the cells reach saturation.

. Harvest the cells from the culture by centrifugation at 2500g (3900 rpm in a Sorvall GSA
rotor) for 15 minutes at 4°C. Pour off the supernatant, and invert the open centrifuge bottle
to allow the last drops of the supernatant to drain away.

. Resuspend the bacterial pellet in 100 ml of ice—cold STE. Collect the bacterial cells by cen-
trifugation as described in Step 2.

If necessary, the washed cell pellet may be stored for several days in the sealed centrifuge bottle at
40°C.

. Resuspend the bacterial pellet in 24 ml of Alkaline lysis solution I containing DNase-free
RNase (100 ug/ml). Add lysozyme to a final concentration of 1 mg/ml.

Make sure that the cells are completely resuspended and that the suspension is free of clumps.

. Add 24 ml of freshly prepared Alkaline lysis solution 11. Close the top of the centrifuge bot-
tle and mix the contents thoroughly by gently inverting the bottle several times. Incubate the
bottle for 5 minutes on ice.

. Add 24 ml of ice-cold Alkaline lysis solution III. Close the top of the centrifuge bottle and
mix the contents gently but thoroughly by swirling the bottle until there are no longer two
distinguishable liquid phases. Place the bottle on ice for 5 minutes.
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Centrifuge the bacterial lysate at 15,000g (9600 rpm in a Sorvall GSA rotor) for 10 minutes

at 4°C. At the end ofthe centrifugation step, decant the clear supernatant into a polypropy—

lene centrifuge bottle. Discard the pellet remaining in the centrifuge bottle.

The failure to form a compact pellet after centrifugation is usually a consequence Of inadequate

mixing of the bacterial lysate with Alkaline lysis solution 111 (Step 6). lfthe bacterial debris does
not form a tightly packed pellet, centrifuge again at 15,000g for a further 15 minutes, and then
transfer as much ofthe supernatant as possible to a fresh tube.

Add an equal volume of phenolzchloroform. Mix the aqueous and organic phases by gently

inverting the tube several times. Separate the phases by centrifugation at 3000g (4300 rpm in

a Sorvall GSA rotor) for 15 minutes at room temperature.

. Use a wide—bore pipette to transfer the aqueous layer to a fresh centrifuge bottle and add an

equal volume of isopropanol. Invert the bottle several times to mix well.

Mark the tube on one side and place it in a centrifuge rotor with the marked side facing away

from the center of the rotor. Marking in this way will aid in the subsequent identification of

the nucleic acid pellet. Recover the precipitated nucleic acids by centrifugation at 15,000g

(9600 rpm in a Sorvall GSA rotor) for 15 minutes at room temperature.

AIMPORTANT Salt may precipitate if centrifugation is carried out at 4°C

Decant the supernatant carefully, and invert the bottle on a paper towel to allow the last drops

of supernatant to drain away. Rinse the pellet and the walls of the bottle with 20 ml of 70%

ethanol at room temperature. Drain off the ethanol, and place the inverted tube on a pad of

paper towels for a few minutes at room temperature to allow the ethanol to evaporate.

AWARNING The DNA pellet is easily dislodged and lost at this step.

Gently dissolve the pellet of BAC DNA in 0.2 ml of TE (pH 8.0). Assist in the dissolution of

the DNA by tapping the sides of the bottle rather than vortexing. Measure the concentration

of DNA by absorption spectroscopy (please see Appendix 8).

The average yield of BAC DNA is 20—25 pg per SOO—ml culture

Digest the BAC DNA with restriction endonucleases.

Occasional preparations are resistant to cleavage andmust be purified further by column chro-
matography on Qiagen resin or KB—IOO columns. In each case, follow the manufacturer's directions
precisely.

Analyze the digested BAC DNA by PFGE, using DNA markers of an appropriate size.
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Working with Yeast Artificial Chromosomes

UNTIL THE MID 19805, NO TECHNIQUES WERE AVAIIABLE to isolate, propagate, and analyze coher-

ent large segments of genomic DNA. Before then, detailed physical and functional studies were

of necessity carried out on segments of DNA of a size that could fit into the shells of bacterio—

phage x or cosmid vectors. Two separate advances were required to break free from this con—

straint: the widespread acceptance of PFGE as a method to separate large DNA molecules (please

see the introduction to Chapter 5) and the development of yeast artificial chromosomes (YACS)

as vehicles to clone and propagate much larger segments of genomic DNA. The basic theory of

YACs was first published in 1983 (Murray and Szostak 1983), but the importance of the tech—

nique was not fully realized until David Burke, working in Maynard Olson’s group, developed

YAC vectors that were capable of propagating several hundred kilobases of DNA and showed

that they could be used to generate entire libraries of mammalian genomic DNA (please see

Burke et al. 1987).

Construction of genomic libraries in YACs is time—consuming, expensive, and demanding,

requiring not only expertise in handling large DNA molecules, but also familiarity with the genet—

ics and molecular biology of a different type of microbial host, S. cerevisiae. Furthermore, efficient

storage of genomic YAC libraries involves arraying clones into the wells of microtiter plates,

whereas library screening often necessitates generating a hierarchy of pools of YAC clones from

within the library. This combination of skills and resources—manipulation of fragile molecules

of DNA, fluency in yeast genetics, and access to robotic devices—is rarely found in a single labo—
ratory. The construction of new YAC libraries is therefore best left to specialists, whereas screen—
ing of existing YAC libraries is generally carried out in collaboration with Genome Centers or,
with increasing frequency, on a commercial basis. YAC libraries of the genomes of many species
are now available from these sources (e.g., please see Burke 1991; van Ommen 1992; see also Table
4-2 in the introduction to this chapter).

YAC Cloning Vectors

Modern YAC vectors are mosaics of cis-acting components and functional units drawn from sev-
eral different organisms. They are propagated as conventional plasmids in E. coli and are con-
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0/5” EcoRI

HindHI

pYAC4
11.40 kb

HindIII, Xhol

BamHI  Hindlll,

Xhol

 

BamHI

FIGURE 4-12 pYAC4

The general features important for construction of YAC libraries are depicted: the arrangement of genes
in the circular vector, as well as important sequence elements, and key restriction sites (for further details,
please see Burke et al. 1987; Burke and Olson 1991).

verted into two arms by restriction enzyme cleavage during the cloning process. Genomic YAC

libraries are created in vitro by inserting very high-molecular-weight segments of genomic DNA
between these two arms, generating linear molecules whose structure and topology resemble that

of an authentic yeast chromosome. Because YAC vectors contain elements required for

autonomous replication, for segregation of chromosomes between daughter cells, and for chro—

mosome stability, recombinant YACs introduced into S. cerevisiae become part of the organism’s

complement of chromosomes.

An example of a vector (pYAC4) belonging to the commonly used pYAC series is shown in

Figure 4-12. For descriptions of other vectors of this series) please see Reeves et al. (1992). Vectors

of the pYAC series contain the following:

0 Two sets of telomeric repeat (TEL) sequences, separated by a stuffer fragment, are required for

the formation of stable chromosome ends. In most YAC vectors, the telomeric sequences are

derived from Tetrahymena. Before cloning, the vector DNA is digested with BamHI to release

the stuffer fragment carrying the HIS3 gene, which encodes imidazoleglycerolphosphate (IGP)

dehydratase, an enzyme that catalyzes a step in the histidine biosynthetic pathway.

0 A cloning site located within the SUP4 gene that upon cleavage separates the vector DNA into

two arms. The SUP4 gene product (a tRNA) suppresses a mutation at the ade locus of appro-

priate strains of yeast, resulting in a change in the color of colonies from red to white in the

presence of limiting concentrations of adenine. Transformants carrying recombinant YACS, in
which the SUP4 gene is interrupted by insertion, grow as red colonies (Hieter et al. 1985)
(please see the panel on SCREENING YAC RECOMBINANTS on the following page).
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SCREENING YAC RECOMBINANTS

The ade2 allele contains a nonsense mutation that can be suppressed by SUP4 carried in YAC vectors such as
pYAC4. Cloning sites for the vector lie within the 5UP4 gene. If no insert is present in the YAC vector, the SUP4
gene is intact (active) and the ade2 mutation is suppressed. Transformants carrying this parent vector grow as
white colonies on acid-hydrolyzed casein (AHC) medium. Conversely, if an insert is present in the pYAC4 vec-
tor, then the SUP4 gene is inactivated and the nonsense mutation in the ade2 allele prevents synthesis of the
phosphoribosylaminoimidazole carboxylase enzyme in the host. in the absence of this enzyme, phosphoribo—
sylglycinamidine accumulates in the yeast, which grow as red or pink colonies, depending on the amount of
enzyme that builds up. The use of this simple color screen was initially reported in the late 19505 by Herschel
Roman (1957), a leading light in corn and yeast genetics. Since that time, the scheme has been used with great
elegance to monitor gene recombination events (Fogel et al. 1981) and to examine Chromosome instability
(Hieter et al. 1985; Koshland et al. 1985). 
 

The left arm contains:

0 One of the telomeric sequences.

0 A centromeric (CEN4) sequence that attaches to the mitotic spindle and is required for effi-

cient segregation of chromosomes between daughter cells. This segment of DNA also main—

tains the artificial chromosome at a copy number of one in the cell.

0 An autonomously replicating sequence (ARSI ) that contains signals required for bidirectional

replication of DNA in yeast.

0 An ampicillin resistance marker and the colEl origin of replication for propagation of the vec—

tor in E. coli.

0 An auxotrophic marker, TRPI, that confers on trp auxotrophs of S. cerevisiae the ability to

grow on media lacking tryptophan.

The right arm contains:

0 The second telomeric sequence.

0 An auxotrophic marker, URAS, that confers on um auxotrophs of S. cerevisiae the ability to

grow on media lacking uracil.

CONSTRUCTION OF GENOMIC LIBRARIES IN YAC VECTORS
 

High-molecular—weight genomic DNA is extracted from the target organism and partially digest-

ed with a restriction enzyme that generates cohesive termini compatible with those of the cloning

site in the YAC vector. The DNA is fractionated by PFGE to remove fragments <200 kb in size

before ligation to a large molar excess of dephosphorylated vector (Anand et al. 1990). The recip-

ient yeast strain, auxotrophic for uracil and tryptophan, is grown in rich medium and converted

to spheroplasts by digestion of cell walls with lyticase or Zymolyase. The spheroplasts are trans-

formed with the products of the ligation reaction in the presence of polyamines (to prevent

degradation of DNA; Larin et al. 1991) and plated in agar medium lacking uracil and tryptophan.

After regeneration of the cell walls, the transformed cells form colonies that carry a recombinant

YAC and are prototrophic for uracil and tryptophan. Regeneration of transformed colonies is

generally carried out in 2% sodium alginate in the presence of Ca“, which ensures that the

colonies grow on the surface of the plate (Lai and Cantrell 1989).

For more information on construction ofYAC libraries, please see Burke et ai. (1987), Albertsen

et al. ( 1990), Feingold et al. (1990), McCormick et al. (1990), Schlessinger (1990), Burke and Olson

(1991), Anand (1992), Reeves et al. (1992), Riley et al. (1992), and Ramsay (1994). Yeast strains com—

monly used to construct and propagate YAC libraries are described by Reeves et al. (1992).
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CHARACTERIZATION OF YAC LIBRARIES

The quality and complexity of a YAC library are generally assessed by isolating a few dozen ran—
dom clones and measuring the size of the inserts by PFGE. The depth of coverage may then be

calculated by multiplying the average insert size (in kb) by the number of full clones in the library

and dividing the product by the size of the genome (also in kb). A library containing four genome
equivalents is required to cover 95% of the genomic DNA sequence (Riley et a], 1992; please see
the panel on GENOMIC LIBRARIES in the introduction to this chapter).

All YAC libraries contain chimeric clones, whose inserts consist of more than one fragment

of genomic DNA (please see Problems with YACs below). Chimerism is best detected by fluores—

cent in situ hybridization of individual YACs to preparations of metaphase chromosomes (e.g.,

please see Lichter and Ward 1990; Wada et al. 1990; Montanaro et al. 1991). prositive signals are

detected at more than one chromosomal location, the original YAC must be a composite of DNA

sequences from different genomic regions.

SCREENING OF YAC LIBRARIES

In earlier times, unordered YAC libraries were screened by hybridization of radiolabeled probes

to the DNA of lysed transformed colonies immobilized on filters (Little et a]. 1989; Traver et al.

1989). Today, transformants are generally picked, either manually or by robot, and assembled into

ordered arrays in the wells of microtiter dishes. Copies of the arrayed library may be stored at

—70"C, replicated at high density to membranes as needed, and screened by hybridization

(Brownstein et al. 1989; Anand et al. 1990; Bentley et al. 1992). Alternatively, the arrayed trans—

formants may be organized into a hierarchy of pools that can be screened by multiple rounds of

PCR. The number of individual clones decreases with every round of screening (Anand et al.

1990, 1991; Green and Olson 1990; Barillot et al. 1991; MacMurray et al. 1991). For an overall

scheme for the construction of libraries in YAC vectors, please see Figure 4—13, and for special

considerations of YAC libraries, please see the following section on Problems with YACs.

PROBLEMS WITH YACS
 

Small Inserts

Many of the early YAC libraries contained inserts whose average size was only 100—200 kb, not
much bigger than a P1 or PAC clone. This problem was overcome by using PFGE rather than
sucrose gradient centrifugation to fractionate the genomic DNA before cloning, by devising gen—
tle methods to prepare and manipulate large fragments of genomic DNA, and by including
polyamines and/or high—molecular—weight carrier DNA in the ligation and transformation reac—
tions. Carrier DNA, whose ends are incompatible with those of the cloning vector, increases the
viscosity ofthe solution and thereby offers passive protection to the target DNA molecules against
damage by shearing.

Instability and Rearrangement of Cloned Genomic Sequences

Instability usually results in the appearance of submolar bands of DNA of lower molecular weight
when YACs from individual clones are analyzed by PFGE. These deletions, which range in size
from a few kilobases to >250 kb, are generated both during the transformation process and dur—
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Chimerism

 

Acquire a suitable YAC
library from facility
(see Table 4-2)

1
Design screenlng assay to identify clone of interest

1
Submit assay (hybridization probes or PCR primers)

to core facility or company for screening

)
Obtain designated target YAC clone from core facility or screening company]

Verify clone
Grow and store YAC Clone - Analyze size by PFGE

(PfOtOCO' 10) - Confirm identity by PCR
or Southern hybridization

Prepare YAC DNA
Large-scale prep (Protocol 11)

  
 

 

 

  
 

 

 

 

  
   
 

 

 

 

Perform direct analysis by PCR

  
   
 

  

  

(Protocol 13) SmaII-scale prep (Protocol 12)

Analyze DNA by PCR Generate library of subclones
or Southern hybridization for mapping and/or sequencing

    
  

FIGURE 4-13 Flowchart: Screening YAC Libraries

ing subsequent mitotic growth of transformants (Kouprina et al. 1994). One cause of the insta—

bility is recombination between repetitive sequences in the cloned DNA, which can be suppressed

to some extent by transforming a strain of yeast that is recombination—deficient (Vilageliu and

Tyler—Smith 1992; Ling et al. 1993).

Chimeric YACs are artifacts in which DNA fragments from distant regions of the target genome
become joined together and propagated in a single YAC. Chimeras can be generated either dur-

ing in vitro ligation of genomic DNA to YAC arms or, more rarely, by mitotic recombination
between different YAC clones introduced into the same yeast spheroplast by cotransformation
(Heale et al. 1994). Depending on the methods used to construct YAC libraries, between 10% and
60% of clones may be chimeric.

Purification of YACs

A major problem is that YAC clones are carried at low copy number and cannot easily be sepa-
rated from authentic yeast chromosomes. Purification of intact YAC clones can be achieved only
by PFGE. Alternatively, the cloned segment of genomic DNA can be recovered in fragmented
form by subcloning the total DNA extracted from an individual yeast transformant into cosmid
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or bacteriophage vectors. Subclones carrying genomic sequences are then identified, for example,

by hybridization to probes containing highly repetitive segments of mammalian DNA (please see

Subcloning Genomic DNA Sequences Cloned in YACS, page 4.64).

MAPPING GENOMIC INSERTS CLONED IN INDIVIDUAL YACs

In most cases, screening a YAC genomic library will yield several positive clones carrying over?

lapping inserts that span the region corresponding to the probe. These clones should be checked

for chimerism, and their sizes should be measured by PFGE. Groups of YACs can sometimes be

aligned by their content of polymorphic markers, by their content of recognition sites for rare

restriction enzymes, or, more frequently, by DNA fingerprinting. The latter is best carried out by

digesting the total DNA (yeast plus YAC) isolated from each of the positive clones with several

restriction enzymes. The products of the digestion are analyzed by Southern hybridization using

repetitive DNA as a probe (e.g., Alu DNA in the case of YACs containing human sequences, and

LINE DNA in the case of mouse).

Clones to be analyzed in detail should be mapped with additional restriction enzymes. This

can be done by partial digestion and Southern hybridization using probes specific to the pBR322

sequences in the left and right arms of the YAC vector. Most restriction sites can be mapped from

both ends of the YAC, enabling sites to be located with accuracy (Schlessinger 1990). Because

yeast DNA is unmethylated, the restriction map of the YAC will not necessarily correspond to that

of the homologous region of genomic DNA.

RESCUING THE TERMINI OF GENOMIC DNAS CLONED IN YACS
  

Several well—validated techniques exist to identify and subclone the ends of genomic sequences
cloned in YACs. All of these techniques take advantage of the YAC vector sequences that lie imme-
diately proximal to the cloned DNA. For example, the left arm of pYAC4 and its derivatives con-
tain the pBR322 origin of replication and a selectable marker. The genomic sequences immedi—
ately adjacent to the left arm can therefore be recovered by end—rescue subcloning (Burke et al.
1987; Garza et al. 1989; McCormick et al. 1989). Alternatively, libraries of subclones can be
screened by hybridization using probes specific for the plasmid sequences carried in the right and
left ends of the vector (Bellane-Chantelot et al. 1991).

Among the PCR~based methods that can be used to amplify and clone genomic sequences
adjacent to the left and right arms are inverse PCR, which uses vector sequences in outward ori—
entation as primers (Ochman et al. 1988; Triglia et al. 1988; Silverman et al. 1989), and vectorette
or bubble PCR, which uses an oligonucleotide cassette as a primer (Riley et al. 1990, 1992).
Vectorette PCR is the better method since it not only amplifies insert sequences immediately
proximal to each arm, but also provides templates for DNA sequencing (Anand 1992). ’ectorette
PCR is described in greater detail in Protocol 14.

RETROFITTING YACS
 

An advantage of YACs over other genomic vectors is the ability to accommodate the complete
sequences of large mammalian genes. This has led to the growing use onACs as vehicles to trans—
fect mammalian cells (for reviews, please see Gnirke and Huxley 1991; Huxley 1994) and to gen—
erate transgenic animals, in which for some, the YACs complement mutations in mouse chromo-
somal genes (for reviews, please see Capecchi 1993; Forget 1993; Montoliu et al. 1993, 1994;
Peterson 1997),

The efficient introduction of YACs into mammalian cells in tissue culture requires the pres—
ence of a dominant selectable marker in the YAC vector that can be used to select rare trans—
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formed cells. Many of the older YAC vectors do not carry a suitable selectable market. However,
recombinant YACs carrying the gene of interest can be retrofitted with a selectable marker such
as neomycin resistance by homologous recombination in yeast cells. Similarly, homologous
recombination can be used to introduce specific mutations at defined sites in segments of genom-
ic DNA cloned in YACs (for review, please see Huxley 1994; Monaco and Latin 1994).

The methods used for transfer of YACs into cultured mammalian cells include fusion with
yeast spheroplasts, calcium phosphate precipitation, electroporation, lipofection, and microinjec-
tion of total yeast DNA or YAC DNA, purified by PFGE (for review, please see Huxley 1994;
Montoliu et al. 1994).

?_SUBCLONING GENOMIC DNA SEQUENCES CLONED IN YACs
 

The genome of wild-type haploid S. cerevisiae consists of 12,057,495 bp of DNA packaged into 16
chromosomes (please see http://genome-www.Stanford.edu/Saccharomyces/). The presence of an
extra chromosome in the form of a YAC increases the size of the genome by 1—2 Mb or less. A
bacteriophage x library of just 2500 clones with inserts of ~20 kb will therefore provide a theo-

retical fourfold coverage of the genome of the host yeast and its artificial chromosome. Between

10/0 and 10% of the clones will contain foreign DNA sequences. These can be recognized by their

ability to hybridize to mammalian probes containing highly repetitive DNA sequences. Cloning

of yeast plus YAC DNA into cosmid or bacteriophage k vectors is generally used to isolate a region

of the YAC DNA containing a desired DNA element (promoter, exon, etc.) or to provide templates

for the construction of high—resolution restriction maps.

An entirely different strategy is required when YACs are subcloned into plasmid or bacte-

riophage M13 vectors for DNA sequencing. In this case, the aim is to produce YAC DNA that is

free of contaminating yeast sequences. The YAC DNA must therefore be purified by PFGE and

then sheared into fragments of suitable size either by sonication or by nebulization. The termini

of the sheared DNA molecules are repaired, and the fragments are fractionated according to size

and ligated into the desired vector. The proportion of clones containing yeast sequences is great-

ly reduced if the YAC DNA is subjected to two cycles of purification by PFGE.

A major difficulty is to obtain sufficient, purified YAC DNA to generate libraries with rea-

sonable depth of coverage. However, efficient methods have been described to construct in bacte-

riophage M13 and plasmid vectors one- to fivefold deep libraries of segments of gel—purified YAC

DNA (Chen et al. 1993; Vaudin et al. 1995). Overlapping sequences obtained from single sequen-

cing reactions of subclones chosen at random from these libraries can be used to construct small

contigs, which then can be confirmed and extended by further rounds of directed sequencing.

WH EN A NEW YAC APPEARS IN THE LABORATORY

The following protocol describes how to make an initial analysis and how to store newly received

YAC clones. YAC clones are usually shipped by screening companies as slant cultures of S. cere—

visiae harboring the YAC of interest. Most YAC libraries are constructed in pYAC4 or a YAC vec—

tor derived from it. Because these vectors confer prototrophy to tryptophan and uracil, they are
propagated in a yeast strain that is auxotrophic for these markers. The cultures of S. cerevisiae
should therefore be plated on agar media lacking uracil and tryptophan (please see the panel on
YEAST MEDIA). Cultures should be dealt with immediately upon arrival.

Subsequent protocols in this chapter describe the growth of S. cerevisiae and preparation of
DNA (Protocol 11), preparation of DNA from small—scale cultures (Protocol 12), and direct

analysis of yeast colonies by PCR (Protocol 13).
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YEAST MEDIA

This protocol recommends the use of rich YPD medium to propagate YAC-bearing yeast strains before isola-
tion of genomic DNA. Because YPD contains uracil and tryptophan, there is no selection for retention of the
YAC. However, provided the culture is grown for a short period of time (overnight) and that the yeast strain
grows well, there is little danger of selecting variants that have lost their YAC. However, when working with a
strain that grows slowly, either because of the particular YAC carried or because of the genotype of the host, it
is a good idea to grow the yeast in uracil tryptophan drop-out medium (also known as ?Ura “Trp drop-out medi—
um, referring to minimal medium lacking uracil and tryptophan) or acid-hydrolyzed casein (AHC) medium to
apply selection for the retention of YAC DNA.

Some strains of yeast harboring YAC clones grow better in AHC medium (Burke and Olson 1991). This is
a complete medium containing adenine, which inhibits the reversion ofade mutants. Adenine is added at either
a |0w concentration (20 mg/liter) or a high concentration (100 mg/Iiter) depending on the experiment. Low
concentrations are used in the initial construction of YAC libraries to select for insert-containing YAC vectors.
High concentrations of adenine are used when a YAC strain is to be grown for DNA isolation.   
 

Buffers and Solutions

Gels

Media

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Glycerol (30% v/v) in YPD medium

Equipment for pulsed-field gel electrophoresis
Please see the panel on PULSED~FIELD GEL ELECTROPHORESIS in Protocol ].

Selective medium
Please see the panel on YEAST MEDIA.

YPD agar plates

YPD medium

Special Equipment

Vials (2 ml)

Additional Reagents

Step 3 of this protocol requires reagents listed in Chapter 6, Protocol 7.
Step 4 of this protocol requires reagents listed in Chapter 5, Protocol 17 or 18.
Step 5 of this protocol requires either reagents listed in Chapter 6, Protocol 10, or reagents
listed in Chapter 8, Protocol 12.

Vectors and Yeast Strains

S. cerevisiae carrying recombinant YAC Clone
These are most often obtained from a screening company. Please see Appendix I
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METHOD

. Immediately upon the arrival of clones in the laboratory, streak the cultures onto selective

media and incubate for 48 hours at 30°C to obtain single colonies.

Yeast colonies may be analyzed directly by PCR (please see Protocol 13).

. Transfer each of 6—12 individual colonies into 10 ml of YPD medium. Incubate the cultures

with Vigorous agitation (300 cycles/minute) at 30°C overnight. The cells should reach satu-

ration (OD600: 2.0—3.0, ~3 x 107 cells/ml) during this time.

. Extract yeast DNA from 9 ml of each of the cultures following the steps described in Chapter

6, Protocol 7

Store the unused portions of the cultures at 4°C.

. Analyze the size of the YAC in each of the DNA preparations by PFGE.

. Confirm by either Southern hybridization (please see Chapter 6, Protocol 10) or PCR (please

see Chapter 8, Protocol 12) that the target sequence is present in the YAC DNA.

. If the results are satisfactory, i.e., if the cultures contain YACs of the same size, if there is no

sign of instability or rearrangement, and if the target sequences are present, then choose one

or two of the cultures for long—term storage (please see the panel on STORAGE OF YEAST CUL-

TURES).

 

STORAGE OF YEAST CULTURES

Yeast cultures can be stored indefinitely at —70°C in growth medium containing 15% (v/v) glycerol (Well
and Stewart 1973). For storage:

1. Prepare 2-mI vials containing 0.5 ml of sterile 3000 (v/v) glycerol in YPD medium.

2. Add 0.5 ml of the yeast culture and mix the contents of the tube by gentle vortexing.

3. Transfer the vials to —70°C.
Yeast can be recovered from storage by transferring a small frozen sample to a YPD agar plate. A WARNING Yeast cultures lose viability if stored at temperatures higher than —55°C.   
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Growth of S. cerevisiae and Preparation
of DNA

THE FOLLOWING PROTOCOL DESCRIBES METHODS FOR ISOLATION of total DNA from a strain of S.

cerevisiae carrying a recombinant YAC. This method is appropriate for preparing DNA that will

be subjected to regular agarose gel electrophoresis, Southern blotting, subcloning, genomic

library construction, PCR, or other methods that do not require intact high-molecular-weight

DNA. If the DNA is used in PFGE, follow the preparation method given in Chapter 5, Protocol

14. The small—scale preparation of YAC DNA is presented in Protocol 12 of this chapter. Because

the linear YAC DNAs are sensitive to shearing forces, pipettes with wide-bore tips should be used
to transfer DNAs. Drop dialysis should be used to exchange buffers. The expected yield from a 10—

ml culture is 2—4 pg of yeast DNAA

MATERIALS
 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Ammonium acetate (70 M)

Ethanol

Phenol:ch/oroform (1:1, v/v) <!>

TE (pH 8.0)

TE (pH 8.0) containing 20 pg/ml RNase
Triton/SDS solution

Media

YPD medium
Please see the panel on YEAST MEDIA in Protocol 10.

Centrifuges and Rotors

Sorval/ 55-34 rotor or equivalent
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Special Equipment

Class beads

Acid—washed glass beads should be used (e.g., Sigma). Unwashed beads are not recommended.

Vectors and Yeast Strains

Yeast colony carrying the YAC clone of interest

METHOD

Growth of Cells

Extraction of DNA

7.

Isolation of DNA

10.

. Inoculate a yeast colony containing the YAC clone of interest into 10 ml of YPD medium and
incubate overnight with shaking at 30°C.

The cells should reach saturation (OD600 : 2.0—3.0, ~3 x 107 cells/ml) during this time.

If the DNA to be extracted will be used in PFGE, follow the steps described in Chapter 5, Protocol
14.

Collect the cells by centrifugation at 2000g (4100 rpm in a Sorvall.SS-34 rotor) for 5 minutes.

. Remove the medium, replace with 1 m1 of sterile H20, and resuspend the cells by gentle vor-
texing.

Collect the cells by centrifugation as in Step 2.

. Remove the wash, resuspend cells in 0.5 ml of sterile H20, and transfer to a sterile 1.5-m1
microfuge tube.

Collect the cells by centrifugation at maximum speed for 5 seconds at room temperature in
a microfuge, and remove the supernatant.

Add 0.2 m1 of Triton/SDS solution to the cells and resuspend the cell pellet by tapping the
side of the tube.

Add 0.2 ml of phenolzchloroform and 0.3 g of glass beads to the cells, and vortex the cell sus-
pension for 2 minutes at room temperature. Add 0.2 mi of TE (pH 8.0), and mix the solution
by vortexing briefly.

Separate the organic and aqueous phases by centrifugation at maximum speed for 5 minutes
at room temperature in a microfuge. Transfer the aqueous upper layer to a fresh microfuge
tube, taking care to avoid carrying over any of the material at the interface.

Add 1 ml of ethanol to the aqueous solution, cap the centrifuge tube, and gently mix the con-
tents by inversion.



11.

12.

13.

14.

15.
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Collect the precipitated DNA by centrifugation at maximum speed for 2—5 minutes at 40C in

a microfuge, Remove the supernatant with a drawn out Pasteur pipette. Centrifuge the tube

briefly (2 seconds) and remove the last traces of ethanol from the bottom of the tube.

Resuspend the nucleic acid pellet in 0.4 ml ofTE (pH 8.0) with RNase and incubate the solu—

tion for 5 minutes at 37°C.

Add to the solution an equal volume of phenolzchlorofom and extract the RNase—digested

solution, mixing by inversion rather than vortexing. Separate the aqueous and organic phas-

es by centrifugation at maximum speed for 5 minutes at room temperature in a microfuge

and transfer the aqueous layer to a fresh microfuge tube.

Add 80 pl of 10 M ammonium acetate and 1 ml of ethanol to the aqueous layer. Mix the solu—

tion by gently inversion and store the tube for 5 minutes at room temperature.

Collect the precipitated DNA by centrifugation for 5 minutes in a microfuge. Decant the

supernatant and rinse the nucleic acid pellet with 0.5 ml of 70% ethanol. Centrifuge at max—

imum speed for 2 minutes and remove the ethanol rinse with a drawn out Pasteur pipette.

Centrifuge the tube briefly (2 seconds) and remove the last traces of ethanol from the bottom

of the tube. Allow the pellet of DNA to dry in the air for 5 minutes and then dissolve the pel—

let in 50 pl of TE (pH 8.0).

The preparation should contain 2—4 pg of yeast DNA.

At this stage, the DNA can be analyzed by PCR and Southern hybridization and may be used to
generate libraries of subclones for DNA sequencing or other purposes.
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SmaII-scale Preparations of Yeast DNA

YEAST DNA IS PREPARED BY DIGESTION OF THE CELL WALL and lysis of the resulting spheroplasts with

SDS. This method reproducibly yields several micrograms of yeast DNA that can be efficiently

cleaved by restriction enzymes and used as a template in PCR. Note that the following protocol

(Protocol 13) describes a method for analyzing yeast colonies directly by PCR, without purifying

yeast DNA. An alternative method for preparing yeast DNA is given in Chapter 6, Protocol 7.

MATERIALS

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Isopropanol

Potassium acetate (5 M)

505 (7 O% W/v)

Sodium acetate (3 M, pH 7.0)

Sorbitol buffer

TE (pH 7.4)

TE (pH 8.0) containing 20 ug/ml RNase
Yeast resuspension buffer

Enzymes and Buffers

Zymo/yase 700T

Media

YPD medium

Please see the panel on YEAST MEDIA in Protocol 10.

Centrifuges and Rotors

Sorvall 55-34 rotor or equivalent

Special Equipment

Water bath preset to 65°C

Vectors and Yeast Strains

Yeast cells
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Growth of Cells and Extraction of DNA

1. Set up lO—ml cultures of yeast in YPD medium. Incubate the cultures overnight at 30°C with

moderate agitation.

Transfer 5 m1 of the cells to a centrifuge tube. Collect the cells by centrifugation at 2000g

(4100 rpm in a Sorvall 85-34 rotor) for 5 minutes. Store the unused portion ofthe culture at

4°C.

Resuspend the cells in 0.5 ml of sorbitol buffer. Transfer the suspension to a microfuge tube.

Add 20 pl of a solution of Zyrnolyase 100T (2.5 mg/ml in sorbitol buffer), and incubate the

cell suspension for 1 hour at 37°C.

Collect the cells by centrifugation in a microfuge for 1 minute. Remove the supernatant by

aspiration.

Resuspend the cells in 0.5 ml of yeast resuspension buffer.

7. Add 50 pl of 10% SDS. Close the top of the tube and mix the contents by rapidly inverting

Isolation of DNA

9.

10.

11.

12.

13.

14.

15.

the tube several times. Incubate the tube for 30 minutes at 65°C.

Add 0.2 ml of 5 M potassium acetate and store the tube for 1 hour on ice.

Pellet the cell debris by centrifugation at maximum speed for 5 minutes at 4°C in a

microfuge.

Use a wide—bore pipette tip to transfer the supernatant to a fresh microfuge tube at room

temperature.

Precipitate the nucleic acids by adding an equal volume of mom-temperature isopropanol.

Mix the contents of the tube and store it for 5 minutes at room temperature.

AIMPORTANT Do not allow the precipitation reaction to proceed for >5 minutes.

Recover the precipitated nucleic acids by centrifugation at maximum speed for 10 seconds in

a microfuge. Remove the supernatant by aspiration and allow the pellet to dry in the air for

10 minutes.

Dissolve the pellet in 300 pl of TE (pH 8.0) containing 20 pg/ml pancreatic RNase. Incubate

the digestion mixture for 30 minutes at 37°C.

Add 30 pl of 3 M sodium acetate (pH 7.0). Mix the solution and then add 0.2 ml of iso—

propanol. Mix once again and recover the precipitated DNA by centrifugation at maximum

speed for 20 seconds in a microfuge.

Remove the supernatant by aspiration and allow the pellet to dry in the air for 10 minutes.

Dissolve the DNA in 150 1.11 of TE (pH 7.4).
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Analyzing Yeast Colonies by PCR

THERE IS NO NEED TO PURIFY DNA FROM YEAST FOR ANALYSIS in PCR. The following protocol,

which uses crude lysates of individual yeast colonies as templates for amplification, is used to

ascertain whether DNA sequences of interest are present in YACs. The method can also be used

to check whether genetic manipulations in yeast, e.g., gene disruptions, have been successful. For
additional details on performing PCR, please see Chapter 8, Protocol 1.

0 As in all PCR amplifications, it is essential to include appropriate negative controls, e.g., reac—

tions to which no yeast material is added and reactions containing wild—type yeast that does

not carry a YAC.

0 Positive controls include yeast strains already carrying the DNA sequence targeted for ampli—

fication and/or reconstruction reactions containing wild-type yeast colonies and 10—100 pg of

plasmid DNA containing the target DNA sequence.

MATERIALS
 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

10x Colony PCR buffer
0.125 M Tris—Cl (pH 8.5)

0.56 M KCl

dNTP solution (10 mM) containing all four dNTPs (pH 8.0; PCR grade)
MgC/2 (25 mM)

Enzymes and Buffers

Taq DNA polymerase
Please see the information panel on TAQ DNA POLYMERASE in Chapter 8.

Gels

Agarose or Polyacrylamide gel <!>
Please see Step 4.
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Nucleic Acids and Oligonucleotides

Oligonuc/eotide primers
The oligonucleotides should be 20~24 nucleotides in 1ength,specific tor the target DNA sequences, free of
potential secondary structures, and contain no 1ess than 10 and no more than 15 G and C residues. For

advice on the design ofoligonucleotide primers used in PCR,p1ease see the introduction to Chapter 84

Marker DNA

Special Equipment

Microfuge tubes (05 ml)
Use thin—walled amplification tubes designed for use in a thermal eycler.

Thermal cyC/er programmed with desired amplification protocol
[f the thermal cycler is not equipped with a heated lid, use either mineral oil or paraffin wax to prevent
evaporation of liquid from the reaction mixture during PCR.

Vectors and Yeast Strains

METHOD

Yeast strain carrying recombinant YAC of interest

1. In a sterile 0.5-m1 microfuge tube, mix in the following order:

10x colony PCR buffer 2 pl
25 mM MgCL 1.2 u]

10 mM dNTP’s 0.4 ul
oligonucleotide primers 10 pmoles of each primer
Taq polymerase 5 units (0.2 111)
H,() to 20 m

2. Use a disposable yellow pipette tip to transfer a small amount ofa yeast colony (0.10~0.25 111)

to the reaction mixture.

It is important not to be too greedy when sampling the yeast colony because cell wall components
inhibit the PCR.

3. Transfer the PCR tube to the thermocycler, programmed as follows, and start the program.

 

Cycle
Number Denaturation Annealing Polymerization

1 4 min at 95°C
2—35 1 min at 95°C 1 min at 55°C 1 min at 720C

Last 10 min at 72°C

These times are suitable for 50—111 reactions assembled in thin-walled 0.5—ml tubes and incubated
in thermal cyclers such as the Perkin—Elmer 9600 or 9700‘ Master cycler (Eppendorf), and PTC 100
(MJ Research). Times and temperatures may need to be adapted to suit other types of equipment
and reaction volumes.

4. Analyze the products of the PCR by electrophoresis through an agarose or polyacrylamide

gel, using markers of suitable size.

If amplification of the target sequence is weak or erratic, repeat the reactions using a polymeriza—
tion temperature 2—30C below the calculated melting temperature of the oligonucleotide primer
that is richer in A+T. (For methods to calculate melting temperatures Of oligonucleotide duplexes,
please see the information panel on MELTING TEMPERATURES in Chapter 10.) If the results are

still unsatisfactory, convert the yeast cells to spheroplasts by removing the cell walls with Zymolyase
1001 before beginning the protocol. This takes only 1 hour and almost always clears up any prob—
lems. Alternatively‘ grow 10m] liquid (YPD) cultures of the colonies under test and make small—
scale preparations of yeast DNA (please see Protocol 12).
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MANY EUKARYOTIC GENES, AND CERTAINLY MOST CHROMOSOMES, encompass more DNA than

can be accommodated within a single recombinant. For this reason, it is often necessary to estab-

lish an overlapping set of cloned DNAs that can be ordered into a contiguous sequence (contig)

spanning a large gene or region of interest. A convenient method for identifying members of a

contig is to screen genomic libraries by hybridization or PCR, using probes or primers derived

from the extreme 5’ and 3” ends of an initial isolate. These probes identify sets of recombinants

that overlap with the termini of the original isolate and extend in both directions along the chroe

mosome. The process of end—recovery and screening is repeated until the entire region of inter:

est has been captured.

Extension of clones into contigs requires genomic libraries that are deep in coverage and

free from large gaps. However, the success of the method also depends on the efficient character-

ization of the 5’ and 3' termini of large, nonchimeric, genomic clones whose DNA sequence is

unknown. A number of techniques have been devised to facilitate this process and to obviate the

need to clone the junctions between vector and cloned DNAs:

0 In vitro transcription. Many bacteriophage x and cosmid vectors, and some BAC vectors, con—

tain promoters for bacteriophage DNA-dependent RNA polymerases adjacent to their cloning

sites. These can be used to transcribe the terminal sequences of the cloned genomic fragment,

as described in Chapter 9, Protocol 6. The RNA can be used directly as hybridization probes or

sequenced and used to generate oligonucleotide primers.

0 Inverse PCR. To prepare the DNA for inverse PCR, the initial done is digested with a restric-

tion enzyme that cleaves at a specific site within the vector DNA and at one or more sites with-

in the cloned DNA sequence, and the resulting fragments are circularized. Sequences located

at the terminus of the cloned segment thereby become flanked by vector DNA whose sequence

is known. Amplification is carried out using two oligonucleotide primers that anneal to the
vector and point away from each other (please see Figure 4-14). Inverse PCR (Ochman et al.
1988; Triglia et al. 1988), when working at its best, has sufficient sensitivity and specificity to,

for example, amplify the termini of YAC clones in preparations of total yeast genomic DNA
(Silverman et al. 1989; Arveiler and Porteous 1991). However, success with inverse PCR is not
easily achieved: The critical circularization step is difficult to control and the circular DNA
templates must be of a size that can be amplified efficiently.
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FIGURE 4-14 Inverse PCR

The strategy for inverse PCR is described in the accompanying text.

0 PCR using repetitive or random primers. A variety of methods have been devised that use one

vector-specific primer and a second primer that is either specific for highly repetitive elements

such as Alu or LINE (long interspersed nuclear element) sequences (Nelson et al. 1989) or of

random sequence (Wesley et al. 1994). Success in both cases depends on the serendipitous

occurrence of repetitive elements or priming sequences in the correct orientation within 1—2

kb of the appropriate terminus of the cloned genomic fragment.

0 TAIL PCR. Thermal asymmetric interlaced (TAIL) PCR may be used to amplify the insert ends

from YAC or P1 clones (Liu and Whittier 1995) or, with some modification, to recover and

amplify genomic sequences flanking T—DNA and transposon insertions (Liu et al. 1995). The

strategy for TAIL PCR relies upon the use of nested, sequence—specific primers (derived from

the cloning vector or insertion element) in conjunction with a short arbitrary degenerate

primer of low melting temperature. Alternating cycles of high and low stringency during the

reaction allow the preferential amplification of the target sequences.
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0 PCR using synthetic oligonucleotide cassettes. In these techniques, cloned DNA sequences are

amplified using one primer complementary to sequences in the vector and a second primer

that recognizes an oligonucleotide cassette ligated to a nearby restriction site in the foreign

DNA (for review, please see Rosenthal 1992). The best of these techniques are vectorette PCR

(Riley et al. 1990; Allen et al. 1994) and single—site PCR (MacGregor and Overbeek 1991),

which are described in the following protocol.

In both vectorette PCR (Figure 4—15) and single-site PCR (Figure 4—16), the DNA to be

amplified is first digested with a restriction enzyme that cleaves within the cloned DNA. The

restriction enzyme must not cleave between the priming site on the vector and the cloned

sequences, and it should produce a junction fragment of a suitable size for amplification (typi-

cally 200—2000 bp). In pYAC4, suitable enzymes that do not cleave between the vector—specific

priming site and the cloning site are RsaI, PvuII, and StuI. However, because the detailed distrib—

ution of restriction sites in the cloned DNA is usually unknown, it may be best to test several

enzymes to find one that generates a target fragment whose size is optimal for PCR. After diges-
tion, a synthetic oligonucleotide casette is ligated to the ends of the cleaved DNA, and purified
products of ligation are amplified using a vector-specific primer and a primer that is comple—

mentary to one strand of the attached cassette.

Vectorette and single—site PCRs differ in the design of the cassettes that are attached to the

digested DNA. In single-site PCR, a single—stranded oligonucleotide is ligated to the ends of the

fragments of cleaved DNA. Amplification is primed by a locus-specific oligonucleotide that binds

specifically to the flanking vector sequences and a second oligonucleotide that has the same

sequence as the synthetic single-stranded termini (Figure 4-16). Extension from the locus-specif-

ic oligonucleotide in the first cycle of PCR provides a complementary sequence to which the sec—

ond primer can bind (for review, please see Rosenthal 1992).

Vectorettes can be amplified only if they are attached to the DNA of interest, in this case, the
junction fragment between the vector and the cloned DNA. The vectorette is only partially dou-

ble-stranded and contains a central mismatched region (Riley et al. 1990; Allen et al. 1994). The

priming oligonucleotide has the same sequence as one of the strands in the mismatched region

and therefore has no complementary sequence until the first cycle of PCR is completed. This cycle

is primed by the oligonucleotide that binds specifically to the flanking vector sequences (Figure

4-15). Thus, although vectorettes can ligate to themselves and to all fragments of DNA with com-
patible termini, only DNA containing both the flanking vector sequences and the vectorette can

be amplified. For reviews of vectorettes, please see Arnold and Hodgson (1991), Hengen (1995),

McAleer et al. (1996), and Ogilvie and James (1996).

Theoretically, in both vectorette PCR and single—site PCR, only the end fragment from the

starting clone will amplify. However, in practice, there is often more than one product due to

priming on imperfectly matched templates. In addition, illegitimate products may arise from
repair of recessed termini of vectorette and cloned DNA fragments (Tadokoro et al. 1992). After

denaturation, these termini can anneal to form primerztemplates that may be extended in subse-
quent cycles of the PCR. The synthesis of unwanted amplification products may be suppressed by
the use of primers with a relatively high content of G+C (54—58%) and high annealing tempera-
tures (65—670C) or by the use of improved vectorettes—splinkerettes—containing hairpin struc-
tures rather than mismatches (Devon et al. 1995).

Both vectorette and single-site PCRs have been used successfully to recover the termini of
genomic DNAs cloned into YACs, using total yeast DNA as a substrate for library construction
(e.g., please see McAleer et al. 1996; Ogilvie and James 1996). Vectorette and single-site PCR
methods are also useful for isolating DNA that lies adjacent to a cloned DNA or known DNA
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FIGURE 4-15 Vectorette Scheme

The strategy for identifying the ends of cloned fragments using the vectorette scheme for PCR is described
in the text.

 

sequence. For example, sequences flanking an integrated transgene (MacGregor and Overbeek

1991; Allen et al. 1994) or a retrovirus have been isolated by these procedures. Finally, both tech—

niques can be used to recover sequences from uncloned mammalian genomic DNA. However,

success is often elusive and requires the use of size—fractionated DNA templates or nested primer

pairs to provide sufficient product for cloning, sequencing, or hybridization (please see the panel

on ENHANCEMENTS OF VECTORETTE REACTIONS WHEN USING GENOMIC DNA TEMPLATES at the

end of this protocol).

N0 comparison of the efficiencies of the two methods has been published. However, single—

site PCR is the simpler and less expensive option, requiring fewer steps and synthetic oligonu-

cleotides. Below, we describe a protocol for single-site PCR that works well in our hands. The

method may be easily adapted to vectorette PCR by changing the oligonucleotide cassette. For

details of vectorettes that may be used to recover the terminal sequences of pYAC4, please see Riley

et al. (1990), McAleer et al. (1996), and Ogilvie and James (1996). Vectorettes are available com—

mercially from Genosys Biotechnology (Woodlands, Texas).
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MATERIALS

cloned DNA segment

   restriction site
vector sequence

  primer A
\>
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creates a protruding 3' end
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stranded oligonucleotide
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——->
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amplify by PCR

(first extension with primer A)

Pflmfi _________________________________

amplify by PCR using singIe-stranded

oligonucleotide and primer A

pnmer A
—>
We—

<_
oligonucleotide as primer

FIGURE 4-16 SingIe-site Scheme

The strategy for using sing|e-site PCR to identify the ends of cloned fragments is described in the text.

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

10x Amplification buffer

dNTP solution (1 mM) containing all four dNTPs (pH 8.0; PCR grade)
Ethanol

Phenol:chloroform (1:7, v/v) <!>

Sodium acetate (3 M, pH 5.2)
70x T4 DNA ligase buffer

Enzymes and Buffers

Bacteriophage T4 DNA Iigase
Restriction endonucleases Pstl or Nsil

Thermostable DNA polymerase
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Gels

Agarose gels
Please see Steps 1 and 8.

Nucleic Acids and Oligonucleotides

Oligonuc/eotide cassette (5.0 OD2BO/ml [~8.5 “MD in TE (pH 7.6)

5 'CATGCTCGCTCGGGATAGGCACTGGTCTAGAGGGWAGGTTCCTGCTACATCTCCAGCCTTGCA3 '
This 64-nueleotide singlefstranded cassette is designed for ligation to target DNAs carrying termini gen
erated by Pstl or Nsil. The four 3'—terminal nucleotides (underlined) are complementary to the pro-
truding termini of fragments of DNA generated by cleavage with these enzymes. if another restriction
enzyme is used, the nucleotides at the 3’ end of the linker must be changed so as to complement the pro»
truding terminus generated by the enzyme,

Before use, the oligonucleotide should be purified by (218 chromatography or electrophoresis through a

12% polyacrylamide gel, as outlined in Chapter 10, Protocol It The 5' terminus of the oligonucleotide

should not be phosphorylated.

Oligonucieotide (linker) primer (5.0 OD26O/ml [~77 nM]) in TE (pH 7.6)

5 'CATCCTCCGTCCGGATAGGCACTCGTCTAGAG3 '
This oligonucleotide is identical in sequence to the 32 nucleotides at the 5' end of the oligonucleotide
cassette and is used as an amplimer in the PCR.

There is no need to purify or phosphorylate the deprotected oligonucleotide before use. Dissohe the
oligonucleotide in TE (pH 7.6) at a concentration of 5.0 ODm/ml solution (~l7 pM).

Sequence-specific o/igonucleotide (vector) primer (5.0 ODZbO/ml [~17 pMj) in TE (pH 7.6)
This primer is complementary to the vector when terminal sequences of a cloned segment of DNA are

to be amplified or to cloned DNA sequences when a neighboring segment of genomic DNA is to be
recovered. The primer should be 28—32 nucleotides in length and its predicted melting temperature

should be approximately equal to that of the 32-nucleotide oligonucleotide primer. For sequences of

primers specific for the left and right arms of pYAC4, please see McAleer et al. (1996).

There is no need to purify or phosphorylate the deprotected oligonucleotide before use. Dissolve the
oligonucleotide in TE (pH 7.6) at a concentration of 5.0 ODzm/ml solution (~T7 MM).

Template DNAS.’ recombinant BAC, YAC, or cosmid DNA

YACs can either be embedded in an agarose plug (2 pg in 100—11] plug) or in solution. Unless the yeast
strain is carrying more than one YAC, there is no need to purify YAC DNA by PFGE before use in we
torette or single~site PCR.

DNAS should be purified by column chromatography using, e.g, Qiagen resin or GeneClean I] (please

see Chapter 1, Protocol 9)‘ and resuspended at a concentration ofl pg/u] in TE (pH 7.6).

Special Equipment

_METHOD

Barrier tips for automatic pipettes

Microfuge tubes (0.5 ml), thin-walled for amplification

Positive displacement pipette

Thermal cycler programmed with desired amplification protocol
If the thermal cycler is not equipped with a heated lid, use either mineral oil or paraffin wax to prevent
evaporation of liquid from the reaction mixture during PCR.

Water bath or cooling block preset to 75"C

 

1. Digest ~S pg of template DNA with P511 or N5fl. Check a small aliquot of the reaction by

agarose gel electrophoresis to ensure that all of the DNA has been cleaved.

2. Extract the reaction mixture with phenolzchloroform, and recover the DNA by standard pre—

cipitation with ethanol and subsequent washing in 70% ethanol. Store the open tube in an

inverted position on a bed of paper towels to allow the last traces of ethanol to evaporate, and

then dissolve the damp pellet of DNA in 50 til of H20.

.. MW w.“ Wm m” ,-............_-_..
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3. In a sterile 0.5-ml microfuge tube, mix in the following order:

10x T4 DNA hgase buffer 10 pl

digested template DNA 20 pl
oligonucleotide cassette, 5.0 ODM/ml 2 pl

T4 bacteriophage DNA hgase, 5 Weiss unils/p] 2 pl

H o to 100 p]
2

Set up three control reactions as described above but without template DNA in one tube,

without linker oligonucleotide in another, and without T4 DNA ligase in the third.

Incubate the test ligation reaction and controls for 12—16 hours at 15°C.

In a sterile 0.5-m1 microfuge tube, mix in the following order:

IOX amplification buffer 2 HI

1 mM solution of four dNTPs (pH 7.0) 2 pl

linker primer oligonucleotide, 5.0 ODzoo/ml I nI
vector primer oligonucleotide, 5.0 ODzm/ml I pl
test DNA ligation reaction, from Step 4 1 pl

thermostable DNA polymerase, 50 units/pl 0.5 pl
HZO to 20 pl

Set up three control PCRs that contain 1 pl of the control ligation reactions instead of the test

ligation reaction.

6. If the thermocycler is not fitted with a heated lid, overlay the reaction mixtures with I drop

(~50 pl) of light mineral oil to prevent evaporation of the samples during repeated cycles of

heating and cooling. Alternatively, place a bead of wax into the tube if using a hot-start

 

approach.

7. Place the PCR tubes in the thermocycler, programmed as follows, and start the amplification

program.

Cycle

Number Denaturation Annealing Polymerization

1 2 min at 95°C

2—35 30 see at 94°C 30 sec at 60°C 3 min at 72°C

Last 5 min at 72°C

Analyze aliquots (25%) of each amplification reaction on an agarose gel.

A prominent DNA product visible by ethidium bromide staining should be present in the PCR con-

taining the products of the test ligation. This DNA should be absent from the control reactions. The
size of the product depends on the distance between the vector primer and the first cleavage site in
the cloned insert. For PstI and NsiI, the amplified product is typically between 0.5 kb and 2 kb.

PCR products spanning the junction of genomic and vector sequences should, in most cases, be

cleaved within the cloning site by one or more restriction enzymes. In pYAC4, for example, the
amplified DNA should contain an EcoRI site that divides the vector sequences from the cloned
genomic sequences. Confirmation that the PCR product is correct can therefore be obtained by
digestion with EcoRI, agarose gel electrophoresis, and Southern blotting, using an oligonucleotide
primer specific to the appropriate YAC arm as probes.

The amplified DNA can be sequenced directly, cloned, radiolabeled by random hexamer priming
or PCR, and even used as a transcription template ifa bacteriophage promoter is added to the link—
er or is present in the amplified segment of vector DNA.
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ENHANCEMENTS OF VECTORETTE REACTIONS WHEN USING
GENOMIC DNA TEMPLATES

If amplification is inefficient and/or if more than one amplification product is detected, repeat the protocol
using one or more of the enhancements outlined below. These are particularly useful when the concentra-
tion of target sequences is low, e.g., when using total eukaryotic DNA as a template rather than an individ-
ual clone of genomic DNA.

‘ o In a preliminary experiment, determine the size of the desired DNA fragment by Southern hybridization
using a probe derived from the neighboring, known DNA sequence. Then fractionate the digested DNA ‘
by agarose gel electrophoresis in readiness for Step 2 (please see Chapter 5, Protocol 1).

0 After Step 1, heat the digested template DNA for 10 minutes at 65°C to melt any annealed complexes
that may have formed.

0 After Step 3, remove excess oligonucleotide cassette by spun column chromatography.

o Increase the time of the denaturation step in the first cycle of PCR to 10 minutes. This change ensures
complete inactivation of the T4 DNA ligase and guarantees that all template DNAs are fully denatured.
Thorough denaturation prevents end repair of recessed 3 ' termini and therefore suppresses unwanted
PCR products (please see protocol introduction).

0 Use hot-start PCR, in which the thermostable DNA polymerase is denied access to the template before
complete denaturation (for details, please see Chapter 8 introduction).

. Use a nested vector primer(s) to enhance specificity and yield. This enhancement requires the synthe-
sis of an additional vector primer, which can be used either in an additional amplification reaction or be
added to the initial amplification after 5—10 cycles. Alternatively, the products of the initial PCR can be
fractionated by electrophoresis through an agarose gel and analyzed by Southern hybridization, using
the nested primer as a probe. A second PCR can then be performed using as templates DNAs of the
appropriate size.

o The addition of Perfect Match (Stratagene) to a concentration of 0.1 units/pl of reaction mixture may

sometimes help to reduce the number of nonspecific PCR products (Mmleer et al. 1996).

o The use of GC—Melt (CLONTECH) may improve the efficiency of the PCR. 
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CRE-onP

The genome of bacteriophage P1 is both circularly permuted and terminally redundant. The genetic map,

however, is linear (Scott 1968; Walker and Walker 1975, 1976). This paradox was resolved by the discovery

that P1 contains a recombinational hot spot, loxP (locus of crossing-over [X] in P1), that defines the ends

of the genetic map (Sternberg et al. 1978, 1983); recombination at this site is mediated by a single phage-

encoded protein, Cre (cyclization recombination protein) (Sternberg et al. 1986). The laxP—cre system is nec-

essary for cyclization of linear P1 DNA, which occurs within the first minutes after infection of E. coli (Segev
et al. 1980; Segev and Cohen 1981; Hochman et al. 1983).1nteresting1y, because of the constraints imposed

by the packaging process, only one in every four or five bacteriophage particles contains a DNA molecule

with loxP sites in its terminally redundant regions (please see Figure 4- 17). Only this subset of bacteriophage

genomes are substrates for the cre-laxP system and only these bacteriophage genomes are capable of circu-

larization and replication in recA—deficient strains of E. coli (for review, please see Yarmolinsky and

Sternberg 1988). The 34-bp loxP site consists of two 13-bp inverted repeats separated by an 8-bp spacer

(Hoess et al. 1982).

distance between | l |

adjacent onP

| sites is ~90 kb | | | j
<————>

I i | I I

i i iui 1
db dlb J}; db db

I i
I I

 

amount of DNA
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particles is ~100 kb

iiii
FIGURE 4-17 Packaging of Bacteriophage P1 DNA from Intracellular Concatemers
 

The substrate for packaging is a linear concatemer of DNA (shown in bold), in which the individual P1
genomes are arranged in a head—to-tail tandem. Packaging is initiated at a site (pac, shown as large scis-
sors) that lies ~5 kb from the nearest onP site. Other pac sites (small scissors) in the concatemer are not
used. Packaging occurs by a unidirectional processive "headful" mechanism in which successive 100-kb
segments of DNA are reeled into the bacteriophage prohead. Because the size of the bacteriophage P1
genome is ~90 kb, whereas the capacity of the prohead is ~100 kb, the DNA packaged into each bacte-
riophage particle is terminally redundant. Because of this redundancy, the first bacteriophage particle to
be formed from each concatemer contains two onP sites. The DNA of this bacteriophage can therefore
be cyclized by Cre recombinase after injection into a new bacterial cell. Approximately four bacterio-
phages are packaged from each concatemer. However, only one of these virions contains onP sites in its
terminally redundant regions.  
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FIGURE 4-18 Structure of the 34-bp loxP Site

The 34-bp loxP site consists of two perfect inverted repeats 13 bp in length (shown within arrows), sep-
arated by an 8-bp spacer. Vertical arrows mark the locations of the sites cleaved by the Cre protein on
the upper and lower strands of DNA. By convention, the nucleotides in the loxP site are numbered from
the center of the spacer (vertical line). Base pairs to the left are given leftward positive (+) numbers; base
pairs to the right are given negative (—) numbers.

 

Recombination at the loxP site is catalyzed by Cre, a 343—amino-acid recombinase protein encoded by

the cre gene of P1 (Sternberg et al. 1986) that is a member of the Int family of recombinases (Argos et al.

1986). Each loxP site consists of two nonidentical Cre-binding domains, composed of one of the 13-bp

repeats and the adjacent 4 bp of spacer. The most distal 2 bp of each inverted repeat can be modified with-

out altering recombination frequency: Larger deletions, however, generate recombinant products with

abnormal topology (Abremski and Hoess 1985). At saturation, two molecules of Cre bind to a complete loxP

site (one Cre molecule per inverted repeat) (Mack et al. 1992). The Cre—loxP complex then synapses with a

second loxP site, which can be located on the same molecule of DNA or another. Whether or not the sec-

ond loxP site is also occupied by Cre is not known (Mack et a]. 1992). Strand exchange between the synapsed
loxP partners is initiated following asymmetric cleavage of DNA in the spacer region (please see Figures 4-

18 and 4-19). Because of the asymmetry of the spacer, recombination between loxP sites located on the same

DNA molecule has a polarity: Recombination between loxP sites that are in the same orientation results in
excision of the DNA between the two sites, whereas recombination between sites that are in the opposite

orientation causes inversion of the intervening DNA (Abremski et al. 1983). Thus, linear plasmid DNAs
containing directly repeated loxP sites are cyclized in E. coli strains expressing Cre. In addition, m;r strains

of E. coli can efficiently excise and circularize segments of DNA that are flanked by loxP sites in large linear

genomes (Sauer and Henderson 1988a).

Vectors Containing Cre-onP Sites

Several groups have constructed bacteriophage A vectors whose arms have unique restriction sites posi-

tioned between two loxP sites (e.g., please see Palazzolo et al. 1990; Elledge et al. 1991; Brunelli and Pall 1993;

Holt and May 1993). A number of different specialized plasmids have been inserted into these vectors that

contain cis-acting sequences required for high-level expression of cloned cDNAs in E. coli (Palazzolo et al.

1990) and yeast (Elledge et al. 1991; Brunelli and Pall 1993, 1994). Bacteriophage A expression vectors of this
type have two advantages: (1) automatic subcloning, in which Cre-mediated recombination can be used to
convert the DNA lying between the loxP sites into an autonomously replicating plasmid that (2) is equipped

with the controlling elements required to express cloned DNAs in both yeast and E. coli.

In the case of ?LYES vectors (Elledge et al. 1991), which are available from CLONTECH, phages are used

to infect a strain of E. coli (BNN132) that expresses both A repressot and Cre protein but does not express

the P1 restriction-modification system. The A repressor ensures that the infecting phage enters the lysogenic

pathway, whereas the Cre protein causes excision of the plasmid portion of the vector. This automatic sub-

cloning system is extremely efficient with ~50% of the infecting phage giving rise to ampicillin—resistant

colonies. kEXlox (available commercially from Novagen) and XZipLox (available from Life Technologies)

also work efficiently as automatic subcloning vectors (Palazzolo et al. 1990; D’Alessio et al. 1992), A poten-

tial advantage of these vectors is that the excised plasmids carry a bacteriophage fl origin of replication and
can function as phagemids.

Vectors with properties similar to those of AYES are available that are suitable for construction of
genomic libraries (Holt and May 1993). These vectors are useful chiefly for constructing genomic libraries

of yeast, Aspergillus, and other eukaryotes whose genes are comparatively small and relatively free from
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FIGURE 4-19 Cre-mediated Recombination at onP Sites

Please see the text for details.
 

introns. In such cases, the genomic inserts rescued by automatic subcloning can be used to isolate extragenic
suppressor mutations.

Rescue of plasmids from A Cre-loxP vectors requires a source of Cre protein (such as E. coli strain
BNN132, see above). However, there is some evidence that the presence of this protein suppresses the yield
of multicopy plasmids carrying a loxP site and that plasmids with large cDNA inserts may be prone to dele-
tion during propagation in cre+ strains of E. coli. It is therefore advisable to move the rescued plasmids as
quickly as possible into a strain of E. coli that does not express Cre (Palazzolo et al. 1990).

Site-specific Integration and Excision of Transgenes Mediated
by the Cre-onP System

The Cre protein can catalyze recombination events not only in E. coli, but also in yeast (Sauer 1987) and
mammalian cells (Sauer 1987; Sauer and Henderson 1988b; Fukushige and Sauer 1992). Thus, the Cre
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recombinase can both drive site—specific integration of plasmids into the chromosomes of yeast and mam—

malian cells and catalyze precise excision ofDNA segments flanked by loxP sites (see Figure 4-19). The inte—

gration event results from recombination between a plasmid—borne loxP site and a second loxP site that has
been installed into the eukaryotic genome. The Cre protein can be supplied either from a cloned copy of

the cre gene or, in the case of cultured mammalian cells, by using lipofection to introduce the purified

recombinase (Baubonis and Sauer 1993). The latter method, although perhaps not everyone’s cup of tea,

has the advantage of (1) preventing integration of a transfected cre gene and (2) confining Cre-mediated

recombination to a particular window of time. Extended expression of Cre results in a second round of

recombination that removes the targeting vector from the chromosome. As far as is known, the genomes

of yeast and mouse cells do not contain any loxP sites. Furthermore, the expression of Cre is not toxic to

eukaryotic cells, nor does it affect the development, growth, or fertility of transgenic mice that carry the cre

gene under the control of the mouse metallothionein I promoter or a cytomegalovirus promoter (Lakso et

al. 1992; Orban et al. 1992). (Note: The cre gene lacks an optimal initiation signal for translation in mam-

malian cells [Kozak 1986, 1987]. Changing the —3 nucleotide from T to G results in a substantial increase

in recombination ability in transfected mammalian cells [Sauer and Henderson 19901.)

Excision of chromosomal DNA segments flanked by loxP sites occurs with higher efficiency than inte-

gration of loxP plasmids into chromosomal loxP sites. By crossing genetical1y engineered strains of mice

containing loxP sites at chosen chromosomal locations with transgenic animals that express Cre, the Cre-

loxP system can be used to generate null alleles (Gu et al. 1994) and to activate oncogenes in a tissue-spe-

cific and developmentally regulated manner (Lakso et al. 1992). Other possible uses include the generation

of specific chromosomal inversions and deletions, the ablation of Specific ce11 lineages, and the generation
of mice hemizygous for particular genes in preselected tissues.

The Cre-loxP system is not unique. Several other recombinase/target combinations are known that are

capable of directing recombination events in a defined spatial and temporal fashion in eukaryotic organ-

isms. These include the (1) the FLP recombinase of Saccharomyces cerevisiae that can catalyze recombina-

tion in both cultured mammalian cells and Drosophila and (2) the pSRI recombinase ofZygosaccharomyces

rouxii that can function efficiently in S. cerevisiae (Matsuzaki et a1. 1990) However, at present, none of these

site-specific recombination systems are as well developed as Cre—loxP.
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lARGE-FRAGMENT CLONING PRODUCTS AND SERVICES

YAC PRODUCTS“ BAC PRODUCTS CUSTOM Smwces (Ac)a
 

 

Iso. Iso. Luz. lm.
COMPANY PRODUCTS/SERVICES Vac. Lm. Kns Vsc. Luz. KITS Iso. CONSTR. SCR.

Ana-Gen Technologies Inc. Custom services V
Tele: 800-654‘4671
Web Site: www.ana-gen.com

AutoGen AutoGen 740, 850, 850 Alpha V V
Tele: 800-654-4671
Web Site: www.autogen.c0m

CLONTECH Laboratories Inc. NucleoBond Plasmid Kits V V
Tele: 800-662-2566
Web Site: www.clontech.com

Commonwealth Biotechnologies Inc. Custom services V V
Tele: 800-735-9224

Web Site: www.cbi-biotech.com

CPG Inc. DNA-Pure Yeast Genomic Kit V
Tele: 800-362-2740

Web Site: www.cpg-biotech.com

Genome Systems Inc P1 8( PAC Plasmid Purification Kit V
Tele: 800-430-0030

Web Site: www.genomesystems.com BAC large Plasmid Purification Kit

pBeloBACll V
YAC/BAC filter screening sets V V
Custom service V V

Life Technologies Inc. CONCERT High Purity Plasmid V
Tele: 800-828-6686 Purification System
Web Site: www.lifetech.com

Princeton Separations Inc. PSI CLONE BAC DNA Kit V
Tele: 800-223-0902
Web Site: www‘prinsepxom

QIAGEN QIAGEN Large-Construct Kit

Tele: 800-426-8157 R.E.A.L. Prep 96 Plasmid and V
Web Site: www.qiagen.com BioRobot Kits

Research Genetics Inc. pBeloBACll V
Tele: 800-533-4363 BAC/YAC libraries V V
Web Site: www.resgen.com Custom services V V V

Sigma pYAC4 V
Tele: 800-325-3010

Web Site: www.sigma-aldrich.com

Tetra-Link International TrueBlue-BAC V
Tele: 800—747-5170,
Web Site: www.tetra-link.com
 

Reprinted, with permission, from ].D. Cortese (The Scientist 13[24]: 28 [1999]).
a(Veg) vectors; ( Lib.) libraries; (Iso. Kits) isolation kits; (Lib. Const.) library construction; (Lib. Scr.) library screening.
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E LECTROPHORESIS THROUGH AGAROSE OR POLYACRYIAMIDE GELS lies near the heart of molecular
cloning and is used to separate, identify, and purify DNA fragments. The technique is simple,

rapid to perform, and capable of resolving fragments of DNA that cannot be separated ade—

quately by other procedures, such as density gradient centrifugation. Furthermore, the location

of DNA within the gel can be determined directly by staining with low concentrations of fluo-

rescent intercalating dyes, such as ethidium bromide or SYBR Gold; bands containing as little as

20 pg of double—stranded DNA can be detected by direct examination of the gel in UV. If neces-

sary, these bands of DNA can be recovered from the gel and used for a variety of purposes.

Agarose and polyacrylamide gels can be poured in a variety of shapes, sizes, and porosities

and can be run in a number of different configurations. The choices within these parameters

depend primarily on the sizes of the fragments being separated. Polyacrylamide gels are most
effective for separating small fragments of DNA (5—500 bp). Their resolving power is extremely

high, and fragments of DNA that differ in size by as little as 1 bp in length or by as little as 0.1%
of their mass can be separated from one another. Although they can be run very rapidly and can

accommodate comparatively large quantities of DNA, polyacrylamide gels have the disadvantage

of being more difficult to prepare and handle than agarose gels. Polyacrylamide gels are run in a
vertical configuration in a constant electric field.

Agarose gels have a lower resolving power than polyacrylamide gels, but they have a greater

range of separation. DNAs from 50 bp to several megabases in length can be separated on agarose
gels of various concentrations and configurations. Small DNA fragments ( 50—20,000 bp) are best

resolved in agarose gels run in a horizontal configuration in an electric field of constant strength

and direction. Under these conditions, the velocity of the DNA fragments decreases as their

length increases and is proportional to electric field strength (McDonell et al. 1977; Fangman

1978; Calladine et al. 1991). However, this simple relationship breaks down once the size of DNA

fragments exceeds a maximum value, which is defined chiefly by the composition of the gel and

the strength of the electric field (Hervet and Bean 1987). This limit of resolution is reached when

the radius of gyration of the linear DNA duplex exceeds the pore size of the gel. The DNA can

then no longer be sieved by the gel according to its size but must instead migrate “end—on”
through the matrix as if through a sinuous tube. This mode of migration is known as “reptation.”

Several mathematical descriptions of reptation have been published previously (please see

Lerman and Frisch 1982; Lumpkin and Zimm 1982; Stellwagen 1983; Edmondson and Gray

1984; Slater and Noolandi 1985, 1986; Lalande et al. 1987).

The greater the pore size of the gel, the larger the DNA that can be sieved. Thus, agarose gels

cast with low concentrations of agarose (0.1—0.2% w/v) are capable of resolving extremely large

DNA molecules (Pangman 1978; Serwer 1980). However, such gels are extremely fragile and must
be run for several days. Even then, they are incapable of resolving linear DNA molecules larger

than 750 kb in length. The importance of this limitation becomes apparent with the realization

that a single genetic locus (e.g., the human dystrophin locus) may occupy several thousand kilo-

bases (several megabases) of DNA and that DNA molecules in the individual chromosomes of

lower eukaryotes may be 7000 kb or more in length.

A solution to this problem was found in 1984, when Schwartz and Cantor reported the

development of pulsed-field gel electrophoresis (PFGE). In this method, alternating orthogonal

electric fields are applied to a gel. Large DNA molecules become trapped in their reptation tubes

every time the direction of the electric field is altered and can make no further progress through

the gel until they have reoriented themselves along the new axis of the electric field. The larger

the DNA molecule, the longer the time required for this realignment. Molecules of DNA whose  



Introduction 5.3

reorientation times are less than the period of the electric pulse will therefore be fractionated

according to size. The limit of resolution of PFGE depends on several factors, including:

the degree of uniformity of the two electric fields

the absolute lengths of the electric pulses

the angles between the two electric fields

the relative strength of the electric field

The original PFGE method described by Schwartz and Cantor ( 1984) was capable of resolving

DNAs up to 2000 kb in length. However, as a consequence of improvements to the technique, reso—

lution of DNA molecules larger than 6000 kb can now be achieved. These developments mean that

PFGE can be used to determine the size of bacterial genomes and the numbers and sizes of chromo—

somes of simpler eukaryotes (e.g., Neurospora crassa, Saccharomyces cerevisiae, and

Schizosaccharomyces pombe). For all organisms) from bacteria to humans, PFGE is used to study

genome organization and to clone and analyze large fragments.

 

EARLY ANALYSIS OF DNA USING ELECTROPHORESIS

The idea of using electrophoresis through a supporting matrix to analyze DNA came from Vin Thorne, a bio-
chemist/virologist who in the mid-19605 was working at the Institute of Virology in Glasgow. Thorne was inter-
ested in finding better ways to characterize the multiple forms of DNA that could be extracted from purified
particles of polyomavirus. He reasoned that a combination of frictional and electrical forces would allow sep-
aration of DNA molecules that differed in shape or Size. Using electrophoresis through agar gels, he was able
to separate superhelical, nicked, and linear forms of polyomavirus DNA that had been radiolabeled with
[3H]thymidine (Thorne 1966, 1967). In those days, viral and mitochondrial DNAs were the only intact
genomes that could be prepared in pure form. Thorne’s work therefore attracted little general interest until the
early 19705 when restriction enzymes opened the possibility of analyzing larger DNAS, and a way was found
to detect small quantities of nonradioactive DNA in gels.

The notion of using ethidium bromide to stain unlabeled DNA in gels seems to have occurred indepen-
dently to two groups. The procedure used by Aaij and Borst (1972) involved immersing the gel in concentrat-
ed dye solution and a lengthy destaining process to reduce the background fluorescence. At Cold Spring
Harbor Laboratory, a group of investigators had found that Haemophilus parainfluenzae contained two restric-
tion activities and were attempting to separate the enzymes by ion-exchange chromatography. Searching for
ways to assay column fractions rapidly, they decided to stain agarose gels containing fragments of SV40 DNA
with low concentrations of ethidium bromide. They soon realized that the dye could be incorporated into the
gel and running buffer without significantly affecting the migration of linear DNA fragments through the gel.
The technique described in their paper (Sharp et al. 1973) is sti|| widely used in an essentially unaltered form
today.

Between 1972 and 1975/ there was a vast increase in the use of agarose gels as investigators mapped
Cleavage sites on their favorite DNAs with the rapidly expanding suite of restriction enzymes. In those days,
gels were cast in sawn-off glass pipettes and were run vertically in electrophoresis tanks attached to home-
made Heathkit power packs. Each DNA sample was analyzed on a separate little cylindrical gel. The first mod-
ern electrophoresis apparatus was developed by Walter Schaffner, who was then a graduate student at Zurich.
Rea|izing that the electrical resistance of an agarose gel is essentially the same as that of the surrounding buffer,
Schaffner constructed horizontal tanks to hold submerged gels that could accommodate more than a dozen
samples. Schaffner distributed the plans for these machines to anyone who asked for them. Once people got
over their incredulity that his machines actually worked, cylindrical gels cast in little glass tubes rapidly disap-

yiared, and the newer “submarine" gels took hold. 
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Agarose Gel Electrophoresis

AGAROSE 15 A LINEAR POLYMER COMPOSED OF ALTERNATING RESIDUES of D— and L-galactose joined

by (X—( 1—>3) and B-(1—>4) glycosidic linkages. The L-galactose residue has an anhydro bridge

between the three and six positions (please see Figure 5—1). Chains of agarose form helical fibers

that aggregate into supercoiled structures with a radius of 20—30 mm. Gelation of agarose results

in a three-dimensional mesh of channels whose diameters range from 50 nm to >200 nm (Norton

et al. 1986; for review, please see Kirkpatrick 1990).

Commercially prepared agarose polymers are believed to contain ~800 galactose residues

per chain. However, agarose is not homogeneous: The average length of the polysaccharide chains

varies from batch to batch and from manufacturer to manufacturer. In addition, lower grades of

agarose may be contaminated with other polysaccharides, as well as salts and proteins. This vari-

ability can affect the gelling/melting temperature of agarose solutions, the sieving of DNA, and

the ability of the DNA recovered from the gel to serve as a substrate in enzymatic reactions. These

potential problems can be minimized by using special grades of agarose that are screened for the

presence of inhibitors and nucleases and for minimal background fluorescence after staining with

ethidium bromide.

THE RATE OF MIGRATION OF DNA THROUGH AGAROSE GELS
 

5.4

The following factors determine the rate of migration of DNA through agarose gels:

o The molecular size ofthe DNA. Molecules of double-stranded DNA migrate through gel matri-

ces at rates that are inversely proportional to the log10 of the number of base pairs (Helling et al.

1974). Larger molecules migrate more slowly because of greater frictional drag and because they

worm their way through the pores of the gel less efficiently than smaller molecules.

HO 0
CHQOH

O

0 HO O/
O

O/ HO

D-galactose 3,6-anhydro

L-galactose

FIGURE 5.1 Chemical Structure of Agarose
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Buffer: 0.5x TBE, 0.5 ug/ml ethidium bromide,
electrophoreS|s 1 V/cm for 16 hours
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FIGURE 5-2 The Relationship between the Size of DNA and Its Electrophoretic Mobility

o The concentration ofagarose. A linear DNA fragment of a given size migrates at different rates
through gels containing different concentrations of agarose (please see Figure 5—2). There is a
linear relationship between the logarithm of the electrophoretic mobility of the DNA (u) and
the gel concentration (I) that is described by the equation:

log y. 210g uo — Krl

where no is the free electrophoretic mobility of DNA and Kr is the retardation coefficient, a
constant related to the properties of the gel and the size and shape of the migrating molecules.

0 The conformation of the DNA. Superhelical circular (form I), nicked circular (form II), and
linear (form 111) DNAs migrate through agarose gels at different rates (Thorne 1966, 1967).
The relative mobilities of the three forms depend primarily on the concentration and type of
agarose used to make the gel, but they are also influenced by the strength of the applied cur-
rent, the ionic strength of the buffer, and the density of superhelical twists in the form I DNA
(Johnson and Grossman 1977). Under some conditions, form I DNA migrates faster than form
III DNA; under other conditions, the order is reversed. In most cases, the best way to distin—
guish between the different conformational forms of DNA is simply to include in the gel a
sample of untreated circular DNA and a sample of the same DNA that has been linearized by
digestion with a restriction enzyme that cleaves the DNA in only one place.

0 The presence ofethidium bromide in the gel and electrophoresis buffer. Intercalation of ethid—
ium bromide causes a decrease in the negative charge of the double-stranded DNA and an
increase in both its stiffness and length. The rate of migration of the linear DNA-dye complex
through gels is consequently retarded by a factor of ~15% (Sharp et al. 1973).

o The applied voltage. At low voltages, the rate of migration of linear DNA fragments is pro-
portional to the voltage applied. However, as the strength of the electric field is raised, the
mobility of high-molecular—weight fragments increases differentially. Thus, the effective range
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TABLE 5-1 Properties of Different Types of Agaroses
 

 

GELLING MELTING
TYPE or AGAROSE TEMPERATURE (°C) TEMPERATURE (°C) COMMERCIAL NAMES

Standard agaroses

low EEO 35—38 90—95 SeaKem LE (BioWhittaker)

isolated from Gelidium spp. Agarose-LE (USB)

Low EEO Agarose (Stratagenc)

Molecular Biology Certified Grade (Bio-Rad)

Standard agaroses

low EEO 40—42 85—90 SeaKem HGT (BioWhittaker)

isolated from Gracilaria spp. Agarose-HGT (USB)

High-gel-strength ugaroses 34—43 85—95 FastLane (BioWhittaker)

Low melting/gelling temperature (modified) agaroses

low melting

ultra-low melting

25—35 63—65

35 65

8— 1 5 40—45

Low-viscosity, low melting/gelling temperature agaroses

25—30 70

38 85

30 75

SeaKem Gold (BioWhittaker)

Chromosomal Grade Agarose (Bio-Rad)

SeaPlaque ( BioWhittaker)

NuSieve GTG (BioWhittaker)

SeaPrep (BioWhittaker)

InCert (BioWhittaker)

NuSieve 3:1 ( BioWhittaker)

Agarose HS (BioWhittaker)
 

of separation in agarose gels decreases as the voltage is increased. To obtain maximum resolu—
tion of DNA fragments >2 kb in size, agarose gels should be run at no more than 5—8 V/cm.

o The type ofagarose. The two major classes of agarose are standard agaroses and low-melting-
temperature agaroses (Kirkpatrick 1990). A third and growing class consists of intermediate
melting/gelling temperature agaroses, exhibiting properties of each of the two major classes.
Within each class are various types of agaroses that are used for specialized applications, please

TABLE 5-2 Range of Separation of DNA Fragments through Different Types of Agaroses
 

SIZE RANGE or DNA FRAGMENTS RESOLVED BY VARIOUS TYPES or AGAROSES
 

Low GELLING/MELTING

 

Low GELLING/MELTING TEMPERATURE
ACAROSE (%) STANDARD HIGH GEL STRENGTH TEMPERATURE Low VISCOSITY

0.3

0.5 700 bp to 25 kb
0.8 500 bp to 15 kb 800 bp to 10 kb 800 bp to 10 kb
1.0 250 bp to 12 kb 400 bp to 8 kb 400 bp to 8 kb
1.2 150 bp to 6 kb 300 bp to 7 kb 300 bp to 7 kb
1.5 80 bp to 4 kb 200 bp to 4 kb 200 bp to 4 kb
2.0 100 bpto3kb 100 bpto3kb
3.0 500 bp to 1 kb 500 bp to 1 kb
4.0 100 bp to 500 bp
6.0

10 bp to 100 bp
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see Tables 5—1 and 5-2 and the accompanying panel, CLASSES OF AGAROSE AND THEIR PROP-

ERTIES.

o The electrophoresis buffer. The electrophoretic mobility of DNA is affected by the composition

and ionic strength of the electrophoresis buffer. In the absence of ions (e.g., if water is substi—

tuted for electrophoresis buffer in the gel or in the reservoirs), electrical conductivity is minimal

 

 

CLASSES OF AGAROSE AND THEIR PROPERTIES

0 Standard (high-melting-temperature) agaroses are manufactured from two species of seaweed: Gelidium
and Cracilaria. These agaroses differ in their gelling and melting temperatures, but, for practical purposes,
agaroses from either source can be used to analyze and isolate fragments of DNA ranging in size from 1
kb to 25 kb. Several commercial grades of agarOSes have been tested that (1) display minimal background
fluorescence after staining with ethidium bromide, (2) are free of DNase and RNase, (3) display minimal
inhibition of restriction endonucleases and iigase, and (4) generate modest amounts of eIectroendo—osmot-
ic flow (EEO; please see below).

Newer types of standard agarose combine high gel strength with low EEO, allowing gels to be cast with
agarose concentrations as low as 0.3%. These gels can be used in conventional electrophoresis to separate
high-molecular—weight DNA (up to 60 kb). At any concentration of these new agaroses, the speed of migra-
tion of the DNA is increased by 10—20% over that achieved using the former standard agaroses, depending
on buffer type and concentration. This increase can lead to significant savings of time in PFGE of megabase—
Sized DNA.

0 Low melting/gelling temperature agaroses have been modified by hydroxyethylation and therefore melt at
temperatures lower than those of standard agaroses. The degree of substitution determines the exact melt-
ing and gelling temperature. Low melting/gelling temperature agaroses are used chiefly for rapid recovery
of DNA, as most agaroses of this type melt at temperatures (~65°C) that are significantly lower than the
meiting temperature of duplex DNA. This feature aliows for simple purification, enzymatic processing
(restriction endonuclease digestion/Iigation) of DNA; and allows bacterial transformation with nucleic acids
directly in the remelted gel. As is the case with standard agaroses, manufacturers provide grades of low-
melting-temperature agaroses that have been tested to display minimal background fluorescence after
staining with ethidium bromide, to be free of DNase and RNase activity, and to display minimal inhibition
of restriction endonucleases and Iigase. Low-melting-temperature agaroses not only melt, but also gel at
low temperatures. This property allows them to be held as liquids in the 30—35°C range, so that cells can
be embedded without damage. This treatment is useful in preparing and embedding chromosomal DNA
in agarose blocks before analysis by PFGE (please see Protocols 13 and 14).

Chemically modified agarose has significantly more sieving capacity than an equivalent concentration
of standard agarose (please see Tables 5-1 and 5-2). This finding has been exploited to make agaroses that
approach polyacrylamide in their resolving power and are therefore useful for separation of polymerase chain
reaction (PCR) products, small DNA fragments, and small RNAs <1 kb. It is now possible to resolve DNA

down to 4 bp and to separate DNM in the 200—800-bp range that differ in size by 2% (please see Table 5-2).
Because of the variation in prod ucts from manufacturer to manufacturer, it is advisable to read the sup—

plier’s catalog to obtain more precise information about specific brands of agarose.

o EIectroendo-osmosis. In agarose gels, the speed at which nucleic acids migrate toward the positive elec-
trode is affected by a eiectroendo-osmosis. This process is due to ionized acidic groups (usually sulfate)
attached to the polysaccharide matrix of the agarose gel. The acidic groups induce positively charged coun-
terions in the buffer that migrate through the gel toward the negative electrode, causing a bulk flow of liq-
uid that migrates in a direction opposite to that of the DNA.

The higher the density of negative charge on the agarose, the greater the EEO flow and the poorer the
separation of nucleic acid fragments. Retardation of small DNA fragments (<1O kb) is minor, but larger

DNA molecules can be significantly retarded, especially in PFGE. To avoid problems, it is best to purchase
agarose from reputable merchants and to use types of agarose that display low levels of EEO. Agaroses that
are sold as ”zero” EEO are undesirable for two reasons: They have been chemically modified by adding
positively charged groups, which neutralize the sulfated polysaccharides in the gel but may inhibit subse-
quent enzyme reactions, and they have been adulterated by adding locust bean gum, which retards expul-
sion of water from the gel (Kirkpatrick 1990).   

--..-....—»—-......._.
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and DNA migrates slowly, if at all. In buffer of high ionic strength (e.g., if 10x electrophoresis

buffer is mistakenly used), electrical conductance is very efficient and significant amounts of

heat are generated, even when moderate voltages are applied. In the worst case, the gel melts and
the DNA denatures. For details of commonly used electrophoresis buffers, please see Table 5-3.

ELECTROPHORESIS BUFFERS

Several different buffers are available for electrophoresis of native, double-stranded DNA. These
contain Tris-acetate and EDTA (pH 8.0; TAE) (also called E buffer), Tris-borate (TBE), or Tris-
phosphate (TPE) at a concentration of ~50 mM (pH 7.5—7.8). Electrophoresis buffers are usual-
ly made up as concentrated solutions and stored at room temperature (please see Table 5-3).

All of these buffers work well, and the choice among them is largely a matter of personal
preference. TAE has the lowest buffering capacity of the three and will become exhausted if elec-
trophoresis is carried out for prolonged periods of time. When this happens, the anodic portion
of the gel becomes acidic and the bromophenol blue migrating through the gel toward the anode
changes in color from bluish-purple to yellow. This change begins at pH 4.6 and is complete at
pH 3.0. Exhaustion of TAE can be avoided by periodic replacement of the buffer during elec-
trophoresis or by recirculation of the buffer between the two reservoirs. Both TBE and TPE are
slightly more expensive than TAE, but they have significantly higher buffering capacity. Double-
stranded linear DNA fragments migrate ~10% faster through TAE than through TBE or TPE; the
resolving power of TAE is slightly better than TBE or TPE for high-molecular-weight DNAs and
worse for low-molecular-weight DNAs. This difference probably explains the observation that
electrophoresis in TAE yields better resolution of DNA fragments in highly complex mixtures
such as mammalian DNA. For this reason, Southern blots used to analyze complex genomes are
generally derived from gels prepared in and run with TAE as the electrophoresis buffer. The res—
olution of supercoiled DNAs is better in TAE than in TBE.

TABLE 5-3 Electrophoresis Buffers
 

 

BUFFER Woaxmc SOLUTION STOCK SOLUTION/LITER

TAE lx 50x

40 mM Tris-acetate 242 g of Tris base

1 mM EDTA 57.1 ml of glacial acetic acid

100 ml of 0.5 M EDTA (pH 8.0)

TPE 1X 10X

90 mM Tris-phosphate 108 g of Tris base
2 mM EDTA 15.5 ml of phosphoric acid (85%, 1.679 g/ml)

40 m1 of 0.5 M EDTA (pH 8.0)

TBEa 0.5X 5x
45 mM Tris-borate 54 g of Tris base
1 mM EDTA 27.5 g of boric acid

20 ml of 0.5 M EDTA (pH 8.0)
 

dTBE is usually made and stored as a 5x or 10x stock solution. The pH of the concentrated stock buffer should be ~8.3. Dilute
the concentrated stock buffer just before use and make the gel solution and the electrophoresis buffer from the same concen~
trated stock solution. Some investigators prefer to use more concentrated stock solutions of TBE (10x as opposed to 5x).
However, 5x stock solution is more stable because the solutes do not precipitate during storage. Passing the concentrated buffer
stocks through a 0.45-um filter can prevent or delay formation of precipitates.
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TABLE 5-4 6x Gel-Ioading Buffers

BUFFER TYPE 6x BUFFER STORAGE TEMPERATURE

 

I 0.25% bromophenol blue 4°C

0.250/0 xylene cyanol PF

40% (w/v) sucrose in H20

11 0.25% bromophenol blue room temperature

0.25% xylene cyanol FF

15% Ficoll (Type 400;

Pharmacia) in HZO

[II 0.25% bromophenol blue 40C

0.250/0 xylene cyanol FF

30% glycerol in H20

IV 0.250/0 bromophenol blue 4°C

40% (w/v) sucrose in H20
 

GEL-LOADING BUFFERS

Gel—loading buffers are mixed with the samples before loading into the slots of the gel. These
buffers serve three purposes: They increase the density of the sample, ensuring that the DNA sinks
evenly into the well; they add color to the sample, thereby simplifying the loading process; and
they contain dyes that, in an electric field, move toward the anode at predictable rates.
Bromophenol blue migrates through agarose gels ~2.2-fold faster than xylene cyanol FF, inde-
pendent of the agarose concentration. Bromophenol blue migrates through agarose gels run in
0.5x TBE at approximately the same rate as linear double—stranded DNA 300 bp in length, where-
as xylene cyanol FF migrates at approximately the same rate as linear double—stranded DNA 4 kb
in length. These relationships are not significantly affected by the concentration of agarose in the
gel over the range of 0.5—1.4%. Which type of loading dye to use is a matter of personal prefer—
ence; various recipes are presented in Table 5-4.

MATERIALS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Agarose solutions (Tables 5-1 and 5-2)
Agarose gels are cast by melting the agarose in the presence of the desired buffer until a clear, transpar~
ent solution is achieved. The melted solution is then poured into a mold and allowed to harden. Upon
hardening, the agarose forms a matrix, the density of which is determined by the concentration of the
agarose. For rapid analysis of DNA samples, the use of a minigel is recommended (please see the panel
on ELECTROPHORESIS THROUGH MINIGELS below Step 13).

Electrophoresis buffer (usually 7x TAE or 0.5x TBE)
Please see Table 5-3 for recipes.

Ethidium bromide <!> or SYBR Gold staining solution <!>
For a discussion of staining DNA in agarose gels, please see Protocol 2.

6x CeI-loading buffer

Please see Table 5—4 for recipes.
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Nucleic Acids and Oligonucleotides

DNA samples

DNA size standards
Samples of DNAs of known size are typically generated by restriction enzyme digestion of a plasmid or

bacteriophage DNA of known sequence. Alternatively, they are produced by ligating a monomer DNA
fragment of known size into a ladder of polymeric forms. Size standards for both agarose and polyacry—
lamide gel electrophoresis may be purchased from commercial sources or they can be prepared easily in

the laboratory. It is a good idea to have two size ranges of standards, including a high-molecular-weight
range from 1 kb to >20 kb and a low—molecular-weight range from 100 bp to 1000 bp. A stock solution
of size standards can be prepared by dilution with a gel—loading buffer and then used as needed in indi—

vidual electrophoresis experiments.

Special Equipment

Equipment for agarose gel electrophoresis
Clean, dry horizontal electrophoresis apparatus with chamber and comb, or clean dry glass plates with
appropriate comb.

GeI-sealing tape
Common types of lab tape, such as Time tape or VWR lab tape, are appropriate for sealing the ends of
the agarose gel during pouring.

Microwave oven or Boiling water bath
Power supply device capable of up to 500 V and 200 mA.

Water bath preset to 55°C

METHOD

1 . Seal the edges of a clean, dry glass plate (or the open ends of the plastic tray supplied with the

electrophoresis apparatus) with tape to form a mold (Figure 5-3). Set the mold on a hori-

zontal section of the bench.

2. Prepare sufficient electrophoresis buffer (usually 1x TAE or 0.5x TBE) to fill the elec-

trophoresis tank and to cast the gel.
It is important to use the same batch of electrophoresis buffer in both the electrophoresis tank and
the gel. Small differences in ionic strength or pH create fronts in the gel that can greatly affect the
mobility of DNA fragments. When measuring the sizes of unknown DNAs, ensure that all samples
are applied to the gel in the same buffer. The high concentrations of salt in certain restriction
enzyme buffers (e.g., BamHI and EcoRI) retard the migration of DNA and distort the elec—
trophoresis of DNA in the adjacent wells

3. Prepare a solution of agarose in electrophoresis buffer at a concentration appropriate for sep—

arating the particular size fragments expected in the DNA sample(s): Add the correct amount

of powdered agarose (please see Table 5-5) to a measured quantity of electrophoresis buffer

in an Erlenmeyer flask or a glass bottle.

The buffer should occupy less than 50% of the volume of the flask or bottle.

The concentrations of agarose required to separate DNAs in different size ranges is given in Table
5-2. DNAs differing in size by only a few base pairs can be separated when certain high-resolution
agaroses (e.g., MetaPhor agarose, BioWhittaker) are used to cast the gel. Alternatively, modified
polysaccharides (commerically available) can be added to regular agarose to enhance separation.

This substance, used at a concentration of 0.5—2.0% (w/v), together with agarose, increases resolu-

tion, renders the cast gel more clear, and increases the strength of the gel.
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FIGURE 5-3 Pouring 3 Horizontal Agrose Gel
 

4. Loosely plug the neck of the Erlenmeyer flask with Kimwipes. If using a glass bottle, make

certain the cap is loose. Heat the slurry in a boiling-water bath or a microwave oven until the

agarose dissolves.

A WARNING The agarose solution can become superheated and may boil violently if it is
heated for too long in the microwave oven.

Heat the slurry for the minimum time required to allow all of the grains of agarose to dissolve.
Undissolved agarose appears as small “lenses” or translucent chips floating in the solution. Wear an
oven mitt and carefully swirl the bottle or flask from time to time to make sure that any unmelted
grains of agarose sticking to the walls enter the solution. Longer heating times are required to dis—

solve higher concentrations of agarose completely. Check that the volume of the solution has not
been decreased by evaporation during boiling; replenish with HZO if necessary.

5. Use insulated gloves or tongs to transfer the flask/bottle into a water bath at 55°C. When the

molten gel has cooled, add ethidium bromide to a final concentration of 0.5 ug/ml. Mix the gel

solution thoroughly by gentle swirling.

A IMPORTANT SYBR Gold should not be added to the molten gel solution. Please see
Protocol 2 for further discussion.

When preparing gels in plastic (lucite) trays, it is important to cool the melted agarose solution to
<60°C before casting the gel. Hotter solutions warp and craze the trays. At one time, solutions con—

“, n 4mm“.m- m- , 0..._m..... .

 



5.12 Chapter 5: Gel Electrophoresis ofDNA and Pulsed-field Agarose Gel Electrophoresis

TABLE 5-5 Range of Separation in Gels Containing Different Amounts of
Standard Low-EEO Agarose
 

 

AGAROSE CONCENTRATION RANGE or SEPARATION or

IN GEL (% [w/v]) LINEAR DNA MOLECULES (kb)

0.3 5—60

0.6 1-20

0.7 08—10

0.9 0.5—7

1.2 04—6

1.5 02—3

2.0 01—2
 

10.

taining high concentrations of agarose (2% or above) were stored at 70°C to prevent premature
gelling. However, this treatment has become unnecessary because of improvements in the methods
used to purify and prepare standard agaroses.

While the agarose solution is cooling, choose an appropriate comb for forming the sample

slots in the gel. Position the comb 0.5—1.0 mm above the plate so that a complete well is

formed when the agarose is added to the mold.

Most apparatuses have side walls or outside “legs” that allow appropriate placement of the comb. If
this is not the case, and if the comb is too close to the glass plate, the base of the well may tear when
the comb is withdrawn, causing samples to leak between the gel and the glass plate. This problem
is more common when low concentrations of agarose (<0.6%) or low-gelling-temperature agarose
are used.

. Pour the warm agarose solution into the mold.

The gel should be between 3 mm and 5 mm thick. Check that no air bubbles are under or between
the teeth of the comb. Air bubbles present in the molten gel can be removed easily by poking them
with the corner of a Kimwipe.

When preparing gels that contain low concentrations of agarose (<0.5%), first pour a supporting gel
(1% agarose) without wells. Allow this gel to harden at room temperature on the glass plate or plas-
tic tray, and then pour the lower-percentage gel directly on top of the supporting gel. Stacking the
gels in this way reduces the chance that the lower-percentage gel will fracture during subsequent
manipulations (e.g,, photography and processing for Southern hybridization). Make sure that both
gels are made from the same batch of buffer and contain the same concentration of ethidium bro—
mide. Gels cast with low-melting—temperature agarose and gels that contain less than O.5°/o agarose
can also be chilled to 4°C and run in a cold room to reduce the chance of fracture.

. Allow the gel to set completely (30—45 minutes at room temperature), then pour a small

amount of electrophoresis buffer on the top of the gel, and carefully remove the comb. Pour

off the electrophoresis buffer and carefully remove the tape. Mount the gel in the elec-

trophoresis tank.

Add just enough electrophoresis buffer to cover the gel to a depth of ~1 mm.

It is not necessary to prerun an agarose gel before the samples are loaded.

Mix the samples of DNA with 0.20 volume of the desired 6x gel-loading buffer (please see
Table 5-4).

The maximum amount of DNA that can be applied to a slot depends on the number of fragments
in the sample and their sizes. The minimum amount of DNA that can be detected by photography
of ethidium—bromide—stained gels is ~2 ng in a 0.5-cm-wide band (the usual width ofa slot). More
sensitive dyes such as SYBR Gold can detect as little as 20 pg of DNA in a band. If there is more than
500 ng of DNA in a band of 0.5 cm, the slot will be overloaded, resulting in trailing, smiling, and
smearing— problems that become more severe as the size of the DNA increases. When simple pop-
ulations of DNA molecules (e.g., bacteriophage A or plasmid DNAs) are to be analyzed, 100—500 ng
of DNA should be loaded per 0.5-cm slot. When the sample consists of a very large number of DNA
fragments of different sizes (e.g., restriction digests of mammalian DNA), however, it is possible to
load 20—30 pg of DNA per slot without significant loss of resolution.

 



11.

12.
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The maximum volume of solution that can be loaded is determined by the dimensions of the shit.
(A typical slot [05 x 0.5 x 0.15 cm} will hold about 40 ul). Do not overtill a slot with a DNA sam—

ple solution. To reduce the possibility of contaminating neighboring samples, it is best to make the
get a little thicker or to concentrate the DNA by ethanol precipitation rather than to till the slot
completely.

Slowly load the sample mixture into the slots of the submerged gel using a disposable

micropipette, an automatic micropipettor, or a drawn—out Pasteur pipette or glass capillary

tube. Load size standards into slots on both the right and left sides of the gel.

For many purposes, it is not necessary to use a fresh pipette tip for every sample as long, as the tip
is thoroughly washed with buffer [tom the anodie chamber between samples. However, it the gel is
to be analyzed by Southern hybridization or if bands of DNA are to be recovered from the gel, it is
sensible to use a separate pipette tip for every sample.

Close the lid of the gel tank and attach the electrical leads so that the DNA will migrate

toward the positive anode (red lead). Apply a voltage of 1—5 V/cm (measured as the distance

between the positive and negative electrodes). If the leads have been attached correctly, bub—

bles should be generated at the anode and cathode (due to electrolysis), and within a few

minutes, the bromophenol blue should migrate from the wells into the body of the gel. Run

the gel until the bromophenol blue and xylene cyanol FF have migrated an appropriate dis—

tance through the gel.
The presence of ethidium bromide allows the gel to be examined by UV illumination at any stage

during electrophoresis. The gel tray may be removed and placed directly on a transilluminator.

Alternatively, the gel may be examined using a hand-held source of UV light. In either case. turn
off the power supply before examining the gel!

During electrophoresis. the ethidium bromide migrates toward the cathode (in the direction 0pr-
site to that ofthe DNA). Electrophoresis for protracted periods oftime can result in the loss ofsig—
niticant amounts of ethidium bromide from the gel, making detection of small fragments difficult.
In this case, restain the gel by soaking it for 30—45 minutes in a solution of ethidium bromide (0.5
ug/ml) as described in Protocol 2.

When the DNA samples or dyes have migrated a sufficient distance through the gel, turn off

the electric current and remove the leads and lid from the gel tank. If ethidium bromide is

present in the gel and electrophoresis buffer, examine the gel by UV light and photograph the

gel as described in Protoc012 and as shown in Figure 5—4. Otherwise, stain the gel by immers-

ing it in electrophoresis buffer or HZO containing ethidium bromide (0.5 ug/ml) for 30—45

minutes at room temperature or by soaking in a 1:10,000-fold dilution of SYBR Gold stock

solution in electrophoresis buffer.

For further details on staining and photography of DNA in gels, please see Protocol 2.

 

ELECTROPHORESIS THROUGH MINIGELS

During the last several years, methods have been developed for analyzing small quantities of DNA very
rapidly using agarose minigels. Several types of miniature electrophoresis tanks are manufactured com-
mercially, typically as smaller versions of the companies’ larger electrophoresis models. Each gel siot
holds 3—1 2 ti] of sample. depending on the thickness of the gel and the width of the teeth of the comb.
Usually, 10—100 ng of DNA in the gel-Ioading buffer of choice is applied to a slot. The gel is then run for
30—60 minutes at high voltage (5720 V/Cm) until the bromphenol blue and xylene eydnol FF have migrat—

ed the appropriate distance. The gel is then photographed as described in Protocol 2.
Minigels are particularly useful when a rapid answer is required before the next step in a cloning pro-

tocoi can be undertaken. Because the wells are smaller and the gels thinner, less DNA than normal is
required for visualization. In addition, because the gels can be prepared in advance and run rapidly, and
because they require smaller amounts of reagents, there are considerable savings in both time and
money. Many investigators prepare one gel at the beginning of the week, and use it over and over again
through the course of an experiment. Thus, a particular set of samples may be loaded, run out onto the
gel, and visualized. The gel then may be “erased” by running the samples off the gel into the buffer. Note
that minigels are best suited for the analysis of small DNA fragments (<3 kb). Larger fragments resolve
poorly because of the high voltages that are generally used and the comparatively short length of the gel.   
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Protocol 2
 

Detection of DNA in Agarose Gels

NUCLEIC ACIDS THAT HAVE BEEN SUBJECTED TO ELECTROPHORESIS through agarose gels may be

detected by staining and visualized by illumination with 300-nm UV light. Methods for staining

and visualization of DNA using either ethidium bromide or SYBR Gold are described here; for

further details on detection of nucleic acids, please see the discussion on the Quantitation of

Nucleic Acids in Appendix 8.

STAINING DNA IN GELS USING ETHIDIUM BROMIDE
 

5.14

The most convenient and commonly used method to visualize DNA in agarose gels is staining

with the fluorescent dye ethidium bromide (Sharp et al. 1973), which contains a tricyclic planar

group that intercalates between the stacked bases of DNA. Ethidium bromide binds to DNA with

little or no sequence preference. At saturation in solutions of high ionic strength, approximately

one ethidium molecule is intercalated per 2.5 bp (Waring 1965). After insertion into the helix, the

dye lies perpendicular to the helical axis and makes van der Waals contacts with the base pairs

above and below. The fixed position of the planar group and its close proximity to the bases cause

dye bound to DNA to display an increased fluorescent yield compared to that of dye in free solu-

tion. UV radiation at 254 nm is absorbed by the DNA and transmitted to the dye; radiation at 302

nm and 366 nm is absorbed by the bound dye itself. In both cases, the energy is re-emitted at 590

nm in the red-orange region of the Visible spectrum (LePecq and Paoletti 1967). Because the flu—

orescent yield of ethidium bromide—DNA complexes is ~20—30-fold greater than that of

unbound dye, bands containing as little as ~ 10 ng of DNA can be detected in the presence of free
ethidium bromide (0.5 ug/ml) in the gel.

 

Ethidium bromide was synthesized in the 19505 in an effort to develop phenanthridine compounds as effec-
tive trypanocidal agents. Ethidium emerged from the screening program with flying coiors. It was 10—50-fold
more effective against trypanosomes than the parent compound, was no more toxic to mice, and, unlike ear-

lier phenanthridines, did not induce photosensitization in cattle (Watkins and Woolfe 1952). Ethidium bromide

is still used for the treatment and prophylaxis of trypanomiasis in cattle. in tropical and subtropical countries.   
 

Ethidium bromide can be used to detect both single- and double—stranded nucleic acids
(both DNA and RNA). However, the affinity of the dye for single-stranded nucleic acid is rela-

tively low and the fluorescent yield is comparatively poor. In fact, most fluorescence associated

with staining single-stranded DNA or RNA is attributable to binding of the dye to short
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intrastrand duplexes in the molecules. For additional details on ethidium bromide, please see the

information panel on ETHIDIUM BROMIDE in Chapter 1.

Ethidium bromide is prepared as a stock solution of 10 mg/ml in HQO, which is stored at

room temperature in dark bottles or bottles wrapped in aluminum foil. The dye is usually incor—

porated into agarose gels and electrophoresis buffers at a concentration of 0.5 tig/ml. Note that

polyacrylamide gels cannot be cast with ethidium bromide because it inhibits polymerization of

the acrylamide. Acrylamide gels are therefore stained with the ethidium solution after the gel has

been run (please see Protocol 10).

Although the electrophoretic mobility of linear double—stranded DNA is reduced by ~15%

in the presence of the dye, the ability to examine the agarose gels directly under UV illumination

during or at the end of the run is a great advantage. However, sharper DNA bands are obtained

when electrophoresis is carried out in the absence of ethidium bromide. Thus, when an accurate

size of a particular fragment of DNA is to be established (e.g., when a restriction endonuclease

map is being determined for a fragment of DNA), the agarose gel should be run in the absence of

ethidium bromide and stained after electrophoresis is complete. Staining is accomplished by

immersing the gel in electrophoresis buffer or HZO containing ethidium bromide (0.5 ug/ml) for

30—45 minutes at room temperature. Destaining is not usually required. However, detection of

very small amounts (<10 ng) of DNA is made easier if the background fluorescence caused by

unbound ethidium bromide is reduced by soaking the stained gel in HZO or 1 mM MgSO4 for 20

minutes at room temperature.

STAINING DNA IN GELS USING SYBR GOLD
 

SYBR Gold is the trade name of a new ultrasensitive dye with high affinity for DNA and a large

fluorescence enhancement upon binding to nucleic acid. The quantum yield of the SYBR

Gold—DNA complex is greater than that of the equivalent ethidium bromide—DNA complex and

the fluorescence enhancement is > 1000 times greater. As a result, <20 pg of double—stranded DNA

can be detected in an agarose gel (up to 25 times less than the amount Visible after ethidium bro-

mide staining). In addition, staining of agarose or polyacrylamide gels with this dye can reveal as

little as 100 pg of single—stranded DNA in a band or 300 pg of RNA. SYBR Gold shows maximum

excitation at 495 nm and has a secondary excitation peak at 300 nm. Fluorescent emission occurs

at 537 nm. For additional details on SYBR Gold, please see the panel below.
 

SYBR GOLD

SYBR Gold is a proprietary fluorescent unsymmetrical cyanine dye, sold by Molecular Probes, that is used to
stain singie- and double-stranded nucleic acids in gels. Although far more expensive, SYBR Gold has several
advantages over phenanthridine dyes such as ethidium bromide. It is more sensitive and can be used to stain
both DNA and RNA in conventional neutral polyacrylamide and agarose gels and in gels containing denatu-
rants/ such as urea, glyoxal, and formaldehyde. When excited by standard transillumination at 300 nm, SYBR
Gold gives rise to bright gold fluorescent signals that can be captured on conventional black and white Polaroid
film or on charged couple device (CCD)-based image detection systems. Gels are stained with SYBR Gold after
electrophoresis is complete. The level of background fluorescence is so low that no destaining is required. The
stained nucleic acid can be transferred directly to membranes for northern or Southern hybridization. SYBR
Gold may be removed from nucleic acids recovered from gels by ethanol precipitation.

SYBR Gold is supplied as a 10,000x concentrate in anhydrous dimethylsulfoxide (DMSO). The high cost

of the dye precludes its use for routine staining of gels. However, the dye may be cost—effective as an alterna-
tive to using radiolabeled DNAs in techniques such as singie-strand conformation polymorphism (SSCP) and
denaturing gradient gel electrophoresis (DGGE).   
 

MW...” 0.” ..._v s
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SYBR Gold is used to stain DNA by soaking the gel, after separation of the DNA frag-

ments, in a 1:10,000—fold dilution of the stock dye solution. SYBR Gold should not be added to

the molten agarose or to the gel before electrophoresis, because its presence in the hardened gel

will cause severe distortions in the electrophoretic properties of the DNA and RNA.

The greatest sensitivity is obtained when the gel is illuminated with UV light at 300 nm.

Photography is carried out as described below with green or yellow filters. The dye is sensitive to

fluorescent light, and working solutions containing SYBR Gold (1:10,000 dilution of the stock

solution supplied by Molecular Probes) should be freshly made daily in electrophoresis buffer

and stored at room temperature.

PHOTOGRAPHY OF DNA IN GELS

Photographs of ethidium—bromide-stained gels may be made using transmitted or incident UV

light (please see Figure 5-4). Most commercially available devices (transilluminators) emit UV

light at 302 nm. The fluorescent yield of ethidium bromide—DNA complexes is considerably

greater at this wavelength than at 366 nm and slightly less than at short-wavelength (254 nm)

light. However, the amount of nicking of the DNA is much less at 302 nm than at 254 nm (Brunk

and Simpson 1977).

Today, images of ethidium-bromide—stained gels may be captured by integrated systems

containing light sources, fixed—focus digital cameras, and thermal printers. The CCD cameras of

these systems use a wide-angle zoom lens (f = 75 mm) that allows the detection of very small

amounts of ethidium—bromide-stained DNA (001—05 rig is claimed). In the more advanced sys—

tems, gel images are directly transmitted to a computer and visualized in real time. The image can

be manipulated on screen with respect to field, focus, and cumulative exposure time prior to

printing. Individual images can be printed, saved, and stored electronically in several file formats

and further manipulated with image analysis software programs. The average file size for a

stained agarose gel image is ~O.3 Mb; thus, extensive archiving requires large—capacity storage sys-

tems. Although individual printouts cost only a few pennies compared to ~1 dollar for a Polaroid

photograph (please see below), the hardware for a minimum integrated system can cost several

thousand dollars and considerably more for a setup with a large assortment of accessories.
Vendors that sell gel documentation systems include Alpha Innotech (San Leandro, California),

Fotodyne (Hartland, Wisconsin), and Stratagene (La Iolla, California).

Although the results obtained with these documentation systems are entirely satisfactory

for immediate analysis, the printed images fade during storage and are devoid of esthetic appeal.

More pleasing and durable results are obtained from highly sensitive Polaroid film Type 57 or

667 (ASA 3000). With an efficient UV light source (>2500 mW/cmz), a Wratten 22A

(red/orange) filter, and a good lens (f : 135 mm), an exposure ofa few seconds is sufficient to

obtain images of bands containing as little as 10 ng of DNA With a long exposure time and a

strong UV light source, the fluorescence emitted by as little as 1 ng of ethidium-br0mide—stained

DNA can be recorded on film. For detection of extremely faint DNA bands stained with this dye,

a lens with a shorter focal length (f = 75 mm) should be used in combination with a conven—
tional wet—process film (e.g., Kodak no. 4155). This setup allows the lens to be moved closer to

the gel, concentrates the image on a smaller area of film, and allows for flexibility in developing
and printing the image.

A further 10—20—fold increase in the sensitivity of conventional photography can be
obtained by staining DNA with SYBR Gold (Molecular Probes). Of course, the price of this
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FIGURE 5-4 Photography of Gels by Ultraviolet Illumination

The top diagram shows the arrangement of the UV light source, the gel, and the camera that is used for
photography by transmitted light. The bottom diagram shows the arrangement that is used for photogra-
phy by incident light.

 

increase in sensitivity is steep: 10 liters of working solution of SYBR Gold stain costs more than
100 dollars, whereas the same amount of ethidium bromide costs ~5 cents. Detection of DNAs
stained with this dye requires the use of a yellow or green gelatin or cellophane filter (5—7569,
available from Molecular Probes or Kodak) with the camera and illumination with 300—nm UV
light.  
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Recovery of DNA from Agarose Gels:
Electrophoresis onto DEAE-cellulose
Membranes

5.18

MANY METHODS HAVE BEEN DEVELOPED OVER THE YEARS to recover DNA from agarose and

polyacrylamide gels. Even now, scarcely an issue of technically oriented molecular cloning jour—

nals is printed without some variation on this general procedure. Despite the plethora of meth—

ods, none of these have proven satisfactory in all hands. The problems associated with the effi-

cient recovery of DNA from agarose gels include:

DNA recovered from agarose gels is frequently difficult to ligate, digest, or radiolabel. This

difficulty is usually caused by charged polysaccharide inhibitors in the eluted DNA. In the past,

most grades of agarose were contaminated with poorly characterized polysaccharides, which

are extracted from the gel along with the DNA. These substances are potent inhibitors of many

of the enzymes commonly used in molecular cloning. Although improvements in the quality

of agarose have reduced this problem considerably, there are still occasions when DNA is

recovered in a nonreactive form.

Inefficient recovery of large fragments ofDNA. The efficiency with which DNA is recovered
from agarose gels is a function of its molecular weight. Although most methods give reason-

able yields of DNA fragments that are <5 kb in length (>50%), none of them are entirely sat—

isfactory for the recovery of larger fragments. As the size of the DNA fragments increases, the

yield progressively decreases, especially when the DNA is purified by methods that involve

binding to a solid matrix such as a diethylaminoethyl (DEAE)—cellulose membrane. Larger
fragments bind more tenaciously to such supports and are more difficult to elute.

Inefficient recovery ofsmall amounts ofDNA. The smaller the amount of DNA in the band,
the lower the yield of purified fragments In some methods, the loss of material is so great that

it is not worthwhile to attempt to recover bands that contain <500 ng of DNA.

Inability to recover a number ofdifferentfragments simultaneously. Several of the techniques

are labor-intensive and consist of many individual manipulations. The number of fragments
that can be processed at any one time is therefore limited.

In this protocol, DNA is recovered from an agarose gel by electrophoresis onto a positively

charged DEAE-cellulose membrane. Fragments of DNA are first separated by electrophoresis
through an agarose gel of the appropriate concentration. A slit is then cut in the gel immediately

 



Protocol 3: Recovery ofDNA from Agarose Gels: Electrophoresis onto DEAE—cellulose Membranes 5.19

ahead of the DNA band(s) of interest, and a sliver of DEAE—celiulose membrane is inserted into

the slit. The method can also be adapted for eluting DNA from a slice of polyacrylamide gel by

introducing the polyacrylamide slice into the slit in an agarose gel, just ahead ofthe DEAE—cellu—

lose membrane. Electrophoresis is continued until all of the DNA in the band has been collected

onto the membrane. The membrane is then removed from the slit and washed free of contami—

nants in a buffer of low ionic strength. The DNA is finally eluted from the membrane in a buffer
of high ionic strength. The DNA recovered from the membrane is of high purity and can be used
for the most demanding tasks (e.g., transformation of mammalian cell lines).

The following method is based on the procedure of Girvitz et al. (1980), who used a dialy—

sis membrane to trap bands of DNA. The original procedure was later modified by Dretzen et al.

(1981), who replaced the dialysis membrane with DEAE paper (the recovery of DNA is much

more efficient when a DEAE membrane is used). However, because DNAs larger than 5 kb are

eluted from the positively charged membrane with progressively decreasing efficiency, the

method is unsuitable for DNA fragments larger than ~10 kb in size. Electrophoresis onto a

DEAE—cellulose membrane cannot be used to isolate single—stranded DNAs, which bind tena-

ciously to the membrane.

The protocols in the following pages describe methods for extracting and purifying DNA

from agarose and polyacrylamide gels that have worked well in several laboratories and, in our

hands, are consistent and reliable.

o Electrophoresis onto a DEAE-cellulose membrane (this protocol) is a relatively simple tech-

nique that can be performed simultaneously on many samples and consistently gives high

yields of fragments between 500 bp and 5 kb in length.

0 Electroelution into dialysis bags (Protocol 4) is an inconvenient but effective technique for the

recovery of large fragments of DNA (>5 kb in length) and can be used to elute DNA from poly—

acrylamide gels. Purification Of DNA recovered from gels by anion—exchange chromatography

(Protocol 5) is an efficient but labor—intensive procedure.

0 The recovery of DNA from gels cast with low-melting-temperature agarose (Protocols 6 and

7) can be less reproducible than other methods but has the advantage that certain enzyme

reactions (e.g., digestion with restriction enzymes and ligation) can be carried out directly in

the melted gel.

0 DNA may also be recovered from agarose gels by adsorbtion onto glass beads (please see the

panel on ALTERNATIVE PROTOCOL: RECOVERY OF DNA FROM AGAROSE GELS USING GLASS

BEADS in Protocol 6).

VMATERIALS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Ammonium acetate (70 M)

DEAE high-sa/t elution buffer
50 mM Tris~(fil (pH 810)

1 M NdCi

10 mM EDTA (pH 8.0)
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DEAE low-salt wash buffer
50 mM Tris—(Il (pH 8.0)

0.15 M NaCl

10 mM EDTA (pH 8.0)

EDTA (10 mM, pH 8.0)
Ethanol

6x CeI-loading buffer
For a list of gel—loading buffers and recipes, please see Table 5—4 in Protocol 1.

NaOH (0.5 N) <!>

Phenol:chlorof0rm (7:7, v/v) <!>

Sodium acetate (3 M, pH 5.2)

TE (pH 8.0)

Enzymes and Buffers

Restriction endonucleases

Gels

Agarose gels, containing 0.5 ug/ml ethidium bromide <!>
Prepare gels containing a concentration of agarose (Protocol 1) appropriate for separating the fragments
in the DNA sample. One of the gels is used for isolation of DNA and the other is used for analysis of the
DNA recovered from the gel.

Nucleic Acids and Oligonucleotides

DNA sample
DNA standards

RNA, yeast carrier tRNA

Optional: Use to improve recovery of DNA during precipitation. P1ease see Step 10.

Prepare a solution containing yeast tRNA (Boehringer Mannheim or Sigma) at a concentration of 10
mg/ml in sterile TE (pH 7.6), 0.1 M NaCl. Extract the solution twice with phenol (equilibrated in Tris-
Cl at pH 7.6) and twice with chloroform. Precipitate the RNA with 2.5 volumes ofethanol at room tem—

perature, and recover the RNA by centrifugation at 5000g (6500 rpm in a Sorvall 88-34 rotor) for 15
minutes at 4°C. Dissolve the pellet of RNA at a concentration of 10 mg/ml in sterile TE (pH 7.6). Store
the carrier RNA in small aliquots at 40°C.

Special Equipment

DEAE-ceI/ulose membranes
These membranes can be obtained from Schleicher 8( Schuell (NA—45) or from Whatman

Ultraviolet lamp, hand-held/ Iong-wavelength (302 nm) <!>

Water bath preset to 65°C

METHOD
 

1. Digest an amount of DNA that will yield at least 100 ng of the fragment(s) of interest.

Separate the fragments by electrophoresis through an agarose gel of the appropriate concen—

tration that contains 0.5 pg/ml ethidium bromide, and locate the band of interest with a

hand-held, long-wavelength UV lamp.

Excitation of the ethidium bromide—DNA complex may cause photobleaching of the dye and sin—
gle—strand breaks. Use of a light source that emits at 302 nm instead of 254 nm will minimize both
effects.
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2.

i
n

Use a sharp scalpel 01" razor blade to make an incision in the get directly in front of the lead—

ing edge of the band ofinterest and ~2 mm wider than the band on each side.

If DNA is to he eluted from an entire lane 0tan agarose gel (e.g., a restriction digest of mammalian
genomic DNA), make the incision in the gel parallel to the lane of interest and place it single long

piece of DEAh—celhtlose lttemhrane (prepared as in Step 3) into the incision. Rem‘ient the gel so

that the DNA can he transferred electrophoretieally from the gel to the membrane. After elet—
tmphm‘esis, remove the membrane and cut it into segments. Elute DNA of the desired si/e from
the appropriate segmentis} of the membrane as described in Steps 741.

Wearing gloves, cut a piece of DEAE—cellulose membrane that is the same width as the inci—

sion and slightly deeper (1 mm) than the gel. Soak the membrane in 10 mM ED'l'A (pH 8.0)

for 5 minutes at room temperature. To activate the membrane, replace the EDTA with 0.5 N

NaOH, and soak the membrane for a further 5 minutes. Wash the membrane six times in
sterile H,().

Do not use larger pieces of membrane than necessary, as this excess reduces the efficiency with
which DNA can he eluted.

The strips may he stored at 4“(l in sterile HO for several weeks after they have been activated.

Use hlunt~ended forceps or tweezers to hold apart the walls ofthe incision on the agarose gel

and insert the membrane into the slit. Remove the forceps and close the incision, being care—

ful not to trap air bubbles.

Minimize the chance of contamination with unwanted species of DNA by either

0 cutting out a segment of gel containing the hand of interest and tl‘ansfering it to A hole of
the appropriate siye cut in another region of the gel (at from any other species Of DNA

01’

o inserting a second piece ot~ membrane above the hand of interest to trap unwanted species at
DNA

Resume electrophoresis (5 V/em) until the band of DNA has just migrated onto the mem-

hrane. Follow the progress Of the electrophoresis With a hzmd—held, long-wavelength (302

nm) UV lamp.

Electrophoresis should he continued for the minimum time neeessary to transfer the DNA tram

the gel to the membrane. Extended electrophoresis can result in ctoss—eontamimtion with other
DNA fragments (see above) or unnecessary accumulation of contaminants from the ttgarme.

When all of the DNA has left the gel and is trapped on the membrane, turn off the electric

current. Use blunt—ended forceps to recover the membrane and rinse it in 5—10 ml of DEAE
low—salt wash buffer at room temperature to remove any agarose pieces from the mem—
hrane.

Do not allow the membrane to dry; otherwise, the DNA becomes irreversihly hound.

Transfer the membrane to a microfuge tube. Add enough DEAE high-salt elution buffer to
cover the membrane completely. The membrane should be crushed or folded gently. hut not
tightly packed. Close the lid of the tube and incubate it for 30 minutes at 65”C.

Check the tube from time to time to ensure that the membrane does not expand uhove the Ie\el ot'
the buffet.

While the DNA is eluting from the membrane, photograph the gel as described in Protocol 2
to establish a record of which bands were isolated.

Transfer the fluid from Step 7 to a fresh mierofuge tube. Add a second aliquot of DEAE high—
salt elution buffer to the membrane, and incubate the tube for a further 15 minutes at 650C.
Combine the Mo aliquots of DEAE high—salt elution buffer.

(Iheck under UV illumination that the membrane no longer contains a visihie smear otethidium-
hrmnide-stained DNA. Discard the used membrane.
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10. Extract the high-salt eluate once with phenolxzhloroform. Transfer the aqueous phase to a

11.

12.

fresh microfuge tube, and add 0.2 volume of 10 M ammonium acetate and 2 volumes of

ethanol at 40C. Store the mixture for 10 minutes at room temperature, and recover the DNA

by centrifugation at maximum speed for 10 minutes at room temperature in a microfuge.

Carefully rinse the pellet with 70% ethanol, store the open tube on the bench for a few min—

utes to allow the ethanol to evaporate, and then redissolve the DNA in 3—5 p] of TE (pH 8.0).

The addition of 10 ug of carrier RNA before precipitation may improve the recovery of small
amounts of DNA. However, before adding the RNA, make sure that the presence of RNA will not
compromise any subsequent enzymatic reactions in which the DNA is used as a substrate or tem—
plate.

If exceptionally pure DNA is required (e.g., for microinjection of fertilized mouse eggs or

electroporation of cultured cells), reprecipitate the DNA with ethanol as follows.

a. Suspend the DNA in 200 pl of TE (pH 8.0), add 25 pl of 3 M sodium acetate (pH 5.2),

and precipitate the DNA once more with 2 volumes of ethanol at 4°C.

b. Recover the DNA by centrifugation at maximum speed for 5—15 minutes at 40C in a

microfuge.

C. Carefully rinse the pellet with 70% ethanol. Store the open tube on the bench for a few

minutes to allow the ethanol to evaporate, and then dissolve the DNA in 3—5 pl of TE (pH

8.0).

Check the amount and quality of the DNA by gel electrophoresis. Mix a small aliquot

(~ 10—50 ng) of the final preparation of the fragment with 10 pl of TE (pH 8.0), and add 2 pl

of the desired gel—loading buffer (please see Table 5—4 in Protocol 1). Load and run an agarose

gel of the appropriate concentration, using as markers restriction digests of known quantities

of the original DNA and the appropriate DNA size standards. The isolated fragment should

comigrate with the correct fragment in the restriction digest. Examine the gel carefully for the

presence of faint fluorescent bands that signify the presence of contaminating species of

DNA.

It is often possible to estimate the amount of DNA in the final preparation from the relative inten»
sities of fluorescence of the fragment and the markers.
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Recovery of DNA from Agarose and
Polyacrylamide Gels: Electroelution
into Dialysis Bags

 

THIS TECHNIQUE (MCDONELL ET AL. 1977) ALLOWS THE RECOVERY in high yield of double-srrand-

ed DNAS of a wide range of sizes from slices of agarose and polyacrylamide gels. The method is

somewhat tedious, requiring the insertion of individual gel slices into dialysis bags and is there—

fore inefficient when recovering large numbers of fragments. However, electroelution works well

and is the technique of first resort should difficulties arise with other methods.

MATERIALS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions
Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Ethanol

Ethidium bromide <!> or SYBR Gold staining solution <!>

Phenol:chloroform (7:7, v/v) <!>

Sodium acetate (3 M, pH 5.2)

0.25x TBE electrophoresis buffer
For a list of recipes, please see Table 5—3 in Protocol 1.

Other electrophoresis buffers such as TAE (please see Table 5-3) or 0.5x TBE can he used for eleclmclu—
tion of DNA fragments from agarose 11nd polyacrylamide gels. Buffers are used at reduced strength
(().25—0.5x) 10 increase the rate at which the DNA migrates through the gel.

0.25x TBE electrophoresis buffer containing 0.5 tig/ml ethidium bromide <!>

Enzymes and Buffers

Restriction endonucleases

Gels

Agarose or polyacrylamide gel <!>
Prepare a gel containing a concentration of agarose (Protocol 1) or acrylamidc (Protocol 9) appropriate
for separating the fragments in the DNA sample.

5.23
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Nucleic Acids and Oligonucleotides

DNA sample

Special Equipment

Dialysis tubing/ boiled

For the preparation of dialysis tubing for use with DNA7 please see Appendix 8 or use a commercial
preparation of molecular biology grade dialysis tubing (e.g., Life Technologies).

Dialysis tubing clips
Spectra Por closures from Spectrum Medical Industries.

Horizontal electrophoresis tank ,

Ultraviolet lamp, hand-held, Iong-wavelength (302 nm) <!>

Additional Reagents

METHOD

Step 3 of this protocol requires reagents listed in Protocol 2 of this Chapter.
Step 10 of this protocol may require reagents listed in Protocol 5 of this chapter.

. Digest an amount of the sample DNA that will yield at least 100 ng of the fragment(s) of

interest. Separate the fragments by electrophoresis through an agarose or polyacrylamide gel
of the appropriate concentration, stain with 0.5 pg/ml ethidium bromide or SYBR Gold, and
locate the band(s) of interest with a hand-held, long-wavelength UV lamp.

Agarose gels may be cast with ethidium bromide or run and subsequently stained either with ethid—
ium bromide or with SYBR Gold (please see Protocol 2). If the DNA is separated by electrophore-
sis through acrylamide, the gel is subsequently stained either with ethidium bromide or with SYBR
Gold (please see Protocols 9 and 10). Excitation ofthe ethidium bromide—DNA complex may cause
photobleaching of the dye and single-strand breaks. Use of a source that emits at 302 nm instead of
254 nm Will minimize both effects.

. Use a sharp scalpel or razor blade to cut out a slice of agarose or polyacrylamide containing
the band of interest, and place it on a square of Parafilm wetted with 0.25x TBE. Cut the
smallest slice of gel possible to reduce the amount of contamination of DNA with inhibitors,
to minimize the distance the DNA need migrate to exit the gel, and to ensure an easy fit into
the dialysis tubing on hand.

. After excising the band, photograph the gel as described in Protocol 2 to establish a record of
which band was removed.

. Wearing gloves, seal one end of a piece of dialysis tubing with a secure knot. Fill the dialysis
bag to overflowing with 0.25x TBE. Holding the neck of the bag and slightly squeezing the
tubing to open it, use a thin spatula to transfer the gel slice into the buffer—filled bag.

. Allow the gel slice to sink to the bottom of the bag. Squeeze out most of the buffer, leaving
just enough to keep the gel slice in constant contact with the buffer. Place a dialysis clip just
above the gel slice to seal the bag. Avoid trapping air bubbles and clipping the gel slice itself
(Figure 5—5). Use a permanent felt-tipped marker to label the dialysis clip with the name of
the DNA fragment.

. Immerse the bag in a shallow layer of 0.25x TBE in a horizontal electrophoresis tank. Use a
glass rod or pipette to prevent the dialysis bag from floating and to maintain the gel fragment
in an orientation that is parallel to the electrodes. Pass an electric current through the bag (7.5
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electrophoresis buffer

polyacrylamide or agarose
gel slice containing

DNA fragment  
FIGURE 5-5 Electroelution of DNA from the Gel Slice

This method of recovering DNA from gels was originally described by McDonnell et al. (1977).

Went) for 45—60 minutes. Use a hand—held, long-wavelength UV lamp to monitor the move-

ment of the DNA fragment out of the gel slice.

lt‘the dialysis bag containing the DNA fragment is subjected to an electric field for too short a peri—
od of time, not all of the DNA will migrate out of the gel slice and the yield will be reduced.
Similarly, if the electrophoresis time is too long, the DNA becomes attached to the wall ot'the dial
ysis hag. Typically. 45—60 minutes at 7.5 V/cm in 0.25x TBE buffer is sufficient to electroclute ~85%

of a DNA fragment (1f0.l—2.0 kb from the gel slice. Other buffers. larger DNA fragments, and gels
containing high concentrations of agarose require different electrophoresis times.

7. Reverse the polarity of the current for 20 seconds to release the DNA from the wall of the bag.
Turn off the electric current and recover the bag from the electrophoresis chamber. Gently

massage the bag to mix the eluted DNA into the buffer.

8. After the reverse electrophoresis, remove the dialysis clip, and transfer the buffer surround—

ing the gel slice to a plastic tube. Remove the gel slice from the bag and stain it as described

in Step 9. Use a Pasteur pipette to wash out the empty bag with a small quantity of 0.25x TBE

after the initial transfer, and add the wash to the tube.

9. Stain the gel slice by immersing it in 0.25x TBE containing ethidium bromide (0.5 ug/ml) for

30—45 minutes at room temperature. Examine the stained slice by UV illumination to con—

firm that all of the DNA has eluted.

10. Purify the DNA either by passage through DEAE-Sephacel (please see Protocol 5), by chro-

matography on commercial resins, or by extraction with phenolzchlorofm'm and standard
ethanol precipitation.

 



Protocol 5
 

Purification of DNA Recovered from
Agarose and Polyacrylamide Gels by
Anion-exchange Chromatography

DNA FRAGMENTS PURIFIED FROM AGAROSE GELS, generated by the polymerase chain reaction

(PCR) (Chapter 8), or even produced by digestion with restriction enzymes, are often resistant to

further enzymatic manipulation. The reasons for this resistance are manifold but are generally

ascribed to the presence of “inhibitors.” Purification of double-stranded DNA by ion-exchange

chromatography on positively charged resins can be used to rid a sample of these poorly defined

inhibitors. The negatively charged DNA is bound to a matrix, such as DEAE-Sephacel or DEAE-

Sephadex in buffer of low ionic strength, the contaminants are washed away, and the DNA is then

eluted from the matrix by raising the ionic strength of the buffer. Plasmid DNAs and single—

stranded DNAs should not be purified on DEAE resins since they are difficult to elute once
bound.

 

ALTERNATIVE RESINS

Disposable columns containing reversed-phase resins (e.g., EIutip-d columns, Schleicher & Schuell; NACS,
Life Technologies), silica matricies (Wizard PCR Preps Resin, Promega; StrataCIean Resin, Stratagene), or glass

powder (e.g., Sephaglas, Pharmacia-LKB; GENECLEAN, Q'BlOgene) are available from several suppliers (for

more information, please see Chapter 1, Protocol 9). These resins have different elution protocols that can
vary dramatically from the method described in the current protocol. For example, double-stranded DNA is
bound to glass powder at high ionic strength and eluted in low salt, exactly the opposite to anion-exchange
chromatography. It is thus important to follow the instructions provided by the individual manufacturers of
the different columns.   
 

MATERIALS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Ethanol
lsopropanol
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Phenol:chloroform (7:7, v/v) <!>

TE (pH 7.6)
TE (pH 7.6) containing 0.7 M NaCI
TE (pH 7.6) containing 0.2 M NaCI

TE (pH 7.6) containing 0.3 M NaCI

TE (pH 7.6) containing 0.6 M NaCI
These four buffers should be sterilized by autodaving or filtration and stored at room temperature

Nucleic Acids and Oligonucleotides

DNA samples In TE (pH 7.6)

Special Equipment

Column (small disposable) or Barrel of 2-cc syringe
Small disposable columns tire commercially available (egq Bio»Rad, Dispo Columns). Hmvever, the bar—
i‘el (it'd Z—cc syringe containing a small circle of filter paper to retain the DEAE—Scphacel can also he Lth‘d.

lf plastic columns are not available. a siliconized Pasteur pipette plugged with siliconized glass mm] um
he substituted. For advice on siliconizing glassware, please see Appendix 8.

Resin, preswollen DEAE-Cellulose or DEAE-Sephace!

DIiAE—substituted celluloses are commercially available from several mdlmfitcturers, including

Whatman (I)E»52), Pharnmcia—LKB, and Sigma. DEAE celiuloses have been used to purif} both proteins
and nucleic acids for many years. They are typically obtained from numifactui'ers as premmllen resins,

such As Whatman DH—SZ and Pharmacia—LKB DEAESephacel, in buffers that contain antibacterial
agents (egfl >0dium wide. pyridine—N—oxide, arid henzalkonium chloride). These substances are tmic
and can inhibit enzymes. For this reason, it is important to equilibrate the DEAE resin with TE buffer
containing 0.6 M NaCl as described in Step 1. Both DEAE—cellulose and DEAE—Sephacel can he sedev
mented in a micmfuge, allowing batch elution methods to be used.

Additional Reagents

Step 70 of this protocol requires reagents listed in Protocol 72 of this chaptei

METHOD
 

1. Suspend the DEAE resin in 20 volumes ofTE (pH 7.6) containing 0.6 M NaCl.A110w the resin

to settle, and then remove the supernatant by aspiration. Add another 20 volumes ofTE (pH

7.6) containing 0.6 M NaCl, and gently resuspend the resin. Allow the resin to settle once more.

and then remove most of the supernatant by aspiration. Store the equilibrated resin at 40C.

2. Pack 0.6 ml (sufficient to bind 20 pg of DNA) of the slurry of DEAE resin into a small col—

umn or into the barrel of a 2—cc syringe.

3. Wash the column as follows:

TE (pH 76) containing 0.6 NI NaCl 3 ml

Tlt (pH 7.6) 31111

Th (pH 7.6) containingt).l .\1Na(Il 3 ml

4. Mix the DNA (in TE at pH 7.6) with an equal volume of TE (pH 7.6) containing 0.2 .\1 NaCl.
Load the mixture directly onto the column. Collect the flow—through and reapply it to the
column.

U
1 Wash the column twice With 1.5 ml of TE (pH 7.6) containing 0.3 M NaCl.

9” Elute the DNA with three 0.5-ml washes ot’TE (pH 7.6) containing 0.6 M NaCl.

\
l Extract the eluate once with phenolxhloroform.
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8. Divide the aqueous phase equally between two microfuge tubes. and add an equal volume of

isopropanol to each tube. Store the mixtures for 15 minutes at room temperature, and then

recover the DNA by centrifugation at maximum speed for 10 minutes at 4°C in a microfuge.

9. Wash the pellets carefully with 70% ethanol, store the open tube on the bench for a few min—

utes to allow the ethanol to evaporate, and then redissolve the DNA in a small volume (3—5

u1)0fTE (pH 7.6).

10. Check the amount and quality of the fragment by polyacrylamide or high—resolution agarose

gel electrophoresis.

a. Mix a small aliquot (~20 ng) of the final preparation of the fragment with 10 pl of TE

(pH 8.0), and add 2 pl of the desired gel-loading buffer (please see Table 5—4).

b. Load and run a polyacrylamide or high—resolution agarose gel of the appropriate con-

centration, using as markers restriction digests of known quantities of the original DNA.

The isolated fragment should comigrate with the correct fragment in the restriction

digest.

C. Examine the gel carefully for the presence of faint fluorescent bands that signify the pres—

ence of contaminating species of DNA. It is often possible to estimate the amount of

DNA in the final preparation from the relative intensities of fluorescence of the fragment

and the markers.
Only rarely is further purification of the recovered DNA required. The best option is to use
chromatography on DEAE—Sephacel columns again, or to use any of a wide variety of spe—
cialty resins that are available commercially (please see Chapter 1. Protocol 9) Many of the
specialty resins come in prepacked columns that are appropriate for purifying small amounts
of DNA using a microfuge. Make sure that the resin chosen is appropriate for purifying lin-
ear DNA molecules as opposed to circular plasmids.

 



Iirotocol 6
 

Recovery of DNA from Low-melting-temperature
Agarose Gels: Organic Extraction

A CAROSE THAT HAS BEEN MODIFIED BY HYDROXYETHYLATION, a substitution that reduces the

number of intrastrand hydrogen bonds, melts and sets at lower temperatures than standard

agaroses. The degree of substitution within the polysaccharide chain determines the exact melt-

ing and gelling temperature. These properties form the basis of techniques to recover and manip—

ulate DNA fragments in gels (Wieslandcr 1979; Parker and Seed 1980). Many brands Of low-melt-

ing—temperature agarose can be held as liquids in the 30—350C range, so that enzymatic reactions

(restriction endonuclease digestion/ligation) can be performed at a reasonable temperature with—

out the agarose solidifying. In addition to enzymatic reactions, low melting/gelling temperature

agaroses may be used for rapid recovery of DNA from gels and for bacterial transformation with

nucleic acids in the remelted gel.

Because low-melting—temperature agarose remains fluid at 37°C, enzymatic manipulations
such as ligation, synthesis of radioactive probes, and digestion with restriction en7ymes can be

carried out by adding portions of the melted gel slice containing the DNA of interest directly to

the reaction mixture (Parker and Seed 1980; Struhi 1985). In general, however, polymerases, lig-

ases, and restriction enzymes work less efficiently in the presence of melted gel than in conven—

tional aqueous buffers. The magnitude of the decrease in enzymatic efficiency can be estimated

by setting up control reactions containing different amounts of enzyme and (1) DNA fragments

purified from conventional agarose gels (Protocols 3 and 4) or (2) DNA fragments extracted from

iow—melting-temperature gels (Protocols 6 and 7).

As is the case with standard agaroses used for preparative purposes, manufacturers provide

grades of low-melting-temperature agaroses that have been tested to display minimal background

fluorescence after staining with ethidium bromide, to be free of DNase and RNase activity, and to

display minimal inhibition of restriction endonucleases and ligase.
In the current protocol, DNA fragments are separated according to size by electrophoresis

through low—melting—temperature agarose, located by staining with ethidium bromide and UV

light illumination, and then recovered by melting the agarose and extracting with phenol:chlor0-

form. The protocol works best for DNA fragments ranging in size from 0.5 kb to 5.0 kb. Yields of

DNA fragments outside this range are usually lower, but often are sufficient for many purposes.

An alternative method for recovering DNA from gels is described in the panel ALTERNATIVE

PROTOCOL: RECOVERY OF DNA FROM AGAROSE GELS USING GLASS BEADS at the end Of this pro—

tocol. Recovery by digestion with agarase is described in Protocol 7. A more detailed method for

ligation in the presence oflow—melting—temperature agarose is described in Chapter 1, Protocol 22.
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CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Gels

Please see Appendix 1 for components Of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Ammonium acetate (10 M)

Chloroform < ! >
Ethanol

Ethidium bromide <!> or SYBR Gold staining solution <!>
For a discussion of staining agarose gels, please see Protocol 2.

6x CeI-loading buffer
For a list of gel—loading buffers and recipes, please see Table 5—4 in Protocol

LMT elution buffer

20 mM Tris—Cl (pH 8.0)

1 mM EDTA (pH 8.0)

Phenol:chloroform (1:7, v/v) <!>

Phenol, equilibrated to pH 8.0 <!>

7x TAE electrophoresis buffer
For a list of electrophoresis buffers and recipes, please see Table 5—3 in Protocol 1.

TE (pH 8.0)

Agarose gel made with low-melting-temperature agarose
This agarose is available from numerous commercial manufacturers (please see Table 5—1 in Protocol 1)‘
Prepare gels of a percentage of agarose appropriate for separating the fragments in the DNA sample. For
details on preparing agarose gels, please see Protocol 1.

Nucleic Acids and Oligonucleotides

DNA sample

Centrifuges and Rotors

Sorva/I 55-34 rotor or equivalent

Special Equipment

_METHOD

Ultraviolet lamp, hand-held, Iong-wavelength (302 nm) <!>

Water bath preset to 65°C

1. Prepare a gel containing the appropriate concentration of low—melting-temperature agarose
in leAE buffer.

There are several reasons to use TAE buffer instead of TBE buffer. In particular, borate ions inhib-
it ligation reactions and can interfere with subsequent purification of the eluted DNA fragment on
glass beads (please see the panel on ALTERNATIVE PROTOCOL: RECOVERY OF DNA FROM
AGAROSE GELS USING GLASS BEADS).

Ethidium bromide may be added to the gel before casting (0.5 pg/ml) or the gel can be stained after
the electrophoresis run with ethidium bromide or with SYBR Gold.
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2. (1001 the gel to room temperature, and then transfer it and its supporting glass plate to at hor—

izontal surface in a gel box.

The gel may be placed in a cold room to ensure complete setting.

3. Mix the samples of DNA with gel—ioading buffer, load them into the slots of the gel, and carry

out electrophoresis at 3—6 V/Cm.

DNA of a given size runs Slightly faster through gels cast with low-meltingtemperature ugarme

than through conventional agarose gels. For this reason, the voltage applied to low-meiting—teim
perature agarose gel.» should be lower than that applied to standard agarose gels.

4. If needed, stain the agarose gel with ethidium bromide or with SYBR Gold as described in

Protocol 2, and locate the DNA band of interest using a hand—held, long—wavelength (302

nm) UV lamp.

i
n Use a sharp scalpel or razor blade to cut out a slice of agarose containing the band of inter—

est and transfer it to a clean, disposable plastic tube.

(fut the smallest slice of agarose possible to minimize the amount of contamination of DNA with
inhibitors.

6. After cutting out the band, photograph the gel as described in Protocol 2 to record which

band of DNA was removed.

7. Add ~5 volumes of LMT elution buffer to the slice of agarose, close the top of the tube, and

melt the gel by incubation for 5 minutes at 65°C.

8. Cool the solution to room temperature, and then add an equal volume of equilibrated phe-

nol. Vortex the mixture for 20 seconds, and then recover the aqueous phase by centrifugation

at 400057 (5800 rpm in a Sorvail 85-34 rotor) for 10 minutes at 20°C.

The white substance at the interface is agarose.

9. Extract the aqueous phase once with phenolzchloroform and once with chloroform.

10. Transfer the aqueous phase to a fresh centrifuge tube. Add 0.2 volume of 10 M ammonium

acetate and 2 volumes of absolute ethanol at 4°C. Store the mixture for 10 minutes at room

temperature, and then recover the DNA by centrifugation, for example, at 5000g (6500 rpm

in a Sorvall 55-34 rotor) for 20 minutes at 4°C.

11. Wash the DNA pellet with 70% ethanol and dissolve in an appropriate volume of TE (pH

8.0).

DNA purified from low—meiting—temperature agarose gels is suitable for use in most enzymatic

reactions of molecular cloning. Occasionally, more demanding experiments such as transfections,
injections. or multifragment ligations require highly purified DNA. Fragments recovered from
lmwmeiting—temperaturc agarose can be purified by chromatography 011 small DEAESephacel
columns (please see Protocol 5) or any of a wide variety of specialty resins that are available com—
mercially as prepacked columns (please see Chapter 1, Protocol 9). Make sure that the resin chosen
is appropriate for purifying linear DNA molecules as opposed to circular plasmids.  
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ALTERNATIVE PROTOCOL: RECOVERY OF DNA FROM AGAROSE GELS USING GLASS
BEADS

The recovery of DNA from Iow-melting—temperature agarose may also be achieved by adsorbing DNA in the
melted gel slice to glass beads (or powder) in the presence of high salt. After washing, the DNA is eluted from
the beads with a Iow-salt buffer. This method, although more rapid than organic extraction, may result in some-
what lowered yields. An alternative is to use a commercial kit (Qiaex gel extraction kit and GENECLEAN from
Q'BlOgene). These commercial kits provide the necessary materials in prepackaged form.

Additional Materials

Glass beads suspension
In a microfuge tube/ suspend 200 pll of acid-washed glass beads (0.2 mm) by vortexing in an equal volume of H20.
Acid-washed glass beads may be purchased (e.g., from Sigma). Unwashed beads are not recommended.

Sodium iodide solution (6 M)
Dissolve 0.75 g of Na2$O3 in 40 ml of H20. To this solution add 45 g of sodium iodide and stir to dissolve. Filter the
solution through Whatman paper or nitrocellulose and store in the dark (wrap in aluminum foil). The solution should
remain stable for up to 2—3 months. If a precipitate is observed, discard the solution.

Wash solution
20 mM Tris-Cl (pH 7.4)
1 mM EDTA
100 mM NaCI

Add an equal volume of ethanol to this solution and store for 3—4 months at 0°C.

Method

1. Follow Steps 1 through 5 of Protocol 6, transferring the gel slice into a polypropylene tube in Step 5.

2. To the gel slice, add ~3-—5 volumes of sodium iodide solution, and melt the agarose by incubating for 5
minutes at 55°C.

Do not heat the solution longer than necessary to dissolve all of the agarose.

3. For DNA samples S5 pg, add 5 pl of glass beads. For DNA samples >5 pg, add an additional 2 pl/ug
glass beads. Incubate the mixture for 5 minutes at room temperature with occasional shaking.

4. Centrifuge the mixture at maximum speed for 5 seconds in a microfuge, and discard the supernatant.

5. Wash the pellet three times with 500 pl of wash solution, and resuspend in TE (pH 8.0) at ~0.5 ug/ul.

6. Incubate the resuspended DNA/glass beads complex for 3 minutes at 45°C to elute the DNA from the
beads.

7. Centrifuge the mixture at maximum speed for 1 minute in a microfuge, transfer the DNA—containing
supernatant to a fresh tube, and store at 4°C.   
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Recovery of DNA from Low—melting-temperature
Agarose Gels: Enzymatic Digestion with Agarase

 

AN ENZYMATIC METHOD MAY BE USED TO RECOVER DNA from gels cast with low—melting—tem—

perature agarose (Burmeister and Lehrach 1989). In this technique, the fragment containing the

DNA is excised from the gel and digested with the enzyme agarase, which hydrolyzes the agarose

polymer to disaccharide subunits. The released DNA is then purified by phenol extraction and

ethanol precipitation. Because this method is extremely gentle, it is particularly useful for the

recovery of high-molecular—weight DNAs extracted from pulsed-field agarose gels (Protocols 19

and 20). However, it also works well for recovery of smaller DNA fragments from agarose gels run

in constant electrical fields.

MATERIALS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents“
Dilute stock solutions to the appropriate concentrations.

Ethanol
Ethidium bromide <!> or SYBR Cold staining solution <!>

For a discussion of staining agarose gels, please see Protocol 2.

Gel equilibration buffer
10 mM Bis Tris—C1(pH 6.5)

5 mM EDTA (pH 80)

0.1 M NaCl

Bis Tris—Cl, a component of gel equilibration buffer, is Bis(2—hydroxyethyl)imin0tris(hydroxymethyl1
methane hydrochloride. It is one of a large series of zwitterionic buffers deveioped in the mid 19605 by
Norman Good and his colleagues in response to the need for compounds with strong buffering capaci—
ty at biologically relevant pHs (Good et al. 1966; Ferguson et al. 1980). The pK‘1 of Bis Tris—Cl is 6.5 at
25°C, and it is effective as a buffer between pH 5.8 and 7.2 (please see Appendix 1).

NaCl (5 M)
Phenol, equilibrated to pH 8.0 <!>

TE (pH 8.0)

5.33
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Enzymes and Buffers

Agarase

Agarase is available from a number of manufacturers (e.g., GELase from Epicenter Technologies, [3—
Agarase I from New England Binlabs, and B-Agamse I from Calbiochem).

Nucleic Acids and Oligonucleotides

DNA sample

Special Equipment

Dialysis tubing, boiled
For the preparation of dialysis tubing for use with DNA, please see Appendix 8 or use a commercial
preparation of molecular biology grade dialysis tubing (e.g., Life Technologies).

Microdia/ysis system (Life Technologies)
Optional, please see Step 6.

Ultraviolet lamp, hand-held, Iong-wavelength (302 nm) <!>
Water baths preset to 40°C and 65°C

Additional Reagents

Step 1 of this protocol requires the reagents listed in Protocol 6 of this chapter.

METHOD
 

1. Follow Steps 1 through 4 of Protocol 6 to prepare a gel cast with low—melting-temperature
agarose, to load the DNA sample, and to perform electrophoresis.

2. Excise a segment of gel containing the DNA of interest and incubate the gel slice for 30 min-
utes at room temperature in 20 volumes of gel equilibration buffer.

3. After cutting out the band, photograph the gel as described in Protocol 2 to record which
band of DNA was removed.

4. Transfer the segment of gel to a fresh tube containing a volume of gel equilibration buffer
approximately equal to that of the gel slice.

5. Melt the gel slice by incubation for 10 minutes at 65°C. C001 the solution to 40°C and add
DNase-free agarase, using 1—2 units of agarase per 200-tt1 gel slice. Incubate the sample for 1
hour at 40°C.

During this time, the agarose is digested to oligo- and disaccharides. If desired7 the DNA solution
may be used directly at this stage for ligation, restriction enzyme digestion, and transformation.
Alternatively, the DNA may be purified further and concentrated as described in Step 6.

6. Purify and concentrate the DNA:

TO PURIFY SMALL DNA FRAGMENTS (<20 KB)

a. Extract the DNA solution twice with equilibrated phenol.

b. After the second extraction, transfer the aqueous phase to a fresh tube and add 2 volumes
of TE (pH 8.0).

This step helps to prevent precipitation of oligosaccharides.

c. Add 0.05 volume of 5 M NaCl followed by 2 volumes of ethanol. (Here, 1 volume is equal
to the volume of DNA at the end of Step 6b.) Incubate the tube for 15 minutes at 0°C and
then collect the precipitate by centrifugation at maximum speed for 15 minutes at 4°C in
a microfuge.
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d. Carefully remove the ethanol and add 0.5 ml of 70% ethanol at room temperature. Vortex

the mixture and then centrifuge as described in Step c.

9. Remove the supernatant and store the open tube on the bench for a few minutes at room

temperature to allow the ethanol to evaporate. Dissolve the DNA in an appropriate v01~

ume of TE (pH 8.0).

To PURIFY LARGE DNA FRAGMENTS (>20 KB)

a. Transfer the agarase-digested sample to a dialysis bag, seal, and place the bag in a beaks

or flask containing 100 ml of TE (pH 8.0).

b. Dialyze the sample for several hours at 4°C.

Alternatively, dialyze the solubilized gel against TE (pH 8.0) in a drop—dialysis apparatus (c.g.,

Microdialysis System, Life Technologies).

To prevent shearing, larger DNA fragments should not be subjected to phenol extraction, vor—
texing, or ethanol precipitation (please see the information panel on MINIMIZING DAM-
AGE TO LARGE DNA MOLECULES in Chapter 2). The inclusion (1f30 pM spermine and 70
mt spermidine in the dialysis buffer can enhance recovery of large DNA fragments (>15 kb).

 



Protocol 8
 

Alkaline Agarose Gel Electrophoresis

5.36

A LKALINE AGAROSE GELS ARE RUN AT HIGH PH, WHICH CAUSES EACH THYMIDINE and guanine

residue to lose a proton, and thus prevents the formation of hydrogen bonds with their adenine

and cytosine partners. The denatured DNA is maintained in a single-stranded state and migrates
through an alkaline agarose gel as a function of its size. Other denaturants such as formamide and

urea do not work well because they cause the agarose to become rubbery. Since their invention
(McDonell et al. 1977), alkaline agarose gels have been used chiefly to

0 measure the size of first and second strands of cDNA synthesized by reverse transcriptase

(Chapter 11, Protocol 1)

o analyze the size of the DNA strand after digestion of DNA-RNA hybrids with nuclease SI

(Favaloro et al. 1980)

The use of alkaline agarose gel electrophoresis reached its maximum in the early 19805

when reagents and enzymes were less reliable than today and cloners were of necessity more vig-

ilant about quality control. At that time, alkaline agarose electrophoresis was used routinely to

0 check for nicking activity in enzyme preparations used for molecular cloning

o calibrate the reagents used in nick translation of DNA.

Nowadays, only the most compulsive investigators would use alkaline agarose elec-

trophoresis to monitor the quality of enzymes. Nevertheless, the technique remains important

because of its speed and accuracy in measuring the length of DNA strands in DNA—RNA hybrids

and of first- and second—strand cDNAs.

 

HISTORICAL FOOTNOTE

Alkaline agarose electrophoresis was developed in Bill Studier‘s laboratory at Brookhaven National Laboratory
as a replacement for laborious alkaline gradient centrifugation of bacteriophage T7 DNA. The first alkaline hor-
izontal gels were equipped with agarose wicks, but later, Studier developed a gel box with removable slot-for-
mers that allowed the gel to be poured, soaked, stained, and viewed in situ. This type of apparatus was sim-
ple to construct and became extremely popular for both alkaline and neutral electrophoreses in the years
before commercially manufactured gel boxes became available.

Bromophenol blue is quickly bleached by incubation at high pH and is therefore unsatisfactory as a track-
ing dye in alkaline agarose gels. The superior qualities of bromocresol green were discovered in a systematic
screen of an ancient collection of dyes languishing in the Brookhaven Laboratory chemical store.
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MATERIALS
CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations

Agarose

70x Alkaline agarose gel electrophoresis buffer
500 mM NaOH <!>

10 mM EDTA

Add 50 ml of 10 N NaOH and 20 m10f0.5 M EDTA (pH 8.0) to 800 m] of HZO and then adjust final vol»

tune to 1 liter. Dilute the 10x alkaline agarose gel electrophoresis buffer with HIO to generate .1 Ix work—
ing solution immediately before use in Step 3 below. Use the same stock of 10x alkaline agarose gel elec—

trophoresis buffer to prepare the alkaline agarose gel and the 1x working solution of alkaline elec

trophoresis buffer.

6x Alkaline geI-loading buffer
300 mM NaOH

6 mM EDTA

18% (w/v) Ficol] (Type 400, Pharmacia)

0.1500 (w/v) bromocreso] green

0.25% (w/v) xylene cyanol

Ethanol
Ethidium bromide <!> or SYBR Gold staining solution <!>

For a discussion of staining agarose gels, please see Protocol 2.

Neutralizing solution for alkaline agarose gels
l M Tris—Cl (pH 7.6)

1.5 M NaCl

Sodium acetate (3 M, pH 52)

7x TAE electrophoresis buffer
For a list of electrophoresis buffers and recipes, please see Table 5—3 in Protocol 1.

Nucleic Acids and Oligonucleotides

DNA samples (usually radiolabeled) <!>

Special Equipment

Glass plate

Water bath preset to 550C

Additional Reagents

Step 3 of this protocol requires the special equipment listed in Protocol 7 of this chapter.

 

NOTES

. Alkaline gels draw more current than neutral gets at comparable voltages and heat up during the run.
Alkaline agarose electrophoresis Should therefore be carried out at <3.5 \//cm. A glass plate placed on top ‘
of the gel after the run is started slows the diffusion of the bromocresol green dye out of the gel and pre-
vents the gel from detaching and floating in the buffer.

i 0 Partial base hydrolysis of the agarose causes single-stranded DNA to migrate as an uneven band, often at
slower rates toward the bottom of the gel and at faster rates toward the top of the gel (Favaloro et al. 1980).
If this is a problem, check the buffer to ensure that the final NaOH concentration is 50 mM; make sure that
the gel solution is cooled to 60°C before adding the 10x alkaline agarose gel electrophoresis buffer, and cool
the gel to room temperature before installing it in the electrophoresis tank and covering it with alkaline elec-
trophoresis buffer.

1
o It is not strictly necessary to denature the DNA with base before electrophoresis. The exposure of the sam- ‘

ples to the alkaline conditions in the gel is usually enough to render the DNA singIe-stranded.
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METHOD

1. Prepare the agarose solution by adding the appropriate amount of powdered agarose (please

see Protocol 1) to a measured quantity of H20 in an Erlenmeyer flask or a glass bottle.

2. Loosely plug the neck of the Erlenmeyer flask with Kimwipes. When using a glass bottle,

make sure that the cap is loose. Heat the slurry in a boiling-water bath or a microwave oven

until the agarose dissolves,

Heat the slurry for the minimum time required to allow all of the grains of agarose to dissolve.
Undissolved agarose appears as small “lenses” or translucent chips floating in the solution. Wearing
an oven mitt, carefully swirl the bottle or flask from time to time to make sure that any grains stick—
ing to the walls enter the solution. Check that the volume of the solution has not been decreased
by evaporation during boiling; replenish with HZO if necessary.

3. Cool the clear solution to 55°C. Add 0.1 volume of 10x alkaline agarose gel electrophoresis

buffer, and immediately pour the gel as described in Protocol 1. After the gel is completely

set, mount it in the electrophoresis tank and add freshly made 1x alkaline electrophoresis

buffer until the gel is just covered.

Do not add ethidium bromide because the dye will not bind to DNA at high pH.

The addition of NaOII to a hot agarose solution causes hydrolysis of the polysaccharide. For this

reason, the agarose is first melted in H20 and then made alkaline by the addition of NaOH just

before the gel is poured.

4. Collect the DNA samples by standard precipitation with ethanol. Dissolve the damp precip-

itates of DNA in 10—20 1.11 of 1x gel buffer. Add 0.2 volume of 6x alkaline gel-loading buffer.
Alternatively, if the volumes of the original DNA samples are small (<15 pl), add 0.5 M EDTA (pH
8.0) to a final concentration of 10 mM, followed by 0.2 volume of 6x alkaline gel—loading buffer.

It is important to chelate all Mg2+ with EDTA before adjusting the electrophoresis samples to alkaline
conditions. In solutions of high pH, Mg” forms insoluble Mg(Ol—I)2 precipitates that entrap DNA.

5. Load the DNA samples dissolved in 6x alkaline gel-loading buffer into the wells of the gel as

described in Protocol 1. Start the electrophoresis at <3.5 V/cm and, when the bromocresol

green has migrated into the gel ~O.5—1 cm, turn off the power supply, and place a glass plate

on top of the gel. Continue electrophoresis until the bromocresol green has migrated approx-

imately two thirds of the length of the gel.

6. Process the gel according to one of the procedures described below, as appropriate for the

goal of the experiment:

SOUTHERN HYBRIDIZATION

a. Soak the gel in neutralizing solution for 45 minutes at room temperature, and transfer the

DNA to an uncharged nitrocellulose or nylon membrane as described in Chapter 6,

Protocol 8.

Alternatively, transfer the DNA directly (without soaking the gel) from the alkaline agarose
gel to a charged nylon membrane (please see Chapter 6, Protocol 8).

b. Detect the target sequences in the immobilized DNA by hybridization to an appropriate

labeled probe (please see Chapter 6, Protocol 10).

STAINING

a. Soak the gel in neutralizing solution for 45 minutes at room temperature.

b. Stain the neutralized gel with 0.5 ug/ml ethidium bromide in 1x TAE or with SYBR Gold.

A band of interest can be sliced from the gel and subsequently eluted by one of the procedures
described in Protocol 3 or 4.
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AUTORADIOGRAPHY OF WET GELS: Follow one of the methods described in the panel

below

‘ ADDITIONAL PROTOCOL: AUTORADIOGRAPHY OF ALKALINE AGAROSE GELS

In many cases, DNA analyzed by alkaline agarose gel electrophoresis is labeled with “P, which can be detect-
ed by autoradiography. Drying the gel (please see below) greatly improves the sharpness of the autoradi-
ographic image and slightly increases the sensitivity by reducing quenching. However, if there is sufficient radi-
olabel in the DNA and the sharpness of the bands is not a major concern, or if the DNA band is to be recov-
ered from the gel, the gel can be autoradiographed without drying.

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Additional Materials

Glass p/ate (the same size as the gel)
Hybridization bags

Hybridization bags are available from Fisher or VWR; however, Seal-a~Meal bags from either Sears or CheswiCk work

just as well and are much less expensive alternatives.

Radiolabeled ink < ! > or luminescent markers

Thermal sealer (e.g,, Sears)
Trichloroacetic acid (7% TCA)
Whatman 3MM filter papers

Method

FOR AUTORADIOGRAPHY OF WET Gus

1. After completion of electrophoresis, place the gel on a glass plate.

. Slide the gel and plate carefully into a thin plastic hybridization bag, squeeze the air from the bag, and seal
the top of the bag in a heat sealer. Alternatively, wrap the gel and backing plate in Saran Wrap.

The use of Saran Wrap is less satisfactory because radioactive fluid tends to ooze out of the wrap during autoradi-
ography.

. Apply adhesive labels marked with radioactive ink or luminescent markers to the outside of the plastic bag
or Saran Wrap. Cover the labels with cellophane tape to prevent contamination of the film holder or inten-
sifying screen.

. in a darkroom, tape the sealed gel to a piece of X-ray film cut to the same size as the glass plate. Wrap the
gel and film in iight—tight aluminum foil.

Do not use a metal film cassette; it may break the glass plate and crush the gel.

. Expose the film for an appropriate period of time (for more information on autoradiography, please see
Appendix 8).

The band of interest can be sliced from the gel and subsequently eluted by one of the procedures described in
Protocols 3 through 5.

FOR AUTORADIOGRAPHY or DRIED GELS

1. Soak the gel in 7% TCA for 30 minutes at room temperature. Agitate the solution every few minutes to
ensure that the gel remains covered with fluid.

. Mount the gel on a glass plate and dry it for several hours under layers of paper towels weighted with
another glass plate, or place the gel on two sheets of Whatman 3MM filter paper and dry it under vacuum

on a gel dryer.

Heat should not be used because the gel may melt.

. Cover the dried gel with Saran Wrap and attach adhesive dot labels marked with radioactive ink or iumi-
nescent markers to align the film with the gel. Cover the labels with cellophane tape to prevent radioactive
contamination of the film holder or intensifying screen.

. Place the dried gel and film in a light-tight X-ray film holder. Expose the film to the gel for an appropriate
length of time at room temperature or at —70°C with an intensifying screen (for more information on
autoradiography, please see Appendix 8).
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Neutral Polyacrylamide Gel Electrophoresis

5.40

CROSS-LINKED CHAINS OF POLYACRYLAMIDE, INTRODUCED AS MATRICES for electrophoresis by
Raymond and Weintraub (1959), are used as electrically neutral matrices to separate double-

stranded DNA fragments according to size and single-stranded DNAs according to size and con—
formation (please see Figure 5—6 and the panel on POLYACRYLAMIDE). Polyacrylamide gels have

the following three major advantages over agarose gels: (1) Their resolving power is so great that

they can separate molecules of DNA whose lengths differ by as little as 0.1% (i.e., 1 bp in 1000

bp). (2) They can accommodate much larger quantities of DNA than agarose gels. Up to 10 pg of

DNA can be applied to a single slot (1 cm X 1 mm) of a typical polyacrylamide gel without sig-

nificant loss of resolution. (3) DNA recovered from polyacrylamide gels is extremely pure and can

be used for the most demanding purposes (e.g., microinjection of mouse embryos). The follow-
ing are two types of polyacrylamide gels that are in common use.

0 Denaturingpolyacrylamide gels are used for the separation and purification of single—strand-
ed fragments of DNA. These gels are polymerized in the presence of an agent (urea and/or, less

frequently, formamide) that suppresses base pairing in nucleic acids. Denatured DNA migrates

through these gels at a rate that is almost completely independent of its base composition and

sequence. Among the uses of denaturing polyacrylamide gels are the isolation of radiolabeled

DNA probes, analysis of the products of nuclease SI digestions, and analysis of the products of

DNA sequencing reactions. For methods of preparing and running denaturing polyacrylamide

gels, please see Chapter 10, Protocol 1 and Chapter 12, Protocol 8.

0 Nondenaturingpolyacrylamide gels are used for the separation and purification of fragments

of double-stranded DNA. As a general rule, double—stranded DNAs migrate through nonde-

naturing polyacrylamide gels at rates that are inversely proportional to the 10g10 of their size.

However, electrophoretic mobility is also affected by their base composition and sequence, so

that duplex DNAs of exactly the same size can differ in mobility by up to 10%. Nondenaturing

polyacrylamide gels are used chiefly to prepare highly purified fragments of DNA (this proto—

col) and to detect protein—DNA complexes (please see Chapter 17).

Methods are presented here for preparing and running nondenaturing polyacrylamide gels

(this protocol), for detection of DNA in these gels by staining (Protocol 10), and for autoradiog—

raphy (Protocol 11). A more specialized application is described in Chapter 13, Protocol 8, in

which polyacrylamide gels are used to detect conformational changes in single-stranded DNA

resulting from the presence of mutation(s).

This protocol describes procedures for the preparation and casting of polyacrylamide gels,

with subsequent assembly and processing for electrophoresis. The percentage of acrylamide
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FIGURE 5-6 Structure of Polyacrylamide
 

Monomers of acrylamide are polymerized into long chains in a reaction initiated by free radicals. In the
presence of N,N'—methy|enebisacrylamide, these chains become cross-linked to form a gel. The porosity
of the resulting gel is determined by the length of chains and degree of cross-Iinking that occurs during
the polymerization reaction.

 

POLYACRYLAM IDE

In the presence of Free radicals, which are usually generated by reduction of ammonium persulfate by TEMED
(N,N,N’,N’-tetramethylethylene diamine), vinyl polymerization of acrylamide monomers results in the for-
mation of linear chains of polyacrylamide. When bifunctional cross-Iinking agents (e.g., N,N’-methyl- ]
enebisacwlamide) are included, the copolymerization reaction generates three-dimensional ribbonvlikc net- 1
works of cross-Iinked polyacrylamide chains with a statistical distribution of pore sizes. Because the mean
diameter of the pores formed in these networks is determined by the concentrations of the acrylamide
monomer and the bifunctional cross-linker, investigators can adjust the pore size and hence expand the sepa-
ration range of the gel (Margolis and Wrigley 1975; Campbell et al. 1983; for review, please see Chiari and
Righetti 1995). However, a number of other factors also affect the efficiency of separation, including gel thick-
ness, Joulic heating. and electric field qtrength. Investigators who wish to optimize the separation of DNA frag—
ments, shoutd see Grossman et al. (1992), where these factors are analyzed in a systematic way.
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monomer to be used in preparing the gel is determined by the size of DNA fragments t0 be

resolved (please see Table 5—6). The cross—linker N,N’—methylenebisacrylamide is usually includ-

ed at 1/30th the concentration of acrylamide monomer.

TABLE 5-6 Effective Range of Separation of DNAs in Polyacrylamide Gels
 

 

CONCENTRATION OF EFFECTIVE RANGE
ACRYLAMIDE MONOMER OF SEPARATION

(%)a (bp) XYLENE CYANOI. FFb BROMOPHENOL BLUEb

3.5 1000—2000 460 100

5.0 80—500 260 65

8.0 60—400 160 45

12.0 40—200 70 20

15.0 25—150 60 15

20.0 6—100 45 12
 

“N,N’—methylenebisacrylamide is included at 1/30th the concentration of acrylamide.
“The numbers given are the approximate sizes (in nucleotide pairs) of fragments of double—stranded DNA w1th which the

dye comigrates.

TABLE 5-7 Volume of Reagents Used to Cast Polyacrylamide Gels
 

REAGENTS TO CAST POLYACRYLAMIDE GELS OF INDICATED CONCENTRATIONS IN 1X TBEa
 

29% ACRYLAMIDE
PLUS 1% N,N’-

 

POLYACRYLAMIDE METHYLENEBISACRYLAMIDE HZO 5>< TBE 10% AMMONIUM

GEL (%) (ml) (ml) (ml) PERSULFATE (ml)

3.5 11.6 67.7 20.0 0.7

5.0 16.6 62.7 20.0 0.7

8.0 26.6 52.7 20.0 0.7

12.0 40.0 39.3 20.0 0.7

20.0 66.6 12.7 20.0 0.7
 

"Some investigators prefer to run acrylamide gels in 0.5x TBE. In this case, adjust the volumes <1fo TBE and H10 accord-
ingly

TABLE 5-8 6x Gel-loading Buffers
 

 

BUFFER TYPE 6>< BUFFER STORAGE TEMPERATURE

1 0.25% bromophenol blue 4°C

0.25% xylene cyanol PF

40% (w/v) sucrose in H10

11 0.25% bromophenol blue room temperature

0.25% xylene cyanol FF

15% Ficoll (Type 400; Pharmacia) in H20

111 0.25% bromophenol blue 4°C
0.25% xylene cyanol PF

30% glycerol in HZO

W 0.25% bromophenol blue 4°C

40% (w/v) sucrose in HJO
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MATERIALS
  

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Acry/amiderisacrylamide (29:1) (% w/v) <!>
Stock solutions other than 29:1 (% w/v) acrylamidezbisacrylamide can be used to cast polyacrylamide
gels. However, it is then necessary to recalculate the appropriate amount of stock solution to use. Gels
can be cast with acrylamide solutions containing different acrylamidezbisacrylamide lcrosalink) ratios,
such as 19:1 and 37.511, in place of the 29:1 ratio recommended here. The mobility of DNA and dyes in
such gels will be different fiom those given in this protocol.

A WARNING Wear gloves while working with acrylamide.

Ammonium persulfate (70% /v) < ! >
Ammonium persulfate is used as a catalyst for the copolymerization of acrylamide and bisactylamidc gels.

The polymerization reaction is driven by free radicals that are generated by an oxido—reduction reaction

in which a diamine (e.g., TEMED) is used as the adjunct catalyst (Chrambach and Rodbard 1972 ).

Ethanol

bx GeI—loading buffer
For a list of gel—loading buffers and recipes, please see Table 5421

KOH/methanol < 1 >

Siliconiz/ng fluid (e.g., Sigmacote or Acrylease) (optional)

5x TBE electrophoresis buffer
For a list of recipes, please see Table 5-3 in Protocol 1.
Polyacrylamide gels are poured and run in O.5>< or 1x TBE at lowvoltage (1—8 \'/cm) to prevent denatu—
ration ofsmall fragments of DNA by Joulic heating, Other electrophoresis buffers such as 1x TAE (please
see Protocol 1 ) can be used, but they are not as good as TBE. The gel must be run more slowly in 1x TAE,

which does not provide as much buffering capacity as TBE For electrophoresis rum greater than 8
l]0ll1‘b,\\'C recommend that 1x TBE buffer be used to ensure that adequate buffering capacity 15 available

throughout the run.

TEMED <! >
Electrophoresis grade TEMED is available from BiofRad, Sigma, and other suppliers. Store the solution

at 40C.

Nucleic Acids and Oligonucleotides

DNA samples

Special Equipment

Binder or ”bulldog”paper clips (6—8, 2 inch/5 cm width)

Electrophoresis apparatus, glass plates, comb, and spacers
Some vertical electrophoresis tanks obtained from commercial sources are constructed to hold glass
plates of varying sizes. Spacers (usually Teflon, sometimes Lucite) vary in thickness from (1.3 mm to 2.0

mm. The thicker the gel, the hotter it will become during electrophoresis. Overheating results in “smil-
ing” bands of DNA and other problems. Thicker gels must be used when preparing large quantities of
DNA (>1 ug/band); however, in general, thinner gels are preferred, as they produce the sharpest and flat-
test bands of DNA.

GeI-sealing tape
(iommon types of lab tape, such as Time tape or VWR lab tape, are appropriate for sealing the ends of

the acrylamide gel during pouring.

Ge/ temperature-monitoring strips (optional)

These strips are thermochmmic liquid crystal (Tl C) indicators that change color as the temperature of
the gel rises during electrophoresis Temperature~monitoring strips are sold by several commercial com—
panies, including BioWhittakert Temperature—monitoring strips are not needed if an electroplmresis
apparatus that has an in-built thermal sensor is used.
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METHOD

Micropipette with drawn-out plastic tip (e.g., Research Products International) or a Hamilton f
syringe

Petroleum jelly
Syringe (50 cc)

 

Assembling the Apparatus and Preparing the Gel Solution

,W._._i_,W t

1 . If necessary, clean the glass plates and spacers with KOH/methanol.

2. Wash the glass plates and spacers in warm detergent solution and rinse them well, first in tap
water and then in deionized HZO. Hold the plates by the edges or wear gloves, so that oils
from the hands do not become deposited on the working surfaces of the plates. Rinse the
plates with ethanol and set them aside to dry.

The glass plates must be free of grease spots to prevent air bubbles from forming in the gel.

3. ( Optional) Treat one surface of one of the two plates with siliconizing fluid (e.g., Sigmacote or
Acrylease): Place the glass on a pad of paper in a chemical fume hood and pour a small quan~
tity of siliconizing fluid onto the surface. Wipe the fluid over the surface of the plate with a pad
of Kimwipes, and then rinse the plate in deionized HZO. Dry the plate with paper towels.

This treatment prevents the gel from sticking tightly to one plate and reduces the possibility that
the gel will tear when the mold is dismantled after electrophoresis‘

4. Assemble the glass plates with spacers:

a. Lay the larger (or unnotched) plate flat on the bench and arrange the spacers at each side
parallel to the two edges.

Typically, the two plates are of slightly different size and one of them is notched.

b. Apply minute dabs of petroleum jelly to keep the spacer bars in position during the next
steps.

(3. Lay the inner (notched) plate in position, resting on the spacer bars.

d. Clamp the plates together with binder or “bulldog” paper clips and bind the entire length
of the two sides and the bottom of the plates with gel~sealing tape to make a watertight seal.

Take particular care with the bottom corners of the plates, as these are the places where leaks
often occur. An extra band of tape around the bottom of the plates can help to prevent leaks.
There are many types of electrophoresis apparatuses available commercially, and the
arrangement of the glass plates and spacers differs slightly from manufacturer to manufac—
turer. Whatever the design, the aim is to form a watertight seal between the plates and the
spacers so that the unpolymerized gel solution does not leak out. Several manufacturers also
sell precast polyacrylamide gels, which are foolproof but expensive and often can be used only
in the manufacturer’s gel apparatus.

5. Taking into account the size of the glass plates and the thickness of the spacers, calculate the
volume of gel required. Prepare the gel solution with the desired polyacrylamide percentage
according to Table 5—7, which gives the amount of each component required to make 100 ml.

6. (Optional) Place the required quantity of acrylamide:bis solution in a clean sidearm flask
with a magnetic stir bar. De-aerate the solution by applying vacuum, gently at first. Swirl the
flask during de—aeration until no more air bubbles are released.

De—aeration of the acrylamide solution is not essential, but it does reduce the chance that air bub—
bles will form when thick gels (>1 mm) are poured, as well as reduce the amount of time required
for polymerization.

  



Casting the Gel
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11.
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Perform the following manipulations over a tray so that any spilled acrylamidezbis solution

will not spread over the bench. Wear gloyes. Work quickly to complete the gel before the acry—

lamide polymerizes.

a. Add 35 til ot‘TEMED for each 100 ml of acrylamidezbis solution, and mix the solution by

gentle swirling.

Vinyl polymerization of monomer to cross—linked polymer is 90% complete \\'1thin 5—15
minutes However, only a fraction of the bisacrylamide molecules become inem‘pnmted mto

crossflinks. The rest ot‘the molecules are quickly converted to A cyclic form by an intramolef
etilar reaction between side chains.

Gels can be cast with as much as 1 ‘ul of TEMEI) per milliliter 0Tgel solution to inuettse the
rate of polymerization.

b. Draw the solution into the barrel of a 50-0: syringe. Invert the syringe and expel any air

that has entered the barrel. Introduce the nozzle of the syringe into the space between the
two glass plates. Expel the acrylamide gel solution from the syringe, filling the space

almost to the top.

Keep the remaining acrylamide solution at 4°C to reduce the rate of polymerization. It" the
plates have been well Cleaned and well sealed, there should he no trapped All' bubbles and no
leaks. If air bubbles form, they can sometimes be coaxed to the top of the mold by gentle tap~

ping or may he snagged with 11 bubble hook made Of thin polypropylene tubing. If these
methods fail. empty the gel mold, thoroughly clean the glass plates, and pour it new gel

c. Place the glass plates against a test tube rack at an angle of~10° to the bench top.

This positioning decreases the chance of leakage and minimi/es distortion of the gel.

As shown in Figure 12—9 in Chapter 12, immediately insert the appropriate comb into the gel,

being careful not to allow air bubbles to become trapped under the teeth. The tops of the

teeth should be slightly higher than the top of the glass. Clamp the comb in place with bull—

dog paper clips. If necessary, use the remaining acrylamide gel solution to fill the gel mold

completely. Make sure that no acrylamide solution is leaking from the gel mold.

Allow the acrylamide to polymerize for 30—60 minutes at room temperature, adding more

acrylamide:bis gel solution if the gel retracts significantly.

When polymerization is complete, a Schlieren pattern will be visible just beneath the teeth of the
comb.

After polymerization is complete, surround the comb and the top of the gel with paper tow—

els that have been soaked in 1x TBE. Then seal the entire gel in Saran Wrap and store it at 4°C

until needed.

(iels may be stored for 1—2 days in this state before they are used

When ready to proceed with electrophoresis, squirt 1x TBE buffer around and on top ofthe

comb and carefully pull the comb front the polymerized gel. Use a syringe to rinse out the

wells with ]>< THE. Remove the gelvsealing tape from the bottom ofthe gel with a razor blade
or scalpel.

Wash tint the wells thoroughly as soon as the comb is removed. Otherwise“ small amounts 0thct’y»

lttmide solution trapped by the comb will polymerize in the wells. producing irregularly shaped
surfaces that give rise to distorted bands of DNA.

Loading the Samples and Running the Gel

12. Attach the gel to the electrophoresis tank, using large bulldog clips on the sides or clamps
built into the apparatus. The notched plate should face inward toward the buffer reservoir.
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13.

14.

15.

16.

17.

18.

Fill the reservoirs of the electrophoresis tank with electrophoresis buffer prepared from the

same batch of 5x TBE used to cast the gel. Use a bent Pasteur pipette or syringe needle to

remove any air bubbles trapped beneath the bottom of the gel.

[1 is important to use the same batch of electrophoresis buffer in both of the reservoirs and in the

gel. Small differences in ionic strength or pH produce buffer fronts that can greatly distort the
migration of DNA.

Use a Pasteur pipette or a syringe to flush out the wells once more with 1x TBE. Mix the DNA

samples with the appropriate amount of 6X gel-loading buffer. Load the mixture into the

wells using a Hamilton syringe or a micropipette equipped with a drawn-out plastic tip.

Usually, ~20—100 iii of DNA sample is loaded per well depending on the size of the slot. Do not
attempt to expel all of the sample from the loading device, as this almost always produces air bub-
bles that blow the sample out ofthe well. In many cases, the same device can be used to load many

samples, provided it is thoroughly washed between each loading. However, it is important not to
take too long to complete loading the gel; otherwise, the samples will diffuse from the wells.

Connect the electrodes to a power pack (positive electrode connected to the bottom reser-

voir), turn on the power, and begin the electrophoresis run.

Nondenaturing polyacrylamide gels are usually run at voltages between 1 V/cm and 8 \’/cm. If elec~

trophoresis is carried out at a higher voltage, differential heating in the center of the gel may cause
bowing of the DNA bands or even melting ofthe strands of small DNA fragments. Therefore, with
higher voltages, gel boxes that contain a metal plate or extended buffer chamber should be used to

distribute the heat evenly. Many types of gel apparatuses are equipped with thermal sensors that
monitor the temperature of the gel during the run. These are particularly useful when striving to
minimize variation from one gel run to the next. Alternatively, use a gel—temperature-monitoring
strip.

Run the gel until the marker dyes have migrated the desired distance (please see Table 5-6).

Turn off the electric power, disconnect the leads, and discard the electrophoresis buffer from

the reservoirs.

Detach the glass plates, and use a scalpel or razor blade to remove the gel—sealing tape. Lay the

glass plates on the bench (siliconized plate uppermost). Use a spacer or plastic wedge to lift a

corner of the upper glass plate. Check that the gel remains attached to the lower plate. Pull

the upper plate smoothly away. Remove the spacers.

Occasionally, the gel remains attached to the siliconized plate. In this case, turn the glass plates over
and remove the nonsiliconized plate.

Use one of the methods described in Protocols 10 or 11 to detect the positions of bands of

DNA in the polyacrylamide gel.



Protocol 10

Detection of DNA in Polyacrylamide
Gels by Staining

 

UNUKE AGAROSE GELS, POLYACRYLAMIDE GELS CANNOT BE CAST in the presence of ethidium bro—

mide because the dye inhibits polymerization ofthe acrylamide. However. ethidium bromide can

be used to stain the polyacrylamide gel after electrophoresis. Because polyacrylamide quenches the

fluorescence of the dye, the sensitivity with which DNA can be detected is diminished.

The nucleic acid stain SYBR Gold (Molecular Probes) also can be used to stain a polyacry—

lamide gel after electrophoresis. It should not be incorporated into the gel at the time of poly—

merization, as incorporation into the polyacrylamide gel retards and distorts the migration of

DNA.

Methylene blue staining, although somewhat less sensitive, provides a less expensive alter—

native to ethidium bromide or SYBR Gold.

MATERIALS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Staining SO/Uthfl.‘ ethidium bromide solution (0.5 hg/ml stock solution), SYBR Gold stock
solution, or methylene blue solution (0.00170.0025% in TAE buffer) <!>
For a discussion of staining DNA in gels, please see Protocol 2 and Appendix 9.

Gels

Polyacrylamide gel <!>
Prepare and run the gel as described in Protocol 9.

METHOD

1. Gently submerge the gel and its attached glass plate in the appropriate staining solution. Use

just enough staining solution to cover the gel completely, and stain the gel for 30—45 minutes

at room temperature.

5.47
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Try to minimize the movement of the staining solution across the surface of the gel during stain—
ing. The aim is to keep the gel attached to its supporting glass plate. Ifthe gel becomes completely
detached, it can usually be rescued from the staining solution on a large glass plate and transferred
to a shallow water bath. In most cases, the gel can then be carefully unfolded and restored to its
original shape To avoid problems, some investigators use a piece of plastic mesh (mesh size 1 cm,

available from garden and hardware stores) to hold the gel in place during staining.

2. Remove the gel from the staining solution, using the glass plate as a support, rinse the gel with

water, and carefully blot excess liquid from the surface of the gel with a pad of Kimwipes.

A IMPORTANT Do not use absorbent paper; it will stick to the gel.

3. Cover the gel with a piece of Saran Wrap. Smooth out any air bubbles or folds in the Saran

Wrap with the broad end of a slot comb or a crumpled Kimwipe.

4. Place a piece of Saran Wrap on the surface of a UV transilluminator. Invert the gel, and place

it on the transilluminator. Remove the glass plate, leaving the gel on the Saran Wrap.

5. Photograph the gel as described in Protocol 2,

Note that ethidium bromide requires an orange filter and SYBR Gold requires a yellow or green fil—
ter. Maximum sensitivity with SYBR Gold staining is obtained by illuminating the gel from above
(epi-illumination) with 254-nm wavelength UV light. Gels stained with methylene blue can be
photographed with ordinary illumination and without a filter.
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Detection of DNA in Polyacrylamide
Gels by Autoradiography

BANDS OF RADIOACTIVE DNA SEPARATED BY ACRYLAMIDE GEL ELECTROPHORESIS may be detected by
autoradiography. Analytical polyacrylamide gels containing radioactive DNA are usually fixed

and dried before autoradiography. However, if bands of radioactive DNA are to be recovered from

the gel (please see Protocols 4 and 12), the gel should generally not be fixed or dried. In this case,

omit Steps 1—5, and proceed directly to Step 4 to process the gel for autoradiography.

MATERIALS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffer and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Acetic acid (7”o v/v) <!>

Gels

Polyacrylamide gel <!>
Prepare and run the gel as described in Protocol 9 of this chapter.

Special Equipment

Commercial gel dryer (optional)

Plastic mesh piece (mesh size 1 cm, available from garden and hardware stores) (optional)
Radioactive ink or chemiluminescent markers <!>

Whatman BMM filter paper

METHOD
  

P
1. Immerse the gel, together with its attached glass plate, in 70/0 acetic acid for 3 minutes.

Remove the gel front the fixative by carefully lifting the glass plate from the fluid.

Try to minimize the movement of fluid across the surface of the gel during fixntmn l’he aim is to
keep the gel attached to its supporting glass plate If the gel becomes completely detached‘ it can

usually be rescued from the acetic acid on a larger glass plate and transferred to a shallow water
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bath. In most cases, the gel can then be carefully unfolded and restored to its original shape, To
avoid problems, some investigators use a piece of plastic mesh to hold the gel in place during fixa-

tion.

2. Rinse the gel briefly in deionized H20. Remove excess fluid from the surface of the gel with a

pad of Kimwipes.

A IMPORTANT Do not use absorbent paper; it will stick to the gel.

3. (Optional) Dry the gel onto a piece of Whatman 3MM paper using a commercial gel dryer.

Drying the gel is generally necessary only when the gel contains DNA labeled with weak B-emitting
isotopes such as 355 or such small amounts of 32P-labeled DNA that long exposures (longer than
24 hours) are necessary to obtain an adequate autoradiographic image

4. Wrap the gel, together with its supporting glass plate, in Saran Wrap. Smooth out any air bub-

bles or folds in the Saran Wrap with the broad end of a slot comb or a crumpled Kimwipe.

If the DNA samples separated through the gel have been labeled with 358, it is better not to use
Saran Wrap because the plastic film will block weak B particles. Make sure that the gel is very dry

(in Step 3) and proceed to Step 5.

5. To align the gel and the film, attach adhesive dot labels marked with radioactive ink (please

see Appendix 8) or with chemiluminescent markers to the surface of the Saran Wrap. Cover

the radioactive ink labels with cellophane tape to prevent contamination of the film holder

or intensifying screen.

6. Invert the gel and expose it to X—ray film (e.g., Kodak XAR-S or equivalent) as follows:

a. In a darkroom, tape the sealed gel to a piece of X—ray film cut to the same size as the glass

plate.

The plate serves as a weight to ensure good contact between the Sarah Wrap and the X—ray
film.

b. Wrap the gel and film in light-tight aluminum foil.

Do not use a metal film cassette; it may break the glass plate and crush the gel. Ifthe gel has
been dried onto a piece of Whatman SMM paper (Step 3), a metal film cassette may be used.

c. Expose the film for the appropriate period of time at room temperature or at —70°C with

or without an intensifying screen.

d. Develop, fix, and dry the X-ray film as recommended by the manufacturer.

 

 



Protocol 12
 

Isolation of DNA Fragments from
Polyacrylamide Gels by the Crush
and Soak Method

THE STANDARD METHOD TO RECOVER DNA FROM POLYACRYLAMIDE GELS is the “crush and soak“

technique originally described by Maxam and Gilbert (1977). The eluted DNA is generally free of

contaminants that inhibit enzymes or that are toxic to transfected or microinjected cells. The

method requires time but little labor and results in recovery of <30%—90% yield, depending on

the size of the DNA fragment. It can be used to isolate both double— and single—stranded DNAs

from neutral and denaturing polyacrylamide gels, respectively. The method is widely used to iso—

late synthetic oligonucleotides from denaturing polyacrylamide gels (please see Chapter 10,

Protocol 1) and, occasionally, to recover end—labeled DNA for chemical DNA sequencing (please

see Chapter 12, Protocols 8 and 9). DNA recovered from polyacrylamide gels by crushing and

soaking is generally suitable for use as a hybridization probe, as a probe in gel—retention assays, or

as a template in chemical sequencing and enzymatic reactions. The following procedure is a mod-

ification of the technique described by Maxam and Gilbert (1977, 1980). Faster methods to recov—

er double—stranded DNA involve:

o embedding the piece of polyacrylamide containing the DNA of interest into a slit cut in an

agarose gel, and then eluting the DNA onto a sliver of DEAE-cellulose membrane as described

in Protocol 3

o electroeluting the DNA from the gel into a dialysis bag (Protocol 4)

MATERTALS
 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Acry/amide gel elution buffer
05 M ammonium acetate

10 mM magnesium acetate tetrahydrate

1 mM EDTA (pH 8.0)

0.1% (w/v) SDS (optional)
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Gels

SDS improves the efficiency of recovery, most probably by blocking nonspecific adsorption of DNA to
the walls of the tube. However, SDS is tenacious and difficult to remove from the eluted DNA, especial—

ly when purifying oligonucleotides on Sep-Pak columns Perhaps the best advice is to use SDS only when
attempting to recover very small amounts (<20 ng) ofDNAs >1 kb in size, where recovery is already inef—

ficient and further losses may prejudice the success ofthe experiment. This is not usually the case when
purifying synthetic oligonucleotides, which are always relatively small and usually available in abun—
dance.

Other buffers may be substituted for acrylamide gel elution buffer. For example, if the DNA fragment is
rudioiaheled and is to be used as a hybridization probe, hybridization buffer can be substituted.

Chloroform <!>
Ethanol

6x GeI-loading buffer
For a list of gel—Ioading buffers and recipes, please see Table 5—8 in Protocol 9.

Pheno/zchloroform (1:1, v/v) <!>

Sodium acetate (3 M, pH 5.2)

TE (pH 8.0)

Polyacrylamide gel <!>

Prepare and run the gel as described in Protocol 9 of this chapteri

Please see Step ],

Polyacrylamide gel or high-resolution agarose gel of the appropriate concentration
Prepare and run the gel as described in Protocols 9 and 1, respectively.

Please see Step 12.

Nucleic Acids and Oligonucleotides

DNA markers generated by restriction digests of known quantities of the DNA sample

DNA sample

Special Equipment

Column (disposable plastic) equipped with a frit (e.g., Quik-Sep columns, Isolabs, Inc), or a
syringe barrel containing a Whatman GF/C filter or packed siliconized glass wool

Rotating wheeI/rotary platform in an incubator preset to 37°C

Ultraviolet lamp, hand-held, Iong-wavelength (302 nm)

Additional Reagents

METHOD

Step 1 of this protocol requires the reagents listed in Protocol 9 of this chapter.
Step 7 of this protocol also requires the reagents listed in either Protocol 10 or “I 1 of this
chapter.

 

1. Carry out polyacrylamide gel electrophoresis of the DNA sample and markers as described

in Protocol 9. Locate the DNA of interest by autoradiography (Protocol 11) or by examina-

tion of ethidium bromide- or SYBR Gold—stained gels in long—wavelength (302 nm) UV light

(Protocol 10).

2. Use a clean sharp scalpel or razor blade to cut out the segment of the gel containing the band

of interest, keeping the size of the polyacrylamide slice as small as possible. This can be

achieved by any of the following methods:

0 While the DNA is illuminated with UV light, cut through both the gel and the Saran

Wrap, and then peel the small piece of gel containing the DNA from the Saran Wrap.
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10.

11.

12.

0 Use a permanent felt—tipped marker (e.g., Sharpie pen) to outline the DNA band on the

back of the glass plate while the gel is illuminated from below with UV light. Invert the

gel, remove the Saran Wrap, and cut out the band using the marker outline as a guide.

0 in the case of a fragment of DNA identified by autoradiography. place the exposed

autoradiographic film on the Saran Wrap and align it with the gel. Use a permanent

marker to outline the position of the desired DNA fragment on the back of the glass plate.

Remove the exposed film and Saran Wrap and cut out the band.

Photograph or autoradiograph the gel after the bands of DNA have been excised to produce

a permanent record ofthe experiment.

Transfer the gel slice to a microfuge tube or a polypropylene tube. Use a disposable pipette

tip or inoculating needle to crush the polyacrylamide gel against the wall of the tube.

Alternatively, use a clean scalpel or razor blade to slice the gel into thin slivers prior to placement

in the elution tube.

Calculate the approximate volume of the slice and add 1—2 volumes of acrylamide gel elution

buffer to the microfuge tube.

Close the tube and incubate it at 37°C on a rotating wheel or rotary platform.

At this temperature. small fragments of DNA (<500 bp) are eluted in 3—4 hours: larger fragments

take 12—16 hours.

Centrifuge the sample at maximum speed for 1 minute at 4°C in a microfuge. Transfer the

supernatant to a fresh microfuge tube, being extremely careful to avoid transferring frag—

ments of polyacrylamide (a drawn—out Pasteur pipette works well).

Add an additiona105 volume of acrylamide gel elution buffer to the pellet of poiyacryiamide,

vortex briefly, and centrifuge again. Combine the supernatants.

(Optional) Remove any remaining fragments of polyacrylamide by passing the supernatant

through a disposable plastic column equipped with a frit (e.g., Isolabs, Inc, Quick—Sep

columns) or a syringe barrel plugged with a Whatman GF/C filter or siliconized glass wool.

The eluted DNA can be extracted with phenolzchloroform and chloroform to remove SDS, which

can inhibit subsequent enzymatic manipulation of the DNA. Precipitate the extracted DNA with

ethanol as described in Step 9 and continue with the remainder of the protocol.

Add 2 volumes of ethanol at 4°C to the flow—through and store the solution on ice for 30 min—

utes. Recover the DNA by centrifugation at maximum speed for 10 minutes at 4°C in a

microfuge.

Even small quantities of DNA are efficiently precipitated by ethanol in this method, perhaps

because of the presence of small amounts of polyacrylamide in the eluate (Gaiilard and Strauss

1990). However, 10 pg of carrier RNA can be added before precipitation, which may improve even

further the recovery of small amounts of DNA. Before adding the RNA, make sure that the pres—

enee of RNA will not compromise subsequent reactions with the DNA. (For preparation of Carrie

er RNA, please see Protocol 3.)

Dissolve the DNA in 200 u] of TE (pH 8.0), add 25 pl of 3 M sodium acetate (pH 5.2), and

again precipitate the DNA with 2 volumes of ethanol as described in Step 9.

Carefully rinse the pellet once with 70% ethanol, and dissolve the DNA in TE (pH 8.0) to a

final volume of 10 01.

Check the amount and quality of the fragment by polyacrylamide or high—resolution agarose

gel electrophoresis:

a. Mix a small aliquot (~20 ng) of the final preparation of the fragment with 10 ui of TE

(pH 8.0), and add 2 pl of the desired gel—loading buffer (please see Table 5—4).
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b. Load and run a polyacrylamide or high-resolution agarose gel of the appropriate con-

centration, using as markers restriction digests of known quantities of the original DNA.

The isolated fragment should comigrate with the correct fragment in the restriction
digest.

c. Examine the gel carefully for the presence of faint fluorescent bands that signify the pres—

ence of contaminating species Of DNA. It is often possible to estimate the amount of

DNA in the final preparation from the relative intensities of fluorescence of the fragment

and the markers.

Only rarely is further purification of the recovered DNA required. The best option is chro-
matography on DEAE—Sephacel columns (please see Protocol 5), or any of a wide variety of
specialty resins that are available commercially (please see Chapter 1, Protocol 9). Many of the
specialty resins come in prepacked columns that are appropriate for purifying small amounts
of DNA using a microfuge. Make sure that the resin chosen is appropriate for purifying lin-
ear DNA molecules as opposed to circular plasmids.
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Pulsed-field Gel Electrophoresis

A LL LINEAR DOUBLE-STRANDED DNA MOLECULES THAT ARE LARGER than a certain size migrate

through agarose gels at the same rate. Above this critical length, the velocity of DNA molecules

becomes almost independent oftheir size and depends chiefly on the strength ofthe electric field.

In practical terms, this relationship means that DNAs greater than ~40 kb in length cannot be eas—

ily separated by applying a constant electrical field to horizontal agarose gels. This problem is

solved by pulsed~field gel electrophoresis (Carle and Olson 1984, 1985; Schwartz and Cantor

1984; Carle et al. 1986; Chu et al. 1986), in which the electric field is switched periodically between

two different directions with pulse times ranging from 0.1 to 1000 seconds or more. This method

allows the separation of DNA molecules up to ~5 Mb in length. Fractionation occurs because the

time required for a DNA molecule to change direction in response to the fluctuating electrical

field depends on its size: Shorter molecules can reorient more quickly and can therefore move

through the gel faster than longer molecules.
The general concept of PFGE apparatus design is shown schematically in Figure 5-7. This

design, the original OFAGE (orthogonal field agarose gel electrophoresis) device of Carle and

Olson (1984), is visually and conceptually simple. Two electrode pairs, A and B, are shown. When

the A electrodes are activated, the negatively charged DNA migrates downward and to the right;

when these electrodes are turned off, the B electrodes are activated, and the DNA now migrates

downward and to the left. This regular alternation of A and B fields continues throughout the gel

run and causes the DNA to follow a zigzag path as shown, with a net migration in the downward

direction. Note that “pulsed” field electrophoresis is a slight misnomer; it is more accurately called

“alternating” field electrophoresis. The interval at which the field direction is changed is termed

the pulse time and may range from a few seconds to hours, with progressively larger DNA frag—

ments resolving at longer pulse times.

A— —B
 

FIGURE 5-7 Concept of Pulsed-field Electrophoresis

An agarose gel is represented by the box; the series of short
horizontal rectangles indicate the wells into which the DNA is
loaded. A and B represent two sets of electrodes. When the A
electrodes are activated, the DNA is driven anodically down-
ward and to the right as indicated by the first arrow. When the
A electrodes are turned off, the B electrodes are immediately
activated. The DNA now moves downward and to the left. The

B+ +A path ofa DNA molecule subjected to continued alternation of
field direction is shown by the arrows.
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)

As described earlier in the introduction to this chapter, the effect of alternating fields can be
explained by considering that a DNA molecule stretches out and orients parallel to an electric
field. It can then be moved through successive pores in the agarose gel by reptation. When the
field direction changes, the DNA molecule must reorient before it can move in the new direction.
As the field direction regularly changes, the DNA must regularly change directions. The larger the
molecule, the more time required to reorient and turn corners, leaving proportionately less time
(within each pulse) available to move in the new direction. For experiments illustrating this idea,
please see Smith et al. (1989) and Schwartz and Koval ( 1989).

 

Schwartz et al. (1983) introduced the concept of field alternation in 1983 by demonstrating its effectiveness in
separating the chromosomes of the yeast Saccharomyces cerevisiae. Wifliin 1 year, two designs were proposed,
using either two sets of diode arrays or two sets of linear electrodes (similar to that shown in Figure 5-7) to
provide the alternating fields (Schwartz et al. 1983; Carle et al. 1986). Both separated molecules as large as
1500 kb. The major, and important, drawback to these designs, however, was that the electrode geometries
produced nonhomogeneous electric fields (as can be inferred by inspection of Figure 5-7), causing Iane-to-Iane
variations in the speed and trajectory of DNA fragments. For many applications, these distortions in the path
hindered interpretation of band patterns. As a result, many different pulsed-field designs have been developed
in attempts to generate uniform fields. 

In the remainder of this chapter, we present protocols for extracting genomic DNA of very

high molecular weight from lower and higher eukaryotes, a method to digest genomic DNA
embedded in agarose and to generate size standards for use in PFGE, protocols for two different
and popular forms of PFGE — TAFE and CHEF gels — and two methods for recovering DNA

fragments from pulsed—field gels. These protocols were provided by Katheleen Gardiner

(University of Colorado, Boulder).

TYPES OF APPARATUSES

Four popular designs are illustrated schematically in Figure 5-8 and are described below. (A note
on nomenclature: Acronyms abound. They are used to refer to some specific aspect Of the partic—
ular pulsed-field apparatus. Commercial development has added additional catchy names, e.g.,
TAFE for transverse alternating field electrophoresis.)

o The vertical pulsedfield system (now called TAPE) (Gardiner and Patterson 1989): This appa—
ratus (Figure 5—8A) is essentially a three—dimensional model of the original OFAGE (Figure 5-
8). The gel stands upright between two linear electrode pairs and is supported by two thin plas-
tic strips and the buoyancy of the buffer. DNA runs in a straight path in all lanes because the
field is uniform across the gel; quite sharp bands are obtained) relating to the field gradient
down the gel. The angle between the alternate fields is 110° at the wells, but it is much greater
further down the gel.

0 Field inversion (FIGE) (Carle et al. 1986; Turmel and Lalande 1988): This simplest of the
pulsed—field designs (Figure S—SB) uses a single pair of electrodes and a standard submarine
agarose gel electrophoresis box. During the gel run, the field regularly inverts, first driving the
DNA out of the wells and then back toward the wells. Thus, the angle between the fields is 180°.
Either the forward pulse time or the forward field must be greater than the reverse for net for-
ward migration of the DNA. To avoid anomalies in migration of fragments >600 kb, “ramp-
ing” is frequently used: The forward and reverse pulse times (and/or fields) are increased,
either gradually or in a step fashion during the run.

0 Rotatinggels (Anand 1986; Southern et al. 1987): Instead of alternating the field direction, the
gel (Figure 5—8D) is mounted on a rotating platform which then alternates between two ori-
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FIGURE 5-8 Pulsed-field Configurations Producing Electric Fields That Are Uniform in All
lanes of the Gel

Components of electrode sets, A and B, are represented as dots or lines. (A) The vertical pulsed-field sys-
tem or transverse alternating fields (TAFE). (8) Field inversion. (C) Contour-clamped homogeneous elecA
tric field apparatus (CHEF). (D) Rotating apparatus (the gel alternates between positions A and B).

entations ( 1200 apart) within a constant electric field. From the frame of reference ot‘the DNA,

this movement is the same as changing the field direction.

0 Contour—clamped homogeneous electric field (CHEF) device (Chu et al. 1986; Orbach et a].
1988): A hexagonal array ofpoint electrodes in a voltage divider circuit (Figure 5-8C) produces
homogeneous fields (oriented at 120°) approximating those of pairs of infinitely long parallel
electrodes. The electrophoresis device (Schwartz et al. 1989) uses an effective and simpler array
of diodes. Clark et al. (1988) modified the CHEF system to use computer—controlled
digital/analog converters at each electrode. This system retains the hexagonal array and can
generate an essentially unlimited variety of field strengths and angles.

All current PFGE designs, although differing in kind, number, and arrangement of electrodes,
have eliminated major distortions, and all are capable of resolving fragments exceeding 6000 kb
in size. Resolution in all systems also depends on the same set of electrophoretic parameters: pulse
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FIGURE 5-9 Effect of Pulse Time on Migration of DNA through a Pulsed-field Gel

Molecular weight vs. mobility is shown for bands of A concatemers represented by triangles (4” and 15”
pulse) or S. cerevisiae chromosomes represented by circles (15” and 60”). (Open circles) 60” 6 V/cm;
(Closed circles) 15” 6 V/cm; (open triangles) 15” 8 V/cm; (closed triangles) 4” 6 V/cm.

time, field strength, temperature, buffer composition, type and concentration of agarose, and an

obtuse angle between the fields (Olson 1989). In practice, most of these variables are generally

kept constant, and the size range to be resolved is manipulated by increasing the pulse time to sep-

arate larger molecules and by decreasing it for smaller molecules.

Figure 5-9 illustrates the relationship between molecular size and mobility (using I concatemers

and S. cerevisiae chromosomes as standards) for puIse times of 4", 15", and 60”. In each case, the

relationship is linear through a range where excellent calculation of unknown fragment sizes

would be possible. ( This contrasts with standard electrophoresis where mobility of DNA molecules

is inversely proportional to the log of their molecular weight.) Larger fragments run above the lin-

ear range, in the “compression zone,” a broad band of material up to 1500—2000 kb in size. No

inference regarding size can be made at any pulse time for any fragment in the compression zone.

Fragments >2000 kb may be retained within the wells or may run in the “zone of no resolution”

between the wells and the compression zone. In this latter case, “trapping” of the DNA in multiple

pores of the agarose has prevented resolution (Olson 1989). Different conditions for separation in

this size class are required (see below).

Figure 5-9 also illustrates that if the pulse time is held constant US”), increasing the field strength

(from 6 to 8 V/cm) increases the size of the largest material resolved. Field strengths that are too

high, however, result in trapping at progressively smaller fragment sizes. Thus, there is an upper

limit to the speed with which PFGE separations can be carried out.

Voltage effects and trapping are particularly important considerations for resolution of

>2000 kb. First, as expected from the results above, a long pulse time must be used. However,
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because the DNA is so very large, the voltage must also be lowered to prevent trapping. This in

turn requires a further increase in the pulse time. Thus, to achieve resolution in the megabase

range, long slow gel runs are required, ~1—2 V/cm, with a 30—90-minute pulse time, for several

days. Such conditions resolve the chromosomes of S. pombe, Candida albicans, and N. crassa,
which range from ~1600 kb to >6000 kb. Under these conditions, however, fragments of 2—1 100
kb all migrate in a broad diffuse band, reminiscent of standard constant field electrophoresis.
Long pulse times mimic constant electric fields from the Viewpoint of smaller DNA fragments.
There are conditions that separate the full range from 50 kb to 6000 kb on a single gel (Southern
et al. 1987; Clark et al. 1988), but these generally sacrifice optimum resolution of all size classes.

The angle between fields is typically 1 10—1200, and it has been shown that varying the angle from
105° to 1650 has small effects on performance (Birren et al. 1988). Effective use of a 900 field angle

has been demonstrated by Bancroft and Wolk (1988). This system uses the following field pattern:

downward, right, downward, left. Pulses in the right and left directions are at 90° to, and of twice

the duration of, those in the downward direction. This straightforward system produces homo-

geneous fields and therefore (relatively) straight migration of the DNA.

Unlike standard agarose gel electrophoresis, which is generally carried out at room temperature,

PFGE is generally done at 4—150C. DNA migrates faster at higher temperatures; however, higher

temperatures also cause trapping at lower fragment sizes and significant band broadening.

Control of the temperature throughout the gel run also aids in controlling the reproducibility of

the separations and the mobilities.

?SPECIAL CONSIDERATIONS
 

DNA Preparation

Standard procedures for DNA isolation in solution are not appropriate for preparing DNA for

PFGE analysis. To prevent shearing of the long DNA fragments, PFGE DNA is prepared by

embedding live cells in agarose (Schwartz and Cantor 1984). Prior quantitation of cells is an
important consideration, because the mobility of DNA in PFGE is more sensitive to concentra-

tion than it is on standard gels. Typical quantities of mammalian DNA loaded per lane on the lat-
ter range from 3 pg to 20 pg; on pulsed—field gels, amounts must be restricted to <1—2 pg to pre-
vent anomalous slowing of migration.

Molecular-weight Markers

Lower eukaryotes, with their small genomes and small number of chromosomes, together with
bacteriophage l, have provided a valuable source of accurately sized standards in the size range
required in PFGE.

o 50-kb ladder: 7» DNA (~50 kb), embedded in agarose, can be ligated to produce a mixture of
monomers, dimers, trimers, etc. These concatemers separate on PFGE to produce a “ladder” of
bands, each successive “rung” corresponding to a SO-kb increment. Ladders spanning 50—1000
kb (20 bands) can be formed (please see Protocol 16).
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0 200—2000-kb range: S. cerevisiae has 16 chromosomes ranging in size from ~200 kb to >2000

kb. These can be prepared intact from cells embedded in agarose. Different strains of S. cere—

visiae will give slightly different patterns because of small variations in chromosome sizes.

Fewer than 16 bands will be seen when two or more chromosomes are very close in size.

0 Megubase range: S. pombe has three chromosomes, 3.5, 4.6, and 5.7 Mb in size. C. albicans and

N. crassa also have chromosomes in this size class.

Restriction Enzymes

The ability to exploit the resolving power of PFGE depends on the ability to generate fragments

reproducibly in the range of 100—1000 l<b average size. Weil and McClelland (1989) have shown

that in bacterial genomes of >45% G+C content, enzymes whose recognition sequence contains

the tetranucleotide CTAG cut less than once in 100 kb. In those of <45% G+C, enzymes with

recognition sites containing CCG and CGG cut less than once in 100 kb. Mammalian genomes

are ~40% G+C and are depleted for the dinucleotide CpG (Swartz et al. 1962). Therefore,

enzymes such as Natl, Eagl, Sstll, and BssHlI, with 8- and 6—bp G-C—rich recognition sequences,

generate fragments in a complete digest averaging >500 kb (Swartz et al. 1962; Drmanac et al.

1986).

Miscellaneous

Several procedures require little or no modification for use with PFGE.

0 Southern transfers: Capillary and alkaline transfer procedures are the same as those for stan-

dard gels, with the addition of a brief (3—20 minute) HCl acid treatment before the denatura-

tion step. The acid treatment ensures depurination and sufficient breakage of the large frag-

ments to allow their passive transfer from the gel.

0 Agarose: The use of high-quality agarose is recommended for pulsed-field gels. For making

plugs, low-melting-temperature agarose is required.

0 Bufier: Standard Tris-borate buffer (TBE) is most widely used in PFGE.

o Preparative gels: Preparative electrophoresis using low-melting-temperature agarose is equal—

ly effective for the SO—kb to >1000-kb size range as it is for the standard <25‘kb range.

 

 



Protocol 13

Preparation of DNA for Pulsed-field Gel
Electrophoresis: Isolation of DNA from
Mammalian Cells and Tissues

 

To AVOID SHEARING DURING THE EXTRACTION OF LARGE DNA MOLECULES, cells are lysed in situ in

an agarose plug (Schwartz and Cantor 1984) or a bead (Cook 1984). Most investigators now use

agarose plugs because of their higher efficiency (Anand 1986). Intact cells or nuclei are resus-

pended in molten, low—melting—temperature agarose and solidified in blocks whose size matches
the thickness of the loading slot of the gel. Depending on the organism, any of a variety of sub—

stances are infused into the plug to cause lysis of the cells and removal of proteins from the DNA.

These procedures yield DNA that is both intact and susceptible to cleavage by restriction enzymes

in situ. Following digestion with the appropriate restriction enzyme(s), the plug can be loaded

directly into the well of a pulsed-field gel or it can be melted before loading. Procedures for the

lysis of mammalian cells are described in this protocol; procedures for yeast are described in

Protocol 14.

This protocol describes the preparation of samples from cultured cells and tissue samples.

White blood cells isolated from patients or animals also can be used as a source of high—molecu—

lar—weight DNA for PFGE. If desired, DNA can be prepared from nuclei isolated from mam—

malian cells (please see Chapter 17, Protocol 1). However, it is our experience that no advantage

is gained from preparing DNA from nuclei, as DNA isolated from intact cells is equally suscepti-

ble to cleavage by restriction enzymes.

MATERIALS
 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

EDTA (0.5 M, pH 8.0)

L buffer

0.1 M EDTA (pH 8.0)

0.01 ,\I Tris—(Il (pH 7.6)

0.02 M NaCl

Store at 40C.
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L buffer with proteinase K and Sarkosyl
Amend the L buffer to a final concentration of 1% (w/v) Sarkosyl. Store L buffer with Sarkosyl at room

temperature, and add proteinase K to 0.1 mg/m] just before use. (For additional information, please see
Appendix 4.)

Some investigators substitute 0.5 M EDTA/IQ/o (w/v) SDS/2 mg/ml proteinase K for the L buffer con—
taining Sarkosyl and proteinase K. However, using high concentrations of proteinase K can become
expensive and is unnecessary.

Phosphate-buffered saline (PBS)
Use ice—cold PBS for all cell and tissue preparations, except white blood cells. In the latter case, the PBS
should be at room temperature.

Red blood cell lysis buffer

155 mM NH4C1
0.1 mM EDTA

12 mM NaHCOj

Use this buffer for the isolation of white blood cells.

TE (pH 7.6)

TE (pH 7.6) containing 40 ug/ml PMSF <!>
Purchase phenylmethylsulfonyl fluoride (PMSF) as a solid, and store at room temperature. Dissolve the
appropriate amount in TE just before use.

Gels

Low-me/ting-temperature agarose (1 %)
Use a grade of agarose that is suitable for PFGE (e.g., Seaplaque GTG, BioWhittaker, or regular LMP,
GlBCO—BRL).

Centrifuges and Rotors

Sorva/I 55-34 rotor or equivalent

Special Equipment

Cheesec/oth

Use for the preparation of fresh or frozen tissue samples.

Glass homogenizer with a tight-fitting pestle, chilled in ice
Use for the preparation of fresh tissue samples.

Hemocytometer

LeucoPrep cell separation tubes (Becton Dickinson)
Use for the isolation of white blood cells.

Mortar and pestle, chilled to —70°C

Use for the preparation of frozen tissue samples.

Preformed Plexiglas molds (50—700 pl/ Pharmacia or Bio-Rad), or a length of Tygon tubing (7/8
inch or 3.2-mm internal diameter), or a plastic syringe barrel (1 ml)
Please see Step 4.

Water baths preset to 42°C and 50°C

Cells and Tissues

Cell or tissue sample
This protocol describes methods for dealing with cultured cell lines, fresh or frozen tissue samples, or
white blood cells.
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METHOQ

1. Prepare cells or tissue samples.

FOR CULTURED CELLS

Wash cells that have been growing in culture three times in ice-cold PBS.

Harvest the cells by scraping into a small volume of ice—cold PBS using a sterilized rut

ber policeman. Collect the cells by low—speed centrifugation.

Resuspend the cells at a concentration of ~2 X 107 cells/ml in ice—cold L buffer.

FOR FRESH TISSUE SAMPLES

In a Petri dish, use a clean scalpel to mince freshly excised tissue into small cubes (1—2

mm‘) and then homogenize the cubes in ice—cold PBS in a chilled glass homogenizer with

a tight—fitting pestle.

Remove fragments of connective tissue by filtration through two layers of cheesecloth.

Wash the suspended cells three times in ice—cold PBS and resuspend them at a concen—

tration of2 x 107 cells/ml in ice—cold L buffer.
Use a hemacytometer to count the cells (please see Appendix 8).

FOR FROZEN TISSUE SAMPLES

Grind frozen tissue to a fine powder using a mortar and pestle chilled to —70°C and sus-

pend the powdered tissue in ice-cold PBS.

Remove fragments of connective tissue by filtration through two layers of cheesecloth.

Wash the suspended cells three times in ice—cold PBS and resuspend them at a concen-
tration of 2 X 107 cells/ml in ice—cold L buffer.

FOR WHITE BLOOD CELLS

d.

Fractionate 5—10 ml of starting blood by centrifugation in LeucoPrep cell separation

tubes to grossly separate white and red blood cells.

. T0 the white blood cell layer (buffy coat) add 4 volumes Of red blood cell lysis buffer and
gently mix by two to three inversions of the tube.

Incubate the cells in buffer for 5 minutes at room temperature, and then centrifuge the
tube at 3000g (5000 rpm in a Sorvall SS-34 rotor) for 5 minutes at room temperature.

Resuspend the pellet in 1 m1 of PBS at room temperature.

Prepare a volume 0f1°/o low—melting—temperature agarose in L buffer that is equal to the vol-
ume of the cell preparation in Step 1. Cool the melted agarose to 42°C.

When the agarose has cooled to 42°C, warm the cell suspension (Step 1) to the same tem—
perature. Mix the melted agarose with the suspended cells. Stir the mixture with a sealed
Pasteur pipette to ensure that the cells are evenly dispersed throughout the agarose.
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. Pipette or pour the molten mixture into preformed Plexiglas molds (50—100 pl, Pharmacia

or Bio—Rad), or draw the mixture into an appropriate length of Tygon tubing (l/8~inch or

3.2-mm internal diameter), or a 1-ml plastic syringe barrel. Store the molds for 15 minutes

at room temperature, and then transfer them to 4°C for 15—30 minutes.

. When the agarose has set, gently collect the plugs from the Plexiglas molds or gently blow out

the agarose from the Tygon tubing or syringe barrel into a Petri dish. Cut the cylindrical plugs

into l-cm sections.

Each l—cm length of agarose (45 ul) should contain ~O.5 x 106 cells and yield ~2—5 pg of DNA.
Analysis of larger amounts of DNA in the individual lanes of a pulsed~field gel will distort the cal—
culated molecular weights of the DNA fragments. The migration of large DNA fragments is sig-
nificantly slowed when electrophoresis is carried out at high DNA concentrations. In turn, this
slowing will lead to an overestimate of the size of an individual DNA fragment.

. Transfer the plugs to 3 volumes of L buffer containing 0.1 mg/ml proteinase K and 1% (w/v)

Sarkosyl. Incubate the plugs for 3 hours at 50°C. Replace the original digestion mixture with

two volumes of fresh digestion mixture and contin ue the incubation for 12—16 hours at 50°C.

Be as careful as possible not to scar the agarose plugs when changing buffer solutions.

Some DNA isolation protocols include very long incubations (24—48 hours) at 50°C when treating
the embedded cells with proteinase K in the presence of Sarkosyl. These extended incubation times
are not required (Mortimer et al. 1990) and may lead to degradation of the high-molecular—weight
DNA.

. Incubate the plugs at room temperature in 50 volumes of TE (pH 7.6) with three to five
changes of buffer over a period of 3 hours.

. Remove the TE and replace with 2 volumes of TE (pH 7.6) containing 40 pg/ml PMSF.
Incubate for 30 minutes at 50°C.

. Incubate the plugs at room temperature in 50 volumes of TE (pH 7.6) with three to five
changes of buffer over a period of 3 hours.

The agarose plugs can be stored for several years in TE (pH 7.6) at 4°C. Plugs are best stored for
longer periods of time in 0.5 M EDTA (pH 8.0) at 4°C. When mailed to other laboratories, plugs
should be shipped at room temperature in tubes filled with 0.5 M EDTA (pH 8.0).

  



Protocol 14

Preparation of DNA for Pulsed-field
Gel Electrophoresis: Isolation of
I ntact DNA from Yeast

 

PREPARATION OF YEAST DNA FOR ELECTROPHORESIS requires that the cells first be treated enzy-

matically to break down the cell wall, and then resuspended in low—melting-temperature agarose

plugs. The plugs are infused with lysis buffer and proteases to facilitate disruption of the cells and

removal of proteins from the DNA. This method is a slight modification of that originally
described by Schwartz and Cantor (1984) and can be used to prepare both high-molecular—weight

yeast chromosomes as size markers and yeast artificial chromosomes (YACs).

 

1CHROMOSOME SIZE IN YEASTS AND BACTERIA

The sizes of the chromosomes present in several species of bacteria and yeast (S. cerevisiae and S. pombe)
have been determined. The sizes below are taken from Chu (1990a).

o S. cerevisiae (strain YNN 295): 245, 290, 370, 460, 580, 630, 700, 770, 800, 850, 945, 1020, 1200, 1570, 1

and 2190 kb. YACs vary in size up to 2000 kb in the background of the native yeast chromosomes. Other 1
yeast strains may have variations in chromosome size. In addition, chromosome X11 varies in size between ,
2 and 3 Mb in different isolates of the YNN 295 strain. This chromosome contains ~1,1 Mb of Iow-copy- 1
number DNA and variable numbers of tandem repeats encoding the rRNAs. 1

o S. pombe: 3500, 4600, and 5700 kb. 1
1

o E. coli: 4700 kb. This is a circular Chromosome and must be linearized with Iow-dose y irradiation before 1
use as a size standard. 
 

MATER'ALS
 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Cell wash buffer

0.01 M Tris-Cl (pH 7.6)
0.05 M EDTA (pH 8.0)

Store at room temperature.

5.65
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EDTA (0.05 M, pH 8.0)

L buffer
0.1 M EDTA (pH 8.0)
0.01 M Tris—Cl (pH 7.6)

0.02 M NaCl

Store at 4°C.

L buffer With proteinase K and Sarkosyl
Amend the L buffer to a final concentration of 1% (w/v) Sarkosyl. Store L buffer with Sarkosyl at room
temperature, and add proteinase K to 0.1 mg/ml just before use.

TE (pH 7.6)

TE (pH 7.6) containing 40 pg/ml PMSF <!>
Purchase PMSF as a solid, and store it at room temperature. Dissolve the appropriate amount of PMSF
in TE just before use.

Yeast lysis buffer
0.01 M Tris-Cl (pH 7.6)
0.5 M EDTA (pH 8.0)
B—mercaptoethanol (1% v/v) <!>

Add fi-mercaptoethanol just before use. Store the concentrated solution in a chemical fume hood.

Yeast cell wall digestion enzymes:

Zymolyase 5000 (Kirin Breweries)
Dissolve zymolyase at 2 mg/ml in 0.01 M sodium phosphate containing 50% glycerol just before use.

or

Lyticase (67 mg/ml) (Sigma)
Dissolve at 67 mg/ml (900 units/ml) in 0.01 M sodium phosphate containing 50% glycerol just before use.

Gels

Low-melting-temperature agarose (7%)
Use a grade of agarose that is suitable for PFGE (e.g., SeaPlaque GTG, BioWhittaker, or regular LMP,
GIBCO-BRL).

Centrifuges and Rotors

SorvaH GSA rotor or equivalent

Special Equipment

Preformed Plexiglas molds (50—100 ul, Pharmacia or Bio-Rad), or a length of Tygon tubing
(1/8-inch or 3.2-mm internal diameter), or a plastic syringe barrel (7 ml)
Please see Step 6.

Cells and Tissues

Yeast suspension culture
Prepare the yeast culture at a volume and cell density appropriate to yield the required number of plugs
of embedded DNA.

METHOD
 

1. Collect yeast cells growing in suspension by centrifugation at 3000g (4300 rpm in a Sorvall

GSA rotor) for 5 minutes at 4°C. Wash the cell pellet twice with cell wash buffer.

2. Resuspend the cells at a concentration of 3 x 109 cells/ml in 0.05 M EDTA (pH 8.0) at 0°C.

3. Prepare an equal volume of 10/0 low—melting—temperature agarose in L buffer. C001 the melt-

ed agarose to 420C.
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Add 75 pl of zymolyase or lyticase solution to the cell suspension of Step 2. Mix well.

Warm the cell suspension to 42°C. Mix 5 ml of the melted agarose with 5 ml Of the suspend—

ed cells. Stir the mixture with a sealed Pasteur pipette to ensure that the cells are evenly dis-
persed throughout the agarose.

Pipette or pour the molten mixture into preformed Plexiglas molds (50—100 _ul, Pharmacia

or Bio—Rad), or draw the mixture into an appropriate length of Tygon tubing (3/32—inch
internal diameter) or a 1—ml plastic syringe barrel. Store the molds for 15 minutes at room
temperature, and then transfer them to 4°C for 15—30 minutes.

When the agarose has set, collect the plugs from the Plexiglas molds, or blow out the agarose

from the Tygon tubing or syringe barrel into a Petri dish. Cut the cylindrical plugs into l-cm
blocks.

Each block (50 pl) should contain ~5 pg of yeast chromosomal DNA.

Incubate the blocks in a chemical fume hood for 3 hours at 37°C in 3 volumes of yeast lysis

buffer.

Add 3 volumes of L buffer containing 0.1 mg/ml proteinase K and 1% (w/v) Sarkosyl into a

fresh Petri dish. Transfer the blocks to this buffer, and incubate them for 3 hours at 50°C.

Replace the original digestion mixture with an equal volume of fresh digestion mixture and

continue incubation for 12—16 hours at 50°C.

Be as careful as possible not to scar the agarose plugs when changing buffer solutions.

Incubate the plugs at 50°C in 50 volumes of TE (pH 7.6) containing 40 pg/ml PMSF. After 1

hour, replace the original rinse buffer (TE containing PMSF) with an equal volume of fresh

rinse buffer and continue incubation for another hour at 50°C.

Remove the rinse buffer (TE containing PMSF), replace with an equal volume of fresh TE

(pH 7.6), and continue incubation for another hour at room temperature.

The agarose plugs can be stored for several years in TE (pH 7.6) at 4°C, Plugs are best stored for
longer periods oftime in 0.5 M EDTA (pH 8.0) at 4°C. When mailed to other laboratories, plugs

should be shipped at room temperature in tubes filled with 0.5 M EDTA (pH 8.0).

 



Protocol 15
 

Restriction Endonuclease Digestion
of DNA in Agarose Plugs

GENOMIC DNA ISOLATED FROM MAMMALIAN, YEAST, OR BACTERIAL CELLS can be digested with

restriction endonucleases by incubating agarose plugs containing the DNA in the presence of the

desired endonuclease. The pores of the low—melting—temperature agarose plug are large enough

to allow a restriction enzyme access to the substrate genomic DNA. After digestion, the DNA can

be fractionated by PFGE and either isolated from the gel or analyzed by Southern blotting. This

protocol describes the use of restriction enzymes to cleave genomic DNA in agarose plugs.

CHOOSING RESTRICTION ENDONUCLEASES FOR PFGE

5.68

Restriction endonucleases used in PFGE have several unique characteristics. First, they typically

have one or more CpG dinucleotides in their recognition sequences. CpG dinucleotide sequences

are rare in most eukaryotic genomes; thus, restriction enzymes that recognize this sequence cut

the DNA infrequently. Furthermore, a majority of CpG sequences are methylated in mammalian

DNAs, and most restriction enzymes with this dinucleotide in their recognition sequences will

not cleave methylated DNA. However, CpG sequences located 5' of many transcribed regions of

the DNA are unmethylated (so-called HpaII tiny fragment or HTF sequences, or CpG islands;
Bird et al. 1985) and are thus cleaved by these enzymes. The arrangement of extensively methy-

lated and unmethylated regions in the DNA of a particular organism or cell line leads to the gen—

eration of discrete DNA fragments after restriction enzyme digestion of a population of DNAs.

The pattern of digestion can differ between cell types due to differential methylation of the DNA.

Second, some of these restriction enzymes (Natl, Sfil, Ascl, PacI, Pmel) recognize and cleave 8—bp

DNA sequences, again leading to infrequent cutting of DNA. Third, the enzymes must be of high

purity and specific activity for use in PFGE. The presence of even trace nuclease impurities leads

to smearing of the DNA in the gels and further compromises an already difficult method.

Enzymes with low specific activity require the addition of too much enzyme or incubation times

that are too long to be practical. A fourth consideration is cost. If a considerable excess of enzyme

must be added to each plug to ensure complete digestion, then each experiment will be very

expensive.

Table 5—9 gives examples of restriction enzymes that have proven useful in long-range map—

ping of genomic DNAs. The catalogs of restriction enzyme manufacturers often contain addi-
tional information regarding the ability of a given enzyme to cleave genomic DNA embedded in

agarose. Keep in mind that the expected fragment sizes are averages. The exact distribution of sites
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TABLE 5-9 Average Fragment Size Generated by Endonucleases

EXPECTED AVERAGE

 

ENZYME RECOGNITION SITE FRAGMENT LENGTH (IN kb)a

2151-1 GGCGCGCC n.d.h
BssH 11 GCGCGC 189

BstB] TTCGAA 10.9

1:1ng CGGCCG 149

Fsp] TGCGCA 149

Mlul ACGCGT 132

Not] GCGGCCGC 3000

Nrul TCGCGA 100.5

l’acl TTAATTAA (70

Pmel GTTTAAAC 50

Rsrll CGGA/TCCG 50

$5111 CCGCGG 148.5

Sal] GTCGAC 38.6

Sfil GGCCNNNNNGGCC 149

Smal CCCGGG 27.2

Xhol CTCGAG 20.6

 

‘l'l'aken (mm Drmanac et al. 11986). See also Smith (1990).

l‘n.d. indicates not determined.

for a particular enzyme will vary depending on base composition, methylation status, localization

within regions of the chromosome (e.g., within G bands vs. R bands), and the type of HTF/CpG

island present in the immediate 5’—flanking region (Bird 1989).

The use of six to eight restriction enzymes is optimal for the determination of a locus map

when combined with multiprobe Southern blotting. Each enzyme should be used singly and in all

possible combinations to ensure accuracy. Intentional (and unintentional) partial digests with a

limiting amount of restriction enzyme are also useful for generating a map. In species for which a

large proportion of the genomic DNA has been sequenced, comparison of the expected and

observed mapping results can reveal dynamic regions of a locus. For additional hints on the assem—
bly of a long-range map of a genomic locus, please see Smith (1990) and Poustka (1990).

MATERIALS
 

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

7x Restriction enzyme buffer
Prepare buffer according to the manufacturer’s suggestions or purchase with restriction enzymes.
Individual buffers should be supplemented with spermidine to enhance the efficiency of restriction
digestion. High—salt buffers (containing 100—150 mM salt) should be supplemented to a final concentra-
tion of 10 m.\/l spermidine, medium—salt buffers (50—100 mM salt) to 5 mM spermidine, and 10W»sa1t
buffers (<5() mM salt) to 3 mM spermidine. It is best to supplement the buffers from a 0.1 .\l spermidine
stock (dissolved in 1120) just before use.

TE (pH 7.6)

Enzymes and Buffers

Restriction endonuclease(s)
For help in determining the appropriate restriction endonuclease(s) to usc‘ please see the discussion on
Choosing Restriction Endonucleases for PFGE in the introduction to this protocol.
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Gels

Gel for pulsed-field electrophoresis
Prepare an appropriate PFGE gel according to the methods described in Protocol 17 (for TAFE) or
Protocol 18 (for CHEF).

Nucleic Acids and Oligonucleotides

Genomic DNA embedded in Iow-melting-temperature agarose plugs

Special Equipment

Please see Protocol 13 for the preparation of low—melting-temperature agarose plugs containing mam—
malian cell DNA or Protocol 14 for the preparation of plugs containing yeast DNA.

Water bath preset to the optimum temperature for restriction endonuclease digestior

METHOD

. If plugs have not been stored in TE (e.g., plugs received through the mail or those that have
been stored in 0.5 M EDTA [pH 8.0}), incubate them in 50 volumes of TE (pH 7.6) for 30
minutes at room temperature. Transfer the plugs to 50 volumes of fresh TE (pH 7.6) and con-
tinue incubation for a further 30 minutes. Otherwise, proceed directly to Step 2.

Transfer the plugs to individual microfuge tubes, and add 10 volumes of the appropriate 1x
restriction enzyme buffer to each tube. Incubate the tubes for 30 minutes at room tempera—
ture.

Remove the buffer and replace it with 2—3 volumes of fresh 1X restriction enzyme buffer. Add
20—30 units of the appropriate restriction enzyme to each tube, and incubate the tubes at the
optimal temperature for the restriction enzyme: 3 hours if YAC DNA is used or 5— 6 hours if
mammalian DNA is used.

The restriction enzyme can be added in two aliquots, at the start of the incubation and al the mid-
point, to enhance complete digestion.

If the DNA is to be digested with only one restriction enzyme, then soak the plugs in 20 vol-
umes of TE (pH 7.6) at 4°C. After 1 hour, proceed with Step 7. If the DNA is to be treated
with more than one enzyme, skip the incubation in TE and proceed to Step 5.

This treatment allows any salt in the restriction enzyme buffer to diffuse from the blocks.

. If the DNA is to be digested with more than one restriction enzyme, reequilibrate the plug
buffer before adding the second enzyme. To reequilibrate, use automatic pipetting devices to
remove as much as possible of the first restriction enzyme buffer from each tube and replace
it with 1 ml of TE (pH 7.6). Remove the TE and replace it with a fresh 1 m1 of TE. Store the
plug for 30—60 minutes at room temperature. Gently remove the TE buffer.

Add 10 volumes of the appropriate second 1x restriction enzyme buffer to each tube.
Incubate the tubes for 30 minutes at room temperature. Repeat the restriction enzyme diges—
tion as described in Step 3. Finally, soak each plug in 20 volumes of TE (pH 7.6) for 1 hour
at 4°C.

Use a disposable pipette tip to push the blocks directly into the slots of a pulsed-field gel, and
separate the fragments of DNA by electrophoresis (Protocols 17 and 18).



Protocol 16
 

Markers for Pulsed-field Gel Electrophoresis

BECAUSE OF ITS CAPACITY TO SEPARATE EXTREMELY LARGE MOLECULES of DNA, PFGE requires mark—
crs of extremely high molecular weight. These may be obtained by extracting DNAs from bacte—

riophages such as T7 (40 kb), T2 (166 kb), and G (758 kb) according to the method of Lauer et

111. (1977). However, a better series of markers, which are evenly spaced over a wider range of mol—

ecular weights, can be generated by ligation of bacteriophage A DNA into a nested series of con—

Catemers. The following procedure is an adaptation of the method described by Vollrath and

Davis (1987). Yeast chromosomes, prepared as described in Protocol 14, may be used as even

higher-molecular—weight markers.

This procedure yields a series of concatemers that contain up to 20 tandemly arranged

copies of bacteriophage A DNA. The Viral DNA is readily ligated into concatemers by virtue of the

12—bp sticky ends or cos sites that occur at both ends of the bacteriophage genome. The size of

intact bacteriophage A DNA is 48.5 kb; thus. the individual concatenates are multiples of this

length. Usually, 400—600 mg ofthe concatenated DNA is loaded onto a single lane (1 cm in length)

ofa TAPE (Protocol 17) or CHEF (Protocol 18) agarose gel.

The method given here is slow, but it produces a series of concatemers that contain approx-

imately equal amounts of DNA.

(MATERIALS
 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

ATP (0.7 M)

Dithiothreitol (7 M)

EDTA (0.5 M, pH 8.0)
7x Ligation buffer with polyethylene glycol

50 mM Tris—Cl (pH 7.6)

1 mM ATP

10 mM dithiothreitol

10 mM MgCl.

200 PEG 8006 <t>

5.71
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Low-me/ting-temperature (LMT) agarose buffer
100 mM Tris—Cl (pH 7.6)

20 mM MgCl2

MgCl2 (20 mM)
Polyethylene glycol (8% w/v PEG 8000 solution) <!>

TE (pH 7.6)

Enzymes and Buffers

Bacteriophage T4 DNA Iigase

Gels

Low-melting-temperature agarose
Use a grade of agarose that is suitable for PFGE (e.g., SeaPlaque GTG, BioWhittaker).

Nucleic Acids and Oligonucleotides

Purified bacteriophage A DNA
Please see Chapter 2, Protocols 1] and 12.

Special Equipment

Tygon tubing
Use tubing with a 3/32-inch internal diameter.

Water bath preset to 56°C

METHOD
 

1. Dissolve 0.1 g of low-melting—temperature agarose in 10 ml of LMT buffer by heating it in a

boiling water bath or by microwaving. Cool the solution to 37°C.

2. Dissolve 10 ug of purified bacteriophage 1 DNA in 172.5 pl of TE (pH 7.6) and heat the solu-

tion to 56°C for 5 minutes.

This treatment denatures the cohesive termini of the bacteriophage 1 DNA.

3. Cool the solution to 37°C, and rapidly add the following reagents in the order listed:

80/0 PEG 8000 62.5 111

20 mM MgCl2 5.0 ul

0.1 M ATP 5.0 pl
1 M dithiothreitol 5.0 1.11

bacteriophage T4 DNA ligase 0.5 Weiss unit
1°/o LMT agarose solution (Step 1) 250 pl

Polyethylene glycol acts like a crowding agent and increases the efficiency of ligation (please see the
information panel on CONDENSING AND CROWDING REAGENTS in Chapter 1).

4. Draw the mixture into a short length of Tygon tubing, and chill the tubing on ice until the

agarose has completely set.

5. Blow the agarose plug into a sterile, disposable plastic tube containing at least 3 volumes of

1x ligation buffer with polyethylene glycol.

An alternative method to using Tygon tubing is to transfer the LMT solution from Step 3 directly
to a disposable plastic tube. Allow the gel to harden and then add 3 volumes of 1x ligation buffer.

Make sure to dislodge the agarose plug from the bottom of the tube to allow the ligation buffer
equal access to the entire plug.

 



(1 .

Protocol 16: Markers for Pulsed-field Gel Elenroplzoresis 5.73

Incubate the plug in ligation buffer for 24 hours at room temperature and then transfer it to

a tube containing 10 volumes of 20 mM EDTA (pH 8.0).

Incubate the plug in EDTA for 1 hour, then transfer the plug to a tube containing 10 volumes

of fresh 20 mM EDTA (pH 8.0), and store at 4°C until needed for electrophoresis in Protocols
17 and 18.



Protocol 17
 

Pulsed—field Gel Electrophoresis via Transverse
Alternating Field Electrophoresis Gels

GARDINER ET AL. (1986; GARDINER AND PATTERSON 1989) USED A GEL APPARATUS with platinum

wire electrodes positioned on opposite sides of a vertically oriented gel to separate large DNA

fragments. In this form of transverse alternating field electrophoresis (TAFE), the DNA moves

first toward one set of electrodes and then toward the other as the electric fields are switched. The

net result of the zigzag movements is a straight line from the loading well toward the bottom of

the gel. Because all of the lanes in the gel are exposed to equivalent electric fields, there is no hor—

izontal distortion of the DNA bands. As with other PFGE systems, the size of the molecules

resolved at a given voltage is a function of the pulse time. Variation in these parameters allows the

separation of DNAs ranging in size from 2 kb up to >6000 kb. TAFE gels are thus very versatile:

They can be adapted to the analysis of almost any locus or gene, and they can be used to estab-

lish accurate long-range restriction maps and are especially good at resolving DNA fragments in

the < IOOO-kb range. Resolution of larger DNA fragments using contour-clamped field elec—

trophoresis (CHEF) gels is presented in Protocol 18. For a more detailed discussion on preparing

and running agarose gels, please refer to the introduction to Protocol 1.

The following protocol, supplied by Tommy Hyatt and Helen Hobbs (University of Texas,

Southwestern Medical Center, Dallas), describes the resolution of genomic DNA by TAFE, fol—

lowed by blotting and detection by hybridization. Protocols 19 and 20 describe methods for iso-
lating and recovering a particular DNA fragment resolved by PFGE.

PULSE TIMES IN TAFE GELS
 

5.74

In TAFE gels, voltage is applied to one set of electrodes for a period of time known as the pulse
time and is then switched and applied to the other electrode pair for an equivalent time. In at
TAFE apparatus in which the agarose gel is mounted in a vertical position, the resulting electric
field moves through the thickness of the gel. The length of the pulse time determines the size
range of DNA that is optimally resolved on the gel. Table 5— 10 correlates pulse time with the frag-
ment size range resolved. This table can be used with the protocol as a rough guide when setting
up the initial TAFE gel experiments; the pulse time can then be customized to fit the needs of a
particular experiment.

DNA fragments in the megabase range, such as the chromosomes of S. pombe, can also be
resolved on TAFE gels but require a gel containing a low concentration of agarose (0.55%) and
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TABLE 5-10 TAFE Gel Conditions for Separating DNAS of Various Sizes
 

 

SIZE RANGE (kb) PULSE TIME (SECONDS) TIME (HOURS)

560 1 10

207100 5 10

50—230 10 14

100—400 20 14

200—1000 45 18

200—1600 70 20

Larger DNA» see text see text

 

the use of 2X TAPE gel buffer. A two—step electrophoresis program is run consisting of an initia1

electrophoresis of 12 hours of 30—minute pulses at 60 V,f0110wed by a 60-hour run of 20—minute

pulses at 50 V (K. Gardiner, pers. comm).

The exact electrophoretic behavior of a DNA fragment in a TAPE gel is influenced by the

electric field strength, pulse time, buffer concentration, temperature, and DNA topology. For a

detailed analysis of how these parameters affect the migration of large DNAs in PFGE, please see

Cantor et al. (1988) and Mathew et al. (19883,b,c). In general, their conclusions are applicable to

TAPE gels. However, a problem encountered during some TAPE gel experiments arises as a conse—

quence of the vertical position of the agarose gel in the apparatus. If the gel box or the gel should

warp, the DNA will be off—center in the electric field, causing the DNA to migrate out one face of

the gel.

 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Gels

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Denaturing buffer
0.5 N NaOH <!>

1.5 M NaCl

TAFE gel electrophoresis buffer containing 0.5 ug/ml ethidium bromide or an appropriate dilution
Of SYBR Cold <!>

For a discussion of staining agaiose gels, please see Protocol 2.

TAFE gel electrophoresis buffer
20 mM Trisfacetate (pH 8.21

0.5 mM EDTA

Use acetic acid to adjust the pH Of the Tris solution to 82; use the free acid of EDTA, not the sodium

salt. (loncemrated solutions of TAFE buffer can also he purchased (e.g.. from Beckman). A buffer of
0.045 M Tris-borate (pH 8.2) and 0.01 M ED'I'A has also been used successfully in this protocol.

A IMPORTANT The TAFE gel electrophoresis buffer must be cooled to 14C before filling the gel
apparatus.

TE (pH 8.0)

High-quality agarose
It is essential to use a grade of agarose appropriate for PFGE. Many specialty ugaroses are commercially
available for this purpose (e.g., Seakem LE, BioWhittaker). We have had success with Agurose LE fmm

Beckman in this protocol and with regular LMP agarose from Life Technologies.
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Nucleic Acids and Oligonucleotides

DNA size standards
Please see Step 2. Standards can also be purchased from commercial manufacturers (e.g., New England
Biolabs, Bio-Rad, or GIBCO-BRL).

Genomic DNA of interest

Special Equipment

Please see Step 2.

Circulating water bath
TAFE gels are run at 14°C and require a device that both circulates and cools the electrophoresis buffer.
These devices are expensive (several thousand dollars each) and can be purchased either as part of the
TAFE gel apparatus (commercially available) or as a separate piece of equipment (e.g., Lauda or Techne
refrigeration immersion circulators or circulating baths).

TA FE gel apparatus
This apparatus is available commercially or can be constructed as described by Gardiner et al. (1986;
Gardiner and Patterson 1989).

Water bath preset to 14°C
The water bath is required to cool the TAFE gel electrophoresis buffer before use.

Additional Reagents

Step 2 of this protocol requires the reagents listed in Protocols 13 or 14, 75, and 16 of this
chapter.

Steps 9 and 10 of this protocol require the reagents listed in Chapter 6, Protocol 8.
Step 11 of this protocol requires the reagents listed in Chapter 6, Protocol 10.

METHOD

Separation of DNA Fragments by TAFE

1. Cast 3 1% agarose gel in 1X TAFE gel buffer without ethidium bromide and allow the gel to

set. Pour the gel with the same buffer solution to be used to fill the gel apparatus.

Prepare agarose plugs containing the DNA of interest (please see Protocol 13 for preparation

of mammalian DNA or Protocol 14 for preparation of yeast DNA embedded in plugs) and

carry out digestion with restriction enzymes as described in Protocol 15. Prepare and embed

the appropriate DNA size standards as described in Protocols 14 and 16.

Rinse all of the plugs in 10 volumes of TE (pH 8.0) for 30 minutes with two changes of buffer.

Embed the digested and rinsed DNA plugs in individual wells of the gel. Seal the plugs in the

wells with molten 1% agarose in 1x TAFE gel buffer.

Place the gel in the TAFE apparatus filled with 1x TAFE gel buffer previously cooled to 14°C.

Connect the gel apparatus to the appropriate power supply set to deliver 4—second pulses at

a constant current of 170—180 mA for 30 minutes. This setting forces the DNA to enter the
gel rapidly. After this time period, decrease the current input to 150 mA, change the pulse
time to a setting optimum for the size range of DNAs to be resolved (please see Table 5-10 of
this protocol), and continue electrophoresis for 12—18 hours.

In a Tris—acetate/EDTA buffer, a pulse time of 15 seconds will separate DNA fragments in the
50—400—kb size range. This same range of fragments can be separated in the Tris-borate/EDTA
buffer using a program of 8-second pulses at 350 mA for 12 hours followed by 15-sec0nd pulses at
350 mA for an additional 12 hours.

The rapid electrophoresis of the DNA into the gel at the start of the run is optional. Some investi-
gators skip this step and simply use one constant current and pulse time setting for the entire run.
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7. Disconnect the power supply, dismantle the gel apparatus, and stain the gel in 1x TAPE buffer

containing 0.5 ttg/ml ethidium bromide or an appropriate dilution of SYBR Gold. Photograph

the gel under UV light.

The standard technique used to detect DNAs separated by PFGE is staining with ethidium bromide

or SYBR Gold (please see Protocol 2). To facilitate the detection of minor species of DNA stained
with ethidium bromide the gels may be destained111 HO for up to 1 hour before photography. For
details of methods that can be used to maximize the photographic detection of DNA stained with

these dyes please see Protocol 2. Alternatively, these gels may be stained with a silver solution 15
described in the panel below.

 

ALTERNATIVE PROTOCOL: SILVER STAINING PFGE GELS

An alternative, more sensitive method for detecting DNA in TAFE or CHEF gels is to stain the gel with silver
(Gardiner et al. 1986). Unfortunately, the staining procedure prevents subsequent transfer of the DNA to a
membrane for hybridization analysis.

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Additional Materials

Filter paper
GIutara/dehyde (3% v/v) in HZO < ! > ‘
Weight (500 g)
Paper towels
Silver nitrate solution

79 mM NaOH

02 N NH4OH
0.1% (w/v) AgNO3 < ! >

Method 1

1. Dry the gel overnight between two sheets of filter paper and a 2-inch stack of paper towels ‘
weighed down with a SOO-g mass.

2. Soak the dried gel in 100 ml of 3% (v/v) glutaraldehyde for 7 minutes at room temperature in a

chemical fume hood.

3. Rinse the gel in HZO, pour off the H20, and replace with 100 ml of freshly prepared silver nitrate
solution. Leave the gel in this solution until the DNA bands are visible (typically 3—5 minutes).

4. Pour off the silver solution into a waste collection container and rinse the gel with HZO for an
extended period of time. 
 

Denaturation and Transfer of DNA to a Nylon Membrane

8. Rinse the stained gel twice with H0. Pour off the second H20 rinse and replace with dena-

turing buffer. Incubate with gentleshaking for 30 minutes. Change the denaturing buffer and

incubate for an additional 30 minutes.

In general, standard methods of Southern blotting as described in Chapter 6 (please see Protocols
8 and 9) can be used to detect hybridizing gene sequences in TAPE gels. Some investigators find
that the very large DNA fragments typically analyzed by PFGE transfer to nylon membranes more

efficiently after partial hydrolysis of the DNA by acid treatment. This treatment causes partial
depurination and nicking of larger DNA fragments and in so doing enhances capillary transfer. To
include an acid hydrolyqis step, after the electrophoresis is complete, rinse the gel twice with HO
in Step 8 pour off the second HO rinse, and replace with 25 mM HCl. Soak the gel with gentle
agitation tor 3—5 minutes. Rinse the gel with H_O and continue with the denaturation protocol of
Step 8 and onward.

When acid treatments are used in the protocol, it is important to stain the agarose gel after trans-
fer of the DNA to the nylon membrane. A slight residual smear of DNA should be visible. If no
residual DNA is detected, then the acid treatment may have been too harsh (i.e., too long or too
strong). Too much depurination and nicking increases the transfer of the DNA but also tends to
reduce the intensity of subsequent hybridization signals.
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9. Transfer the DNA directly to a nylon membrane by capillary blotting in denaturing buffer
(for details, please see Chapter 6, Protocol 8).

Some investigators find that transfer of larger DNA fragments is enhanced when 6x SSC buffer is
used in capillary blotting rather than the more standard 10x SSC solution.

10. After transfer, affix the DNA to the nylon membrane by baking for 2 hours at 80°C, by UV

cross-linking, or by microwaving.

11. Carry out prehybridization and hybridization with labeled probes in a formamide—contain-

ing buffer (for details, please see Chapter 6, Protocol 10).

We typically use 32P—radiolabeled single-stranded bacteriophage M13 probes (please see Chapter 9,
Protocol 5) at a concentration of 5 x 106 to 6 x 106 cpm/ml of hybridization buffer to detect a sin-
gle—copy gene in a complex mammalian genome. A membrane hybridized for 12—16 hours in this
fashion is washed in 500 ml of 2x SSC containing 1% (w/v) SDS for 15 minutes at room tempera-

ture, scrubbed gently with a sponge, then washed in 1 liter of 0.5x SSC containing 1% (w/v) SDS
for 2 hours at 68°C, and then subjected to autoradiography.

 

 

TROUBLESHOOTING

In general, the mark of a good electrophoretic run when separating mammalian genomic DNA digested with
a restriction endonuclease is the presence of a constant smear of stained DNA extending from just below the
well to the lower reaches of the gel. A concentration of DNA at the bottom of the gel is indicative of nonspe-
cific degradation of the genomic DNA. This degradation is usually caused by contamination of the preparation
with a nonspecific DNase, which is quiescent when the DNA is stored in TE, but is activated upon incubation
in an Mg2t-c0ntaining restriction enzyme buffert Phenolzchloroform extraction of the DNA to remove the
offending DNase is out of the question because the DNA is embedded in an agarose plug. However, retreat-
ment of the plugs with proteinase K followed by the addition of PMSF as described for mammalian DNA in
Protocol 13 (Steps 6—8) or for yeast DNA in Protocol 14 (Steps 9—1 1) can remove DNase from a batch of con-
taminated plugs. Along these lines, it is a good idea to check all preparations of agarose plugs prepared in this
protocol by simply incubating the plug in the presence of a restriction buffer and absence of restriction enzyme.
Thereafter, examine the DNA by separation through a TAFE gel in which 60-sec0nd pulse times are used over
a 20-hour electrophoresis run. it the DNA in the plug is intact, then very little DNA will enter the gel during the
electrophoresis. However, if there is a nonspecific DNase contaminant, a considerable amount of DNA will

enter the gel and be visible after ethidium bromide staining.
If a focus of DNA is detected just below the well after restriction enzyme digestion and PFGE, then it may

be assumed that the restriction enzyme did not digest the DNA to completion. Many of the restriction enzymes
used in analyzing DNA by PFGE have strict buffer requirements for maximum activity. Make sure that the buffer
recommended by the enzyme’s manufacturer was used and that the digestion was carried out at the proper
temperature. Alternatively, poor digestion by more than one enzyme can indicate a dirty DNA preparation. In
this case as well, the contaminant may be removed by retreating the genomic DNA plugs with proteinase K
and PMSF as described for mammalian DNA in Protocol 13 (Steps 6—8) or for yeast DNA in Protocol 14 (Steps
9—1 1 ).

  



Protocol 18
 

Pulsed-field Gel Electrophoresis via
Contour-clamped Homogeneous
Electric Field Gels

IN CONTOUR-CLAMPED HOMOGENEOUS ELECTRIC FIELD (CHEF) gels, the electric field is generated
from multiple electrodes that are arranged in a square or hexagonal contour around the horizon—
tal gel and are clamped to predetermined potentials (Chu et al. 1986; Vollrath and Davis 1987;
(Jhu 19904). A square contour generates electric fields that are oriented at right angles to each
other; a hexagonal array of electrodes generates fields at angles of 120U or 60“, depending on the

placement of the gel and the polarity of the electrodes. By using a combination of low field
strengths (1.3 V/cm), low concentrations of agarose (0.6%), long switching intervals (1 hour),
and extended periods of electrophoresis (130 hours), it is possible to resolve DNA molecules up
to 5000 kb in length (Vollrath and Davis 1987). CHEF gels can be used to size DNA fragments
accurately in genomic DNA and do not suffer from the problems of vertical gel positioning that
are endemic to TAFE gels.

The following protocol, supplied by Elsy Jones (University of Texas Southwestern Medical
Center, Dallas), describes the resolution of large genomic DNA molecules by CHEF gel elec—
trophoresis, followed by blotting and detection by hybridization. Protocols 19 and 20 describe
methods for isolating and recovering a particular DNA fragment resolved by PFGE.

gQNDIfiTIONS FOR CHEF ELECTROPHORESIS
 

The size range in which maximum resolution of DNA fragments is achieved on CHEF gels
depends on the pulse time. In general, shorter pulse times are used to separate smaller DNA frag-
ments and longer pulse times are used to separate larger DNAs. Table 5—11 presents empirically
determined pulse and electrophoresis times for a given size range of DNAs using a CHEF appa—
ratus from Bio—Rad. Other devices may yield slightly different separations for a given set of con—
ditions.

The orientation of the electric field relative to the plane of the agarose gel, called the field
angle, can be varied between 900 and 1200. In general, the smaller the field angle, the faster a DNA
fragment of a given size migrates through the gel. Smaller angles (<1050) are best for resolving
very large DNA fragments (>1000 kb), whereas larger angles are best for resolving smaller DNA
fragments.

5.79
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TABLE 5-11 Conditions for Separating DNAs of Various Sizes in CHEF Gels
 

 

% AGAROSE SIZE RANGE (kb) Swncn TIMES V/CM TIME (HOURS)

1% Fast Lane 6—500 ramped, 3—80 seconds 6 18

10—800 ramped, 6—80 seconds 6 20

100—1000 60 seconds, 6 15

then 90 seconds 6 9

0.8% Fast Lane 150—2000 ramped, 30—180 seconds 5 24
 

A1] gels are run in 0.5x TBE. When very high resolution is required in the SOO-ZOOO—kb range, a lower voltage and a longer
run time than those indicated above are used. If the gels are cast with Seakem GTG agarose, add 10% to the electrophoresis time
indicated.

The use of ramped switching permits greater resolution of DNA fragments within a given

size range. In ramping, the switch time at the beginning of the electrophoresis run is different

from that at the end of the run. Ramping decreases the occurrence of a peculiar phenomenon in

the electrophoresis of large DNAS, in which very large fragments sometimes migrate faster than

smaller DNAs (Carle et al. 1986; Chu 1990a).

MATERIALS
 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix I for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Denaturing buffer
0.5 N NaOH

1.5 M NaCl

Ethidium bromide <!> (1 ug/ml) or an appropriate dilution of SYBR Gold <!>
For a discussion of staining agarose gels, please see Protocol 2.

0.5x TBE gel electrophoresis buffer
Please see Table 5—3 for 5x recipe.

Gels

High-qua/ity agarose
The following agaroses from the BioWhittaker have been used successfully with this protocol:
- Seakem GTG Agarose

o Seakem Gold Agarose: A more expensive agarose that hardens into a stronger gel matrix than Seakem
GTG agarose and reduces electrophoretic run times ~10% relative to Seakem GTG‘

0 Fast Lane Agarose: A high—grade agarose that is slightly less expensive than Seakem Gold and main—
tains the faster electrophoretic character of this agarose. Gels cast with Fast Lane agarose are not as
tough as those made with Seakem Gold and must be handled with more care.

1% agarose gels resolve DNA fragments in a range of 10—1000 kb, whereas 0.8% agarose gels resolve

DNA fragments larger than 1000 kb. For further details, please see above Conditions for CHEF
Electrophoresis and Table 5—1 1.

Nucleic Acids and Oligonucleotides

DNA size standards
Please see Step 3. Standards can also be purchased from commercial manufacturers (eg‘, New England
Biolabs, Bio-Rad, or GIBCO—BRL).

Genomic DNA of interest

Please see Step 3.  
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Special Equipment

CHEF gel apparatus
The apparatus can be constructed as described by Chu 11990b) or purchased commercially. The follow—
mg protocol was developed for use with either the CHEF DR or CHEF Mapper apparatus from Bio—Rud.

Circulating water bath
CHEF gels are run at 14°C and require a device that both circulates and cools the electrophoresis buffet.

Water bath preset to 140C

Additional Reagents

Step 3 of this protocol requires the reagents listed in Protocosl 73 or 14, 15, and 16 of this
Chapter.

Steps 70 and 71 of this protocol require the reagents listed in Chapter 6, Protocol 8.

Step 12 of this protocol requires the reagents listed in Chapter 6, Protocol 70.

METELQD
 

Separation of DNA Fragments by CHEF

1.

i
n

(fast an agarose gel of the appropriate concentration in 0.5x TBE buffer as described in

Protocol 1. Use a bubble level to ensure that the casting tray is completely flat on the labora-

tory bench. Allow the gel to harden for 1 hour at room temperature.

Place the agarose gel in the CHEF apparatus, add enough 0.5x TBE to just cover the gel, and

cool the remaining buffer to 14°C.

Prepare agarose plugs containing the DNA of interest (please see Protocol 13 for preparation

of mammalian DNA or Protocol 14 for preparation of yeast DNA embedded in plugs) and

carry out digestion with restriction enzymes as described in Protocol 15. Prepare and embed
the appropriate DNA size standards as described in Protocol 14 or 16.

. Gently place the plugs in individual microfuge tubes and add 200 pl of 0.5>< TBE to each.

Incubate the plugs for 15 minutes at room temperature.

Embed the digested and rinsed DNA plugs in individual wells of the gel. Sea] the plugs in the

wells with the same solution of molten agarose used to pour the gel.

. Allow the sealed plugs to harden in the gel for ~5 minutes, and then add additional 0.5X TBE
buffer (previously cooled to 14°C in Step 2) to the apparatus to cover the agarose gel com—
pletely.

Start the buffer circulating and begin the electrophoresis run using power supply settings as
described in Table 5—11.

After electrophoresis, stain the gel in a 1 pg/ml solution of ethidium bromide or an appro-
priate dilution of SYBR Gold for 30 minutes at room temperature. Destain the gel in 11120 for
30 minutes and photograph the gel under UV light.

For details of methods that can be used to maximize the photographic detection 0t1)NA stained
with these dyes, please see Protocol 2. If no transfer of the DNA to a membrane is planned, these
gels may be stained with a silver solution as described in the panel on ALTERNATIVE PROTO-
COL: SILVER STAINING PFGE GELS in Protocol 17,  
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Denaturation and Transfer of DNA to a Nylon Membrane

9. After photography, incubate the gel in 250 ml of denaturing buffer with gentle shaking for 30

minutes. Change the denaturing buffer and incubate for an additional 30 minutes.

10. Transfer the DNA directly to a nylon membrane by capillary blotting in denaturing buffer

( for details, please see Chapter 6, Protocol 8).

Enhanced transfer of larger DNA fragments has also been noted when 6x SSC buffer is used in cap—
illary blotting rather than the more standard 10x SSC solution.

11 . After transfer, affix the DNA to the nylon membrane by baking for 2 hours at 80°C, by UV

cross-linking, or by microwaving.

12. Carry out prehybridization and hybridization with labeled probes in a formamide-contain—

ing buffer (for details, please see Chapter 6, Protocol 10).

We typically use 32P-radiolabeled single-stranded bacteriophage M13 probes (please see Chapter 9,
Protocol 5) at a concentration of 5 x 10" to 6 x 106 cpm/ml of hybridization buffer to detect a sin—
gle-copy gene in a complex mammalian genome. A membrane hybridized for 12—16 hours in this
fashion is washed in 500 m1 of 2x SSC containing 1% (w/v) SDS for 15 minutes at room tempera-
ture, scrubbed gently with a sponge, and then washed in 1 liter of 0.5x SSC containing 1% (w/v)
SDS for 2 hours at 68°C, and then subjected to autoradiography.
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Direct Retrieval of DNA Fragments
from Pulsed-field Gels

MATERJALS

PREPARATIVE SCALE PFGE w LOW-MELTING-TEMPERATURE AGAROSE (please see Protocols 17 and 18)

is often used to isolate a large DNA fragment for subsequent manipulation, Size-fractionated

DNAs can be digested with restriction endonucleases to generate a high-resolution cleavage map

or to produce fragments for ligation into bacteriophage or plasmid vectors. Additionally, DNAs

isolated from pulsed—field gels can be ligated directly into cosmid or yeast artificial chromosome

(YAC) vectors, or if already cloned into YAC vectors, fractionated DNA can be injected into fer—

tilized mouse embryos or transfected into murine embryonic stem cells. Working with size—frac—

tionated high—molecular—weight DNAs requires that extra precautions be taken to maximize

recovery Of the desired DNA molecules and to avoid shearing the DNA. This protocol presents a

method for the direct recovery of DNA from a low—melting—point PFGE. Protocol 20 first con-

centrates the fractionated DNA by electrophoresis into a high—percentage gel, followed by recov-

ery of the DNA molecules. Both protocols rely on the use of agarase to release high—molecular~

weight DNA enzymatically from agarose.

In this protocol, a gel slice containing a fragment of DNA resolved by PFGE is treated direct—

ly with agarase. The released DNA can be used as a substrate for ligation or restriction without

further purification.

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Ethidium bromide <!> (7 pg/ml) or an appropriate dilution of SYBR Gold <!>
For a discussion of staining agarose gels, please see Protocol 2.

Phenolrhloroform (1:7, v/v) (optional) <!>

Enzymes and Buffers

Agamse is available from a number of manufacturers tGELase from Epicenter Technologies, B»Agarasc I
from New England Biolabs, and B—Agarase I from Calbiochem). Use the buffer supplied with the enzyme.
We recommend that all buffers be supplemented with 100 mM NaCl, 30 pM spermine, 70 pM spe rmidine

to enhance recovery ot‘thc DNA.

5.83
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Nucleic Acids and Oligonucleotides

DNA size standards
For the preparation of two different ranges of sizing standards, please see Protocols 14 and 16. Standards
can also be purchased from commercial manufacturers (e.g., New England Biolabs, Bio—Rad, m GIBCO—
BRL).

Genomic DNA embedded in low-melting-temperature agarose plugs
Please see Protocol 13 for preparation of mammalian DNA or Protocol 14 for preparation of yeast DNA
embedded in plugs. Carry out digestion with restriction enzymes as described in Protocol 15 of this
chapter.

Special Equipment

Water baths preset to 65—680C and to temperature appropriate for agarase digestion

Additional Reagents

Steps 1 and 2 of this protocol require the reagents listed in Protocol 17 or 18 of this chapter.

METHOD
 

1. Prepare a preparative low-melting-point agarose PFGE that will provide optimum resolution

of the DNA fragment or size fraction of interest.

2. Load the DNA size standards and single plugs of the digested genomic DNA in lanes located

on both sides of the preparative slot. Load the preparative sample into the preparative slot.

Carry out electrophoresis as described in Protocol 17 (for TAPE gel) or Protocol 18 (for
CHEF gel).

As many as 20 plugs containing DNA digested with a restriction enzyme can be loaded into a sin—
gle “preparative” slot on the gel (van de Pol et al. 1990).

3. After electrophoresis, cut the lanes containing the size standards and single genomic DNA

plugs from the gel and stain them with ethidium bromide or SYBR Gold for 30 minutes at
room temperature. If necessary, destain the gel slices in HZO for 30 minutes. Do not stain the
preparative lane.

4. Examine the stained slices by UV illumination and make notches on the slices to mark the
locations of markers flanking the position of DNA of interest

5. Reassemble the gel with the lanes containing the stained size standards and single plugs and
locate the approximate region of the unstained preparative lane containing the DNA of inter-
est. Carefully excise this region with a clean razor blade, and transfer the gel slice to a snap-
cap polypropylene tube.

For long—term storage, the fragment should be placed in an airtight tube and stored at 4°C. Dot
blotting or Southern blotting can be used to obtain a more precise determination of the location
of the fragment of interest in the preparative gel (van de Pol et al. 1990).

6. Cover the gel fragment with agarase buffer, and incubate for 1 hour at room temperature
with occasional agitation. Discard the buffer, and repeat the procedure twice more.

7. After the buffer exchange is complete, melt the agarose slice containing the fractionated DNA
at 65~68°C. During the melting step, swirl the tube to ensure complete melting.

Agarases digest denatured/melted agarose, not chunks of agarose.
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. Add an appropriate amount of agarase to the melted gel and digest the gel at the temperature

recommended by the manufacturer.

Digestions are usually carried out at temperatures between 37°C and 45°C and for times ranging
from 1 hour to overnight.

. After digestion, inactivate the agarase by heating (according to the manufacturer’s instruc—

tions) or remove by phenobchloroform extraction.

Heat inactivation is preferred to avoid possible shearing of the DNA during extraction with 0rgan~
ic solvents. Ligation or restriction enzyme digestion of the released DNA can be carried out in the
presence of the agarose monomers produced by the agarase. Alternatively, the DNA can be precip-
itated in the presence of 0.3 M sodium acetate (pH 5.2) and 2 volumes of isopropanol.
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Retrieval of DNA Fragments from Pulsed-field
Gels following DNA Concentration

MATERIALS

DNA CONTAINED IN A SLICE OF LOW-MELTING-TEMPERATURE AGAROSE is first concentrated by
electrophoresis into a high-percentage agarose gel, and then isolated by treatment with agarase.
The resulting DNA preparation is purified by microdialysis. This method is especially useful if the

size-fractionated DNA is to be injected into fertilized mouse eggs (Schedl et al. 1993) or used for

transfection of murine embryonic stem cells (Choi et al. 1993).

The presence of spermine and spermidine in the buffers used in this protocol is crucial to

obtaining high recoveries of high—molecular—weight biologically active DNA. Their use should be
considered whenever large DNA fragments (>15 kb) are to be isolated from low—melting-tem-

perature agarose. The direct retrieval of DNA from pulsed—field gels (without prior concentra—

tion) is described in Protocol 19.

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Equilibration buffer
1x TBE

100 mM NaCl

30 pM spermine
70 pM spermidine

Ethidium bromide <!> (1 pg/ml) or an appropriate dilution of SYBR Gold <!>
For a discussion of staining agarose gels, please see Protocol 2.

lnjection/transfection buffer
10 mM Tris-Cl (pH 7.5)

0.1 mM EDTA

100 mM NaCl
30 “M spermine

70 pM spermidine

Enzymes and Buffers

5.86

Agarase

Agarase is available from a number of manufacturers (GELase from Epicenter Technologies, B»Agarase I

from New England Biolabs, and B—Agarase I from Calbiochem). Use the buffer supplied with the enzyme.  
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It is critical that all buffers be supplemented with 100 mM NaCl, 30 um spermine, and 70 lut\1 spet'midine
to enhance recovery of the DNA.

Gels

NuSieve GTC Agarose minigel (5%)

Prepare the gel without a comb and in a taped gel mold.

Nucleic Acids and Oligonucleotides

DNA size standards

Please see Protocols 14 and 16 for the preparation of two different ranges of sizing standards. Standards

can also be purchased from commercial manufacturers (e.g., New England Biolabs, Bio—Rad, or GIBCO~

BRL).

Genomic DNA embedded in Iow—melting-temperature agarose plugs
Please see Protocol 13 for preparation of mammalian DNA or Protocol 14 for preparation of yeast DNA

embedded in plugs. Carry out digestion with restriction enzymes as described in Protocol 15 of this
chapter,

Special Equipment

Membranes for drop dia/ySIS (0.05 pm pore size)

These membranes are available from Millipore.

Water baths preset to 65—680C and to temperature appropriate for agarase digestion

Additional Reagents

Steps 7 and 2 of this protocol require the reagents listed in Protocol 17 or 78 of this Chapter.

METHOQ
 

1. Prepare a preparative low—melting—point agarose PFGE that will provide optimum resolution
of the DNA fragment or size fraction of interest.

2. Load the DNA size standards and single plugs of the digested genomic DNA in lanes located on

both sides of the preparative slot. Load the preparative sample into the preparative slot. Carry

out electrophoresis as described in Protocol 17 (TAPE gel) or Protocol 18 (for CHEF gel).

As manv as 20 plugs containing DNA digested with a restriction enzyme can be loaded into a sin?
gle “preparative” slot on the gel (van de Pol et al. 1990).

3. After electrophoresis, cut the lanes containing the size Standards and single genomic DNA
plugs from the gel and stain them with ethidium bromide or SYBR Gold for 30 minutes at
room temperature. lf necessary, destain the gel slices in HZO for 30 minutes. Do not stain the
preparative lane.

4. Examine the stained slices by UV illumination and make notches on the slices to mark the
locations of markers flanking the position of DNA of interest.

i
n . Under normal illumination, reassemble the gel with the lanes containing the stained size

standards and single plugs and locate the approximate region of the unstained preparative
lane containing the DNA of interest. Carefully excise this region with a clean razor blade, and
transfer the gel slice to a snap-cap polypropylene tube.

For longeterm storage, the fragment should be placed in an airtight tube and stored at 4“(I. Dot
blotting or Southern blotting can be used to obtain a more precise determination of the location
of the fragment ofimerest in the preparative gel (van de Pol et all 1990)

b. Equilibrate the gel slice containing the size—fractionated DNA in 40 ml of equilibration buffer
for 20—30 minutes at room temperature. Agitate the mixture gently throughout this period.
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10.

11.

12.

13.

14.

15.

16.

Pour off the buffer and melt the gel slice at 65—680C, gently swirling the tube periodically to

ensure complete melting. Record the volume of the melted gel slice.

While the 50/0 NuSieve GTG minigel is still in the taped casting tray, slice off enough of the

top of the gel to accommodate the volume of the melted gel slice that contains DNA.

Pour the melted gel slice into the casting tray and allow it to harden. Concentrate the size—
fractionated DNA in the 5% gel by applying 60 V for 12 minutes per millimeter of low—melt-

ing-temperature gel.

For example, if the low-meltingAtemperature agarose portion ofthe gel is 10 mm long, apply 3 volt—

age across the gel for 120 minutes.

When electrophoresis is complete, slice a very thin section from the center of the gel and stain it

with ethidium bromide. Determine how far into the gel the DNA has migrated (usually ~2 mm).

It is important to stain a sliver from the center of the gel as some smiling occurs during elec—
trophoresis.

Remove the low-melting portion of the gel and trim as small a portion as possible of the 50/0

gel containing the concentrated DNA.

Equilibrate the gel slice containing the DNA in 12 m1 of 1x agarase digestion buffer contain-

ing 100 mM NaCl, 30 ”M spermine, and 70 “M spermidine.1ncubate the gel slice in this buffer

for 20 minutes at room temperature with gentle agitation.

Drain off the buffer, transfer the gel slice to a microfuge tube, and melt the DNA slice at

65—6800 Transfer the melted gel to a water bath set at a temperature optimal for the agarase

preparation (recommended by the manufacturer).

Incubate the melted gel slice for 15 minutes, and then add an appropriate amount of agarase

to digest the starting volume of 50/0 gel.

Digestions are usually carried out at temperatures between 37°C and 45°C and for times ranging
from 1 hour to overnight.

After digestion, centrifuge the tube at maximum speed for 5 minutes in a microfuge to pel-

let debris, and transfer the supernatant to a fresh microfuge tube.

Set up a drop dialysis of the supernatant using membranes with a 0.05—pm pore size:

a. Spot the supernatant onto the center of the membrane, floating shiny side up on 100 ml

of injection/transfection buffer.

One membrane can easily support 100 pl of supernatant.

b. Dialyze for 1 hour at room temperature. Replace the original buffer with 100 ml of fresh

injection/transfection buffer and dialyze for an additional hour.

c. Transfer the DNA to a clean microfuge tube.

Drop dialysis removes the agarase enzyme and the digested carbohydrates released from the
agarose.

After drop dialysis7 the concentration of the DNA can be estimated by gel electrophoresis.

The DNA can be injected directly or combined with a lipofection reagent for transfection into
cultured cells.
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Cell DNA

[am the singular

in free fall.

[and my doubles

carry it all:

life’s slim volume

spirally bound

It’s what I’m about,

it’s what I’m around.

Presence and hangers

imbue a sap mate

with the world as they spin it.

I teach it by rote

but its every command

was once a miscue

that something rose to,

Presence and freedom

re-wording, re-beading
strains on a strand

making I and I more difierent
than we could stand.

Les Murray

 
  



Introduftion 6.3

DOUBLt-STRANDED DNA IS A REMARKABLY INERT CHEMlCAL. Its potentially reactive groups are

buried within the central helix, tied up in hydrogen bonds. Its base pairs are protected on the out~

side by a formidable casing of phosphates and sugars and are reinforced internally by strong

stacking forces. With such robust shielding and scaffolding, DNA outlasts most other intracellu—

lar components in locations as disparate as modern day crime scenes and ancient burial sites. The

same chemical durability endows libraries of genomic DNA with both permanence and value,

thereby enabling genetic engineering and sequencing projects, both large and small.

Despite its chemical stability, double-stranded DNA is nevertheless physically fragile. Long

and Shaky, with little lateral stability, high—molecular-weight DNA is vulnerable to hydrodynam—

ic shearing forces of the most modest kind (please see Table 12—1 in Chapter 12).Doub1e—strand-

ed DNA behaves in solution as a random coil that is stiffened by stacking interactions between

the base pairs and electrostatic repulsion between the charged phosphate groups in the DNA

bacLbone. Hydrodynamic flow — resulting from pipetting, shaking, or stirring — generates drag

on the stiffened coil and has the capacity to shear both strands of the DNA. The longer the DNA

molecule, the weaker the force required for breakage. Genomic DNA is therefore easy to obtain

in fragmented form but becomes progressively more difficult to isolate as the desired molecular

weight increases. DNA molecules >150 kb are prone to breakage by forces generated during pro-

cedures commonly used to isolate genomic DNA.

The method described in Protocol 1 involves digesting eukaryotic cells or tissues with pro—

teinase K in the presence of EDTA (to sequester divalent cations and thereby inhibit DNases)

and solubilizing membranes and denaturing proteins with a detergent such as SDST The nucle-

ic acids are then purified by phase extractions with organic solvents. Contaminating RNA is

eliminated by digestion with an RNase, and low-molecular-weight substances are removed by

dialysis. This method can be scaled to yield amounts of DNA ranging from less than ten to more

than hundreds of micrograms Of DNA. However, shearing forces are generated at every step,

with the result that the DNA molecules in the final preparation rarely exceed 100—150 kb in

length. DNA of this size is adequate for Southern analysis on standard agarose gels, as a template

in polymerase chain reactions (PCRs), and for the construction of genomic DNA libraries in

bacteriophage A vectors.

The successful construction of libraries in higher—capacity vectors and the analysis of

genomic DNA by puised—field gel electrophoresis require DNAS >200 kb in size, which are well

beyond the reach of methods that generate significant hydrodynamic shearing forces. Protocol 2

describes a method for isolating and purifying DNA that generates molecules ofa size suitable for

these specialized purposes. An alternative method for preparing genomic DNA in agarose plugs

is described in Chapter 5, Protocol 13.

In this chapter, we also describe ways to isolate genomic DNA from different samples of
cells and tissues (Protocol 3) and from many samples grown in microtiter dishes (Protocol 4).

Other protocols describe the preparation of DNA from mouse tails (Protocol 5), the rapid isola—

tion of mammalian DNA (Protocol 6), and the rapid isolation ofyeast DNA (Protocol 7). Finally,

we describe how to analyze purified genomic DNAs by Southern blotting and hybridization

(Protocols 8 through 10). Note also that a number of commercial kits are available for purifying

genomic DNA.

 



Protocol 1
 

Isolation of High-molecular-weight DNA from
Mammalian Cells Using Proteinase K and Phenol

MATERIALS

THIS PROCEDURE IS DERIVED FROM A METHOD ORIGINALLY described by Daryl Stafford and col-

leagues (Blin and Stafford 1976). It is the method of choice when large amounts of mammalian

DNA are required, for example, for Southern blotting (Protocol 8) or for construction of genom-

ic libraries in bacteriophage A vectors (Chapter 2, Protocol 19). Approximately 200 pg of mam-

malian DNA, 100—150 kb in length, is obtained from 5 x 107 cultured aneuploid cells (e.g., HeLa
cells). The usual yield of DNA from 20 ml of normal blood is ~250 pg.

All of the materials listed below are required for purification of mammalian genomic DNA,

irrespective of the type of sample. Additional materials that are needed for particular types of

samples are listed under the subheads for the four Step 1 methods: lysis of cells growing in mono-

1ayers,lysis of cells growing in suspension, lysis of tissue samples, and lysis of blood cells in fresh—

ly drawn or frozen samples.

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

A WARNING Primate tissues and primary cultures of cells require special handling precautions.

Buffers and Solutions

6.4

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Ammonium acetate (10 M) (used as an alternative to dialysis, Step 9)
Dialysis buffer (used as an alternative to ethanol precipitation, Step 9)

50 mM Tris-Cl (pH 8.0)

10 mM EDTA (pH 8.0)
Prepare four lots of 4 liters of dialysis solution and store at 4°C.

Ethanol (used as an alternative to dialysis, Step 9)
Lysis buffer

10 mM Tris-Cl (pH 8.0)

0.1 M EDTA (pH 8.0)
0.5% (w/v) SDS

20 ug/ml DNase~free pancreatic RNase

The first three ingredients of the lysis buffer may be mixed in advance and stored at room temperature.
RNase is added to an appropriate amount of the mixture just before use. Adding RNase to the lysis buffer
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eliminates the need to remove RNA from semipm‘ified DNA at a later stage in the preparation.

Pancreatic RNase is not highly active in the presence of 0.5% SDS, but when added at high concentra—

tions, it works well enough to degrade most of the cellular RNA.

Phenol/ equilibrated with 0.5 M Tris-Cl (pH 8.0) <!>

A IMPORTANT The pH of the phenol must be ~8.0 to prevent DNA from becoming trapped at the

interface between the organic and aqueous phases (please see Appendix 8).

TE (pH 8.0)
Tris-buffered saline (TBS)

Enzymes and Buffers

Proteinase K (20 mg/ml)
For this protocol, we recommend the use of a genomic grade proteinase K that has been shown to be free

of DNase and RNase activity. Please see Appendix 4

Gels

Pulsed-field gel (please see Chapter 5, Protocols 17 and 78) or Conventional horizontal 0.6%

agarose gel (Chapter 5, Protocol 1)

Nucleic Acids and Oligonucleotides

Bacteriophage X DNA, intact

Purify A DNA as described in Chapter 2, Protocol 11 or 12. The DNA is used as a size standard during,

gel electrophoresis (please see Step 11).

Centrifuges and Rotors

Sorva/l centrifuge with HYOOOB and 55—34 rotors (or their equivalents)

Special Equipment

Cut-off yellow tips
Cut—off yellow tips can be generated rapidly With a scissors or a dog nail clipper (etgq Fis‘her 05-401A).

Alternatively, the pointed ends of the tips can be removed with a sharp razor blade. The cut—off tips

should be sterilized before use, either by autoclaving or by immersion in 70% alcohol for 2 minutes fol—

lowed by dning in air. Alternatively, presterilized wide—bore tips can be purchased from a number of

commercial companies (e.g., Bio—Rad).

Dialysis tubing clips
Spectra Por closures from Spectrum Medical Industries, Houston, Texas.

Rocking platform or Dialysis tubing
Prepared as described in Appendix 8.

Shepherd’s crooks (used as an alternative to dialysis)
Shepherd‘s crooks are Pasteur pipettes whose tip has been sealed in the flame of a Bunsen burner and

shaped into a U with a hemostat. Wear safety glasses while molding the Shepherd’s crooks. For further

information, please see Steps 5A7 of Protocol 3.

Spectrophotometer or Fluorometer

Tube mixer or Roller apparatus

Vacuum aspirator equipped With traps

Water bath, preset to 50°C

Wide-bore pipettes (0.3-cm diameter orifice)
Wide—bore pipettes are available from several manufacturers. However, standard glass pipettes can be
used if they are autoclaved in the wrong orientation without cotton plugs.

Cells and Tissues

Mono/ayers or suspensions of mammalian cells, or fresh tissue, or blood samples
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METHOD

Below are four alternative versions of Step 1 used to lyse different types of cells or tissue

samples. Use the version appropriate for the material under study and then proceed to
Step 2 on page 6.9.

Lysis of Cells Growing in Monolayers
 

Additional Materials

Aspiration device attached to a vacuum line equipped with traps
Bed of ice large enough to accommodate 10—12 culture dishes
Erlenmeyer flask (50 or 100 ml)
Rubber policeman
Sorvall centrifuge, H1000B rotor (or equivalent) and centrifuge tubes cooled to 4°C
Tris-buffered saline (T85), ice cold   
 

1. Lyse cells growing in monolayer cultures.

[t is best to work with batches of 10—12 culture dishes at a time. Store the remaining culture dish—
es in the incubator until they are required.

a. Take one batch of culture dishes, containing cells grown to confluency, from the incubator
and immediately remove the medium by aspiration. Working quickly, wash the monolay-

ers of cells twice with ice-cold TBS. This is most easily accomplished by gently pipetting

~10 ml of TBS onto the first monolayer. Swirl the dish gently for a few seconds and then

tip the fluid into a 2-liter beaker. Add another 10 ml of ice-cold TBS and store the dish on

a bed of ice. Repeat the procedure until the entire batch of monolayers has been processed.

b. Tip the fluid from the first monolayer into the 2-liter beaker. Remove the last traces of

TBS from the culture dish by aspiration. Add 1 ml of fresh ice-cold TBS and store the dish

on a bed of ice. Repeat the procedure until the entire batch of monolayers has been

processed.

c. Use a rubber policeman to scrape the cells from the first culture dish into the 1 ml of TBS.

Use a Pasteur pipette to transfer the cell suspension to a centrifuge tube on ice.

Immediately wash the culture dish with 0.5 ml of ice-cold TBS, and combine the wash-

ings with the cell suspension in the centrifuge tube. Process the remaining monolayers in

the same way,

d. Recover the cells by centrifugation at 1500g (2700 rpm in a Sorvall HIOOOB rotor and

swinging buckets) for 10 minutes at 4°C.

e. Resuspend the cells in 5—10 volumes of ice—cold TBS and repeat the centrifugation.

f. Resuspend the cells in TE (pH 8.0) at a concentration of 5 x 107 cells/ml. Transfer the

solution to an Erlenmeyer flask.

For 1 ml of cell suspension, use a 50—ml flask; for 2 ml, use a 100~ml flask, and so on. The den—

sity of cells grown as a monolayer culture (from Step a above) will vary with the cell type and
culture conditions. As a rule of thumb, 3 confluent continuous culture (e.g., of HeLa or BHK

cells) grown on a 90-mm culture dish contains on average 1 x 105 to 3 x 105 cells/cmz.

g. Add 10 ml of lysis buffer for each milliliter of cell suspension. Incubate the suspension for

1 hour at 37°C, and then proceed immediately to Step 2 (p. 6.9).

Make sure that the cells are well dispersed over the inner surface of the Erlenmeyer flask when
the lysis buffer is added. This dispersal minimizes the formation of intractable clumps of DNA.
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Lysis of Cells Growing in Suspension
 

Additional Materials

Aspiration device attached to a vacuum line equipped with traps
Erlenmeyer flask (50 or 700 ml)
Sorva/l centrifuge, H7008 rotor (or equivalent) and centrifuge tubes or bottles cooled to 4“C

TE (pH 8.0), ice-cold

Tris-buffered saline (T85), ice cold
A

1. Lyse cells growing in suspension cultures.

a. Transfer the cells to a centifuge tube or bottle and recover them by centrifugation at 1500g

(2700 rpm in a Sorvall HIOOB rotor and swinging buckets) for 10 minutes at 4°C.

Remove the supernatant medium by aspiration.

b. Wash the cells by resuspending them in a volume of ice—cold TBS equal to the volume of

the original culture. Repeat the centrifugation. Remove the supernatant by aspiration and

then gently resuspend the cells once more in ice-cold TBS. Recover the cells by centrifu—

gation.

c. Remove the supernatant by aspiration and gently suspend the cells in TE (pH 8.0) at a

concentration of 5 x 107 cells/ml. Transfer the suspension to an Erlenmeyer flask.

For 1 ml ofceli suspension, use a 50—ml flask; for 2 ml, use a 100-111] flask, and so on. The den-

sity of cells grown in suspension (from Step 3) will vary with the cell type and culture condif

tions. As a rule of thumb, a saturated suspension culture of a continuous cell line (e.g., of

HeLa or BHK cells) grown in a l—hter culture contains on average 1 x 10° celis/mi.

d. Add 10 ml of lysis buffer for each milliliter of cell suspension. Incubate the solution for 1

hour at 370C and then proceed immediately to Step 2 (p. 6.9).

Make sure that the cells are well dispersed over the inner surface of the Erlenmeyer flask when

the lysis buffer is added. This dispersal minimizes the formation of intractable clumps of

DNA.

Lysis of Tissue Samples

Because tissues generally contain large amounts of fibrous material, it is difficult to extract

genomic DNA from them in high yield. The efficiency of extraction is greatly improved if the tis-

sue is reduced to powder before homogenization in lysis buffer. If a large amount of fresh tissue

( >1 g) is available, powdering can be accomplished with a Waring blender.

 

Additional Materials

Beaker (25 ml)
Liquid nitrogen <! >
Polypropylene centrifuge tube (50 ml; Falcon or equivalent)
Waring blender equipped with a stainless steel container
or
Mortar and pestle, prechilled with liquid nitrogen

It is important to cool the mortar slowly by adding small amounts of liquid nitrogen over a period
of time. Filling the mortar to the brim or suddenly immersing the grinding part of the pestle in liq—
uid nitrogen can cause fracturing. Placing the mortar in an ice bucket filled with dry ice 15 a good
way to precool the mortar before adding the liquid nitrogen. Be careful when grinding human and
primate tissues as powdered aerosols are readily generated, espeLidIIy when adding liquid nitro—

gen to the mortar.
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1. Pulverize tissue samples.

a. Drop ~l g of freshly excised tissue into liquid nitrogen in the stainless—steel container of
a Waring blender. Blend at top speed until the tissue is ground to a powder.

Alternatively, smaller quantities of tissue can be snap-frozen in liquid nitrogen and then pul-

verized to a powder using a mortar and pestle precooled with liquid nitrogen.

b. Allow the liquid nitrogen to evaporate, and add the powdered tissue little by little to ~10

volumes (w/V) of lysis buffer in a beaker. Allow the powder to spread over the surface of

the lysis buffer, and then shake the beaker to submerge the material.

c. When all of the material is in solution, transfer the suspension to a 50-ml centrifuge tube.

Incubate the tube for 1 hour at 37°C, and then proceed to Step 2 (p. 6.9).

Lysis of Blood Cells in Freshly Drawn or Frozen Samples
 

Additional Materials

Acid citrate dextrose solution B (ACD) (for freshly drawn or frozen blood samples)

0.48% w/v citric acid

1.32% w/v sodium citrate

1.47% w/v glucose

Aspiration device attached to a vacuum line equipped with traps
EDTA (an alternative to ACD, for freshly drawn or frozen blood samples)

ACD, an anticoagulant that is used when preparing genomic DNA from whoie blood, is supe-
rior to EDTA in preserving high-molecular-weight DNA (Gustafson et al. 1987). However,
blood is more frequently collected in commercially available tubes that contain measured
amounts of EDTA as an anticoagulant. In most hospitals in the United States, blood collec-
tion tubes are conveniently color-coded to indicate which contain anticoagulants and which
do not: PurpIe-topped tubes contain anticoagulant, usually dried EDTA, whereas yellow-
topped tubes do not. In molecular cloning, the former (purple) are used to collect blood from
which genomic DNA will be extracted, whereas the latter (yellow) are typically used to col-
lect blood that WI” be used as a source of lymphocytes for immortalization with Epstein-Barr
virus. Such immortalized cells provide a renewable resource from which large amounts of
DNA can be isolated for later use in, for example, genetic studies.

Phosphate-buffered saline (PBS, for frozen blood samples)

Sorvall H1000B rotor (or equivalent) and centrifuge tubes cooled to 4°C for freshly drawn blood
samples
Sorvall 55-34 rotor (or equivalent) and centrifuge tubes cooled to 4°C for frozen blood samples
Water bath, at room temperature   
 

1. Collect blood cells from freshly drawn or frozen samples. Human blood must be collected by

a trained phlebotomist under sterile conditions.

TO COLLECT CELLS FROM FRESHLY DRAWN BLOOD

a. Collect ~20 m1 of fresh blood in tubes containing 3.5 m1 of either acid citrate dextrose

solution B (ACD) or EDTA (please see note to EDTA in the materials list).

The blood may be stored for several days at 0°C or indefinitely at —70°C before the DNA is
prepared. Blood should not be collected into heparin, which is an inhibitor of the polymerase
chain reaction (Beutler et al. 1990).

b. Transfer the blood to a centrifuge tube and centrifuge at 1300g (2500 rpm in a Sorvall
HIOOOB rotor and SO-ml swinging buckets) for 15 minutes at 4°C.  
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c. Remove the supernatant fluid by aspiration. Use a Pasteur pipette to transfer the buffy

coat carefully to a fresh tube and repeat the centrifugation. Discard the pellet of red cells.

The buffy coat is a broad band of white blood cells of heterogeneous density.

d. Remove residual supernatant from the buffy coat by aspiration. Resuspend the buffy coat
in 15 ml of lysis buffer. Incubate the solution for 1 hour at 37°C, and proceed to Step 2.

TO COLLECT CELLS FROM FROZEN BLOOD SAMPLES

a. Collect ~20 mi of fresh blood in tubes containing 3.5 ml of either acid citrate dextrose
solution B (ACD) or EDTA (please see note to EDTA in the materials list).

The blood may be stored for several days at 0°C or indefinitely at —70°(I before the DNA is
prepared.

b. Thaw the blood in a water bath at room temperature and then transfer it to a centrifuge
tube. Add an equal volume of phosphate-buffered saline at room temperature.

c. Centrifuge the blood at 3500g (5400 rpm in a Sorvall 55—34 rotor) for 15 minutes at room
temperature.

d . Remove the supernatant, which contains lysed red cells, by aspiration. Resuspend the pel-
let in 15 ml oflysis buffer. Incubate the solution for 1 hour at 37°C, and then proceed to
Step 2.

Method Continues with Step 2 Below

Treatment of Lysate with Proteinase K and Phenol

2.

6.

Transfer the lysate to one or more centrifuge tubes that fit into a Sorvall 58-34 rotor, or equiv—
alent. The tubes should not be more than one-third full.

Add proteinase K (20 mg/ml) to a final concentration of 100 ug/ml. Use a glass rod to mix
the enzyme solution gently into the Viscous lysate of cells.

Incubate the lysate in a water bath for 3 hours at 50°C. Swirl the viscous solution from time
to time.

Cool the solution to room temperature and add an equal volume of phenol equilibrated with
0.1 M Tris-Cl (pH 8.0). Gently mix the two phases by slowly turning the tube end—over-end
for 10 minutes on a tube mixer or roller apparatus. If the two phases have not formed an
emulsion at this stage, place the tube on a roller apparatus for 1 hour.

Blin and Stafford (1976) recommend the use 0f0.5 M EDTA (pH 8.0) in the lysis buffer. However,
the demity of the buffer almost equals that ofphenol, which makes separation of the phases diffi—
cult The lysis buffer used here contains EDTA at a concentration of 0.1 M, which permits easier
separation of the phenolic and aqueous phases while maintaining a high degree of protection
against degradation of the DNA by nucleases and heavy metals.

Separate the two phases by centrifugation at 5000g (6500 rpm in a Sorvall 55-34 rotor) for 15
minutes at room temperature.
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7. Use a wide-bore pipette (0.3-cm diameter orifice) to transfer the viscous aqueous phase to a

fresh centrifuge tube.

When transferring the aqueous (upper) phase, it is essential to draw the DNA into the pipette very
slowly to avoid disturbing the material at the interface and to minimize hydrodynamic shearing
forces. If the DNA solution is so viscous that it cannot easily be drawn into a wide—bore pipette, use
a long pipette attached to an aspirator to remove the organic (lower) phase as follows:

i. Before starting, make sure that the vacuum traps are empty and secure, so that phenol can—
not enter the vacuum system.

ii, With the vacuum line closed, slowly lower the pipette to the bottom of the organic phase.
Wait until the viscous thread of aqueous material detaches from the pipette, and then care-
fully open the vacuum line and gently withdraw all of the organic phase. Close the vacuum
line and quickly withdraw the pipette through the aqueous phase. Immediately open the
vacuum line to transfer the residual phenol into the trap.

iii. Centrifuge the DNA solution at 5000g (6500 rpm in a Sorvall 55—34 rotor) for 20 minutes at

room temperature. Protein and clots of DNA will sediment to the bottom of the tube.
Transfer the DNA solution (the supernatant) into a 50—ml centrifuge tube, leaving behind
the protein and clots of DNA.

8. Repeat the extraction with phenol twice more and pool the aqueous phases.

9. Isolate DNA by one of the following two methods.

TO ISOLATE DNA IN THE SIZE RANGE OF 150—200 KB

Transfer the pooled aqueous phases to a dialysis bag. Close the top of the bag with a dial-

ysis tubing clip, allowing room in the bag for the sample volume to increase 1.5—2-fold

during dialysis.

Dialyze the solution at 4°C against 4 liters of dialysis buffer. Change the buffer three times

at intervals of 26 hours.

Because of the high viscosity of the DNA solution, dialysis generally takes 224 hours to com—
plete.

TO ISOLATE DNA THAT HAS AN AVERAGE SIZE OF 100—150 KB

a. After the third extraction with phenol, transfer the pooled aqueous phases to a fresh cen-

trifuge tube and add 0.2 volume of 10 M ammonium acetate. Add 2 volumes of ethanol

at room temperature and swirl the tube until the solution is thoroughly mixed.

The DNA immediately forms a precipitate. Remove the precipitate in one piece from the

ethanolic solution with a Shepherd’s crook (a Pasteur pipette whose end has been sealed

and shaped into a U; please see Steps 5—7 of Protocol 3). Contaminating oligonucleotides

remain in the ethanolic phase.

If the DNA precipitate becomes fragmented, abandon the Shepherd’s crook and collect
the precipitate by centrifugation at 5000g (6500 rpm in a Sorvall 88-34) for 5 minutes at
room temperature.

Wash the DNA precipitate twice with 70% ethanol, and collect the DNA by centrifuga-
tion as described in Step c.

Remove as much of the 70% ethanol as possible, using an aspirator. Store the pellet of
DNA in an open tube at room temperature until the last visible traces of ethanol have
evaporated.

Do not allow the pellet of DNA to dry completely; desiccated DNA is very difficult to dissolve.
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f. Add 1 ml of TE (pH 8.0) for each 0.1 ml of cells (Step 1). Place the tube on a rocking plat-
form and gently rock the solution for 12—24 hours at 4°C until the DNA has completely
dissolved. Store the DNA solution at 4°C.

10. Measure the concentration of the DNA.

11 is often difficult to measure the concentration of high—molecular—weight DNA by standard
methods such as absorbance at 260 nm. This is because the DNA solution is frequently nonhomo»
geneous and is usually so viscous that it is impossible to withdraw a representative sample for
analysis. These problems can be minimized by withdrawing a large sample (10—20 pl) With 111] dum»
matic pipetter equipped with a cut—off yellow tip. The sample is then diluted With ~0.5 ml of TE
(pH 8.0) and vortexed vigorously for 1—2 minutes. The absorbance ofthe diluted sample can then
be read at 260, 270, and 280 nm in the standard way.

A solution with an AM of 1 contains ~50 pg of DNA/ml. Note that estimates of purity of nucleic
acids based on ODWOD280 ratios are unreliable (Glasel 1995) and that estimates of concentration
are inaccurate if the sample contains significant amounts of phenol. H)O saturated with phenol
absorbs with a characteristic peak at 270 nm and an ODszODzan ratio of 2 (Stulnig and Amberger
1994). Nucleic acid preparations free of phenol should have OD ODD“) ratios of ~1.2. For fur—
ther information, please see Appendix 8.

300

More accurate measurement of DNA concentrations can be made by fluorometry in the presence
of fluorescent dyes such as SYBR Gold and Hoechst 33258, which bind DNA without intercalating
and With specificity to double—stranded DNA (for further details, please see Appendix 8). For a
method offluorometric measurement of DNA concentrations using Hoechst 33258, please see the
panel on ADDITlONAL PROTOCOL: ESTIMATING THE CONCENTRATION OF DNA BY
FLUOROMETRY on the following page.

11. Analyze the quality of the preparation of high-molecular-weight DNA by pulsed—field gel
electrophoresis (Chapter 5, Protocol 17 or 18) or by electrophoresis through a conventional
0.6% agarose gel (Chapter 5, Protocol 1). Use unit-length and/or linear concatemers of 1
DNA as markers. A method to generate linear concatemers of A DNA is described in Chapter
5, Protocol 16.

Do not be concerned if some of the DNA remains in the well, since DNA molecules >250 kb have
difficulty entering the gel. This problem can usually be solved by embedding the DNA in a small
amount of melted agarose (at 550C) and transferring the molten solution to the well of ii pre-
formed agarose gel. The transfer should be done before the gel is submerged in electrophoresis
buffer.
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ADDITIONAL PROTOCOL: ESTIMATING THE CONCENTRATION OF DNA BY

FLUOROMETRY

Measuring the concentration of DNA using fluorometry is more sensitive than spectrophotometry, allowing the detec-
tion of nanogram quantities of DNA In this assay, DNA preparations of known and unknown concentrations are incu-
bated with the fluorochrome Hoechst 33258. Absorption values for the unknown sample are compared with those
observed for a known series, and the concentration of the unknown sample is estimated by interpolation.

Additional Materials

NaCl (4 M)
Sodium phosphate (0.5 M, pH 7.4)
Fluorometry buffer

2 M NaCl

50 mM sodium phosphate

Prepare 500 ml and sterilize the solution by filtration through a 0.45-pm filter.

Hoechst 33258 dye (0.2 mg/ml in HZO)
The concentrated solution of dye can be stored at room temperature in a fOiI-wrapped test tube.

High-molecular—weight DNA solution, reference standard (100 11ng in 7D
A DNA solution of known concentration is required to construct a standard curve. Because the binding of Hoechst
33258 dye to DNA is influenced by the base composition, the DNA used to construct the standard curve should be
from the same species as the test sample.

Fluorometer, either fixed wavelength or scanning model

Method

1 . Turn on the fluorometer 1 hour before the assay is carried out to allow the machine to warm up and stabilize.

When bound to high-molecular-weight double-stranded DNA, Hoechst 33258 dye absorbs maximally at 365 nm and
emits maximally at 458 nm.

2. Prepare an appropriate amount of diluted dye solution (50 ul of concentrated dye solution per 100 ml of
fluorometry buffer). Each tube in the DNA assay requires 3 ml of diluted Hoechst 33258 dye solution.
Transfer 3 ml of diluted dye solution to an appropriate number of clean glass tubes. Include six extra tubes
for a blank and the standard curve.

3. Prepare a standard curve by adding 100, 200, 300, 400, and 500 ng of genomic DNA from the reference
stock solution to individual tubes. Mix and read the absorbance on the prewarmed fluorometer of each tube
immediately after addition of the DNA.

4. Add 0.1 pl (i.e., 1 pl of a 1:10 dilution), 1.0 ul, and 10 pl of the preparation of genomic DNA, whose con-
centration is being determined, to individual tubes containing diluted dye solution. Immediately read the
fluorescence.

5. Construct a standard curve plotting fluorescence on the ordinate (y axis) and weight of reference DNA (in
ng) on the abscissa (x axis). Estimate the concentration of DNA in the unknown sample by interpolation.

If the reading for the unknown genomic DNA solution falls outside that of the standard curve, read the fluo-
rescence of a more concentrated sample or make an appropriate dilution of the sample and repeat the assay.

Binding of Hoechst 33258 is adversely influenced by pH extremes, the presence of detergents near or above
their critical micellar concentrations, and salt concentrations above 3 M. If these conditions or reagents are
used to prepare the genomic DNA and improbable results are obtained in the fluorometry assay, precipitate
an aliquot of the DNA preparation with ethanol, rinse the pellet of nucleic acid in 70% ethanol, dissolve the
dried pellet in TE, and repeat the assay.

If the preparation of test DNA is highly viscous, sampling with standard yellow tips may be so inaccurate that
the dilutions of unknown DNA will not track with the standard curve. in this case, the best solution is to with-
draw two samples (10—20 til) with an automatic pipetter equipped with a cut-off yellow tip. Each sample is
then diluted with ~0.5 ml of TE (pH 8.0) and vortexed vigorousiyfor1—2 minutes. Different amounts of the
diluted samples can then be transferred to the individual tubes containing diluted dye solution. The results
obtained from the two sets of samples should be consistent.

Use scissors or a dog nail clipper (e.g., Fisher) to generate cut-off yellow tips. Alternatively, the tips can be
cut with a sharp razor blade. Sterilize the cut-off tips before use, either by autoclaving or by immersion in
70% alcohol for 2 minutes followed by drying in air. Presterilized, wide-bore tips can be purchased from a
number of commercial companies (e.g., Bio-Rad).

The assay can be used to measure the concentration of DNAs whose sizes exceed ~1 kb. Hoechst 33258
binds poorly to smaller DNA fragments.

 

  



Protocol 2
 

Isolation of High-molecular-weight DNA from
Mammalian Cells Using Formamide

THIS PROTOCOL IS A MODIFICATION OF THE PROCEDURE OF KUPIEC et al. (1987) and involves diges—

tion of cells and tissues with proteinase K, dissociation of DNA—protein complexes (chromatin)

with high concentrations of formamide, and removal of the protease and organic solvent by

extensive dialysis through collodion bags. Formamide is an ionizing solvent that both dissociates

protein—DNA complexes and, subsequently, denatures the released proteins. However, it does not

significantly affect the activity of proteinase K. The genomic DNA prepared by this procedure is

large (>200 kb) and suitable for the construction of libraries in high—capacity vectors and for the

analysis of large DNA fragments by pulsed-field gel electrophoresis. The method has two disad-

vantages: (1) It requires more time than other procedures and (2) the concentration of DNA in

the final preparation is low (~10 ug/ml). Approximately 1 mg of high—molecular-weight DNA can

be prepared from 1 x 108 cultured aneuploid mammalian cells (e.g., HeLa cells).

MATERIALS
 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Dialysis buffer 7
20 mM Tris—Cl (pH 8.0)

0.1 M NaCI

10 mM EDTA (pH 8.0)

Prepare 6 liters of Dialysis buffer 1. Store at 4°C.

Dialysis buffer 2
10 mM Tris—Cl (pH 8.0)

10 mM NaCl

0.5 mM EDTA (pH 8.0)

Prepare 6 liters of Dialysis buffer 2. Store at 4°C.

6.13
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Formamide denaturation buffer
20 mM Tris-Cl (pH 8.0)

0.8 M NaCl

80% (v/v) formamide <i>

Many batches of reagent—grade formamide are sufficiently pure to be used without further treatment.
However, if any yellow color is present, the formamide should be deionized (for protocol, please see
Appendix 8).

TE (pH 8.0)

Gels

Pulsed-field gel (Chapter 5, Protocol 17 or 18) or 0.6% agarose gel

Nucleic Acids and Oligonucleotides

Linear monomers and concatemers of bacteriophage A DNA (please see Chapter 5, Protocol 16)

Special Equipment

Blender with stainless steel container (for tissues)
Collodion Bags

The pore size ofthese collodion bags is 8 nm, which is sufficient to allow denatured proteins of medium

size to diffuse through the bags during dialysis. Collodion bags are supplied by Sartorius in 20% ethanol.

Before use, they should be rinsed thoroughly in Dialysis buffer 2, and then immersed in 100 ml of the

buffer for 30 minutes.

Collodion bags are made from pyroxylin, which is chiefly nitrocellulose, dissolved in ethanol/ether. When
the syrupy solution is spread thinly over a surface and allowed to evaporate, it leaves a tough, transparent

film that can be molded into bags. For many years, liquid collodion was used as a solvent for wart and
corn removers such as salicylic acid.

Cut-off yellow tips
Cut—off yellow tips can be generated rapidly with a scissors or a dog nail clipper (Fisher 05-401A).
Alternatively, the pointed ends of the tips can be removed with a sharp razor blade. The cut—off tips
should be sterilized before use, either by autoclaving or by immersion in 70% alcohol for 2 minutes fol—
lowed by drying in air. Presterilized, wide-bore tips can be purchased from a number of commercial
companies (e.g., Bio—Rad).

Dialysis tubing clips
Spectra Por closures from Spectrum Medical Industries, Houston, Texas.

Class rod
Water bath or incubator preset to 150C

Water bath preset to 500C

Cells and Tissues

Monolayers or suspensions of mammalian cells, or fresh tissue, or blood samples

Additional Reagents

Materials and equipment used in Steps 1—4 of Protocol 1
The materials and equipment required depend on the type of starting material: blood, cultured cells, or
tissue (please see Protocol 1).

METHOD
 

1. Prepare lysates of cell suspensions (or frozen cell powders) as described in Steps 1—4 of

Protocol 1.

2. Cool the solution containing lysed cells and lysis buffer to 15°C. For every 1 ml of cell lysate,

add 1.25 ml of formamide denaturation buffer, and mix the solution gently using a glass rod.
Store the solution for 12 hours at 15°C.
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3. Pour the viscous solution into one or more coliodion bags. Secure the open end of the bag

with a dialysis clip and dialyze the solution for 45 minutes at 4°C in 2 1iters of Dialysis buffer

1. Replace the buffer with fresh Dialysis buffer 1 and continue the dialysis for at least 4 hours,

followed by a further 4 hours in a third 2—1iter aliquot of Dialysis buffer 1. Then dialyze the

DNA against 2 liters of fresh Dialysis buffer 2, three times, for at least 4 hours each.

Diahsis intervals should be 45 minutes for the first buffer change and 4 hours for all subsequent
elitmges.

A total dialysis time 0124 hours is required to remove proteins from the DNA eftectively.

For a description 01a convenient and inexpensive device for holding the coiiodimi imgs, please see
Kupiec et 31 (1987).

4. Measure the concentration of the DNA.

It is often difficult to measure the concentration ofhigh—mo1ecular~weight DNA by standard meth~
ods such (is absorbance at 260 nm. This is because the DNA solution is nonhomogeneous and usu—
ally so viscous that it is impossible to withdraw a representative sample for analysis. These proi »

lems can be minimized by withdrawing a large sample (10—20 111) with an automatic pipetter
equipped with a cut-ot‘f yellow tip‘ The sample is then diluted with ~0.5 ml of TE (pH 8.0) and
vortexed vigorously for 1-2 minutes. The absorbance ofthe diluted sample can then he read Ht 260,
270, and 280 nm in the standard way.

A solution with a value of 1 (A26” measurement) contains ~50 pg of DNA/m]. Note that estimates
of purity of nucleic acids based on ODzetEOszo ratios are unreliable (Glasel 1995) and that esti~
mates of concentration are inaccurate if the sample contains significant amounts of phenol. HIO

saturated with phenol absorbs with a characteristic peak at 270 nm and an ()Dzm:()1)m ratio 012
(Stulnig and Amberger 1994). Nucleic acid preparations free of phenol (as in this protocol! should
have ODH‘UODM ratios of ~1.2. For further information, please see Appendix 8.

More accurate measurement of DNA concentrations can be made by fluorometr)’ in the presence
of fluorescent dyes which bind DNA without intercalating and with specificity to doublestranded
DNA. The most widely used dye for this purpose is Hoechst 33258, a bisbenzimidazoie (for further
details, please see Appendix 8). For a method of fluorometric measurement 0f1)NA concentra-

tions, please see the panel on ADDITIONAL PROTOCOL: ESTIMATING THE CONCENTRA-

TION OF DNA BY FLUOROMETRY in Protocol 1.

5. Analyze the quality of the preparation of high-molecular—weight DNA by pulsed—field gel

electrophoresis (Chapter 5, Protocol 17 or 18) or by electrophoresis through a conventional

0.6% agarose gel (Chapter 5, Protocol 1). Use unit—length and linear concatemers of A DNA

as markers (please see Chapter 5, Protocol 16). The genomic DNA shouid be more than 200

kb in size.

Do not be concerned if some of the DNA remains in the well, since DNA mo1ecules >250 kh hme
difficulty in entering the gel. This problem can usually be solved by embedding the DNA in a small
amount of melted agdrose (at 55°C) and transferring the molten solution to the well 0111 preformed
agarose gel. This transfer should be done before the gel is submerged in electrophoresis buffer.

 

CONCENTRATlNG SOLUTIONS CONTAlNING HIGH-MOLECULAR-WElGHT DNA

If the concentration of DNA in the preparation is too low to be workable, use a wide-bored pipette or
cut-off yellow tip to transfer the DNA into a standard cellulose acetate dialysis bag (e.g., Spectra Por, m.w.
cut-off 6000—8000 [VWR Scientifid) (for preparation of dialysis tubing) please see Appendix 8). Place the
dialysis bag on a bed of solid sucrose (grade II, Sigma). Pack additional sucrose on top of the bag. This
packing is best done at 4°C, on a piece of aluminum foil spread on the bench in a cold room. Allow dial—
ysis to proceed until the volume of the fluid in the dialysis bag has been reduced by a factor of 5—10.
Rinse the outside of the bag with TE to remove all of the adherent sucrose. Gently massage the solution
of DNA to one end of the bag and then clamp the tubing just above the level of the fluid with a dialysis
clip. Dialyze the sample against 4 liters of TE (pH 8.0) for 16—24 hours with at least two changes of buffer.

This method works more efficiently than concentration in Centricon devices or in collodion bags and
results in smaiier losses of DNA. 
 

 



Protocol 3
 

Isolation of DNA from Mammalian

Cells by Spooling

MATERIALS

THIS METHOD, ADAPTED FROM BOWI'ELL (1987), IS USED TO PREPARE DNA simultaneously from

many different samples of cells or tissues. The key steps in the protocol are (1) precipitation of the

genomic DNA at the interface between the cell lysate and a layer of ethanol, followed by (2) spool—

ing of the precipitated DNA onto a Shepherd’s crook. The DNA is then lifted from the ethanolic

solution on the crook and dissolved in the aqueous buffer of Choice. This method of collecting

precipitates of high-molecular—weight DNA was first used in the 19305 (please see the informa-

tion panel on SPOOLING DNA at the end of this chapter). Small fragments of DNA and RNA are

not efficiently incorporated into the gelatinous spool. Although the DNA is generally too small

( ~80 kb) for efficient construction of genomic DNA libraries, it gives excellent results in Southern
hybridizations and polymerase chain reactions and can be used to construct a size—fractionated

library after limited digestion with a restriction enzyme. Cultured aneuploid mammalian cells

(2.0 x 107, e.g., HeLa cells) yield 100 pg of DNA in a volume of ~1 ml.

 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Gels

6.16

Please see Appendix I for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Cell lysis solution
6 M guanidinium hydrochloride < !>

0.1 M sodium acetate (pH 5.5)

Ethanol (room temperature)

TE (pH 8.0)

Pulsed-field gel or 0.6% agarose gel
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Nucleic Acids and Oligonucleotides

Linear monomers and concatemers of bacteriophage k DNA (please see Chapter 5, Protocol 16)

Special Equipment

Prepare A DNA as described in Chapter 2,Pr0toc01 11 or 12. The DNA is used as a siye standard during
gel electrophoresis.

Kimwipes

Polypropylene tubes (50 ml)

Rocking platform

Shepherd’s crooks (used as an alternative to dialysis)
Shepherd’s crooks are Pasteur pipettes whose tip has been sealed in the flame of a Bunsen burner and
shaped into a U with a hemostat. Wear safety glasses while molding the Shepherd‘s crooks,

Wide-bore pipettes (0.3-cm diameter orifice)
Wide—bore pipettes are available from several manufacturers. However, standard pipettes can he used it"
they are autoclaved in the wrong orientation without cotton-wool plugst

Additional Reagents

Materials and equipment used in Step 1 of Protocol 7

Cells and Tissues

The exact materials and equipment required will depend on the type of starting material: blood, cultured
cells, or tissue (please see Protocol 1).

Mono/ayers or suspensions of mammalian cells, fresh tissue, or blood samples

7METHOD

1. Prepare cell suspensions ( or frozen cell powders) as described in Step 1 of Protocol 1.

2. Lyse the cells by one of the following two methods.

FOR LYSIS OF CELLS FROM SUSPENSIONS

a. Transfer the cell suspensions to disposable SO—ml polypropylene centrifuge tubes.

b. Add 7.5 volumes of cell lysis solution.

FOR LYSIS OF CElLS FROM TISSUES

a. Add the frozen cell powders little by little to ~7.5 volumes of cell lysis solution in beakers.

Allow the powders to spread over the surface of the lysis solution, and then shake the

beakers to submerge the material.

b. When all of the material is in solution, transfer the solutions to centrifuge tubes.

. Close the tubes and incubate them for 1 hour at room temperature on a rocking platform.

Cells or tissue powders incubated with lysis solution as described in Steps 1—3 above am be stored
for several months at 4“C before extracting the genomic DNA‘

. Dispense 18 ml of ethanol at room temperature into each of a series of disposable 50—ml

polypropylene centrifuge tubes. Use wide-bore pipettes to layer the cell suspensions careful-

ly under the ethanol.
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10.

11.

Recover the DNA from each tube by slowly stirring the interface between the cell lysate and
the ethanol with a Shepherd’s crook. The DNA will adhere to the crook, forming a gelatinous
mass. Continue stirring until the ethanol and the aqueous phase are thoroughly mixed.

Transfer each Shepherd’s crook, with its attached DNA, to a separate polypropylene tube con-
taining 5 ml of ethanol at room temperature. Leave the DNA submerged in the ethanol until
all of the samples have been processed.

. Remove each crook, with its attached DNA, and allow as much ethanol as possible to drain
away. By this stage, the DNA should have shrunk into a tightly packed, dehydrated mass; it is
then possible to remove most of the free ethanol by capillary action by touching the U-
shaped end of the crook to a stack of Kimwipes. Before all of the ethanol has evaporated from
the DNA, transfer the crook into a fresh polypropylene tube containing 5 ml of ethanol at
room temperature.

. When all of the samples have been processed, again remove as much ethanol as possible (see
Step 7).

Do not allow the DNA pellets to dry completely or they will be very difficult to dissolve.

. Transfer each pipette to a fresh polypropylene tube containing 1 ml of TE (pH 80). Allow the
DNAs to rehydrate by storing the tubes overnight at 4°C.

Some DNAs may require 24—48 hours to rehydrate completely.

During rehydration, the DNAs become highly gelatinous but remain attached to their
pipettes. Use fresh Shepherd’s crooks as scrapers to free the pellets of DNA gently from their
pipettes. Discard the pipettes, leaving the DNA pellets floating in the TE. Close the tubes and
incubate them at 4°C on a rocking platform until the pellets are completely dissolved
(~24—48 hours).

The level of contamination by RNA is kept within acceptable limits if 1.5 ml or more of lysis solu—
tion is used per 107 cells However, the amount of RNA contaminating the DNA sample can be fur-
ther reduced by adding RNase (final concentration of 1 ug/ml) to the solution DNA.

The DNA prepared from homogenized tissues by this method often has a faint brownish-red color
(presumably due to contamination with small amounts of hemoglobin). This contamination does
not inhibit digestion with restriction enzymes.

Analyze an aliquot by pulsed—field gel electrophoresis (Chapter 5, Protocol 17 or 18) or by
electrophoresis through a 0.6% agarose gel (Chapter 5, Protocol 1). Store the DNA at 4°C.

The DNA should be ~80 kb in size and should migrate more slowly than monomers of bacterio—
phage A DNA.

Because DNA made by this procedure is always contaminated with a small amount of RNA, it is
necessary to estimate the concentration of DNA in the final preparation either by fluorometry
(please see the panel on ADDITIONAL PROTOCOL: ESTIMATING THE CONCENTRATION
OF DNA BY FLUOROMETRY in Protocol 1) or by gel electrophoresis and staining with ethidium
bromide (Chapter 5, Protocol 2).



Protocol 4

Isolation of DNA from Mammalian Cells

Grown in 96-well Microtiter Plates

 

THE FOLLOWING PROTOCOL, FROM RAMIREz-Sous ET AL. (1992, 1993), describes a simple and effi—

cient method for extracting genomic DNA from eukaryotic cells grown in the individual wells of

microtiter plates. Each well yields sufficient genomic DNA for several standard polymerase chain

reactions (PCRs) or for analysis in a single lane of a Southern hybridization. For a method opti—

mizing the preparations of genomic DNA for use in PCR) please see the panel on ADDITIONAL

PROTOCOL: OPTIMIZING GENOMIC DNA ISOLATION FOR PCR at the end Of this protocol.

MATERIALS
 

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Cell lysis buffer

10 mM Tris—Cl (pH 7.5)
10 mM NaCl
10 mM EDTA (pH 8.0)

0.5% (w/v) Sarkosyl

Add proteinase K to the lysis buffer to a final concentration of 1 mg/ml just before use.

Sarkosyl, an anionic detergent, is usually supplied by the manufacturer as a 30% solution in HEO. It is
less prone than SDS to precipitate from solutions of high ionic strength. However, it is also a less effec-
tive detergent than SDS'

Ethanol

NaCl/ethano/ solution
Add 150 ul of 5 M NaCl per 10 ml of absolute ethanol. Store the NaCl/ethanol solution at —20“(L

Phosphate-buffered saline (PBS)

Sucrose gel-loading buffer
TE (pH 8.0)

Enzymes and Buffers

Appropriate restriction enzymes

DNase—free RNase

6.19
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Special Equipment

Aspiration device connected to a vacuum line fitted with traps
Multichanne/pipettor, 8 or 12 channels

Rainin EDP—Plus M8 from Rainin Inc.

These devices aid the addition of multiple reagents to individual wells of microtiter plates. [f PCR will
be used to screen the cell cultures, use plugged pipette tips. The barrels of multichannel pipettes should
be disassembled and cleaned before use.

Oven, preset to 60°C

The oven should be capable of maintaining a temperature of 60°C for 12—16 hours.

Rocking platform

Tupperware containers

Cells and Tissues

METHOD

These containers should be able to withstand extended incubations at 60°C.

Cells growing in 96-ce/I plates

1.

Cell cultures in individual flat—bottomed wells of 96—well tissue culture plates should be grown to con—
fluence, or close to it. These plates are available from most suppliers of materials used for tissue culture
Label both the tops and the bottoms of the 96-well plates when working with more than one plate.

Remove the medium from confluent cultures of cells growing in individual wells of 96-well

plates by aspiration through a blue pipette tip or a Pasteur pipette.

As long as care is taken to avoid touching the cell layer, there is generally no need to use a fresh
pipette tip for each well.

Rinse the monolayers of cells in the individual wells twice with 100 pl of phosphate-buffered

saline.

Use a multichannel pipettor to add 50 ul of cell lysis buffer to each well of the microtiter plate.

Place several wet paper towels in a polypropylene box (e.g., a Tupperware box) and then stack

the microtiter plates containing the lysis buffer and cells on top of the towels. Seal the box
tightly with the lid.

Incubate the sealed box for 12—16 hours in a 60°C oven.

Remove the box from the oven, place the plates on a flat bench top, and allow them to cool

for a few minutes before adding 100 pl of NaCl/ethanol solution per well. Store the plates for

30 minutes at room temperature without mixing. A stringy precipitate of nucleic acid Should

be Visible at the end of the incubation.

Slowly invert each plate over a sink to decant the ethanolic solution. The precipitated nucle-

ic acid should remain attached to the base of the wells. Place each plate in an upside down

position on a bed of dry paper towels and allow the remaining ethanol to drain from the
plate.

Add 150 pl of 70% ethanol to each well, being careful not to dislodge the precipitate of nucle-

ic acid. Discard the 70% ethanol by inverting the plate as in Step 6. Blot the excess liquid on

a bed of paper towels. Rinse the precipitates of DNA twice more with 70% ethanol.

Allow the plates to dry at room temperature until the last traces of ethanol have evaporated.
If the genomic DNA is to be analyzed by PCR, then proceed to Step 9. If the DNA is to be
analyzed by Southern hybridization, proceed to Steps 10, 11, and 12.
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9. Add 30—50 pl of TE (pH 8.0) to each well and allow the DNA to dissolve during gentle rock—
ing for 12—16 hours at room temperature.

Dissolution of the DNA can be accelerated by placing the microtiter dishes on the heating block of
a thermal cycler that is programmed to cycle 10 times between 80°C and 50°C (1 minute at each
temperature),

The DNA may now be used as template for standard PCR (please see Chapter 8, Protocol 1).

10. If the DNA is to be analyzed by Southern blotting, make up the following restriction enzyme
mixture; 40 pl of the mixture will be required for each well.

HZO 0.8 volume

10x restriction enzyme buffer 0.1 volume

DNase-free RNase 10 pg/ml

Just before use, add 10 units of restriction enzyme for each 40 pl of mixture.

1 1. Use a multichannel pipettor to add 40 pl of the restriction enzyme mixture to each well. Mix
the contents of the wells by pipetting up and down several times, taking care to avoid air bub-
bles. Incubate the reactions at the appropriate digestion temperature for 12—16 hours in a

humidified sealed Tupperware box as described in Step 3.

12. Stop the reactions by adding 5—10 pl of sucrose gel-loading buffer and analyze the digested

DNA by Southern blotting and hybridization as described in Protocols 8, 9, and 10.
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ADDITIONAL PROTOCOL: OPTIMIZING GENOMIC DNA ISOLATION FOR PCR

Genomic DNA, isolated by the method given above, can be used as template in standard PCRs. However, for
more demanding types of PCR (e.g., long PCR; see Chapter 8, Protocol 13), it is better to use a variation in
which acetone and N,N-dimethylformamide are used to precipitate DNA in the 96-well plate (Udy and Evans
1 994].

If the isolated DNAs will be used only as templates for PCR and not be analyzed by Southern hybridiza-
tion, the cells in the wells of the microtiter plates can be lysed in a solution that is compatible with PCR. Lysis
in such a buffer allows PCR to be carried out directly in the lysis solution and eliminates the need for ethanol
precipitation and rinsing. The two protocols given below are robust and work well with a variety of ther-
mostable DNA polymerases.

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

PROTOCOL A

Materials

PCR lysis solution A
67 mM Tris-Cl (pH 8.8)
16.6 mM ammonium sulfate
5 mM B-mercaptoethanol < ! >
6.7 mM MgCI2
6.7 uM EDTA (pH 8.0)
1.7 uM SDS
50 ug/ml proteinase K

Method

1. Remove the media from cultures of cells growing in 96-well plates.

2. Deliver 100 pl of PCR lysis solution A into each well and lyse the cells by incubation for 1 hour at 37°C,
followed by a 10-minute incubation at 80°C to inactivate the proteinase K.

3. Use 5—25-ul aliquots of the DNA preparations as templates in PCRs.

PROTOCOL B (K6ntgen and Stewart 1993)

Materials

PCR lysis solution B

10 mM Tris-Cl (pH 8.3)
50 mM KCl
2 mM MgCl2
0.45% (v/v) Nonidet P-40
0.45% (v/v) Tween-20
20 ug/ml proteinase K

Lysate buffer
670 mM Tris-Cl (pH 8.8)
166 mM ammonium sulfate

1 mg/ml bovine serum albumin

Method

1. Remove the medium from cultures of cells growing in 96-well plates.

2. Deliver 50 pl of PCR lysis solution B into each well and lyse the cells by incubation overnight at 37°C, fol-
lowed by a 30-minute incubation at 95°C to inactivate the proteinase K

3. To each lysate add an equal volume of a lysate buffer.

4. Use10—50-ul aliquots of the DNA preparations as templates in PCRs.
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Protocol 5

Preparation of Genomic DNA from Mouse
Tails and Other Small Samples

 

OVER THE YEARS, MANY PROTOCOLS FOR THE EXTRACTION OF DNA from mouse tails have been

published, almost all of them descendants of the original method developed by Richard Palmiter

and Ralph Brinster in 1985 (Palmiter et al. 1985). Palmiter’s laboratory was in Seattle, while

Brinster and his thousands of mice were 3000 miles away in Philadelphia. Brinster would snip

fragments of tails from the mice, place them in a solution of SDS and proteinase K, and, in those

pre—FedEx days, would ship them to Palmiter by U.S. Mail. After their 2—3—clay journey at ambi—

ent temperature, the samples were extracted with phenolxhloroform, and the genomic DNA was

recovered by precipitation with ethanol. Success with this method fortunately does not require

entrusting semidigested mouse parts to the care of the US. postal system. Instead, the digestions

can be more conveniently carried out overnight at 55°C, without transportation. Each tail snip-

pet generates 50—100 ttg of DNA that can be used in dot or slot blotting to detect a transgene of

interest, in Southern hybridization to detect DNA fragments that are <20 kb in size, and, more

expediently, as a template in PCRs. This simple protocol continues to be used in hundreds of lab—

oratories for genotyping transgenic and knock—out mice and for extracting DNA from small

numbers of cultured cells or from fragments of tissue.

Two variants of the basic protocol are useful when processing very large numbers of sam—

ples. The method of Laird et al. (1991) omits extraction with phenolzchloroform, whereas the

protocols described by Thomas et al. (1989) and Couse et al. (1994) use commercially available

gel-barrier tubes to eliminate the tedious transfer of samples during serial extraction with organ—

ic solvents‘ These variations are described in the alternative protocols at the end this protocol.

MATERIALS
 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions
Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Ethanol

Isopropano/

Phenolzchloroform:isoamyl alcohol (25:24:7 v/v) <!>

Phosphate-buffered saline

6.23
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SNET

20 mM Tris—Cl (pH 8.0)

5 mM EDTA (pH 8.0)
400 mM NaCl
1% (w/V) SDS

Sterilize the solution by filtration through a 0.45—um nitrocellulose filter. Store the sterile solution in 50—
ml aliquots at room temperature.

TE (pH 8.0)

Enzymes and Buffers

Proteinase K (20 mg/ml)
Please see Appendix 4.

Centrifuges and Rotors

Sorvall H1000B and SH-3000 rotors or equivalents

Special Equipment

Polypropylene tubes (17 x 100 mm)

Rocking platform at room temperature and 4°C

Rocking platform or shaking incubator, preset to 55°C
Shepherd’s crook (for a description, please see Steps 5—7 of Protocol 3)

Cells and Tissues

Cultured Cells

Monolayer cultures, grown to confluence or semiconfluence in lOO—mm dishes, should be washed twice
with ice—cold phosphate—buffered saline and then immediately lysed by addition of 1 ml of SNET con-
taining 400 ug/ml proteinase K, as described in Step 1.

Cells growing in suspension should be recovered by centrifugation, washed twice in ice-cold phosphate-
buffered saline, and then resuspended in TE (pH 8.0) at a concentration of 5 x 107/ml. Aliquots of the
suspension (0.2 ml) are then transferred to a series of 17 x lOO—mm Falcon polypropylene tubes and the
cells are immediately lysed with SNET containing 400 pg/ml proteinase K, as described in Step 1.

Mouse tails or mouse tissue

Samples of mouse tails are generally cut from lO-day old suckling animals or at the time of weaning (~3
weeks of age). In the former case, the distal one third of the tail is removed and transferred into a
microfuge. In the latter case, 6—10 mm of the tail is removed under anesthesia and transferred to a 17 x
lOO—mm Falcon polypropylene tube. Under rare circumstances, where obtaining a result rapidly is of
paramount importance, the entire tail can be removed from newborn animals and transferred to a
microfuge tube.

To isolate DNA from mouse tissue (other than tail snippets), transfer ~100 mg of the freshly dissected
tissue to a 17 x 100—mm Falcon polypropylene tube.

Mouse tails or other tissues can be stored for a few weeks at -70°C in tightly closed tubes before adding
SNET and proteinase K. However, it is better to proceed without delay to digest the samples with pro—
teinase K (Steps 1 and 2). The completed digests can then be stored indefinitely at —20°C before phe—
nolzchloroform extraction.

All experiments carried out on laboratory mice, including removing sections of tail, require prior autho-
rization from the appropriate institutional ethics committee.

METHOD
 

1. Prepare the appropriate amount of lysis buffer (see Table 6—1) by adding proteinase K to a
final concentration of 400 ug/ml in SNET. Add lysis buffer to the mouse tails or other tissues.

This procedure also can be used to isolate DNA from monolayers of cultured mammalian cells. In
this case, 1 ml of SNET containing 400 pg/ml proteinase K is added directly to lOO-mm monolay—



TABLE 6-1 SNET Lysis Buffer Volumes
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VOLUME OF

 

SNET LYSIS
AGE OF Mouse AMOUNT OF T1$SUE TYPE OF TUBE BUFFER (ml)

Niewborn entire tail (1 cm) microfuge 0,5

10 days old distal one—third microfuge 0.5

Weanling (3—4 weeks) 6—10-mm 17 x lOO-mm polypropylene 4.0

Any age 100 mg of fresh tissue 17 x 100mm polypropylene 4.0
 

ers that have been rinsed twice in phosphate—buffered saline. The viscous cell slurry is scraped from

the dish with a rubber policeman, and transferred to a 17 x 100-mm polypropylene Falcon tube.

(Sells growing in suspension that have been washed twice in phosphate-buffered saline are resus—
pended in TE and lysed with SNET containing 400 pg of proteinase K (1 ml per 10" cells).

Incubate the tube overnight at 55°C in a horizontal position on a rocking platform or with

agitation in a shaking incubator.

It is important that the sample be mixed adequately during digestion. After overnight incubation,

the tissue/tails should no longer be visible and the buffer should be a milky—gray.

. Add an equal volume of phenol:chloroformzisoamyl alcohol, seal the top of the tube, and
place it on a rocking platform for 30 minutes at room temperature.

Protocols differ in their use of vortexng at various stages ofthe protocol. Some protocols state flat—
ly not to vortex. Others say that vortexing ensures a greater yield of DNA composed of fragments
up to 20 kb in length that can be detected by Southern hybridization, dot and slot blotting, and
PCR analysis. If DNA ofhigher molecular weight is required, take care to minimize shearing forces

(please see the information panel on MINIMIZING DAMAGE TO LARGE DNA MOLECULES in
Chapter 2).

Separate the organic and aqueous phases by centrifugation. Centrifuge the samples in 17 x

100mm polypropylene tubes at 666g (1800 rpm in a Sorvall H1000B rotor with swinging

buckets or 1600 rpm in a Sorvall SH—3000 swinging bucket rotor) for 5 minutes at room tem-

perature. Alternatively, for smaller sample volumes, centrifuge the samples in microfuge

tubes at maximum speed for 5 minutes at room temperature in a microfuge. Transfer the

upper aqueous phase to a fresh Falcon or microfuge tube.

Precipitate the DNA by adding an equal volume of isopropanol. Collect the precipitated DNA

by centrifugation at 13,250g (8000 rpm in a Sorvall SH-3000 swinging bucket rotor or max—

imum speed in a microfuge) for 15 minutes at 4°C.

Carefully remove the isopropanol. Rinse the pellet of DNA with 1 ml of 70% ethanol. If the

pellets are loose, centrifuge the samples again for 5 minutes. Remove the 70% ethanol, and

allow the pellets to dry in air for 15—20 minutes at room temperature.

Do tmt allow the DNA pellets to dry completely or they will be very difficult to dissolve.

Dissolve the nucleic acid pellet by rocking it gently overnight in 0.5 m1 of TE (pH 8.0) at 4°C.

Transfer the solution to a microfuge tube and store it at room temperature.

Between 100 pg and 250 tig of genomic DNA is typically isolated from 1 cm (~100 mg) of mouse tail.

The addition of bovine serum albumin at a concentration of 100 ug/ml to restriction enzyme
digests of genomic DNA prepared by this method will absorb residual SDS and reduce the possi—

bility of incomplete digestions. If problems persist, re—extract the samples once more with phe—
nolzchloroform and precipitate the DNA with 2 volumes of ethanol.
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ALTERNATIVE PROTOCOL: ISOLATION OF DNA FROM MOUSE TAILS WITHOUT
EXTRACTION BY ORGANIC SOLVENTS

Laird et ai. (1991) describe a variation of the preceding protocol that does not require extraction with phe-
nolzchloroform and can also be applied to mammalian cells grown in 24-weil culture dishes.

Additional Materials

Mouse-tail lysis buffer I
100 mM Tris-Cl (pH 8.5)
5 mM EDTA (pH 8.0)
200 mM NaCI
0.2% (w/v) SDS
100 png proteinase K

Method

1. Add 0.5 ml of Mouse-tail lysis buffer I to 1 cm of mouse tail in a microfuge tube.

2. Digest the tissue at 55°C as described in Step 2 of the main protocol.

3. Shake the digested sample vigorously, and centrifuge the tube at maximum speed for 10 minutes at room
temperature in a microfuge to sediment undigested tissue.

4. Transfer the supernatant to a fresh microfuge tube containing 0.5 ml of isopropanol at room temperature.
Mix the contents of the tube by inversion.

5. Fish out the stringy precipitate of DNA with a clean disposable micropipette tip or a Shepherd's crook.
Briefly touch the precipitate to a Kimwipe to remove excess alcohol and then transfer the DNA to a fresh
microfuge tube.

6. Store the open tube on the bench until the remaining alcohol has evaporated.

7. Dissolve the DNA in 200—500 M of TE (pH 8.0), by rocking it gently overnight at 4°C.

The yield of DNA usually varies from 5 to 12 ug/mm of mouse tail.

 

 

 
ALTERNATIVE PROTOCOL: ONE-TUBE ISOLATION OF DNA FROM MOUSE TAILS

Couse et al. (1994) have described a method based on earlier work of Thomas et al. (1989) that uses serial

extractions with organic solvents to extract DNA from mouse tails; the same method can be applied to mam—
malian cells grown in 24-well culture dishes. Serial extractions usually require transfer of the aqueous phase
to fresh tubes — a process that can be lengthy and boring. These disadvantages can be overcome by using
serum separation tubes (SST), sold by Becton Dickinson. The tubes are made of a glass, with an inert gel plug
at the base and a silicon rubber stopper. During centrifugation, the gel plug migrates to the top of the organic
phase, trapping the cellular proteins and debris in the lower part of the tube and leaving the aqueous phase
on the top of the plug. Serial extractions with organic solvents can be carried out in the same SST because the
gel plug will always migrate during centrifugation to a position between the organic and aqueous phases.

Additional Reagents

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Ethanol
Chloroform < ! >
Mouse-tail lysis buffer II

50 mM Tris-Cl (pH 8.0)
50 mM EDTA (pH 8.0)

0.125% (w/v) SDS
800 pg/ml proteinase K

Sodium acetate (3 M, pH 6.0)
SST tubes (Becton Dickinson)

Method

1. Add 1.0 ml of Mouse-tail lysis buffer II to 5 mm of mouse tail in an SST tube.

2. Digest the tissue overnight at 55°C as described in Step 2 of the main protocol.

(Continued on facing page.)
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3. Add 1 ml of phenol:chl0roform:isoamyl alcohol and mix the contents of the tube thoroughly by gentle
inversion.

4. Centrifuge the tube at 2000g (3100 rpm in a Sorvall H1000B rotor) for 10 minutes at room temperature in
a swinging bucket rotor. Repeat the centrifugation step if the aqueous phase is cloudy or if some of the pro-
tein interface remains trapped above the plug.

5. T0 the same tube, add 1 ml of chloroform and recentrifuge as described in Step 4.

6. Transfer 450-pl aliquots of the aqueous layer above the plug to two microfuge tubes containing 50 pl of 3
M sodium acetate (pH 6.0).

The use of sodium acetate at pH 6.0, rather than pH 5.2, is unusual. EDTA is used in the lysis buffer at high con-
centration (100 mM) and will precipitate at low pH. This problem can best be avoided by maintaining a pH >6.0 and
by working quickly during Steps 6 and 7. Alternatively, the concentration of EDTA in the lysis buffer may be reduced
to 20 mM. However, this may not be enough to chelate all of the Mg2+ in the sample, leaving the DNA open to attack
by DNases.

7. Add 2 volumes (0.9 ml) of ethanol (room temperature) to each tube. Working quickly, mix the contents of
the tube by inversion and immediately centrifuge the tube at maximum speed for 5 minutes at room tem-
perature in a microfuge.

8. Wash the pellets of DNA with 70% ethanol and recentrifuge. Remove the ethanolic solution by aspiration
and leave the open tubes on the bench until any remaining ethanol has evaporated.

9. Dissolve the DNA in 250 pl of TE (pH 8.0) by rocking it gently overnight at 4°C.

The yield of DNA is usually 10 pg/mm of mouse tail.

 

 

 

ALTERNATIVE PROTOCOL: DNA EXTRACTION FROM PARAFFIN BLOCKS

Archival tissue is often used as a source of DNA for the identification of mutations in human genetic diseases,
in part because tissue samples are collected during a surgical operation and fixed, stained, and stored by
pathologists. Although there are a number of publications that compare different methods for the extraction
of DNA from paraffin blocks (e.g., please see Sepp et al. 1994), we have found that it is best to use one of the
commercially available kits for DNA isolation from paraffin-embedded tissue. Kits from lntergen (EX-WAX DNA
Extraction Kit) have proven to be efficient at extraction of DNA from tissues that have been embedded for as
long as 1 7 years. Other investigators have reported the isolation of DNA from much older paraffin blocks. The
extracted DNA is highly degraded and is useful only as a template in PCRs.  fil

 



Protocol 6
Rapid Isolation of Mammalian DNA

 

MAMMALIAN DNA PREPARED ACCORDING TO THIS PROTOCOL is 20—50 kb in size and suitable for

use as a template in PCRS. The yields of DNA vary between 0.5 and 3.0 ug/mg tissue or 5 and

15 ug per 300 ul of whole blood.

MATERIALS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions
Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Cell lysis buffer
10 mM Tris—Cl (pH 8.0)

1 mM EDTA (pH 8.0)

O.l°/o (w/V) SDS

Store the buffer at room temperature, but chill an aliquot to 0°C in readiness for Step 2.

Ethanol

Isopropanol

Potassium acetate solution
60 m1 of 5 M potassium acetate
11.5 ml of glacial acetic acid < ! >

28.5 ml of H20

The resulting solution is 3 M with respect to potassium and 5 M with respect to acetate.

Store the buffer at room temperature.

Red blood cell lysis buffer
20 mM Tris-Cl (pH 7.6)

Store the buffer at room temperature.

TE (pH 7.6)

Enzymes and Buffers

DNase-free RNase (4 mg/ml)
Proteinase K (20 mg/ml)

Optional, please see Step 3 and Appendix 4.
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Special Equipment

Aspiration device connected to a vacuum line
Microfuge pestle

This is available From Sigma in both hand—opemted and motor—driven versions.

Mortar and pestle, prechilled With liquid nitrogen <!>

Water bath preset to either 550C or 650C

Cells and Tissues

Mamma/ian tissue or whole blood of interest

vMETHOD

1. Prepare tissue or whole blood for genomic DNA isolation.

FOR TISSUE

a. Dissect 10—20 mg of tissue.

b. Either mince the tissue finely with a razor blade/scalpel or freeze the tissue in liquid nitro—

gen and then grind it to a powder in a mortar prechilled with liquid nitrogen, as described

in Protocol 1.

FOR BLOOD

a. Transfer 300—111 aliquots of whole blood to each of two microfuge tubes. Add 900 pl of red

blood cell lysis buffer to each tube and invert the capped tubes to mix the contents.

Incubate the solution at room temperature for 10 minutes, occasionally inverting the
tubes.

b. Centrifuge the tubes at maximum speed for 20 seconds at room temperature in a
microfuget

c. Discard all but 20 pl of each supernatant.

d. Resuspend the pellets of white cells in the small amount of supernatant left in each tube.

Combine the resuspended cell pellets in a single tube.

2. Transfer the minced tissue or the resuspended white blood cell pellets to a microfuge tube

containing 600 pl of ice-cold cell lysis buffer. Homogenize the suspension quickly with 30—50
strokes of a microfuge pestle.

The SDS will precipitate from the ice-cold cell lysis buffer producing a cloudy solution. This pre—
cipitation will not affect isolation of DNA.

3. (Optional) Add 3 pl of proteinase K solution to the lysate to increase the yield of genomic

DNA. Incubate the digest for at least 3 hours but no more than 16 hours at 550C.

4. Allow the digest to cool to room temperature and then add 3 pl of 4 mg/ml DNase~free
RNase. Incubate the digest for 15—60 minutes at 37°C.

5. Allow the sample to cool to room temperature. Add 200 pl of potassium acetate solution and
mix the contents of the tube by vortexing vigorously for 20 seconds.
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6. Pellet the precipitated protein/SDS complex by centrifugation at maximum speed for 3 min—

utes at 4°C in a microfuge.

A pellet ofprotein should be visible at the bottom of the microfuge tube after centrifugation. If not,
incubate the lysate for 5 minutes on ice and repeat the centrifugation step.

7. Transfer the supernatant to a fresh microfuge tube containing 600 pl of isopropanol. Mix the

solution well and then recover the precipitate of DNA by centrifuging the tube at maximum

speed for 1 minute at room temperature in a microfuge.

8. Remove the supernatant by aspiration and add 600 ul of 70% ethanol to the DNA pellet.

Invert the tube several times and centrifuge the tube at maximum speed for 1 minute at room

temperature in a microfuge.

9. Carefully remove the supernatant by aspiration and allow the DNA pellet to dry in air for 15

minutes.

10. Redissolve the pellet of DNA in 100 pl of TE (pH 7.6).

The solubilization of the genomic DNA pellet can be faciltated by incubation for 16 hours at room
temperature or for 1 hour at 65°C.
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Rapid Isolation of Yeast DNA
 

YEAST DNAs PREPARED ACCORDING THIS PROTOCOL can be used as templates in PCRs. Shuttle

plasmids that replicate in both Escherichia (OH and Saccharomyces cerevisiae can be extracted from

yeast by this method and used to transform E. coli. The following protocol was provided by Peter

Espenshade ( University of Texas Southwestern Medical Center, Dallas). For an alternative method
for preparing yeast UNA, please see Chapter 4, Protocol 12.

MATERIALS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Ethanol

Phenol:chloroform (1:1, v/v) <!>

Sodium acetate (3 M, pH 5.2)
STES buffer

0.2 M Tris—Cl (pH 7.6)

0.5 M NaCl

0.1 % (w/v) SDS

0.01 M EDTA

Store at room temperature.

TE (pH 7.6)

Special Equipment

Acid-washed glass beads (0.4 mm)
Washed glass beads may be purchased, for example, from Sigma. Unwashed beads are not recommended.

Cells and Tissues

Yeast cells, freshly grown either as colonies on an agar plate or as an overnight culture
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METHOD

. Prepare the yeast cells for lysis.

FOR YEAST COLONIES ON PLATES

Use a sterile inoculating loop to transfer one or more large, freshly grown colonies to a

microfuge tube containing 50 pl of STES buffer.

FOR YEAST GROWN IN LIQUID CULTURE

a. Transfer 1.5 mi from an overnight culture of yeast cells to a microfuge tube.

b. Pellet the cells by centrifuging at maximum speed for 1 minute at room temperature in a

microfuge.

c. Remove the culture medium by aspiration and resuspend the pellet in 50 pl of STES

buffer.

. Add ~50 ul of acid-washed glass beads to each tube containing the resuspended yeast. Add 20

ul of TE (pH 7.6) to each tube.

. Add 60 pl of phenolzchloroform, cap the tubes, and mix the organic and aqueous phases by

vortexing for 1 minute.

. Centrifuge the tubes at maximum speed for 5 minutes at room temperature in a microfuge.

. Transfer the upper aqueous phase to a fresh microfuge tube. Collect the DNA by standard

precipitation with ethanol for 15 minutes at 0°C.

. Recover the precipitate of nucleic acids by centrifugation at maximum speed for 10 minutes

at 4°C in a microfuge.

. Remove the supernatant by aspiration and rinse the pellet with 100 pl of 70% ethanol in H20.

Centrifuge the tubes at maximum speed for 1 minute at room temperature in a microfuge.

. Remove the supernatant by aspiration and allow the pellet to dry in the air for 15 minutes.

Redissolve the pellet in 40 pl of TE (pH 7.6).

Use 1—10 pl of the solution of DNA as template in PCRS. Shuttle plasmids can be recovered by
transforming preparations of competent E. coli with 1 pl of the DNA.
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Southern Hybridization

SOUTHERN TRANSFER ArxD HYBRIDIZATION (Southern 1975) is used to study how genes are orga—
nized within genomes by mapping restriction sites in and around segments of genomic DNA for
which specific probes are available. Genomic DNA is first digested with one or more restriction
enzymes, and the resulting fragments are separated according to size by electrophoresis through
a standard agarose geli The DNA is then denatured in situ and transferred from the gel to a solid
support (usual1y a nylon or nitrocellulose membrane). The DNA attached to the membrane is
hybridized to a labeled DNA, RNA, or oligonucleotide probe, and bands complementary to the
probe are located by an appropriate detection system, for example, by autoradiography. By esti—
mating the size and number of the bands generated after digestion of the genomic DNA with dif-
ferent restriction enzymes, singly or in combination, it is possible to place the target DNA With-
in a context of restriction sites.

For 2 or 3 years after its introduction, the sensitivity of Southern blotting was barely suffi-
cient to detect single-copy sequences in mammalian DNA, and the autoradiographs of the time
were so speckled and streaked with background (e.g., please see Botchan et al. 1976) that they cer-
tainly could not be published today. However, significant advances over the years in several areas
have brought increased sensitivity and reproducibility) so that immaculate results are now the
general rule rather than the rare exception. The most significant of these improvements is the use
of supported nylon membranes that are far more durable and have a higher binding capacity than
the original nitrocellulcse membranes. In addition, DNA can now be covalently fixed to the mem-
brane after transfer, eliminating problems caused by leaching of nucleic acids from nitrocellulose
membranes during incubation at elevated temperatures (Haas et al. 1972). Other advances
include

0 More efficient methods of transfer of DNA from gel to membrane, downward capillary trans-
fer (Lichtenstein et a]. 1990; Chomczynski 1992), vacuum blotting (Medveczky et al. 1987;
Olszewska and Jones 1988; Trnovsky 1992), bidirectional blotting (please see Protocol 9), and
transfer in alkaline buffers (Reed and Mann 1985).

o Facile labeling of probes in vitro to higher specific activity (Feinberg and Vogelstein 1983,
1984).

0 More efficient blocking agents to prevent nonspecific attachment of radiolabeled probes to
membranes (Church and Gilbert 1984).

0 Use Of sensitive phosphorimagers to capture images with high efficiency. 6 33
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Many of these improvements have been incorporated into Protocols 8 and 9, which deal

with transfer of DNA from gels to membranes, and Protocol 10, which describes hybridization of

radiolabeled probes to immobilized DNAs. The techniques described are suitable for Southern

analysis of restriction digests of mammalian genomic DNA but can easily be adapted to accom-

modate large DNA molecules separated by pulsed-field gels, as well as restriction digests of plas—

mids, cosmids, X bacteriophages, bacterial artificial chromosomes (BACs), and yeast artificial
chromosomes (YACs).

METHODS OF TRANSFERRING DNA FROM AGAROSE GELS TO SOLID SUPPORTS
 

The transfer of electrophoretically separated DNA from gels to two-dimensionai solid supports is

a key step in Southern hybridization. Described below are five methods to transfer fragments of

DNA from agarose gels to solid supports (nitrocellulose or nylon membranes).

Upward Capillary Transfer

DNA fragments are carried from the gel in an upward flow of liquid and deposited on the surface
of the solid support (Southern 1975). The liquid is drawn through the gel by capillary action that

is established and maintained by a stack of dry absorbent paper towels (please see Figure 6- 1). The

rate of transfer of the DNA depends on the size of the DNA fragments and the concentration of

agarose in the gel. Small fragments of DNA (<1 kb) are transferred almost quantitatively from a

0.7% agarose gel within 1 hour; larger fragments are transferred more slowly and less efficiently.
For example, capillary transfer of DNAs >15 kb in length requires at least 18 hours, and even then

the transfer is not complete. The efficiency of transfer of large DNA fragments is determined by

the fraction of molecules that escape from the gel before it becomes dehydrated. As elution pro-

ceeds, fluid is drawn not only from the reservoir, but also from the interstices of the gel itself. This

How reduces the gel to a rubbery substance through which DNA molecules cannot easily pass. The

problem of dehydration due to lengthy transfer can be alleviated by partial acid/base hydrolysis

of the DNA before capillary transfer (Wahl et al. 1979; Meinkoth and Wahl 1984). The DNA in

the gel is exposed to weak acid (which results in partial depurination), followed by strong base

(which hydrolyzes the phosphodiester backbone at the sites of depurination). The resulting frag-
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FIGURE 6-1 Upward Capillary Transfer of DNA from Agarose Gels

Buffer drawn from a reservoir passes through the gel into a stack of paper towels. DNA eluted from the
gel by the moving stream of buffer is deposited onto a nitrocellulose or nylon membrane. A weight applied
to the top of the paper towels helps to ensure a tight connection between the layers of material used in
the transfer system.
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ments of DNA (~1 kb in length) can then be transferred rapidly from the gel with high efficien—

cy. The depurination reaction must not proceed too far; otherwise, the DNA will be cleaved into

small fragments that are too short to bind efficiently to the solid support. Depurination/hydrol-

ysis can also cause the bands of the final autoradiograph to assume a “fuzzy“ appearance, pre—

sumably because of increased diffusion of DNA during transfer. Therefore, depurination/hydrol—

ysis is recommended only when it is known ahead of time that the target DNA fragments will

exceed 15 kb in length.

Downward Capillary Transfer

DNA fragments are carried in a downward direction in a flow of alkaline buffer and are deposit-

ed onto the surface ofa charged nylon membrane. Various arrangements of wicks, reservoirs, and

different formulations of transfer buffers have been described to achieve downward transfer (e.g.,

please see Lichtenstein et al. 1990; Chomczynski 1992). In our hands, the best results are achieved

using 0.4 M NaOH and a setup in which the transfer buffer is drawn from reservoirs to the top of

the gel through wicks and pulled through the gel by an underlying stack of paper towels (please

see Figure 6—2) (Koetsier et al. 1993). Transfer of DNA fragments is rapid, and the intensity ofsig—

nal is ~300/o greater than can be achieved by conventional upward transfer. This improvement

probably results from a more efficient migration of DNA fragments through the interstices of the

gel, which is not under pressure from weights placed on top.

Simultaneous Transfer to Two Membranes

When the target DNA fragments are present in high concentration (e.g., in restriction digests of

cloned DNAs), the capillary method can be used to transfer DNA simultaneously and rapidly
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FIGURE 6-2 Downward Capillary Transfer

Alkaline transfer buffer is drawn from reservoirs to the top of the gel through wicks and sucked through
the gel by an underlying stack of paper towels. DNA fragments are thus carried in a downward direction
with the flow of buffer and are deposited onto the surface of a Charged nylon membrane. (Adapted, with
permission, from Koetsier et al. 1993.)
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FIGURE 6-3 Capillary Transfer of DNA from Agarose Gels to Two Solid Supports
Simultaneously

This procedure is appropriate for analyzing cloned DNAs and the genomes of simple organisms, but it is
not sensitive enough to be used when analyzing complex mammalian genomes.

from a single gel to two nitrocellulose or nylon membranes (please see Figure 6—3). The only

source of transfer buffer is the liquid trapped in the gel itself, and thus the efficiency of transfer

is relatively poor. This method is not recommended when high sensitivity is required (e.g., detec—

tion of single-copy sequences in mammalian DNA), but it is perfectly adequate for Southern

analysis of plasmids, bacteriophages, or cosmids or the genomes of simple organisms (e.g., S. cere—

visiae and Drosophila) by Southern hybridization. Too little mammalian genomic DNA is trans-

ferred by this method to allow signal detection routinely.

Electrophoretic Transfer

This method is not practical when nitrocellulose is used as the solid support because of the high

ionic strengths of the buffers that are required to bind nucleic acids to nitrocellulose. These

buffers conduct electric current very efficiently, and it is necessary to use large volumes to ensure

that the buffering power of the system does not become depleted by electrolysis. In addition,

extensive external cooling is required to overcome the effects of ohmic heating.
Electrophoretic transfer has undergone a recent resurgence with the advent of charged

nylon membranes and has become the method of choice for analysis of small fragments of DNA
separated by electrophoresis through polyacrylamide gels (Stellwag and Dahlberg 1980; Church
and Gilbert 1984). Nucleic acids as small as 50 bp will bind to charged nylon membranes in
buffers of very low ionic strength (Reed and Mann 1985).

Although single-stranded DNA and RNA can be transferred directly, fragments of double~
stranded DNA must first be denatured in situ as described in Protocol 8. The gel is then neutralized
and soaked in electrophoresis buffer (e.g., 1x TBE; see Appendix 1) before being mounted between
porous pads aligned between parallel electrodes in a large tank of buffer. The time required for com-
plete transfer depends on the size of the fragments of DNA, the porosity of the gel, and the strength
of the applied field. However, because even high-molecular-weight nucleic acids migrate relatively
rapidly from the gel, depurination/hydrolysis is unnecessary and transfer is generally complete with-
in 2—3 hours. Because electrophoretic transfer requires comparatively large electric currents, it is
often difficult to maintain the electrophoresis buffer at a temperature compatible with efficient
transfer of DNA. Many commercially available electrophoretic transfer machines are equipped with
cooling devices, but others are effective only when used in a cold room.
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Vacuum Transfer

DNA and RNA can be transferred rapidly and quantitatively from gels under vacuum. Several vacu—

um transfer devices are now commercially available in which the gel is placed in contact with a nitro-

cellulose or nylon membrane supported on a porous screen over a vacuum chamber. Buffer, drawn

from an upper reservoir, elutes nucleic acids from the gel and deposits them on the membrane.

Vacuum transfer is more efficient than capillary transfer and is extremely rapid. DNAs that

have been partially depurinated and denatured with alkali are quantitatively transferred within 30

minutes from gels of normal thickness (4—5 mm) and normal agarose concentration (<1%). If

carried out carefully, vacuum transfer can result in a two— to threefold enhancement of the

hybridization signal obtained from Southern transfers (Medveczky et al. 1987; Olszewska and

Jones 1988).

All of the commercially available apparatuses work well as long as care is taken to ensure

that the vacuum is applied evenly over the entire surface of the gel. Special care should be taken

with the wells of horizontal agarose gels, which tend to break during preparation of the gel for

transfer. If this occurs, the wells should be trimmed from the gel before transfer. (The wells need

not be trimmed from the gel as long as they are unbroken.) It is also important not to apply too

much vacuum during transfer. When the vacuum exceeds 60 cm of water, the gels become com-

pressed and the efficiency of transfer is reduced.

MEMBRANES USED FOR SOUTHERN AND NORTHERN HYBRIDIZATION
 

For almost 20 years, the only available support for immobilization of DNA was nitrocellulose,

which was first used in powder form (Hall and Spiegelman 1961) and later as sheets (Nygaard and

Hall 1960; Gillespie and Spiegelman 1965; Southern 1975). Northern hybridization was initially

carried out exclusively with RNA immobilized on activated cellulose papers (Alwine et al. 1977;

Seed 1982a,b). However, it was soon realized that RNA denatured by glyoxal, formaldehdye, or

methylmercuric hydroxide binds tightly to nitrocellulose. For several years, nitrocellulose there—

fore became the support of choice for both northern and Southern hybridization. Despite its evi—

dent success, nitrocellulose is not an ideal matrix for solid-phase hybridization.

0 Its capacity to bind nucleic acids is low (~50—100 ug/cmz) and varies according to the size of

the DNA and RNA. In particular, nucleic acids <4OO bases in length are retained inefficiently

by nitrocellulose.

a DNA and RNA are attached to nitrocellulose by hydrophobic interactions, rather than cova—

lent interactions, and therefore leach slowly from the matrix during hybridization and wash—

ing at high temperatures (Haas et al. 1972).

o Nitrocellulose membranes become brittle during baking under vacuum at 800C, which is usu—

ally an integral part of the process to immobilize nucleic acids. The friable membranes cannot

subsequently survive more than one or two cycles of hybridization and washing at high tem-

peratures. This problem can be alleviated but not completely solved by using supported mem—

branes made from mixed ester nitrocellulose, which have a higher tensile strength.

0 Care is required in storing nitrocellulose membranes if they are to be used successfully for

nucleic acid hybridization and western blotting. When the humidity is high, the membrane

will adsorb moisture from the air and expand, resulting in curling and wrinkling. When the

humidity is low, nitrocellulose membranes will dry and become charged with static electricity.

In this state, the membrane is prone to cracking and splitting and becomes very difficult to wet.  
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In most areas throughout the world, it is necessary to alter the conditions under which nitro—

cellulose is stored to suit seasonal changes in weather conditions. During the hot humid sum—

mers of New York, for example, nitrocellulose should be stored in a closed container over a

dehydrating agent. In winter, the dehydrating agent is replaced by damp pads of paper. The aim

is to have wrinkle-free membranes that wet evenly and quickly ( 30 seconds or less) and take

on a bluish tinge when saturated with water.

The problems with nitrocellose were solved by the introduction of various types of nylon

membranes that bind nucleic acids irreversibly, are far more durable than nitrocellulose mem—

branes (Reed and Mann 1985), and can be repaired if damaged (Pitas 1989). Immobilized nucle—

ic acids can be hybridized sequentially to several different probes without damaging the mem—

brane. Furthermore, because nucleic acids can be immobilized on nylon in buffers of low ionic

strength, transfer of nucleic acids from gels to nylon can be carried out electrophoretically. This
method can be useful when capillary or vacuum transfer of DNA is inefficient, for example, when

fragments of DNA are transferred from polyacrylamide gels.

Two types of nylon membranes are available commercially: unmodified (or neutral) nylon
and charge—modified nylon, which carries amine groups and is therefore also known as positive-

ly charged or (+) nylon. Both types of nylon can bind single- and double-stranded nucleic acids,

and retention is quantitative in solvents as diverse as water, 0.25 N HCl, and 0.4 N NaOH. Charge-

modified nylon has a greater capacity to bind nucleic acids (please see Table 6—2), but it has a ten-

dency to give increased levels of background, which results, at least in part, from nonspecific

binding of negatively charged phosphate groups in DNA and RNA to the positively charged

groups on the surface of the polymer. However, this problem can usually be controlled by using

increased quantities of blocking agents in the prehybridization and hybridization steps.

Many different types of nylon membranes are available that vary in the extent and type of

charge, the method used to apply it, and the density of the nylon mesh. Each manufacturer provides

specific instructions for the transfer of nucleic acids to their particular product. These instructions

should be followed exactly since they presumably have been shown to yield the best results.

TABLE 6-2 Properties of Membranes Used for Southern Blotting and Hybridization
 

TYPE OF MEMBRANE
 

 

PROPERTY NITROCELLULOSE NEUTRAL NYLON CHARGED NYLON

(Iapncity (pg nucleic acid/cml) 80—120 ~lOO 400—500

Size of nucleic acid required >4OO bp >50 bp >50 bp
for maximal binding

'l‘runsfer buffer high ionic strength at neutral pH low ionic strength over a wide range of pH

Imnmbilization baking at 80°C under vacuum baking at 70°C for 1 hour; no vacuum
for 2 hours required

or
mild alkali

(iommcrcial products

or

UV irradiation at 254 nm; damp membranes
are generally exposed to 1.6 kI/ml; dried

membranes require 160 kI/m3

Hybond—N Hybond-N+
Gene-Screen Zeta—Probe

Nytian+

Gene-Screen Plus
 

l’nly\ mylidene difluoride (PVDFJ membranes are not routinely used for northern or Southern transfers. However, PVDF membranes, by virtue of
(ht‘ll' hlgher mechanical strength and greater capacity to bind proteins, are preferred to nitrocellulose for western blotting. Nylon membranes should not
be used tm- wcstern blotting because the level of nonspecific absorption of immunological probes is unacceptably high.
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Southern Blotting: Capillary Transfer
of DNA to Membranes

-I-HE PREPARATION OF GENOMIC DNA IS FIRST DIGESTED with one or more restriction enzymes and

the resulting fragments are separated according to size by electrophoresis through a standard

agarose gel. The DNA is then denatured in situ and transferred from the gel to a solid support

(usually a nylon or nitrocellulose membrane). The relative positions of the DNA fragments are

preserved during their transfer to the membrane. The DNA is then fixed to the membrane and

prepared for hybridization as described in Protocol 10. An alternative method of simultaneous

transfer is presented in Protocol 9. The procedure for upward transfer of DNA in Southern blot-

ting is performed essentially as described for upward transfer of RNA in Chapter 7, Protocol 7.

SETTING UP RESTRICTION DIGESTIONS OF DNA FOR SOUTHERN ANALYSIS
 

The following are the cardinal points to remember when setting up restriction digests of genom-

ic DNA for standard Southern analysis.

0 The amount ofDNA digested must be sufficient to generate a signal. For Southern analysis of

mammalian genomic DNA, ~10 pg of DNA must be loaded into each slot of the gel when

probes of standard length (>500 bp) and high specific activity (>10" cpm/ug) are used to

detect single—copy sequences. Proportionately lower amounts of DNA may be used when the

preparation of DNA contains higher molar concentrations of the sequences of interest.

0 The restriction enzymes used are likely to be informative. For example, there is little point in

digesting DNA whose median size is 50 kb with a restriction enzyme that cleaves on average

every 100 kb. As a general rule, the median size of the DNA before digestion should be at least

three times greater than the median size of fragments generated during the digestion. The fre~

quency ofcleavage by different restriction enzymes ofvarious species ofgenomie DNAs is dis-

cussed in Chapter 4, Protocol 1 (please see Table 4-3).

0 The amount ofDNA loaded into each lane of the gel is known with accuracy. This does not

necessarily mean that restriction digests must contain equal amounts of DNA. Measuring

small volumes of extremely Viscous preparations of high—molecular—weight genomic DNA is

very difficult, and inaccuracies lead to overloading or underloading of lanes in the gel. If it is

essential to analyze the same amount of DNA from multiple samples (e.g., when comparing

genomic DNAs isolated from normal individuals and those affected with a genetic disease, or

when attempting to determine the copy number ofa gene), then it is best to digest a sufficien-
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MATERIALS

cy of each of the DNAs without worrying too much about whether each digest contains the

same amount of DNA. The exact concentration of DNA in each sample can be measured by

fluorometry after digestion is complete before loading the agarose gel. A method for fluoro-

metric determination of DNA concentration is given at the end of Protocol 1.

In many cases, the volumes of restriction digests are defined by the concentration of DNA

in the preparations under analysis. The concentrations of DNA in preparations of high—mole-

cular-weight mammalian genomic DNA are often so low that it is necessary to carry out

restriction digests in large volumes. There is no reason why restriction digests of a compara-

tive series of genomic DNAs need be carried out in equal volumes. As long as all digests are

complete, the volume of each restriction digest is immaterial. After digestion, the fragments of

DNA may be concentrated by precipitation with ethanol, measured by fluorometry, and then

applied to the gel in a small volume of gel-loading buffer (see Step 2).

The digests are complete. The chief problem encountered during digestion of high-molecular-

weight DNA is unevenness of digestion caused by variations in the local concentrations of

DNA. Clumps of DNA are relatively inaccessible to restriction enzymes and can be digested

only from the exterior of the aggregate. To ensure homogeneous dispersion of the DNA:

1. If possible, set up the reactions in a total volume of at least 45 pl. Before adding the

restriction enzyme, store reactions at 4°C for several hours after dilution of the DNA and

addition of 10x restriction enzyme buffer.

2. Gently stir the DNA solution from time to time using a sealed glass capillary.

3. After addition of the restriction enzyme (5 units/ug of DNA), gently stir the solution for

2—3 minutes at 4°C before warming the reaction to the appropriate temperature.

4. After digestion for 15—30 minutes, add a second aliquot of restriction enzyme (5 units/ug

of DNA) and stir the reaction as described above.

5. Incubate the reaction at the appropriate temperature for 8—12 hours.

It is important to include controls to show whether digestion with the restriction enzyme(s)
is complete and whether transfer and hybridization of the DNA have worked efficiently. This
goal can be accomplished by setting up a series of digests containing high—molecular—weight
genomic DNA and a very small amount of a plasmid carrying a sequence complementary to the
probe (e.g., 10 pg of mammalian DNA and 10—5, 10—6, and 10—7 pg of plasmid). During diges-
tion, the plasmid will be cleaved into a series of bands that may be invisible when the gel is
examined by staining with ethidium bromide or SYBR Gold. However, fragments of the correct
size should be detected by subsequent hybridization to the probe. To reduce the chance of acci-
dental contamination and to minimize the possibility that the hybridization signal from the
controls will obscure that from the test samples, the controls should be loaded into wells that lie
toward one side of the gel, well away from the test samples of mammalian DNA.

 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Alkaline transfer buffer (for alkaline transfer to nylon membranes)
0.4 N NaOH <!>
] M NaCl  
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Denaturation solution (for neutral transfer)

1.5 M NuCl

0.5MN‘10H <!>

HCI (0.2 N), for depurination of DNA <!>
Optional, please see note to Step 6

Neutralization buffer 1 (for transfer to uncharged membranes)

1 M Tris (pH 7.4)

15 M NaCl

Neutralization buffer II (for alkaline transfer to nylon membranes)
0.5 M Tris—(fl (pH 7.2)

l M NaCl

Neutral transfer buffer, either 70x 55C or 10x SSPE

6x SSC

6x Sucrose gel-loading buffer
SYBR Cold <!> or Ethidium bromide <!>

TE (pH 8.0)

Enzymes and Buffers

Appropriate restriction enzymes

Gels

Aga

Nucleic Acids and

rose gel (O.7%) cast in O.5>< TBE or 7x TAE in the absence of ethidium bromide
For analysis of mammalian genomic DNA‘ most investigators use large gels (20 x 20 x 0.5 cm) contain—
ing 20 standard slots large enough to hold ~50—60 “It This capacity allows the entire digestion reaction
to be loaded without spillage. The gel may be cast and run in the usual way in buffers containing 0.5
pg/ml ethidium bromide. However, a more accurate measurement of the size of DNA fragments may be
obtained by staining the gel after electrophoresis with ethidium bromide or SYBR Gold. The inclusion
of SYBR Gold in the gel matrix may cause distortion of the DNA bands and may retard the migration of
the DNA fragments to varying degrees. Please see Chapter 5, Protocol 2 and Appendix 9.

Oligonucleotides

DNA size markers

Sets of size markers are available from many commercial manufacturers, or they can be prepared by
digesting cloning vectors with appropriate restrtction enzymes. We recommend using a l-kb ladder (Life
Technologies) in the lane closest to one side of the gel and a HindIII digest of bacteriophage A DNA in
the lame on the opposite side of the gel.

Markers radiolabeled with “S or “P are not recommended because they usually require exposure times
different from those optimal for the target bands.

Genomic DNA

Special Equipment

Cross-linking device (e.g., Strata/inker, Stratagene; GS Gene Linker, Bio-Rad), or Microwave

0ven, or Vacuum oven

Glass baking dishes

Class rod
Large-bore yellow tips

Large-bore yellow tips can be purchased or generated rapidly with a scissors or a dog nail clipper ( Fisher

05-401A). Alternatively, the pointed ends of the tips can be removed with a sharp razor blade. The cut—
off tips should be stertlized before use7 either by autoclaving or by immersion in 70% alcohol for 3 min~

thCS followed by drying in air.

Neoprene stoppers

6.41
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Nylon or nitrocellulose membrane
Please see discussion on Membranes Used for Southern and Northern Hybridization in the introduction
to Protocols 8—10.

Plexiglas sheets or Class plates
Rotary platform shaker

Thick blotting paper (e.g., Whatman 3MM, Schleicher & Schuell 68004, or Sigma QuickDraw)

Transparent ruler with fluorescent markings
The ruler is used to measure the distance traveled by the marker DNAS. A ruler placed alongside the gel
during photography allows the distances traveled from the loading wells by DNA markers of known size
to be measured on the photographic image and plotted graphically. The sizes of radiolabeled bands
detected by hybridization can then be estimated by interpolation.

Weight (400 g)

METHOD
 

Digestion and Electrophoresis of the DNA

1. Digest an appropriate amount of genomic DNA with one or more restriction enzymes

(please see the discussion on Setting up Restriction Digestions of DNA for Southern Analysis
in the introduction to this protocol).

Use Iarge—bore yellow pipette tips to handle high-molecular-weight DNA.

If necessary, concentrate the DNA fragments at the end of the digestion by ethanol precipi—

tation. Dissolve the DNAs in ~25 pl of TE (pH 8.0).

Make sure that the ethanol is removed from the DNA solution before it is loaded on the gel. Ifsig-

nificant quantities of ethanol remain, the DNA “crawls” out of the slot of the gel. Heating the solu—
tion of dissolved DNA to 70°C in an open tube for 10 minutes is usually sufficient to drive off most
of the ethanol. This treatment also disrupts base pairing between cohesive termini of restriction

fragments.

Measure the concentrations of the digested DNAs by fluorometry or by the ethidium bro-

mide or SYBR Gold spot test (please see Appendix 8). Transfer the appropriate amount of

each digest to a fresh microfuge tube. Add 0.15 volume of 6x sucrose gel—loading buffer and
separate the fragments of DNA by electrophoresis through an agarose gel (for most genom-

ic DNAS, a 0.7% gel cast in 0.5x TBE or 1x TAE may be used; please see Chapter 5, Protocol

1). Maintain a low voltage through the gel (about <1 V/cm) to allow the DNA to migrate

slowly.

If the digested DNAs have been stored at 4°C, they should be heated to 56°C for 2—3 minutes before
they are applied to the gel. This heating disrupts any base pairing that may have occurred between
protruding cohesive termini.

Occasionally, problems arise during loading of the gel because the DNA solution will not sink to
the bottom of the well. This floating occurs when very high—molecular-weight DNA is present at
the end of the digest, for example, when the digest is incomplete or when mammalian DNA has
been digested with enzymes such as NotI that generate very large fragments of DNA. To minimize
the problem, make sure that the DNA is homogeneously dispersed, and load the samples very slow-
ly into the wells of the gel. After loading, allow the gel to stand for a few minutes so that the DNA
can diffuse evenly throughout the wells.

4. After electrophoresis is complete, stain the gel with ethidium bromide or SYBR Gold and
photograph the gel as described in Chapter 5, Protocol 2. Place a transparent ruler alongside
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the gel so that the distance that any band of DNA has migrated can be read directly from the
photographic image.

It‘desired, the gel may be stored at this stage before the DNA is denatured and transferred to the
membrane. Wrap the gel in Saran Wrap and store it on a flat surface at 40C. Because the bands or"
DNA diffuse during storage, the gel should not be put aside for more than 1 day before being
proeexsed.

5. Denature the DNA and transfer it from the agarose gel to a nitrocellulose or a neutral or
charged—nylon membrane using one of the methods described below.

Preparation of the Gel for Transfer

6. After fractionating the DNA by gel electrophoresis, transfer the gel to a glass baking dish.
Use a razor blade to trim away unused areas of the gel, including the section ot’gel above the
wells. Be sure to leave enough of the wells attached to the gel so that the positions of the
lanes can be marked on the membrane after transfer of DNA. Cut off a small triangular
piece from the bottom left—hand corner of the gel to simplify orientation during the suc—
ceeding operations.

it is best to cut offthe lanes containing the molecular—weight markers because probes may contain
sequences complementary to some ofthe marker bands. The resulting pattern of bands appearing
on the autradiogram is sometimes informative, but it is more often puuiing.

if the fragments of interest are larger than ~15 kb, then transfer may be improved by nieking the
DNA by brief depurination before denatiiration (Wahl et al. 1979). Depurinzttion lays the phos-
phate—sugar backbone of DNA open to subsequent cleavage by hydroxyl ions. After Step 6, soak the
gel in several volumes of 0.2 N HCl until the bromophenol blue turns yellow and the xylene cyanol
turns yeliow/green, immediatelyplace the 0.2 N HCl in a hazardous-waste container and then rinse
the gel several times with deionized HZO.

Because depurination depends on diffusion of H+ ions into the gel, the DNA molecules (11 differ—
ent levels within the agarose are depurinated at different rates and to different extents. The reac—
tion is therefore difficult both to control and to reproduce and, iticarried out too enthusiastically.
can result in excessive fragmentation of DNA and a reduction in the strength of the hybridization
signal. Therefore, depurination is best avoided when the size of the target fragments is <20 kb.
However, for Southern analysis of higher—molecular-weight DNA separated by conventional or
pulsedffieid electrophoresis, depurination/nicking is advisable, if not essential.

7. Denature the DNA by soaking in a denaturing (alkaline) solution as follows:

FOR TRANSFER TO UNCHARGED MEMBRANES

a. Soak the gel for 45 minutes at room temperature in 10 gel volumes of denaturation solu—
tion with constant gentle agitation (e.g., on a rotary platform).

b. Rinse the gel briefly in deionized H20, and then neutralize it by soaking for 30 minutes
at room temperature in 10 gel volumes of Neutralization buffer I with constant gentle
agitation. Change the neutralization buffer and continue soaking the gel for a further 15
minutes.

FOR TRANSFER TO CHARGED NYLON MEMBRANES

a. Soak the gel for 15 minutes at room temperature in several volumes ofalkaline transfer
buffer with constant gentle agitation (e.g., on a rotary platform).

b. Change the solution and continue to soak the gel for a further 20 minutes with gentle agi—
tation.

If the gel floats to the surface of the liquid, weigh it down with sexeml Pasteur pipettes.
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Preparation of the Membrane for Transfer

8. Use a fresh scalpel or a paper cutter to cut a piece of nylon or nitrocellulose membrane ~1

mm larger than the gel in each dimension. Also cut two sheets of thick blotting paper to the
same size as the membrane.

A IMPORTANT Use appropriate gloves and qunt-ended forceps (e.g., Millipore forceps) to handle
the membrane. A membrane that has been touched by oily hands will not wet!

Float the membrane on the surface of a dish of deionized HZO until it wets completely from

beneath, and then immerse the membrane in the appropriate transfer buffer for at least 5

minutes. Use a clean scalpel blade to cut a corner from the membrane to match the corner

cut from the gel.

The rate at which different batches of nitrocellulose membranes wet varies enormously. If the

membrane is not saturated after floating for several minutes on Hzo, it should be replaced with a
new membrane, since the transfer of DNA to an unevenly wetted membrane is unreliable. The
original membrane should be either discarded or autoclaved for 5 minutes between pieces of 3MM
paper that are saturated with 2x SSC. This treatment usually results in complete wetting. The auto-
claved membrane, sandwiched between the autoclaved 3MM papers saturated with 2x SSC, may be
stored at 4°C in a sealed plastic bag until needed.

Uneven wetting is not usually a problem with neutral or charged—nylon membranes.

Assembly of the Transfer Apparatus and Transfer of the DNA

Neutral transfer buffer (10x 55C or 10x SSPE) is used to transfer DNA to uncharged membranes.

Alkaline transfer buffer (0.4 N NaOH with 1 M NaCl) is used to transfer DNA to charged nylon

membranes.

10.

11.

12.

13.

14.

While the DNA is denaturing, place a piece of thick blotting paper on a sheet of Plexiglas or

a glass plate to form a support that is longer and wider than the gel. The ends of the blotting

paper should drape over the edges of the plate. Place the support inside a large baking dish.

The support can be placed on top of four neoprene stoppers to elevate it from the bottom of

the dish. (For an example of a capillary blot, please see Figure 6—1.)

Fill the dish with the appropriate transfer buffer until the level of the liquid reaches almost to

the top of the support. When the blotting paper on the top of the support is thoroughly wet,

smooth out all air bubbles with a glass rod or pipette.

Remove the gel from the solution in Step 7 and invert it so that its underside is now upper—

most. Place the inverted gel on the support so that it is centered on the wet blotting paper.

Make sure that there are no air bubbles between the blotting paper and the gel.

Surround, but do not cover, the gel with Saran Wrap or Parafilm.

This protective mask serves as a barrier to prevent liquid from flowing directly from the reservoir
to paper towels placed on top of the gel. If these towels are not precisely stacked, they tend to droop
over the edge of the gel and may touch the wick. This type of short—circuiting is a major cause of
inefficient transfer of DNA from the gel to the membrane.

Wet the top of the gel with the appropriate transfer buffer. Place the wet membrane on top

of the gel so that the cut corners are aligned. To avoid bubbles, touch one corner of the mem-

brane to the gel and gently lower the membrane onto the gel. One edge of the membrane

should extend just over the edge of the line of slots at the top of the gel.

A IMPORTANT Do not move the membrane once it has been applied to the surface of the gel. Make

sure that there are no air bubbles between the membrane and the gel.

 



15.

16.

17.

18.

19.
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Wet the two pieces of thick blotting paper in the appropriate transfer buffer and place them

on top of the wet membrane. Roll a pipette across the surface of the membrane to smooth

away any air bubbles.

Cut or fold a stack of paper towels (5—8 cm high) just smaller than the blotting papers. Place

the towels on the blotting papers. Put a glass plate on top ofthe stack and weigh it down with
a 400—g weight.

'I he ohieetive is to set up a flow of liquid from the reservoir through the gel and the membrane so
that fragments of denatured DNA are eluted from the gel and are deposited on the membrane. The
weight on the top of the gel should be heavy enough to ensure good contact between the various
components of the blot, but light enough to prevent compressing the gel. (Inmpression will
squeeze liquid from the interstices of the gel, leaving a dehydrated matrix that greatly retards the
movement of DNA and drastically reduces the efficiency of transfer from the gel to the membrane.

Intact, rather than cut or folded, paper towels can also be used in this setup, but only it" the pro-

tective mask of Saran Wrap or Parafilm efficiently prevents seepage of buffer.

10 prevent evaporation, some investigators wrap the entire transfer setup in Saran Wrap Whether

this is necessary seems somewhat doubtful,

Allow the transfer of DNA to proceed for 8—24 hours. Replace the paper towels as they

become wet. Try to prevent the entire stack of towels from becoming wet with buffer.

Remove the paper towels and the blotting papers above the gel. Turn the gel and the attached

membrane over and lay them, gel side up, on a dry sheet of blotting paper. Mark the posi—

tions of the gel slots on the membrane with a very soft lead pencil or a ballpoint pen.

Peel the gel from the membrane and discard the gel.

Instead of discarding the gel, it can be stained (45 minutes) in a 05 pg/ml solution of ethidium
bromide in H30 and visualized on a UV transilluminator to gauge the success ofthe DNA trans?

fer. Note that the intensity of fluorescence will be quite low because any DNA remaining in the gel
will have been denatured,

Fixation of the DNA to the Membrane

The sequence of steps from immobilization of DNA to the membrane to subsequent hybridiza—

tion depends on the type of membrane, the method of transfer, and the method of fixation

(please see Table 6—3). Because alkaline transfer results in covalent attachment of DNA to posi—

tively charged nylon membranes, there is no need to fix the DNA to the membrane before

hybridization. DNA transferred to uncharged nylon membranes in neutral transfer buffer should

be fixed to the membrane by baking under vacuum or heating in a microwave oven, or cross-

linked to the membrane by UV irradiation.

TABLE 6-3 Fixing DNA to the Membrane for Hybridization
 

TYPE OF MEMBRANE TYPE OF TRANSFER METHOD OF FIXATION SEQUENCE OF STEPS
 

l’usitivel) chtn‘ged nylon

l'nchdrged n) lon 01“

pmnh'el) charged nylon

l'nehargetl nylon or

pmitiveh' charged nylon

alkaline transfer alkaline transfer 1. Soak membrane in Nentralimtion butter 11.

2. Proceed to prehyln‘idizatitm.

neutral transfer UV irradiation (please see 1. Soak membrane in tax 85C.

Step 21 for details) 2‘ Fix the DNA by UV irradiation.

3. Proceed to prehybridi/dtion.

neutral transfer baking in vacuum oven or . Soak membrane in (ix 55C.

microwave oven (please see . Bake the membrane.

M
N
»
—

Step 21 for detailsl . Proceed to prehyhridi7.\tion.
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20. Soak the membrane in one of the following solutions as appropriate:

21.

For neutral transfer: 6x SSC for 5 minutes at room temperature.

For alkaline transfer: Neutralization buffer 11 (0.5 M Tris—Cl [pH 7.2] with 1 M NaCl) for 15

minutes at room temperature.

This rinse removes any pieces ofagarose sticking to the membrane and, in the latter case, also neu-
tralizes the membrane.

Immobilize the DNA that has been transferred to uncharged membranes.

Because alkaline transfer results in covalent attachment of DNA to positively charged nylon mem—

branes, there is no need for additional steps to fix the DNA to the membrane.

TO FIX BY BAKING IN A VACUUM OVEN

a. Remove the membrane from the 6x SSC and allow excess fluid to drain away. Place the

membrane flat on a paper towel to dry for at least 30 minutes at room temperature.

b. Sandwich the membrane between two sheets of dry blotting paper. Bake for 30 minutes

to 2 hours at 80°C in a vacuum oven.

Overbaking can cause nitrocellulose membranes to become brittle. If the gel was not com—
pletely neutralized before the DNA was transferred, nitrocellulose membranes will turn yel-

low or brown during baking and chip very easily. The background of nonspecific hybridiza—
tion also increases dramatically.

TO FIX BY BAKING IN A MICROWAVE OVEN

a. Place the damp membrane on a dry piece of blotting paper.

b. Heat the membrane for 2—3 minutes at full power in a microwave oven (750—900 W).

Proceed directly to hybridization (Protocol 10) or dry the membrane and store it between
sheets of blotting paper until it is needed.

Baking nitrocellulose membranes in a microwave oven attenuates the signal in Southern
hybridizations and is not recommended (Angeletti et al. 1995).

TO CROSS-LINK BY UV IRRADIATION

a. Place the damp membrane on a dry piece of blotting paper.

b. Irradiate at 254 nm to cross—link the DNA to the membrane (Khandjian 1987).

Immobilization of nucleic acids by UV irradiation can greatly enhance the hybridization sig-
nal obtained with some brands of positively charged nylon membranes (Khandjian 1987).
However, for maximum effect, it is important to make sure that the membrane is not overir-
radiated. The aim is to form cross—links between a small fraction of the thymine residues in
the DNA and positively charged amine groups on the surface of the membrane (Church and
Gilbert 1984). Overirradiation results in the covalent attachment of a high proportion ofthe
thymines, with consequent decrease in hybridization signal. Make sure that the side of the

membrane carrying the DNA faces the UV light source. Most manufacturers advise that
damp membranes be exposed to a total of 1.5 I/cm2 and that dry membranes be exposed to
0.15 J/cmz. However, we recommend carrying out a series of preliminary experiments to
determine empirically the amount of irradiation required to produce the maximum
hybridization signal.

22. Proceed directly to hybridization of immobilized DNA to a probe (Protocol 10).
Any membranes not used immediately in hybridization reactions should be thoroughly dried,
wrapped loosely in aluminum foil or blotting paper, and stored at room temperature, preferably
under vacuum.
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Southern Blotting: Simultaneous Transfer
of DNA from a Single Agarose Gel to
Two Membranes

DNA CAN BE SIMULTANEOUSLY TRANSFERRED FROM OPPOSITE SIDES of a single agarose gel to two

membranes (please see Figure 6—3). This procedure is useful when the need arises to analyze the

same set of restriction fragments with two different probes. Transfer of DNA fragments is rapid‘

but the efficiency is low because the agarose gel quickly becomes dehydrated as fluid is withdrawn

from both sides. The method therefore works best when the target sequences are present in high

concentration, for example, when analyzing cloned DNAS (plasmids, bacteriophages, cosmids,

PACs, or BACs) or less complex genomes (e.g., those of S. cerevisiae or Drosophila). Too little

mammalian genomic DNA is transferred to allow signals from single—copy sequences to be

detected in a reproducible or timely fashion.

MATERIALS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions
Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Denaturation solution
1.5 M NaCl

0.5 N NaOH <!>

HCI (0.2 N), for depurination of DNA <!>

Optional, please see note to Step 6, Protocol 8.

Neutralization buffer
1 M Tris (pH 74)
1.5 M NaCl

Neutral transfer buffer (10x 55C)

6x 55C

6x Sucrose gel-loading buffer
SYBR Cold <!> or Ethidium bromide <!>

Enzymes and Buffers

Appropriate restriction enzymes
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Gels

Agarose gel (0.7%) cast in 0,5x TBE or 7x TAE in the absence of ethidium bromide

The gel may be cast and run in the usual way in buffers containing 0.5 pg/ml ethidium bromide.
However, a more accurate measurement ofthe size of DNA fragments may be obtained by staining the

gel after electrophoresis with ethidium bromide or SYBR Gold. The inclusion of SYBR Gold in the gel
matrix may cause distortion of the DNA bands and may retard the migration of the DNA fragments to
varying degrees. Please see Appendix 8.

Nucleic Acids and Oligonucleotides

DNA size markers

Sets of size markers are available from many commercial manufacturers, or they can be prepared by
digesting cloning vectors with appropriate restriction enzymes. We recommend using a l—kb ladder
(GlBCO—BRL) in the lane closest to one side of the gel and a HindIII digest of bacteriophage A DNA in
the lane on the opposite side of the gel.

Markers radiolabeled with 358 or 33P are not recommended because they usually require exposure times
different from those optimal for the target bands.

Target DNA

Special Equipment

METHOD

Cross-linking device (e.g., Stratalinker, Stratagene; CS Gene Linker, Bio—Rad), or Microwave
oven, or Vacuum oven

Class baking dishes

Glass plate

Nylon or nitrocellulose membranes
Please see discussion on Membranes Used in Southern and Northern Hybridization in the Introduction
to Protocols 8—10.

Rotary platform shaker

Thick blotting paper (eag, Whatman 3MM, Schleicher & Schuell 68004, or Sigma QuickDraw)
Transparent ruler with fluorescent markings

The ruler is used to measure the distance traveled by the marker DNAS. A ruler placed alongside the gel
during photography allows the distances traveled from the loading wells by DNA markers of known size
to be measured on the photographic image and plotted graphically. The sizes of radiolabeled bands
detected by hybridization can then be estimated by interpolation.

Weight (400 g)

 

1. Digest the DNA and fractionate it by gel electrophoresis according to Steps 1—3 of Protocol 8.

2. After fractionating the DNA by gel electrophoresis, stain the gel with ethidium bromide or

SYBR Gold and photograph as described in Chapter 5, Protocol 2. Place a transparent ruler

alongside the gel so that the distance that any band has migrated can be read directly from

the photographic image. Prepare the gel for transfer under neutral conditions (Protocol 8,
Steps 6—7).

. Use a fresh scalpel or a paper cutter to cut two pieces of nylon or nitrocellulose membrane
~1—2 mm larger than the gel in each dimension. Cut a corner from the membranes to match
the corner cut from the gel. Also cut four sheets of thick blotting paper to the same size as the
membranes.

A |MPORTANT Use appropriate gloves and qunt-ended forceps (e.g., Millipore forceps) to handle
the membranes. A membrane that has been touched by oily hands will not wet!

To retain small fragments of DNA (<300 nucleotides), use nitrocellulose membranes with a small
pore size (02 um) or nylon membranes.
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4.

8.

9.

Float the membranes on the surface of Li dish of deionized HBO until they wet completely

from beneath, and then immerse the membranes in 10x SSC for at least 5 minutes.

The rate at which different batches of nitrocellulose membranes wet varies enormously. It" the

membrane is not saturated after floating for several minutes on PM) it should be replaced with a

new membrane, since the transfer of DNA to an unevenly wetted membrane is unreliable. The

origina] membrane should be either discarded or autoclaved for 5 minutes between pieces of 3MM

paper saturated with 2x 850 This treatment usually results in complete wetting of the membrane.

The autoclaved membrane, sandwiched between the autoclaved 3MM papers stitumted with 3x

55C, may be stored at 4°C in a sealed plastic bag until needed.

. Roll a moistened pipette over each layer as it is assembled to ensure that no air bubbles are

trapped, especially between the membranes and the gel sides. Place one of the membranes on

two pieces of dampened blotting paper‘ Lay the gel on top of the membrane aligning the cut

corner of the gel with the cut corner of the membrane. Without delay) place the second mem—

brane on the other side of the gel, followed by two sheets of dampened blotting paper (please

see Figure 6—3)‘

Transfer the entire sandwich of blotting papers, membranes, and gel onto a 2—4-inch stack of

paper towels. Cover the sandwich with a second stack ofpaper towels. Put a glass plate on top

of the entire stack and weigh it down with a 400-g weight.

. After 2—4 hours, remove the paper towels and blotting papers. Transfer the gel and membrane

sandwich to a dry sheet of blotting paper, and mark the approximate positions of the gel slots

with a very soft lead pencil or a ballpoint pen.

Immobilize the DNA onto the membranes by completing Steps 19—21 of Protocol 8.

Proceed directly to hybridization of immobilized DNA to a probe (Protocol 10).

Any membranes not used immediately in hybridization reactions should be thoroughly dry,

wrapped loosely in aluminum foil or blotting paper, and stored at room temperature, preferably

under vacuum.
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Southern Hybridization of Radiolabeled
Probes to Nucleic Acids Immobilized

on Membranes
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THE STRENGTH OF THE HYBRIDIMTION SIGNAL OBTAINED IN SOUTHERN HYBRIDIZATION depends on

a number of factors, including the proportion of immobilized DNA that is complementary to the

probe, the size of the probe and its specific activity, and the amount of genomic DNA transferred

to the membrane. Under the best conditions, the method is sufficiently sensitive to detect <0.1 pg

of DNA complementary to a probe that has been radiolabeled with 32P to high specific activity
(>109 cpm/ug; please see Chapter 9). A sequence of 1000 bp that occurs only once in the mam—

malian genome (i.e., 1 part in 3 million) can be detected in an overnight exposure to conventional

X—ray film (or 15—60 minutes on a phosphorimager) if 10 pg of genomic DNA is transferred to

the membrane and hybridized to a probe several hundred nucleotides in length‘ Because the

strength of the signal is proportional to the specific activity of the probe and inversely propor—

tional to its length, Southern hybridization reaches the limits of its sensitivity when very short

probes are used. To obtain a signal from single-copy genomic sequences with, for example,
oligonucleotide probes, it is necessary to radiolabel to the highest specific activity possible (please

see Chapter 10, Protocol 2 or 7), to increase the amount of target DNA on the membrane, and to

expose the autoradiograph for several days, or the phosphorimager plate for many hours. For the

detection of related but not identical sequences, please see the panel on ADDITIONAL PROTOCOL:

HYBRIDIZATION AT LOW STRlNGENCY at the end of this protocol.
Several methods are now available for nonradioactive labeling of DNA and RNA (for

reviews, please see Guesdon 1992; Viale and Dell’Orto 1992; Mansfield et al. 1995; see also

Chapter 9). Although these methods offer advantages such as long storage times and reduced

exposure to radiation, they cannot yet be recommended for detection of single—copy sequences by

Southern hybridization. The background is often high and, in many systems that utilize non—

radioactive probes, the signal is not proportional to the amount of nucleic acid bound to the

membrane. Worst of all, the detection of single-copy sequences in Southern analysis of mam—

malian DNAs lies at or just beyond the limit of sensitivity of most nonradioactive probes.

Although nonradioactive labeling has improved dramatically during the past few years, it still has

some way to go before it can be recommended for general use.
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HYBRIDIZATION CHAMBERS j

The first Southern hybridizations in the United States were carried out in a homemade hybridization device
Lonsisting of a rotating wheel housed within a 65°C oven that was kept under the back stairs in a lab at Cold
Spring Harbor Laboratory. The precious nitrocellulose sheets were rolled up and inserted, together with the
hybridization solution, into glass tubes that were sealed with a silicon rubber bung held in place with electri-
cal tape. The tubes were then clamped to the wheel and left to rotate for 18 hours. The ancient, asbestos-lined
oven door was always opened with trepidation since experience had shown that at least one of the tubes
would break and that the bungs would pop from others. Of course, the oven and the wheel became encrust-
ed with dried hybridization fluid and contaminated beyond redemption. Not surprisingly, successful experi-
ments were few in number.

It was a great relief when Sears’ Seal-A—Meal bags appeared on the scene some months later. Almost
immediately, leaks were a thing of the past and the awful levels of background hybridization endemic to tight-
ly rolled membranes were reduced to manageable proportions. For the next 10 years, when the results of
Southern hybridizations were published at an average rate of >10,000 per year, hybridization in bags was the
method of choice. Given the early frightening experience with hybridization ovens, it is understandable that
their reappearance during the 19805 was greeted with some incredulity and suspicion. However, the machines
available today from commercial manufacturers are a far cry from the gimcrack arrangements of the early
investigators. The tubes are virtually ieakproof and can be fitted with mesh to hold the rolls of the membrane
apart and reduce background. Commercial rotating wheels have one additional advantage over Seal-A-Meal
bags: They are less prone to leak when using hybridization buffers with high concentrations of SDS. Because
plastic bags containing such buffers are very difficult to seal, the risk of leaks and contamination with radioac-
tivity is increased.

4
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MATERIALS
 

CAUTION: Please see Appendix 12 for appropriate handling Of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Phosphate-SDS washing solution 7
40 mM sodium phosphate buffer (pH 7.21

1 mM l:l)’l‘A (pH 8.0)

5% (W/V) SDS

()t5”/o (w/v) Fraction—V—gmde bovine serum albumin

Phosphate-SDS washing solution 2
40 mM sodium phosphate buffer (pH 72)
1 mM EDTA (pH 8.0)

1% (w/v) SDS

Prehybridization/hybridization solutions
Prepare the prehybridization solution appropriate for the task at hand. Approximately 0.2 ml of prehy»
bridization solution is required for each square centimeter of membrane. Smaller volumes (~0.1
ml/cml) can he used when hybridizing in roller bottles. For advice on which solution to use, please see
the introduction to Protocol 32 in Chapter 1.

Prehyhridizatlon/hybridization solution may be prepared with or without poly(A) RNA. When g3P—
labeled CDNA or RNA is used as a probe, poly(A) RNA may be included in prehflwridization or
hybridization solutions to prevent the probe from binding to thymidine-rich sequences commonly
found in eukaryotic DNA. Poly(A) RNA should be added to aqueous and formamide hybridization
buffers at a final concentration of 1 ug/ml.

Solution for hybridization in aqueous buffer
6X SSC (or fix SSPE'I

5x Denhardt’s reagent
(1.5% (w/v) SDS

1 ug/ml poly(A)

100 pg/mi salmon sperm DNA  
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6x SSPE contains EDTA, which is a better chelator of divalent metal ions (e.g., Mg“) than citrate, and
in turn will more efficiently inhibit DNase activity that can decrease probe and target DNA concen—
trations. After thorough mixing, filter the solution through a 0.45-um disposable cellulose acetate
membrane (Schleicher & Schuell Uniflow syringe membrane or equivalent).

Solution for hybridization in formamide buffers
6x SSC (or 6x SSPE)

5x Denhardt’s reagent
O.S% (w/v) SDS

1 ug/ml poly(A)

100 pg/ml salmon sperm DNA
50% (v/v) formamide < I >

After thorough mixing, filter the solution through a 0.45—um disposable cellulose acetate membrane
(Schleicher & Schuell Uniflo syringe membrane or equivalent). T0 decrease background when
hybridizing under conditions of reduced stringency (e.g., 20—30% formamide), it is important to use
formamide that is as pure as possible. Please see the information panel on FORMAMIDE AND ITS
USES IN MOLECULAR CLONING.

Solution for hybridization in phosphate-SDS buffer
0.5 M sodium phosphate (pH 7.2)

1 mM EDTA (pH 8.0)

7% (w/v) SDS

1% (w/v) bovine serum albumin

Use an electrophoresis grade of bovine serum albumin. N0 blocking agents or hybridization rate
enhancers are required with this particular prehybridization/hybridization solution.

Sodium phosphate (1 M, pH 7.2)
0. 1x SSC

0.1x 55C With 0.7% (W/v) SDS

2x SSC With 0.1% (w/v) SDS

2x SSC With 0.5% (w/v) SDS

6x SSC or 6x SSPE

Nucleic Acids and Oligonucleotides

DNA immobilized on membrane
Poly(A) RNA (10 mg/ml) in sterile HZO

Optional, for hybridization buffers. Prepare solution by dissolving poly(A) RNA in sterile H20 and store
in 100—u] aliquots.

Probe DNA or RNA <!>

For Southern analysis of mammalian genomic DNA, where each lane of the gel contains 10 pg of DNA,
use 10—20 ng/ml radiolabeled probe (sp. act. 2109 cpm/ug). For Southern analysis of cloned DNA frag?
ments, where each band of the restriction digest contains 10 ng of DNA or more, much less probe is
required. When analyzing cloned DNA, hybridization is carried out for 6—8 hours using 1—2 ng/ml radi-
olabeled probe (sp. act. 106 to 109 cpm/ug). Labeling should be carried out according to the methods
described in Chapter 9 or 10.

Salmon sperm DNA (~7O mg/ml)
Denatured fragmented salmon sperm DNA should be used at a concentration of 100 pg/ml in prehy—
bridization and hybridization solutions involving essentially any type of hybridization experiment. To
prepare:

i. Dissolve salmon sperm DNA (Sigma type III sodium salt) in HZO at a concentration of 10 mg/ml.
If necessary, stir the solution on a magnetic stirrer for 2—4 hours at room temperature to help the
DNA to dissolve.

ii. Adjust the concentration of NaCl to 0.1 M, and extract the solution once with phenol and once with
phenolzchloroform.

iii. Recover the aqueous phase, and shear the DNA by passing it 12 times rapidly through a 17—gauge
hypodermic needle.

iv. Precipitate the DNA by adding 2 volumes of ice—cold ethanol, recover by centrifugation, and dissolve
at a concentration of 10 mg/ml in HZO.
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v.

vi.

Special Equipment

METHOD

Determine the Am of the solution and calculate the approximate concentration of the DNA.

Boil the solution for 10 minutes and store at —20°C in small aliquots. Just before use, heat the solue
tion for 5 minutes in a boiling—water bath and chill quickly in ice water.

Adhesive dots marked wn‘h radioactive ink <!> or Phosphorescent adhesive dots
Hybridization container

Incubator or commercial hybridization device preset to the appropriate temperature
Incubator or shaking water bath preset to 65°C (for hybridization in phosphate-SDS buffer)
Water bath, boiling

 

1. Float the membrane containing the target DNA on the surface of a tray of 6x SSC (or fix
SSPE) until the membrane becomes thoroughly wetted from beneath. Submerge the mem—
brane for 2 minutes.

2. Prehybridize the membrane by one of the following methods.

FOR HYBRIDIZATION IN A HEAT-SEALABLE BAG

Slip the wet membrane into a heat—sealable bag (e.g., Sears Seal—A—Meal or equivalent),

and add 0.2 ml of prehybridization solution for each square centimeter of membrane.

Squeeze as much air as possible from the bag.

Seal the open end of the bag with a heat sealer and then make a second seal. Test the
strength and integrity of the seal by gently squeezing the bag. Incubate the bag for 1—2
hours submerged in a water bath set to the appropriate temperature (68°C for aqueous

solvents; 42°C for solvents containing 50% formamide; 65°C for phosphate—SDS sol-
vents).

FOR HYBRIDIZATION IN A ROLLER BOTTLE

a. Gently roll the wetted membrane into the shape of a cylinder and place it inside a
hybridization roller bottle together with the plastic mesh provided by the manufacturer.
Add 0.1 ml of prehybridization solution for each square centimeter of membrane. Close
the bottle tightly.

Place the hybridization tube inside a prewarmed hybridization oven at the appropriate
temperature (68°C for aqueous solvents; 42°C for solvents containing 50% formamide;
65°C for phosphate-SDS solvents).

FOR HYBRIDIZATION IN A PLASTIC CONTAINER

a. Place the wetted membrane in a plastic (e.g., Tupperware) container, and add 0.2 ml of
prehybridization solution for each square centimeter of membrane.  
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3.

b. Seal the box with the lid and place the box on a rocking platform in an air incubator set
at the appropriate temperature (68°C for aqueous solvents; 42°C for solvents containing

50% formamide; 65°C for phosphate-SDS solvents).

If the radiolabeled probe is double—stranded DNA, denature it by heating for 5 minutes at

100°C. Chill the probe rapidly in ice water.

Alternatively, denature DNA probes by adding 0.1 volume 0f3 N NaOH. After 5 minutes at room
temperature, chill the probe to 0°C in an ice»water bath, and add 0.05 volume of 1 M Tris-Cl (pH
7.2) and 0.1 volume of 3 N HCl. Store the probe in ice water until it is needed.

Single-stranded DNA and RNA probes need not be denatured.

T0 hybridize the probe to a blot containing genomic DNA, carry out one of the following

methods.

FOR HYBRIDIZATION IN A HEAT-SEALABLE BAG

a. Working quickly, remove the bag containing the membrane from the water bath. Open

the bag by cutting off one corner with scissors and pour off the prehybridization solu-

tion.

b. Add the denatured probe to an appropriate amount of fresh prehybridization solution

and deliver the solution into the bag. Squeeze as much air as possible from the bag.

C. Reseal the bag with the heat sealer; make sure that as few bubbles as possible are trapped

in the bag. To avoid radioactive contamination of the water bath, seal the resealed bag

inside a second, noncontaminated bag. Incubate the bag submerged in a water bath set at

the appropriate temperature for the required period of hybridization.

FOR HYBRIDIZATION IN A ROLLER BOTTLE

a. Pour off the prehybridization solution from the hybridization bottle and replace with

fresh hybridization solution containing probe.

b. Seal bottle and replace in hybridization oven. Incubate for the required period of

hybridization.

FOR HYBRIDIZATION IN A PLASTIC CONTAINER

a. Transfer the membrane from the container to a sealable bag or a hybridization bottle.

b. Immediately treat as described above.

5. After hybridization, wash the membrane.

FOR HYBRIDIZATION IN A HEAT-SEALABLE BAG

6. Wearing gloves, remove the bag from the water bath, remove the outer bag, and immedi-
ately cut off one corner of the inner bag. Pour out the hybridization solution into a con-
tainer suitable for disposal of radioactivity, and then cut the bag along the length of three
sides.

b. Remove the membrane and immediately submerge it in a tray containing several hun—
dred milliliters of 2x SSC and 0.5% SDS (ie, ~1 ml/crn2 membrane) at room tempera—

ture. Agitate the tray gently on a slowly rotating platform.
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10.

FOR HYBRIDIZATION IN A ROLLER BOTTLE

a. Remove the membrane from the hybridization bottle, and briefly drain excess hybridiza—

tion solution from the membrane by holding the corner of the membrane to the lip of

the bottle or container.

b. Place the membrane in a tray containing several hundred milliliters of 2x SSC and ().5%

SDS (i.e., ~1 mi/cm3 membrane) at room temperature. Agitate the tray gently on a slow—

ly rotating platform.
When hybridizing in phosphate—SDS solution, remove the membrane from the hybridization

chamber as described in Step 5 and place it in several hundred milliliters (i.e., ~l ml/cm2 menv

brane) of Phosphate—SDS washing solution 1 at 65°C. Agitate the tray. Repeat this rinse once

A IMPORTANT Do not allow the membrane to dry out at any stage during the washing proce-

dure.

After 5 minutes, pour off the first rinse solution into a radioactivity disposal container and

add several hundred milliliters of 2x SSC and 0.1% SDS to the tray. Incubate for 15 minutes

at room temperature with occasional gentle agitation.

[f hybridization was carried out in a phosphate—SDS buffer, rinse the membrane a total of eight
times for 5 minutes each in several hundred milliliters of Phosphate-SDS washing solution 2 at
65°C. Skip to Step 9 after the eighth rinse.

Replace the rinse solution with several hundred milliliters of fresh 0.1x SSC with O. 1% SDS.

Incubate the membrane for 30 minutes to 4 hours at 65°C with gentle agitation.

During the washing step, periodically monitor the amount of radioactivity on the membrane using
a hand—held minimonitor. The parts of the membrane that do not contain DNA should not emit
a detectable signal. Do not expect to pick up a signal on the minimonitor from membranes con—
taining mammalian DNA that has been hybridized to single—copy probes.

. Briefly wash the membrane with 0.1x SSC at room temperature.

Remove most of the liquid from the membrane by placing it on a pad of paper towels. Place

the damp membrane on a sheet of Saran Wrap. Apply adhesive dot labels marked with
radioactive ink (or phosphorescent dots) to several asymmetric locations on the Saran Wrap.

These markers serve to align the autoradiograph with the membrane. Cover the labels with

Scotch Tape. This prevents contamination of the film holder or intensifying screen with the

radioactive ink.
Alternatively, dry the membrane in the air and glue it to a piece of 3MM paper using a water—solr

uble glue.

Cover the membrane with a sheet of Saran Wrap, and expose the membrane to X—ray film for

16—24 hours at —70°C with an intensifying screen to obtain an autoradiographic image

(please see Appendix 9).

Alternatively, cover the hybridized and rinsed membrane with Saran Wrap, and expose it to a phtw

phorimager plate. An exposure time of 1—4 hours is usually long enough to detect single—copy gene

sequences in a Southern blot of mammalian genomic DNA.

If the DNA on the membrane is to be hybridized with a different probe, please see the panel on

ADDITIONAL PROTOCOL: STRIPPING PROBES FROM MEMBRANES at the end ot‘this proA
tocol.

 

i TROUBLESHOOTING

 

Several factors cause background in Southern hybridizations. Table 6-4 outlines the most common symp-
toms and prophylactic measures to reduce background.    
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TABLE 6-4 Background and How to Avoid It

SYMBOL CAUSE

Incomplete blocking during
prehybridization.

Blotchy background over
the entire membrane.

Drying out of membrane during
experiment.

SDS precipitated from any of the
solutions used in the experiment.

Use of 10% dextran sulfate in

hybridization experiments.

Paper towels became completely
wet during capillary transfer (see
Protocol 8).

Use of charged nylon membranes
and solutions containing low SDS.

Use of impure (yellow) formamide.

Use of improper blocking reagent.

Presence of bubbles in prehybridiz-
ation/hybridization solutions,
failure to agitate membrane.

Haloes over the entire

membrane.

Background concentrated
over the lanes containing

nucleic acid.

Use of probes containing poly(T)
tracts in northern hybridizations.

Use of RNA probes.

Blotchy background
appearing on some

membranes but not others.

Too many membranes hybridized
in the same vessel, not enough

volume of prehybridization/

hybridization solution.

Intense black spots all over

membrane.
Use of old radiolabel to prepare
probe.

Improperly denatured carrier DNA.

Chapter 6: Preparation and Analysis ofEukaryotic Genomic DNA

POTENTIAL SOLUTIONS

Prehybridize for longer periods of time.

Be vigilant in keeping membrane wet at all times.

Make solutions at room temperature, prewarm to 37°C, and then
add SDS. Do not allow SDS to precipitate at any time. Reheating a
solution from which SDS has precipitated only occasionally yields
a clean result.

Dextran sulfate enhances the rate of hybridization. Except in rare
instances (in situ hybridizations or when using subtracted probes),

dextran sulfate can be left out of most hybridization solutions. Use
of large volumes of washing solutions are required to remove this
viscous compound, which if left on the membrane after hybridiza—

tion, traps probe and produces background.

Use a larger stack of towels or remove wet towels and replace with
dry ones during transfer procedure.

Increase the concentration of SDS to 10/0 (w/v) at all steps. Switch
to uncharged nylon membranes.

Purify formamide on Dowex XG—S before use (Appendix 8).

Do not use BLOTTO for genomic Southern blots. Instead try 50
pg/ml heparin as blocking reagent (Singh and Jones 1984) or use
Church buffer (Church and Gilbert 1984) as both prehybridiz—
tion and hybridization solutions.

Prewarm solutions before use. Agitate the membrane.

Reboil the salmon sperm DNA used in the prehybridization/
hybridization solutions. Do not allow the heat—denatured DNA to

reanneal.

Include poly(A) at 1 ug/ml in hybridization solutions.

Drastically increase the stringency of hybridization by increasing
the concentration of formamide in the hybridization buffer; use
1% SDS in the hybridization buffer, increase the washing tem—
peratures, and decrease the ionic strength of washing buffers (e.g.,
0.1x SSC).

Increase the volume of the hybridization and washing solutions
and/or decrease number of membranes in a hybridization bag or
container.

A peppered background due to 32P present as inorganic phosphate

or pyrophosphate sticking to the membrane is frequently encoun-
tered when using 5'-labeled probes. Do not use old radiolabel in
which radiolysis has occurred. Purify the probe by spun—column
chromatography, precipitation, or gel electrophoresis before use.
Include 0.5% (w/v) sodium pyrophosphate in prehybridization/
hybridization solutions.
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ADDITIONAL PROTOCOL: STRIPPING PROBES FROM MEMBRANES

Although in many cases, it is possible to remove probes from membranes after an image has been recorded
and to reprobe the membrane with different probes, the following are some of the problems associated with
this procedure.

0 Irreversible binding of the probe to the membrane. Probes become irreversibly bound when nitrocellu-
lose membranes and nylon membranes are allowed to dry for extended periods of time. If a given mem-
brane is to be hybridized with more than one probe, every effort should be made to ensure that the solid
support remains wet at all stages during hybridization, washing, and exposure to X-ray film or phosphor-
imager cassettes.

o Fragih'ly of membranes. Nylon membranes containing either genomic DNA or RNA can be stripped and
rehybridized five to ten times. Nitrocellulose membranes, however, are more fragile and generally do not
survive more than two or three cycles of hybridization and stripping.

o Leaching of nucleic acids from the membranes. A fraction of the DNA or RNA immobilized on the mem-
brane leaches away during each cycle of hybridization and stripping so that the strength of the signal
decreases progressively with each use. Nitrocellulose membranes are the worst offenders in this respect.

Method

Removal of a Hybridized Probe from a Nitrocellulose Membrane

1. Prepare elution buffer by heating several hundred milliliters of 0.05x SSC, 0.01 M EDTA (pH 8.0) to boiling.
Remove the fluid from the heat and add SDS to a final concentration of 0.1% (w/v).

2. Immerse the membrane in the hot elution buffer for 15 minutes. Rock or rotate the container during this
time period.

3. Repeat Step 2 with a fresh batch of boiling elution buffer.

A IMPORTANT Do not allow the membrane to dry when transferring it between batches of hot elution buffer.

4. Rinse the membrane briefly in 0.01 x SSC at room temperature. Blot most of the liquid from the membrane
by placing it on a pad of paper towels, sandwich the damp membrane between two sheets of Saran Wrap,
and apply it to X-ray film to check that all of the probe has been removed.

5. Dry the membrane, wrap loosely in aluminum foil or between sheets of blotting paper, and store at room
temperature — preferably under vacuum -— until needed. To rehybridize the membrane, place it in prehy-
bridization solution and continue with Step 2 of Protocol 10.

Removal of a Hybridized Probe from a Charged or Neutral Nylon Membrane
Most manufacturers of nylon membranes provide instructions describing how various types of probes may best
be stripped from their particular type of membrane. It is advisable to follow these instructions. Alternatively, treat
the hybridized membrane with one of the three stripping solutions described in the table below.

1. Prepare several hundred milliliters of one of the recipes for stripping solution given in the table below,
immerse the membrane, and treat as described to remove the probe and to wash the membrane.

 

Stripping solution Treatment Washing solution

1 M Tris-Cl (pH 8.0), 1 mM EDTA 2 hours at 75°C 0.1x SSPE at room temperature
(pH 8.0), 0.1x Denhardt’s reagent

50% formamide < t >, 2x SSPE 1 hour at 65°C 0.1x SSPE at room temperature

0.4 M NaOH <!> 30 minutes at 42°C 0.1x SSC, 0.1% SDS, 0.2 M Tris-Cl

(pH 7.6) for 30 minutes at 42°C

2. Blot most of the liquid from the membrane by placing it on a pad of paper towels, sandwich the damp
membrane between two sheets of Saran Wrap, and apply it to X—ray film to ensure that all of the probe has
been removed.

3. Dry the membrane, wrap loosely in aluminum foil or between sheets of blotting paper, and store at room
temperature — preferably under vacuum — until needed. To rehybridize the membrane, place it in prehy-
bridization solution and continue with Step 2 of Protocol 10.   
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ADDITIONAL PROTOCOL: HYBRIDIZATION AT [OW STRINGENCY

The detection of genes that are related but not identical in sequence to a particular probe can sometimes be
accomplished by hybridizing under conditions of reduced stringency. Success depends chiefly on (1 ) the degree
of sequence identity between the hybridization probe and the target and (2) the judicious choice of hybridiza-
tion conditions. Members of a gene famin from a single species or orthologous genes from different species
can almost always be isolated by Iow-stringency hybridization if they share 65% or greater sequence identity.
The identification of genes that share <65% identity requires skill in the art and sometimes luck. Genes in the
latter category are more frequently isolated by low-stringency PCR (see Chapter 8). The following hybridiza—
tion/washing conditions can be used to identify genes that share 2 65% sequence identity.

0 For Southern hybridization or screening of bacteriophage plaques and bacterial colonies: Set up
hybridization reactions in a buffer containing 30% (v/v) deionized formamide, 0.6 M NaCl, 0.04 M sodium

phosphate (pH 7.4), 2.5 mM EDTA (pH 8.0), 1% SDS, and radiolabeled denatured probe (1 x 105 to 2 x 106
cpm/ml of hybridization solution). Hybridize for 16 hours at 42°C.

0 For northem hybridizations: Hybridize in 50% deionized formamide, 0.25 M NaCl, 0.10 M sodium phos-
phate (pH 7.2), 2.5 mM EDTA (pH 8.0), 7°o SDS, and radiolabeled denatured probe (1 x 106 to 2 x 106
cpm/ml of hybridization solution). Hybridize for 16 hours at 42°C.

At the end of the hybridization reaction, wash the membranes twice with 2x SSC/0.1% SDS for 10 minutes
each at room temperature, followed by a wash for 1 hour at 55°C in 2x SSC/0.1% SDS. Use large volumes of
rinse and wash solutions; make sure that they are at the appropriate temperature before use. The identification
of genes that share <65% sequence is trickier but may be accomplished by using one or more of the follow-
ing approaches.

0 Use an RNAprobeprepared by in vitro transcription (please see Chapter 9, Protocol 6). The increased sta-
bility of RNA-DNA hybrids over DNA—DNA hybrids (Casey and Davidson 1977; Zuker et a]. 1985) can
sometimes make the difference between seeing a signal and not seeing a signal. However, RNA probes may
generate high backgrounds that are difficult to remove with Iow-stringency washes. The use of noncharged
nylon membranes may alleviate this problem.

0 Use a single-stranded DNAprobe prepared from a bacteriophage M13 template as described in Chapter
9, Protocol 4 or 5. Single—stranded DNA probes generate fewer background problems than RNA probes.

o Decrease the formamide concentration to 20% and hybridize at 34°C. Rinse and wash the hybridized
membranes as described above.

0 Include ”crowding agents" in the hybridization reaction. When included at appropriate concentrations,
these agents can stabilize nucleic acids against thermal denaturation and accelerate the renaturation of DNA
(for review, please see Zimmerman and Minton 1993). For a description of the effect of crowding agents on
denaturation of nucleic acids, please see VWeder and Wetmur (1981) and Sikorav and Church (1991). If
using DNA probes, add 10% dextran sulfate or 5% polyethylene glycol (PEG 8000) to the hybridization solu-
tions. These polymers accelerate the rate of hybridization about tenfold (Wahl et al. 1979; Renz and Kurz
1984; Amasino 1986; Kroczek 1993). Dextran sulfate or PEG 8000 can sometimes lead to high background,
and hybridization solutions containing them are always difficult to handle because of their viscosity Use
large volumes of rinse and wash solutions to overcome these problems.

0 Use a axnmem'al ”rapid hybridizabbn”solution (please see the information panels on RAPID HYBRIDIZA-
TION BUFFERS and CTAB) and wash the membranes according to the manufacturer’s instructions.   
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FORMAMIDE AND ITS USES lN MOLECUlAR CLONING

Formamide is used as an ionizing solvent in aqueous buffers. Many batches of high-grade formamide are

sufficiently pure to be used without further treatment. However, as a rule of thumb, if any yellow color is

present or if there is even the hint of a smell of ammonia, the formamide should be purified. A more rig-
orous test of purity is to measure conductivity, which rises as the formamide breaks down to ammonium

formate. The conductivity of pure formamide is 1.7 (Casey and Davidson 1977) and the conductivity ofa

10‘3 M solution of ammonium formate is ~650 pmho. The conductivity of formamide used in reannealing

experiments should be <2.0 timho.

Formamide can be deionized by stirring for 1 hour on a magnetic stirrer with a mixed bed ion-

cxchange resin (e.g., Dowex AG8, Bio—Rad AG 501-X8, 20—50 mesh or X8[DJ). The solution is then filtered

through Whatman #1 paper and stored in small aliquots at —200C, preferably under nitrogen. Each resin can

be reused several times. X8(D) contains an indicator that changes color when the resin is exhausted.

Formamide is used in hybridization reactions, to resolve complex compressions in sequencing gels, and

to denature DNA before electrophoresis as described below.

Resolving Compressions in Sequencing Gels

Including 25—500/0 (v/v) formamide in polyacrylamide sequencing gels destabilizes secondary structures in

DNA and resolves some types of compression caused by anomalous migration of DNA bands (Brown 1984;

Martin 1987). Gels containing formamide run slower and cooler than conventional polyacrylamide gels at

the same voltage. It is usually necessary to increase the voltage by ~10% to maintain temperature. Gels con—

taining formamide give fuzzier bands.

In addition to DNA sequencing, formamide is routinely included in gels used to analyze polymorphic

(CA) repeats in mammalian DNAs. In the presence of formamide, the smear Of bands that is generated dur-

ing polymerase chain reaction (PCR) amplification of alleles is resolved into a discrete family whose mem—

bers differ in size by 2 bp (Litt et al. 1993).

Denaturing RNA before Electrophoresis

Formamide (5096) is used to assist in denaturation of RNA before electrophoresis through denaturing

formaldehyde—agarose gels (Lehrach et al. 1977).

Hybridization Reactions

Bonner et al. (1967) were the first to use formamide as a solvent in hybridization reactions. At the end of

their brief paper, they wrote:

That formamidc should take the place of elevated temperature in the hybridization process

is to be expected. Aqueous solutions of formamide denature DNA as has been shown by

Helmkamp and Ts’o (1961) and Marmur and T’so (1961). The concentrations of for-

mamide required for DNA—RNA hybridization, 30—40 v01%, are well below the 60 vol%

found by Marmur and T’so to be required for denaturation of native DNA (in 0.02 M

NaCI—0.002 M sodium citrate).

What has now been found by serendipity is that hybridization as conducted in aqueous

formamide possesses distinct advantages over hybridization conducted at elevated temper-

atures. These advantages include increased retention of immobilized DNA by the nitrocel—

lulose filters and decreased nonspecific background absorption. These two factors combine

to result in an increased reproducibility of replicates with the hybridization procedure.

Hybridization in formamide solution at low temperature is helpful also in minimizing scis-

sion of nucleic acid molecules during prolonged periods of incubation.

In addition to these advantages, increased flexibility is introduced into the design of reaction condi-

tions for a given experiment. It is more convenient to control this stringency of hybridization with for—

mamide rather than through adjustment of the incubation temperature.
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HYBRIDIZATION IN BUFFERS CONTAINING FORMAMIDE

Depression of the melting temperature (Tm) of duplex DNA is a linear function of the formamide concentra-
tion (McConaughy et al. 1969; Casey and Davidson 1977). For DNAs whose G+C content is in the range of
30—75%, the Tm is depressed by 063°C for each percentage of formamide in the hybridization mixture. Thus,
the Trn of the hybrid formed between a probe and its target may be estimated from the following equation,
which is modified from Bolton and McCarthy (1962):

Tm = 815°C + 16.6 (|0g1O[Na+]) + 41 (mole fraction [G+C]) — 0‘63 (%formamide) — 500/n

where n is the length of the DNA in nucleotides. This equation applies to the reversible Tm defined by optical
measurement of hyperchromicity at ODZGO. The ”irreversible" Tm (Hamaguchi and Geiduschek 1962), which
is more important for autoradiographic detection of DNA hybrids, is usually 7—10°C higher than that predict-
ed by the equation. Similar equations have been derived for RNA probes hybridizing to immobilized RNA
(Bodkin and Knudson 1985):

Trn = 798°C + 18.5 (Iogm[Na+]) + 58.4 (mole fraction [G+C]) + 11.8 (mole fraction [G+C])2

— 0.35 (%formamide) — 820/n

and for DNArRNA hybrids (Casey and Davidson 1977):

Tm = 798°C + 18.5 (Iog10[Na+]) + 58.4 (mole fraction [G+C]) + 11.8 (mole fraction [G+C])2

— 0.50 (%formamide) — 820/n

Comparison of these equations shows that the relative stability of nucleic acid hybrids in high concentrations
of formamide decreases in the following order: RNA-RNA (most stable), RNA-DNA (less stable), and DNA-
DNA (least stable). In 80% formamide, the Tm of an RNA—DNA hybrid is ~10°C higher than a DNA-DNA hybrid
of equivalent base composition. It is therefore possible to find hybridization conditions that allow the forma-
tion of RNA-DNA hybrids and discourage the formation of DNA—DNA hybrids (Casey and Davidson 1977).
This ability to suppress reannealing of DNA was extremely useful when S1 mapping of RNA was carried out
with double-stranded DNA probes (Berk and Sharp 1977). However, the development of efficient methods to
prepare singIe-stranded probes now allows annealing of RNA to DNA to be carried out under standard
hybridization conditions without fear of competition from the complementary strand of DNA As a conse-
quence, the annealing conditions established by Casey and Davidson (1977) are today used only very rarely

. The rate of DNA-DNA hybridization in 80% formamide is slower than in aqueous solution (Casey and
Davidson 1977). Increasing the concentration of formamide decreases the rate of DNAzDNA renaturation
by 1.1% for every 1% increase in the concentration of formamide (Hutton 1977). Therefore, the optimal
rate in 50% formamide is 0.45 times the optimal rate in aqueous solution (Hutton 1977). In 80% for-
mamide, the rate of DNA-DNA hybridization is three- to fourfold slower than in aqueous solution (Casey
and Davidson 1977). This effect is a consequence of increased viscosity of the hybridization solution at the
temperatures used for renaturation.

. The breakdown of formamide that occurs during prolonged incubation at temperatures in excess of 37°C
can cause the pH of the hybridization buffer to drift upward (Casey and Davidson 1977). When formamide
is included in the hybridization buffer, 6x SSPE is preferred to 6x SSC because of its greater buffering power.   
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SPOOLING DNA (HISTORICAL FOOTNOTE)

Ethanol precipitation of biologically active nucleic acid predates molecular cloning by ~50 years. Lionel
Alloway, who worked at the Rockefeller Institute in the early 19303, used it as a method to concentrate
“transforming factor.” His project was to prepare active cell-free extracts of S—type Streptococcus pneumoni—
ue that would genetically transform R-type organisms in vitro. At that time, transformation had been
achieved only with intact, heat-killed donor cells. After many frustrating failures, Alloway (1932) reported
that he could get the substance responsible for transformation into solution by heating a freeze—thaw extract
of the S organisms to 60°C, removing particulate matter by centrifugation, and passing the solution through
a filter made of porous porcelain.

Alloway’s success at eliminating the need for heat-killed donor cells was a major step on the road that

was eventually to lead to the discovery of DNA as the transforming material (Avery et al. 1944). However,
not all of Alloway’s cell—free preparations worked, and, even when transformation was obtained, the effi-
ciency was very low. Alloway must have realized that these problems were caused in part by the dilute nature
of the extract, for he began to search for different ways to lyse the pneumococci and for different methods
to concentrate the transforming activity (Alloway 1933). Maclyn McCarty (1985) described Alloway’s dis-
covery of ethanol precipitation as follows:

Alloway then introduced another new procedure that became an indispensable part of all

work on the transforming substance from that time forward. He added pure alcohol in a

volume five times that of the extract which resulted in precipitation of most of the materi-

al that had been released from the pneumococci... .The precipitated material could be redis-

solved in salt solution and shown to contain the active substance in transformation tests.

Alcohol precipitation and resolution could be repeated at will without loss of activity.

Alloway describes the formation of “a thick stringy precipitate” that could be collected by stirring the
ethanolic solution with a spatula. Although Alloway was the first person to use spooling to recover high—
molecular—weight biologically active DNA, ethanol precipitation of shards of DNA had already been used
by several generations of organic chemists who were puzzling over the structure of the bases in DNA.
However, Alloway was the first to use ethanol precipitation to prepare material that could change the phef
notype of recipient cells. Final proof that the transforming factor was DNA still lay a dozen or more years
into the future. But Alloway could fairly claim to be the inventor of a technique that is now second nature
to us all.

 

RAPID HYBRIDIZATION BUFFERS

Several cationic detergents dramatically enhance the rate of hybridization of two complementary strands of
nucleic acid (Pontius and Berg 1991). These include dodecyltrimethylammonium bromide and
cetyltrimethylammonium bromide (DTAB and CTAB), which are variants of the quaternary amine tetra-
methylammonium bromide. The latter compound is used to stabilize duplexes formed between oligonu-
cleotide probes and target sequences (please see Chapter 10). At concentrations in the millimolar range,
DTAB and CTAB enhance the rate of renaturation of two complementary strands of DNA >10,000-fold.
The increase in hybridization rate is specific and occurs in the presence of as much as a 106-f0ld excess of
noncomplementary DNAs (please see the information panel on CTAB).

Several commercial manufacturers now sell rapid hybridization solutions that decrease the required
hybridization time from 16 hours to 1—2 hours. Although the chemical composition of these premade solu-
tions is a trade secret, it seems likely that some of them contain quaternary ammonium compounds, where—
as others contain volume excluders such as 100/0 dextran sulfate (Wahl et al. 1979; Renz and Kurz 1984;
Amasino 1986) or 5% PEG 35,000 (Kroczek 1993). Hybridization times can be reduced by a factor of five
or more if these rapid hybridization solutions are used instead of conventional hybridization buffers. In
addition, these hybridization accelerators improve the efficiency of hybridization when low concentrations
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of probe are used (~1 ng/ml). The rapid hybridization solution should be preheated to the correct

hybridization temperature before it is added [0 the membranes. Radiolabeled probes should be added to

preheated rapid hybridization solution before adding it to the membrane.

In our experience, rapid hybridization buffers work extremely well for Southern hybridization
However, when hybridization accelerators are used in northern hybridization, the background of hybridiza-

tion to ribosomal RNAs increases greatly — sometimes to levels that are unacceptable.

 

CTAB
 

Cetyltrimethylammonium bromide (CTAB) is a cationic detergent that has the useful property of precipi-

tating nucleic acids and acidic polysaccharides from solutions of low ionic strength. Under these conditions,

proteins and neutral polysaccharides remain in solution. In solutions of high ionic strength, CTAB forms

complexes with proteins and all but the most acidic polysaccharides, but will not precipitate nucleic acids

(Jones and Walker 1963). CTAB is therefore particularly useful for purification of DNAs from organisms

that produce large quantitiesof polysaccharides, e.g., plants (Murray and Thompson 1980) and certain

Gram~negative bacteria (including some strains of E. coli). CTAB is used in two types of basic precipitation

procedures:

. For preparation ofgenomic DNAs. The detergent is added to bacterial or cell lysates that have been

adjusted to high ionic strength (>0.7 M NaCl). After removing the CTAB/polysaccharide/protein com-
plexes by sequential extraction with chloroform and phenol, the genomic DNA is recovered from the
supernatant by precipitation with isopropanol or ethanol (Jones and Walker 1963; Wilson 198 7).

o For preparation ofphagemid, plasmid, and bacteriophage DNAs. CTAB is added to lysates of low
ionic strength. The precipitated DNAs are collected by centrifugation, dissolved in solutions of high

ionic strength, and purified by ethanol precipitation (e.g., please see Manfioletti and Schneider 1988;
Del Sal et al. 1989).

CTAB and other cationic detergents also have the remarkable property of enhancing the rate of renat-

uration of complementary DNA strands (Pontius and Berg 1991 )‘ At a concentration of 1 mM CTAB, renat-

uration rates can be as much as 10,000 times faster than those in water. This rate is ~2000 times faster than
that obtained in a 1 M solution of NaCl (i.e., ~6x SSC). The annealing reaction in the presence of CTAB is

second order with respect to DNA concentration, and the rates approach those with which two comple-

mentary strands collide in a solution. CTAB also stabilizes the double-stranded DNA helix once formed.

Annealing reactions remain rapid in the presence of as much as a IOG-fold excess of noncomplementary

DNAs. Although not widely publicized, it seems likely that CTAB or another cationic detergent is the active

ingredient in the numerous “rapid hybridization” solutions that are commercially available.

0 Most commercial preparations of CTAB are mixtures of trimethylammonium bromides with varying

lengths of aliphatic tails (please see Figure 6-4). About 80% of a typical preparation consists of the cety]
form (Mr = 364.48).

. Because CTAB precipitates in the cold, solutions containing the detergent should be stored at temper-
atures >15°C.

o CTAB is widely used as a topical antiseptic and is sold under the trade names of Savlon and Cetavlon.

CH3 CH3

\ /
N+ Br—

CHS C16H33 FIGURE 6-4 The Structure of CTAB
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A TYPICAL MAMMALIAN CELL CONTAINS ~10‘5 pg OF RNA, 80—85% of which is ribosomal RNA
(chiefly the 285, 185, 5.85, and SS species). Most of the remaining 15—200/0 consists of a variety of
low—molecular—weight species (e.g., transfer RNAs and small nuclear RNAs). These abundant
RNAs are of defined size and sequence and can be isolated in Virtually pure form by gel elec—
trophoresis, density gradient centrifugation, anion—exchange chromatography, or high—perfor-
mance liquid chromatography (HPLC). By contrast, messenger RNA, which makes up between
10/0 and 50/0 of the total cellular RNA, is heterogeneous in both size — from a few hundred bases
to many kilobases in length — and sequence. However, most eukaryotic mRNAs carry at their 3’
termini a tract of polyadenylic acid residues that is generally long enough to allow mRNAs to be
purified by affinity chromatography on oligo(dT)-cellulose. The resulting heterogeneous popu—
lation of molecules collectively encodes virtually all of the polypeptides synthesized by the cell.

Because ribose residues carry hydroxyl groups in both the 2’ and 3’ positions, RNA is chem—
ically much more reactive than DNA and is easy prey to cleavage by contaminating RNases ——
enzymes with various specificities that share the property of hydrolyzing diester bonds linking
phosphate and ribose residues. Because RNases are released from cells upon lysis and are present
on the skin, constant vigilance is required to prevent contamination of glassware and bench tops
and the generation of RNase in aerosols. The problem is compounded since there is no simple
method to inactivate RNases. Because of the presence of intrachain disulfide bonds, many RNases
are resistant to prolonged boiling and mild denaturants and are able to refold quickly when dena-
tured. Unlike many DNases, RNases do not require divalent cations for activity and thus cannot
be easily inactivated by the inclusion of ethylenediaminetetraacetic acid (EDTA) or other metal
ion chelators in buffer solutions. The best way to prevent problems with RNase is to avoid cont-
amination in the first place (please see the information panels on HOW TO WIN THE BATTLE
WITH RNASE, INHIBITORS OF RNASES, and DIETHYLPYROCARBONATE at the end Of this chapter).

This chapter is divided into two parts (please see Figure 7—1). The first series of protocols
(Protocols 1 through 6) is devoted to the isolation and purification of total RNA and, subse-
quently, of poly(A)+ RNA.

The second series of protocols (Protocols 7 through 12) deals with various approaches for
the analysis of purified RNA, in particular for assessing gene expression and/or gene structure.
Hybridization by northern transfer (Protocols 7 and 8) or by dot/slot blotting (Protocol 9) may
be used to determine the size and abundance of a particular species of RNA. Details of the fine
structure of a particular transcript may be assessed by SI mapping or ribonuclease protection
(Protocols 10 and 11). The use of either of these techniques allows the detection of the 5’ and 3'
ends of a particular mRNA, as well as the splice junctions, precursors, and processing intermedi~
ates of mRNA. Primer extension (Protocol 12) provides a measure of the amount of a particular
mRNA species and allows an exact determination of the 5' end of the mRNA.

 

Work is of two kinds: first, altering the position of matter at or near the earth’s surface relatively
to other such matter; second, telling other people to do so. The first is unpleasant and ill paid; the
second is pleasant and highly paid.

Bertrand Russell
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Protocol 1
 

Purification of RNA from Cells and
Tissues by Acid PhenoI—Guanidinium
Thiocyanate—Chloroform Extraction

7.4

THE KEY TO SUCCESSFUL PURIFICATION OF INTACT RNA from cells and tissues is speed. Cellular

RNases should be inactivated as quickly as possible at the very first stage in the extraction process.

Once the endogenous RNases have been destroyed, the immediate threat to the integrity of the

RNA is greatly reduced, and purification can proceed at a more graceful pace.

Because of the urgency, many methods for the isolation of intact RNA from cells use strong

denaturants such as guanidinium hydrochloride or guanidinium thiocyanate to disrupt cells, sol-

ubilize their components, and denature endogenous RNases simultaneously (please see the infor—

mation panel on GUANIDINIUM SALTS). The use of guanidinium isothiocyanate in RNA extrac-
tion, first mentioned briefly by Ullrich et al. (1977), was documented in papers published by Han

et al. (1987) and Chirgwin et al. (1979). The Han method is laborious as it involves solubilization

of RNA pellets in progressively smaller volumes of 5 M guanidine thiocyanate. In the Chirgwin

method, cultured cells or tissues are homogenized in 4 M guanidinium isothiocyanate, and the

lysate is layered onto a dense cushion of CsCl. Because the buoyant density of RNA in CsCl (1.8

g/ml) is much greater than that of other cellular components, rRNAs and mRNAs migrate to the

bottom of the tube during ultracentrifugation (Glisin et al. 1974). As long as the step gradients
are not overloaded, proteins remain in the guanidinium lysate while DNA floats on the CsCl
cushion. Because the Chirgwin method yields RNA of very high quality and purity and is not
labor—intensive, it became the standard technique during the early 19805 for isolation of unde-
graded high-molecular-weight RNA. However, the method has one weakness: It is unsuitable for
simultaneous processing of many samples. For this purpose, it has been almost completely dis-
placed by the single-step technique of Chomczynski and Sacchi (1987), in which the guanidini-
um thiocyanate homogenate is extracted with phenolzchloroform at reduced pH. Elimination of
the ultracentrifugation step allows many samples to be processed simultaneously and speedily at
modest cost and without sacrifice in yield or quality of RNA. For many investigators, the single-
step technique described in Protocol 1 remains the method of choice to isolate RNA from cul-
tured cells and most animal tissues.

There are two circumstances in which the single—step procedure is not recommended. First,
the procedure does not extract RNA efficiently from adipose tissues that are rich in triglycerides.
RNA is best prepared from these fatty sources by a modification of the method of Chirgwin et al.
(1979), described by Tavangar et al. (1990). Second, RNA prepared by guanidine lysis is some-



Protocol 1: Purification ofRNA from Cells and Tismcs 7.5

times contaminated to a significant extent by cellular polysaccharides and proteoglycans. These

contaminants are reported to prevent solubilization of RNA after precipitation with alcohols, to

inhibit reverse—transcriptase—poiymerase chain reactions (RT—PCRS), and to bind to membranes

during RNA blotting (Groppe and Morse 1993; Re et al. 1995; Schick and Eras 1995). If contam-

ination by proteoglycans and polysaccharides appears to be a problem, include an organic extrac-

tion step and change the conditions used to precipitate the RNA as described in Protocol 2.

The yield of total RNA depends on the tissue or cell source, but it is generally in the range

of 4~7 tig/mg of starting tissue or 5—10 ug/IO“ cells. The Azbn/AR0 ratio of the extracted RNA is

generally 1.8—2.0.

MATERIALS
 

A IMPORTANT Prepare all reagents used in this protocol with DEPC-treated Hzo (please see the infor-
mation panel on HOW TO WIN THE BATTLE WITH RNASE).

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Chloroform:isoamyl alcohol (49:7, v/v) <!>

Ethanol

Isopropano/
Liquid nitrogen <!>

Phenol < 1 >

Phosphate-buffered saline (PBS)
Required for cells grown in suspension and monolayers only.

Sodium acetate (2 M, pH 4.0)

Solution D (denaturing solution)
4 V1 guanidinium thiocyanate <!>
25 m\1 sodium citratC‘ZHJO

0.5% (w/v) sodium lauryi sarcosinate

0.1 M B~mcrcaptoethanol <!>

Dissolve 250 g ofguanidinium thiocyanate in 293 m1 of H20, 17.6 ml ot‘0.75 M sodium Cllr‘dtC (pH 7.0),

and 26.4 ml of 10% (w/v) sodium lauryl sarcosinate. Add a magnetic bar and stir the solution on a com-
bination heater-stirrer at 65°C until ali ingredients are dissolved. Store Solution 1) at mom temperature,
and acid 0.36 ml of 14.4 M stock B—mercaptoethanol per 50 ml of Solution D just before use. Solution 1)
may be stored for months at room temperature but is sensitive to light. Note that guanidinium will pre—

cipitate at low temperatures.

Table 7-1 presents the amounts of Solution D required to extract RNA from various sources.

A WARNING Solution D is very caustic. Wear appropriate gloves, a laboratory coat, and eye protec-
tion when preparing, handling, or working with the solution.

TABLE 7-1 Amounts of Solution D Required to Extract RNA from Cells and Tissues
 

 

AMOUNT OF TISSUE OR CELLS AMOUNT or SOLUTION D

100 mg of tissue 3 ml

175 flask of cells 3 ml

6()-1mn plate of cells 1 ml

90~mm plate of cells 2 ml
 

'l he ammunts ot Solution 1) recommended here are greater than those used by (Zhomuynski and Simhi (1987). Our experi—
ence and that tit other investigators (e.g., Luitlighari et al. 1993; Sparmann et ai. 1997) indicate that the technique 1\ more reprin—

dudhle and the yield of RNA is cunsistently higher when the amount of solution 1) 1\ increased to the values 41mm in the ilihle.
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Stabilized formamide (Optional) <!>
Stabilized formamide is used for the storage of RNA; please see the panel on STORAGE OF RNA fol-

lowing Step I 1.

Cells and Tissues

Cells or tissue samples for RNA isolation

Centrifuges and Rotors

Sorva/I 55-34 rotor or equivalent
Sorvall H1000 rotor or equivalent

Special Equipment

Cuvettes for measuring absorbance at 260 nm
The cuvettes should be either disposable UV—transparent methylacrylate or quartz. Before and after use,
soak quartz cuvettes in concentrated HClsmethanol (1:1, v/v) for at least 30 minutes and then wash them

extensively in sterile 1-120.

Homogenizer (e.g., Tissumizer from Tekmar—Dohrmann or Polytron from Brinkmann)

Mortar and pestle washed in DEPC-treated HZO, prechilled
Please see Chapter 6, Protocol 1.

Polypropylene snap-cap tube (e.g., Falcon)

Water bath preset to 65°C
Optional, please see Step 10.

METHOD

1. Prepare cells or tissue samples for isolation of RNA as appropriate for the material under

study.

FOR TISSUES

When working with tissues such as pancreas or gut that are rich in degradative enzymes, it is best

to cut the dissected tissue into small pieces (100 mg) and then drop the fragments immediately into
liquid nitrogen. Fragments of snap—frozen tissue can be transferred to 770°C for storage or used

immediately for extraction of RNA as described below. Tissues can be stored at —70°C for several
months without affecting the yield or integrity of the RNA.

Snap-freezing and pulverization is not always necessary. Tissues that are not as rich in RNases may

be rapidly minced into small pieces and transferred directly into polypropylene snap-cap tubes
containing the appropriate amount of Solution D (Step c) below.

a. Isolate the desired tissues by dissection and place them immediately in liquid nitrogen.

b. Transfer ~100 mg of the frozen tissue to a mortar containing liquid nitrogen and pulver—

ize the tissue using a pestle. The tissue can be kept frozen during pulverization by the

addition of liquid nitrogen.

c. Transfer the powdered tissue to a polypropylene snap-cap tube containing 3 ml of

Solution D.

d. Homogenize the tissue for 15—30 seconds at room temperature with a polytron homog-

enizer.

Instead of grinding in a mortar, frozen tissue may be placed inside a homemade bag of plas-
tic film and pulverized with a blunt instrument (e.g., a hammer) [Gramza et a]. 1995). Only

certain types of plastic film are tough enough to withstand hammering at low temperature
(e.g., Write—On Transparency Film from 3M).
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FOR MAMMAUAN CELLS GROWN IN SUSPENSION

a. Harvest the cells by centrifugation at 200—1900g {1000—3000 rpm in a Sorvall RT600

using the H1000 rotor) for 5—10 minutes at room temperature in a benchtop centrifuge.

b. Remove the medium by aspiration and resuspend the cell pellets in 1~2 ml of sterile ice-

cold PBS.

c. Harvest the cells by centrifugation, remove the PBS completely by aspiration, and add 2

ml of Solution D per 10“ cells.

d. Homogenize the cells with a polytron homogenizer for 1550 seconds at room tempera»

ture.

FOR MAMMALIAN CELLS GROWN IN MONOLAYERS

21. Remove the medium and rinse the cells once with 5—10 ml of sterile ice—cold PBS.

b. Remove PBS and lyse the cells in 2 m1 of Solution D per 90—mm culture dish (1 ml per 60

mm dish).

C. Transfer the cell lysates to a polypropylene snap-cap tube.

d. Homogenize the lysates with a polytron homogenizer for 15—30 seconds at room tem—
perature.

' . Transfer the homogenate to a fresh polypropylene tube and sequentially add 0.1 ml of 2 M
sodium acetate (pH 4.0), 1 m1 of phenol, and 0.2 m1 of chloroform—isoamyl alcohol per mil—

liliter of Solution D. After addition of each reagent, cap the tube and mix the contents thor—

oughly by inversion.

. Vortex the homogenate vigorously for 10 seconds. Incubate the tube for 15 minutes on ice to

permit complete dissociation of nucleoprotein complexes.

. Centrifuge the tube at 10,000g (9000 rpm in a Sorvall 85—34 rotor) for 20 minutes at 4°C, and
then transfer the upper aqueous phase containing the extracted RNA to a fresh tube.

To mimmize contamination by DNA trapped at the interface, avoid taking the lowest part ot‘the
aqueous phase.

1 . Add an equal volume of isopropanol to the extracted RNA. Mix the solution well and allow
the RNA to precipitate for 1 hour or more at —20°C.

. Collect the precipitated RNA by centrifugation at 10,000g (9000 rpm in a Sorvall 85-34 rotor)
for 30 minutes at 4°C.

. Carefully decant the isopropanol and dissolve the RNA pellet in 0.3 ml of Solution 1) for
every 1 m1 of this solution used in Step 1.

A IMPORTANT Pellets are easily lost. Decant the supernatant into a fresh tube. Do not discard it
until the pellet has been checked.

. Transfer the solution to a microfuge tube, vortex it well, and precipitate the RNA with 1 vol—
ume of isopropanol for 1 hour or more at —20“C.

It‘degmdation of RNA turns out to be a problem (e.g., when isolating RNA from cells or [issues
known to contain large amounts of RNase, such as macrophages, pancreas, and small intestine),
repeat Steps 7 and 8 once more.
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9. Collect the precipitated RNA by centrifugation at maximum speed for 10 minutes at 4°C in

a microfuge. Wash the pellet twice with 75% ethanol, centrifuge again, and remove any

remaining ethanol with a disposable pipette tip. Store the open tube on the bench for a few

minutes to allow the ethanol to evaporate. Do not allow the pellet to dry completely.

10. Add 50—100 “1 of DEPC-treated HZO. Store the RNA solution at —70°C.

Addition of SDS to 0.5% followed by heating to 65°C may assist dissolution of the pellet.

1 1 . Estimate the concentration of the RNA by measuring the absorbance at 260 nm of an aliquot

of the final preparation, as described in Appendix 8.

Purified RNA is not immune to degradation by RNase after resuspension in the 0.5% SDS solu—

tion. Some investigators therefore prefer to dissolve the pellet of RNA in 50—100 pl of stabilized for—
mamide and store the solution at —20°C (Chomczynski 1992). RNA can be recovered from for-

mamide by precipitation with 4 volumes of ethanol. For further details, please see the panel on
STORAGE OF RNA.

SDS should be removed by chloroform extraction and ethanol precipitation before enzymatic
treatment of the RNA (e.g., primer extension, reverse transcription, and in vitro translation). The
redissolved RNA can then be used for mRNA purification by oligo(dT)-cellulose chromatography
(Protocol 3) or analyzed by standard techniques such as blot hybridization (Protocols 7 and 8) or
mapping (Protocols 10, 11, and 12).

RNA prepared from tissues is generally not contaminated to a significant extent with DNA.
However, RNA prepared from cell lines undergoing spontaneous or induced apoptosis is often con—

taminated with fragments of degraded genomic DNA. RNA prepared from transfected cells is
almost always contaminated by fragments of the DNA used for transfection. Some investigators
therefore treat the final RNA preparation with RNase—free DNase (Grillo and Margolis 1990;
Simms et al. 1993).Altemative1y, fragments of DNA may be removed by preparing poly(A)+ RNA

by oligo(dT) chromatography.

 

STORAGE OF RNA

After precipitation with ethanol, store the RNA as follows:

0 Dissolve the precipitate in deionized formamide and store at —20°C (Chomczynski 1992).
Formamide provides a chemically stable environment that also protects RNA against degradation by
RNases. Purified, saIt-free RNA dissolves quickly in formamide up to a concentration of 4 mg/ml. At
such concentrations, samples of the RNA can be analyzed directly by gel electrophoresis, RT-PCR, or
RNase protection, saving time and avoiding potential degradation. If necessary, RNA can be recovered
from formamide by precipitation with 4 volumes of ethanol as described by Chomczynski (1992) or
by diluting the formamide fourfold with 0.2 M NaCI and then adding the conventional 2 volumes of
ethanol (Nadin-Davis and Mezl 1982).

- Dissolve the precipitate in an aqueous bufi‘er and store at 430°C. Buffers commonly used for this
purpose include SDS (0.1—0.5%) in TE (pH 7.6) or in DEPC-treated HZO containing 0.1 mM EDTA (pH
7.5). The SDS should be removed by chloroform extraction and ethanol precipitation before enzy-
matic treatment of the RNA (e.g., primer extension, reverse transcription, and in vitro translation).

0 Store the precipitate of RNA as a suspension at —20°C in ethanol. Samples of the RNA can be
removed, as needed, with an automatic pipetting device. However, because precipitates of RNA are
lumpy and sticky, and partly because of losses onto the surfaces of disposable pipette tips, the recov-
ery of RNA is inconsistent.    
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A SingIe-step Method for the Simultaneous
Preparation of DNA, RNA, and Protein from

Cells and Tissues

MATERIALS

THE FOLLOWING PROTOCOL (CHOMCZYNSKI 1993), a variation on the single—step method

described in Protocol 1, allows the simultaneous recovery of RNA, DNA, and protein from an

aliquot of tissue or cells. Like its predecessor (Chomczynski and Sacchi 1987), this method

involves lysis of cells with a monophasic solution of guanidine isothiocyanate and phenol.

Addition of chloroform generates a second (organic) phase into which DNA and proteins are

extracted, leaving RNA in the aqueous supernatant. The DNA and proteins can be isolated from

the organic phase by sequential precipitation with ethanol and isopropanol, respectively. The

DNA recovered from the organic phase is ~20 kb in size and is a suitable template for PCRs. The

proteins, however, remain denatured as a consequence of their exposure to guanidine and are

used chiefly for immunoblotting. The RNA precipitated from the aqueous phase with iso-

propanol can be further purified by chromatography on oligo(dT)—cellulose columns and/or used

for northern blot hybridization, reverse transcription, or RT-PCRs.

The yield of total RNA depends on the tissue or cell source, but it is generally 4—7 pg/mg

starting tissue or 5—10 pg/IO“ cells. The Azw/Azso ratio of the extracted RNA is generally I.8—2.0.

 

A IMPORTANT Prepare all reagents used in this protocol with DEPC-treated HzO (please see the infor~
mation pane| on HOW TO WIN THE BATTLE WITH RNASE).

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.

Dilute stock solutions to the appropriate concentrations.

Chloroform <!>

Ethanol

lsopropano/
Liquid nitrogen <!>

7.9
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Table 7-2 Monophasic Lysis Reagents
 

 

REAGENT COMMERCIAL SUPPLIER

Trizol Reagent Life Technologies

TRI Reagent Molecular Research Center

lsogen Nippon Gene, Toyama, Japan

RNA—Stat—60 Tel—Test
 

When using commercial reagents for the simultaneous isolation of RNA, DNA, and proteim we recommend following the mnn~

ufacturer's instructions. In most cases, these differ little from the generic instructions given below. However, note that the mod»
ifimtinns of the technique described m this protocol reduce the level of contamination of the RNA by DNA, polysaccharides,

and protcoglycans. At the time of writing, not all of the manufacturer’s instructions contained these modifications.

Monophasic Iysis reagent
The composition of the monophasic lysis reagent used for the simultaneous isolation of RNA, DNA, and

proteins has not been published. However, a large number of commercial reagents, with a variety of
names, are available (please see Table 7-2). These reagents are all monophasic solutions containing phe—

nol, guanidine, or ammonium thiocyanate and solubilizing agents.

Phosphate-buffered saline (PBS), ice-cold
Required for cells grown in suspension and monolayers only.

RNA precipitation solution
1.2 M NaCl

0.8 M disodium citrate'ISHZO

No adjustment of pH is required.

Sodium acetate (3 M, pH 5.2)

Cells and Tissues

Source cells/tissue

Centrifuges and Rotors

Sorva/I H7000 rotor or equivalent

Sorvall 55-34 rotor or equivalent

Special Equipment

Cuvettes for measuring absorbance at 260 nm
The cuvettes should be either disposable UV—transparent methylacrylate or quartz. Before and after use,
soak quartz cuvettes in concentrated HClzmethanol (1:1, v/v) for at least 30 minutes and then wash
extensively in sterile HZO.

Homogenizer (e.g., Tissumizer from Tekmar-Dohrmann or Polytron from Brinkmann)
Mortar and pestle washed in DEPC—treated HZO, prechilled

Please see Chapter 6, Protocol 1‘

Polypropylene snap-cap tube (e.g., Falcon)

Water bath, preset to 65°C
Optional, please see Step 7.

METHOD
 

1. Prepare cells or tissue samples for isolation of RNA.

FOR TISSUES

When working with tissues such as pancreas or gut that are rich in degradative enzymes, it is best
to cut the dlssected tissue into small pieces (100 mg) and then drop the fragments immediately into
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liquid nitrogen. Fragments of snap—frozen tissue can be transferred to —70“(Z for storage or used
immediately for extraction of RNA as deucribed below. Tissues can be stored at f7()“(2 tor several
months without affecting the yield or integrity of the RNA.

Snupfh'eczing and pulverization are not always necessary. Tissues that are not as rich in RNascs
may be rapidly minced into small pieces and transferred directly into polypropylene sitap-cdp
tubes containing the appropriate amount of Solution D [Step c) below.

a. Isolate the desired tissues by dissection and place them immediately in liquid nitrogen.

b. hamster ~100 mg of the frozen tissue to a mortar containing liquid nitrogen and pulver—
ize the tissue using a pestle. The tissue can be kept frozen during pulverization by the
addition of liquid nitrogen.

C. Transfer the powdered tissue to a polypropylene snap—cap tube containing 1 ml of ice-
cold monophasic lysis reagent.

d. Homogenize the tissue with a polytron homogenizer for 15—30 seconds at room temper—
ature.

Instead otgrinding in a mortar, frozen tissue may be placed inside a homemade bag of plas—
IIC film and pulverized with a blunt instrument (e.g., a hammer) (Gramza et (11. 1995). Only
(ertain types of plastic film are tough enough to withstand hammering at low temperature
(e.g., Write—On Transparency Film from 3M).

FOR MAMMALIAN CELLS GROWN IN SUSPENSION

a. Harvest the cells by centrifugation at 200—1900g (1000—3000 rpm in a Sorvall H1000
rotor) for 5—10 minutes at room temperature in a benchtop centrifuge.

b. Remove the medium by aspiration and resuspend the cell pellets in 1—2 ml of sterile ice-
cold PBS.

c. Harvest the cells by centrifugation, remove the PBS completely by aspiration, and add 1
ml ofmonophasic lysis reagent per 10" cells.

d. Homogenize the cells with a polytron homogenizer for 15—50 seconds at room temperature.

FOR MAMMALIAN CELLS GROWN IN MONOLAYERS

a. Remove the medium and rinse the cells once with 5—10 ml of sterile ice-cold PBS.

b. Remove PBS and lyse the cells in 1 ml of monophasic lysis reagent per 90-mm culture
dish (0.7 ml per 60—mm dish).

C. Transfer the cell lysates to a polypropylene snap-cap tube.

d. Homogenize the lysates with a polytron homogenizer for 15—30 seconds at room tem—
perature.

2. Incubate the homogenates for 5 minutes at room temperature to permit complete dissocia—
tion of nucleoprotein complexes.

3. Add 0.2 ml of chloroform per milliliter of monophasic lysis reagent. Mix the samples by vig—
orous shaking or vortexing.

4. Separate the mixture into two phases by centrifuging at 12,000 rpm (10,0004: in a Sorvall SS-
34 rotor) for 15 minutes at 40C. Transfer the upper aqueous phase to a fresh tube.

DNA and protein are extracted into the organic phase, leaving RNA in the aqueous phase. DNA
and protein may be recovered from the organic phase by sequential precipitation \\ ith ethanol and
isopropmol.
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5. Precipitate the RNA from the aqueous phase: For each initial milliliter of monophasic lysis
reagent, add 0.25 volume of isopropanol and 0.25 volume of RNA precipitation solution.

After thorough mixing, store the final solution for 10 minutes at room temperature.

The original protocols describing monophasic lysis reagents (Chomczynski 1993; Simms et a1.

1993) suggested using 0.5 volume of isopropanol to precipitate RNA from the aqueous phase.
However, this step has been modified in the light of the discovery (Schick and Eras 1995) that
guanidine-based extraction methods generate RNA preparations that are contaminated to a sig-
niticant extent by polysaccharides and proteoglycans. These contaminants are reported to prevent
solubilization of RNA after precipitation with alcohols, to inhibit RT—PCRS, and to bind to mem-
branes during northern blotting (Groppe and Morse 1993; Re et al. 1995; Schick and Eras 1995).
Changing the conditions used to precipitate RNA from the aqueous phase (Chomczynski and
Mackey 1995), as described in Step 5, greatly reduces the level of contamination with proteogly-
cans and polysaccharides and eliminates most of the problems mentioned above.

6. Collect the precipitated RNA by centrifugation at maximum speed for 10 minutes at 4°C in
a microfuge. Wash the pellet twice with 75% ethanol, and centrifuge again. Remove any

remaining ethanol with a disposable pipette tip. Store the open tube on the bench for a few

minutes to allow the ethanol to evaporate. Do not allow pellet to dry completely.

7. Add 50-100 pl of DEPC—treated HZO. Store the RNA solution at —70°C.

Addition of SDS to 0.5% followed by heating to 65°C may assist dissolution of the pellet.

8. Estimate the concentration of the RNA as described in Appendix 8.

Purified RNA is not immune to degradation by RNase after resuspension in the 0.5% SDS solu-
tion. Some investigators therefore prefer to dissolve the pellet of RNA in 50-100 pl of stabilized for-
mamide and store the solution at —20°C (Chomczynski 1992). RNA can be recovered from for-

mamide by precipitation with 4 volumes of ethanol. For further details, please see the panel on
STORAGE OF RNA in Protocol 1.

SDS should be removed by chloroform extraction and standard ethanol precipitation before enzy—
matic treatment of the RNA (e.g., primer extension, reverse transcription, and in vitro translation).
The redissolved RNA can then be used for mRNA purification by olig0(dT)—cellulose chromatog—
raphy (Protocol 3), or analyzed by standard techniques such as blot hybridization (Protocols 7 and
8) or mapping (Protocols 10, 11, and 12).

RNA prepared from tissues is generally not contaminated to a significant extent with DNA.
However, RNA prepared from cell lines undergoing spontaneous or induced apoptosis is often con—
taminated with fragments of degraded genomic DNA. RNA prepared from transfected cells is
almost always contaminated by fragments of the DNA used for transfection. Some investigators
therefore treat the final RNA preparation with RNase—free DNase (Grillo and Margolis 1990;
Simms et al. 1993). Alternatively, fragments of DNA may be removed by preparing poly(A)+ RNA
by oligo(dT) chromatography.

 

 



Protocol 3

Selection of Pon(A)+ RNA by
OIigo(dT)-Ce|lulose Chromatography

 

B Y CONTRAST TO rRNA, SS RNA, 5.85 RNA, AND tRNA, most eukaryotic mRNAs carry tracts of

poly(A) at their 3” termini. mRNAs can therefore be separated from the bulk of cellular RNA by

affinity chromatography on oligo(dT)—cellulose (Edmonds et al. 1971; Aviv and Leder 1972). The

method takes advantage of the ability of poly(A) tails on the mRNAs to form stable RNA—DNA

hybrids with short chains of oligo(dT) (generally 18—30 nucleotides in length) linked to a sup-

porting cellulose matrix (please see the panel on OLIGO(dT) CELLULOSE on the following page).

Because only a few dT—A base pairs are formed, high salt must be added to the initial chromatog—

raphy buffer to stabilize the nucleic acid duplexes. After nonpolyadenylated RNAs have been

washed from the matrix, a low—salt buffer is used to destabilize the double—stranded structures

and to elute the poly(A)+ RNAs from the resin.

Poly(A)+ RNA can be selected by chromatography on oligo(dT) columns (this protocol) or

by batch elution (Protocol 4). Column chromatography is the preferred method for purification

of large quantities (>25 pg) of nonradioactive poly(A)+ RNA extracted from mammalian cells.

For simultaneous processing of many samples of mammalian RNA, whether radioactive or not,

batch elution is the better choice because fewer fractions are collected, which speeds up the

process; and because a finer grade of oligo(dT)-cellulose (type III) can be used, which increases

the efficiency of binding and elution of RNA. In general, between 1% and lOO/o of the total RNA

applied to an olig0(dT) column is recovered as poly(A)+ RNA. However, it is very difficult to

remove all of the nonpolyadenylated RNA species completely, even after five to six cycles of affin—

ity chromatography.

Oligo(dT)-cellulose chromatography represents an essential step when preparing mRNA to

be used as a template for construction of cDNA libraries. In addition, poly(A)+ RNA usually

yields better results than total RNA when analyzed by blot hybridization, PCR, or nuclease SI and

RNase protection assays. This improvement is attributable to the 10—30—fold purification of

mRNA obtained by chromatography on oligo(dT)-cellulose.

7.13  
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OLIGO(dT)-CELLULOSE

OIigo(dT) continues to be heavily exploited as an affinity ligand to isolate and purify poiy(A)' mRNA, essen-
tially as described by Aviv and Leder (1972) and Nakazato and Edmonds (1972). For this purpose, thymidylate
oligomers 12—1 8 residues in length are covalently attached to a solid matrix (usually cellulose). The standard
method of synthesis of the oligomers, pioneered by Gilham (1964, 1971), involves polymerization of thymi-
dine monophosphate in the presence of a carbodiimide. Cellulose is then added, to which the oligothymidy-
late molecules become attached by reaction between their S-phosphoryl groups and the hydroxyl groups of
cellulose. Gilham (1964) used 0Iigo(dT)-ce|lulose columns chiefly to explore affinity chromatography of
polynucleotides, showing that various oligomers of adenylic acid could be eluted from an oligo(dT)-cellulose
column in a temperature-dependent fashion. For isolation of mRNA, however, it is more convenient to exploit
the salt dependence of the hybridization reaction, as described in this protocol.

OIigo(dT)-ce|lu|oses are sold by a number of commercial suppliers in a variety of grades that differ in puri-
ty, flow rate, and binding capacity. As much as 10 mg of total cellular RNA can be applied to a 1-ml column of
packed oligo(dT), which can bind at least 500 pg of poly(A)Jr RNA. Other supports for 0|igo(dT) that have been
used from time to time include silicas, controlled pore-glass, latex, polystyrene, and paramagnetic beads
(which can be recovered by a magnet) (for reviews; please see Homes and Korsnes 1990; Jarret 1993). These
rigid supports, although more expensive, can give better performance and are therefore used chiefly for more
stringent tasks such as construction of subtractive cDNA libraries, solid-phase synthesis of CDNA (e.g., please
see Kuribayashi-Ohta et al. 1993; Eberwine 1996), and capture of specific mRNAs by sandwich hybridization
(e.g., please see Hunsaker et al. 1989; Morrissey et al. 1989; Hara et al. 1993).   
 

MATERIALS
 

A IMPORTANT Prepare all reagents used in this protocol with DEPC~treated HZO (please see the infor-
mation panel on HOW TO WIN THE BATTLE WITH RNASE).

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

2x Column-loading buffer
40 mM Tris—Cl (pH 7.6)

1 mM NaCl

2 mM EDTA(p1-1 8.0)
0.2% (w/v) sodium lauryl sarcosinate

Prepare as described below.

Make up Tris—Cl (pH 76) from a fresh bottle in autoclaved, DEPC—trcatcd H,O. Prepare M10 and EDTA
in 0.1% DEPC < ! > in 1-120. Store for at least 12 hours at 37°C and autoclave the mixture for 15 min-
utes at 15 psi (1.05 kg/cmz) on liquid cycle (please see the information panels on HOW TO WIN THE
BATTLE WITH RNASE and DIETHYLPYROCARBONATE). To prepare sterile column-loading buffer,
mix appropriate amounts of RNase~free stock solutions of Tris—Cl (pH 7.6), NaCl, and EDTA (pH 8.0)
in an RNase-free container. Allow the solution to cool to ~65°C, and then add sodium lauryl sarcosinate
from a 10% stock solution that has been heated to 65°C for 30 minutes.

Alternatively, substitute 0.05 M sodium citrate for Tris—Cl, and treat the sodium citrate/NaCl/EDTA mix—
ture and sodium lauryl sarcosinate with DEPC (please see Protocol 1). Store column-loading buffer at
room temperature.

Elution buffer
10 mM Tris—Cl (pH 7.6)

1 mM EDTA (pH 8.0)
0.05% SDS

The stock solutions of Tris-Cl and EDTA used to make elution buffer should be freshly autoclaved (15
minutes at 15 psi [1.05 kg/cnfl on liquid cycle) and then diluted with the appropriate amount ofster-
ile DEPC—treated HZO. Then add the SDS from a concentrated stock solution (10% or 20%) made in
sterile DEPC—treated HZO.

A IMPORTANT Do not attempt to sterilize elution buffer by autoclaving as it froths excessively.  
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Ethanol

NaCl (5 M), RNase-free

NaOH (70 N) <!>

Dilute working solution from 1() N stock with sterile DEPC—treated HA).

Sodium acetate (3 M, pH 5.2)

Nucleic Acids and OIigonucIeotides

RNA/ total

Prepared as described in Protocol 1 or 2 of this chapter.

Centrifuges and Rotors

Sorvall 55-34 rotor or equivalent

Special Equipment

Cuvettes for measuring absorbance at 260 nm
Use disposable UV—transparent methacrylate cuvettes or standard quartz cuvettes. Before and after LlsC,
soak quartz cuvettes in concentrated HClzmethanol (1:1, v/v) for at least 30 minutes and then wash
extensively in sterile HJO.

Dispoco/umn (Bio-Rad) or a Pasteur pipette plugged with sterile glass wool
The Dispocolumn should be treated with DEPC (please see the information panel on DIETHYLPYRO-
CARBONATE). The plugged Pasteur pipette should be sterilized by baking for 4 hours at 30000

Equipment for storage Of RNA
Please see the panel on STORAGE OF RNA 111 Protocol 1.

Oligo(dT)—ce/lu/ose
This resin is usual1y purchased cmnmercially as a dried powder. Use d high grade of resin, such As Type
V1] olig()(d'1')—cellulose from Pharmacia.

Some protocols call for the use of poly(U)-Scphadex rather than oligotd’I')7ccllulosc. Although both
resins give excellent results, 01igo(dT)—ce11ulose is preferred because of its durability. However, polyt U)-
Scphadex has a faster flow rate, which is a comenience when large volumes are to be passed through the
column.

(Iblumns of oligo(dT)—ce11ulose can be stored at 4°C and reused many times. Between uses, rcgcncmtc
the column by sequential washing with NaOH, H10, and column—Ioading butter as described in Steps 1,

2, and 3 below. Spun columns (please see Appendix 8) containing oligo(dT)—cellulose are available from
several commercial manufacturers.

pH Paper (pH Test Strips, Sigma)

Water bath preset to 65°C

METHOD

Set Up and Load the Column

1. Suspend 0.5—1.0 g of 01ig0(d’1’)—cellulose in 0.1 N NaOH.

2. Pour a column of 01ig0(dT)-ce11ulose (0.5—1.0-m1 packed volume) in a DEPC—treated
Dispocolumn (or a Pasteur pipette, plugged with sterile glass wool and sterilized by baking
for 4 hours at 300°C). Wash the column with 3 column volumes ofsterile DEPC—treated HZO.

Keep in mind that up to 10 mg of total RNA tan be loaded onto 1 ml of packed bligmd'l‘hccllw
10561 If smaller quantities of total RNA are used, the amount of oligo(d'l‘)7ce1lulotse should be
reduced accordingly to avoid loss of poly(A )* RNA both on the column and during the subsequent
steps.

3. Wash the column with sterile 1x column—loading buffer (dilute from 2x stock using sterile
DEPC-treated HZO) until the pH ofthe effluent is <8.0. Use pH paper for this measurement.
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4. Dissolve the RNA in double-distilled, autoclaved H20, and heat the solution to 65°C for 5

minutes. Cool the solution to room temperature quickly, and add 1 volume of 2x column—

loading buffer.

Heating the RNA disrupts regions of secondary structure that might involve the poly(A) tail. For
RNAs that contain large amounts of secondary structure, the inclusion of dimethylsulfoxide
(DMSO) at 10% (v/v) in the column—loading buffer may improve retention and subsequent recov—
erv.

The sodium salt of lauryl sarcosine is relatively insoluble and may therefore impede the flow of the
column if the room temperature is less than 18°C. This problem can be avoided by using LiCl
instead of NaCl in the column-loading buffer.

Recovering P0Iy(A)Jr RNA from the Column

5. Apply the solution of RNA to the column, and immediately begin to collect in a sterile tube

the material flowing through the column. When all of the RNA solution has entered the col—
umn, wash the column with 1 column volume of 1x column—loading buffer while continuing
to collect the flow—through.

When all the liquid has emerged from the column, heat the collected flow—through to 65°C

for 5 minutes and reapply it to the top of the column. Again collect the material flowing

through the column.

Unlike many chromatography resins, oligo(dT)—cellulose neither swells when hydrated nor cracks
when dry. There is no need to maintain a flow of liquid through the column or to keep the matrix
damp.

Wash the column with 5—10 column volumes of 1x column—loading buffer, collecting 1-m1

fractions into sterile plastic tubes (e.g., microfuge tubes).

In some protocols, the column is washed with 5 column volumes of 1X column—loading buffer con-
taining 0.1 M NaCl after Step 7. However, very little or no nonpolyadenylated RNA elutes from the
column during this wash, which can therefore be omitted.

Use quartz or disposable methacrylate cuvettes to measure the absorbance at 260 nm of a

1:20 dilution of each fraction collected from the column using 1x column—loading buffer as

a blank.

A solution containing 38 ttg/ml RNA will give an absorbance reading of 1.0 at 260 nm and a read—
ing of 0.4—0.5 at 280 nm. Initially, the OD260 will be very high as the nonpolyadenylated RNA pass—
es through the column. The later fractions should have very little or no absorbance at 260 nm.

Precipitate the fractions containing a majority of the OD260 material by the addition of 2.5
volumes of ethanol.

This so-called poly(AT RNA is a useful control in subsequent experiments.

Eluting P0|y(A)+ RNA from the Column

10.

11.

Elute the poly(A)+ RNA from the olig0(dT)-cellulose with 2—3 column volumes of sterile,

RNase—free elution buffer. Collect fractions equivalent in size to 1/3 to 1/2 of the column vol—

ume.

Use quartz or disposable methacrylate cuvettes to measure the absorbance at 260 nm of each

fraction collected from the column. Pool the fractions containing the eluted RNA.
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Further Purification of the RNA (Optional)

The material obtained after a single round of chromatography on oligo(dT)-cellulose usually

contains approximately equal amounts of polyadenylated and nonpalyadenylated species of

RNA. I’olyadenylated RNA may be further purified as described in the following steps.

12.

13.

14.

15.

16.

To purify poly(A)+ RNA further, heat the preparation of RNA to 65°C for 3 minutes and then

cool it quickly to room temperature. Adjust the concentration of NaCl in the eluted RNA to

0.5 M using 5 M NaCl and carry out a second round of chromatography on the same column

of oligo(dT)—ce]lulose (i.e., repeat Steps 3 and 5—11).

T0 the poly(A)’ RNA eluted from the second round of 0]ig0(dT)-Cellulose chromatography,

add 3 M sodium acetate (pH 5.2) to a final concentration of 0.3 M. Mix well. Add 2.5 volumes

of ice-cold ethanol, mix, and store the solution for at least 30 minutes on ice.

Recover the poly(AV RNA by centrifugation at 10,0003I (9000 rpm in a Sorval] 88—34 rotor)

for 15 minutes at 4°C. Carefully discard the supernatant, and wash the pellet (which is often

invisible) with 70% ethanol. Recentrifuge briefly, remove the supernatant by aspiration, and

store the open tube in an inverted position for a few minutes to allow most of the residual

ethanol to evaporate. Do not allow the pellet to dry.

Redissolve the clamp pellet of RNA in a small volume of sterile, DEPC-treated HZO. Use

quartz or disposable methacrylate cuvettes to measure the absorbance at 260 nm of each frac—

tion collected from the column. Pool the fractions that contain RNA.

Assume that the amount of poly(AY RNA recovered is equal to 5—10% of the starting total RNA
and read the absorbance on an appropriate dilution of the resuspended RNA.

A solution with an OD ofl contains ~38 pg of RNA/ml.
160

Store the preparation of poly(A)+ RNA as described in the panel on STORAGE OF RNA in

Protocol 1.

 



Protocol 4

Selection of Pon(A)+ RNA by

Batch Chromatography

 

WHEN MANY RNA SAMPLES ARE TO BE PROCESSED or when working with small amounts (<5O

pg) of total mammalian RNA, the technique of choice is batch chromatography on oligo(dT)-cel—

lulose. The method is carried out with a fine grade of olig0(dT)-cellulose at optimal temperatures

for binding and elution. Many methods for purification of poly(A)+ RNAs by batch chromatog-

raphy have been published over the years. The technique described below is a modification of the

method of Celano et al. (1993). For additional methods, please see the panel on ADDITIONAL

METHODS TO SELECT POLY(A)+ RNA following Step 15.

MATERIALS

A IMPORTANT Prepare aII reagents used in this protocol with DEPC-treated HZO (please see the infor-
mation panel on HOW TO WIN THE BATTLE WITH RNASE).

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions
Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Absorption/washing buffer
This buffer is TES containing 0.5 M NaCI.

Ammonium acetate (70 M) <!>

Ethanol

Ice-cold water

NaCl (5 M)
TES

Nucleic Acids and Oligonucleotides

RNA, total

Prepared as described in Protocol 1 or 2 of this chapter.

Special Equipment

Cuvettes for measuring absorbance at 260 nm
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Use disposable UVetmnsparem methacrylate cuvettes or standard quartz cuvcltes. Before and after use,
soak quartz cuyettes in concentrated HCl:methanol 01:1, v/v) for at least 30 minutes and then wash

extensively m sterile HEO.

Microfuge fitted With speed control
Oligo(dT) m 3“ cellulose

Use Type III cellulose (binding capacity 100 Ol);b(,/g) equilibrated in absorption/washing buffer and sus-

pended in the same buffer at a concentration of 100 mg/ml. For details, please see Protocol 3, Steps 1
through 3.

Rotating wheel

Water baths preset to 55°C and 65“C

 

1. In a series Ofsterile microfuge tubes, adjust the volume of each sample of total RNA (up to 1

mg) to 600 pl With TES. Heat the sealed tubes to 65°C for 10 minutes and then cool them

quickly in ice to 0°C. Add 75 til (0.1 volume) of 5 M NaCl to each sample.

2. Add 50 mg (500 pl) of equilibrated olig0(dT)—cellulose to each tube and incubate the closed

tubes on a rotating wheel for 15 minutes at room temperature.

3. Centrifuge the tubes at 600—800g (~1500—2500 rpm) for 2 minutes at room temperature in a

microfuge.

4. Transfer the supernatants to a series of fresh microfuge tubes. Store the tubes on ice.

5. To the pellets of olig0(dT) remaining in the first set of tubes, add 1 ml of ice-cold absorp-

tion/washing buffer. Disperse the pellets of olig0(dT) by gentle vortexing. Incubate the closed

tubes on a rotating wheel for 2 minutes at room temperature.

6. Centrifuge the tubes at 600—800g (~1500—2500 rpm) for 2 minutes at room temperature in a

microfuge. Discard the supernatants and then repeat Steps 5 and 6 twice.

7. Resuspend the pellets of oligo(dT) in 0.4 ml of ice-cold, double—distilled, autoclaved HJO by

gentle vortexing. Immediately centrifuge the tubes for 2 minutes at 4°C in a microfuge.

8. Remove the supernatants by careful aspiration.

9. Recover the bound poly(A)+ RNA by resuspending the pellets of oligo(dT)—cellulose in 400

pl of doubleedistilled, autoclavcd HZO. Incubate the suspensions for 5 minutes at 55"C and

then centrifuge the tubes for 2 minutes at 4°C in a microfuge.

10. Transfer the supernatants to a series of fresh tubes and repeat Step 9 twice, pooling the recov—

ered supernatants.

11. Add 0.2 volume of 10 M ammonium acetate and 2.5 volumes of ethanol to the supernatants.

Store the tubes for 30 minutes at 40°C.

12. Recover the precipitated p0]y( AV RNAs by centrifugation at maximum speed for 15 minutes

at 40C in a microfuge. Carefully discard the supernatants, and wash the pellets (which are

often invisible) with 70% ethanol. Centrifuge briefly, remove the supernatants by aspiration,

and store the open tubes in an inverted position for a few minutes to allow most of the resid—

ual ethanol to evaporate.

13. Dissolve the RNA in a small volume of sterile DEPC-treated H20.

14. Estimate the concentration of the RNA as described in Appendix 8.

15. Store the preparations as described in the panel on STORAGE OF RNA in Protocol 1.
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ADDITIONAL METHODS TO SELECT POLY(A)+ RNA

Many alternative methods to oIigo(dT) chromatography have been devised over the years to select polyiAF
mRNA from preparations of total RNA. These methods include the following:

o Chromatography on poly(U)-Sepharose (Lindberg and Persson 1974). The advantage of this technique is
that RNA molecules with short poly(A) tails will bind efficiently to the long (~100 nucleotide) poly(U)
chains attached to the Sepharose. Disadvantages of the method include the comparatively low binding
capacity of poly(U)-Sepharose and the necessity of using formamide-based buffers to elute the bound
poly(A) RNA efficiently from the long poly(U) chains.

0 Paper filters to which poly(U) residues are covalently attached (Wreschner and Herzberg 1984; Jacobson
1987). Total cellular RNA is spotted onto the filters, which are then washed in DEPC-treated 0.1 M NaCl
and 70% ethanol. Po|y(A)+ RNA is eluted by heating the filters to 70°C for 5 minutes in HZO. These filters
bind up to 20 pg of poly(A)+ RNA/cm2 and are extremely useful when isolating small amounts of poly(A}+
RNA from many samples simultaneously.

o Streptavidin-coated paramagnetic polystyrene beads (Albretsen et al. 1990; Homes and Korsnes 1990;
Jakobsen el al. 1990). These beads (available from Promega and other suppliers) have the advantage that
mRNA can be directly isolated from lysis buffers containing guanidinium isothiocyanate. In a typical exper-
iment, tissue, cells, or cell suspensions are lysed with guanidinium thiocyanate, and a biotinylated 0|ig0(dT)
primer is added directly to the lysate. After a short period of time to allow hybridization of the primer to
the poly(A) tails of cellular mRNAs, magnetized beads to which streptavidin has been coupled are added
to the lysate. The streptavidin captures the biotinylated oligo(dT)—poly(A)+ mRNA complexes and affixes
them to the magnetized beads. A magnet is then used to retrieve the beads from the lysate solution and to
facilitate washing of the beads with a high-salt solution. In a final step, the poly(AV mRNA is released from
the beads with H20 and then collected by ethanol precipitation. The yield of poly(A)Jr mRNA isolated with
beads is equal to or exceeds that obtained by conventional oligo(dT)-ce||ulose chromatography. Among the
advantages offered by these beads are speed of operation and the possibility of working at kinetic rates
close to those occurring in free solution. Binding of ligand takes only a few minutes, and magnetic separa-
tion takes seconds: Washing or elution can in most cases be completed in 15 minutes or less. However,
the use of these beads have two strong drawbacks: A maximum of 1 g of tissue or cells can be worked up
at any one time and the beads are very expensive.  
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Northern Hybridization

NORTHERN HYBRIDIZATION IS USED TO MEASURE the amount and size of RNAs transcribed from
eukaryotic genes and to estimate their abundance. No other method is capable of obtaining these

pieces of information simultaneously from a large number of RNA preparations; northern analy—

sis is therefore fundamental to studies of gene expression in eukaryotic cells.

Northern hybridization became part of the standard repertoire of molecular biology almost

immediately after the first descriptions of the method were published (Alwine et a]. 1977, 1979).

Although many variations and improvements (e.g., please see Kroczek 1993) have been published

during the succeeding 20 years, the basic steps in northern analysis remain unchanged:

o isolation of intact mRNA

o separation of RNA according to size through a denaturing agarose gel

0 transfer of the RNA to a solid support in a way that preserves its topological distribution with—

in the gel

0 fixation of the RNA to the solid matrix

0 hybridization of the immobilized RNA to probes complementary to the sequences of interest

0 removal of probe molecules that are nonspecifically bound to the solid matrix

0 detection, capture, and analysis of an image of the specifically bound probe molecules.

There are choices at every step during the process and new alternatives continually appear

in the literature. It is impossible to distill from this ferment the “best” combination of methods

that can be universally applied in all situations. However, the methods described in the next five

protocols are extremely robust and have worked well in a wide variety of circumstances.

SEPARATION OF RNA ACCORDING TO SIZE
 

Electrophoresis through denaturing agarose gels is used to separate RNAs according to size and is

the first stage in northern hybridization. In earlier times, methylmercuric hydroxide (Bailey and

Davidson 1976) achieved some degree of popularity, particularly among the brave and foolhardy.

Although unparalleled as a denaturing agent, methylmercuric hydroxide is both volatile and
extremely toxic ( Cummins and Nesbitt 1978) and is therefore no longer recommended. The fol—
lowing are the two methods most commonly used today to separate denatured RNAs for north-
ern analysis

7.2]

 



7.22 Chapter 7: Extraction, Purification, and Analysis of mRNA from Eukaryotic Cells

0 Electrophoresis of RNA denatured with glyoxal/formamide through agarose gels (Protocol 5)

(Bantle et al. 1976; McMaster and Carmichael 1977; Goldberg 1980; Thomas 1980, 1983).

o Pretreatment of RNA with formaldehyde and dimethylsulfoxide, followed by electrophoresis
through gels containing up to 2.2 M formaldehyde (Protocol 6) (Boedtker 1971; Lehrach et al.
1977; Rave et al. 1979).

The two systems have approximately the same resolving power (Miller 1987), and the tech—
nical problems with both of them have long since been solved. For example, recirculation of elec—
trophoresis buffer is no longer required when separating glyoxylated RNA in agarose gels and
staining of RNA with ethidium bromide is now possible. However, glyoxal and especially
formaldehyde retain some disadvantages, including toxicity. The choice between the systems
therefore depends on the relative weight of these disadvantages, which will vary from one labo~
ratory to the next.

Many compounds other than glyoxal, formaldehyde, and methylmercuric hydroxide have
been explored as denaturing agents for RNA during gel electrophoresis, but few of these have
proven to be reliable in routine laboratory use. Guanidine thiocyanate is the only compound that
may have advantages over formaldehyde or glyoxal (Goda and Minton 1995). When incorporat-
ed into an agarose gel at a final concentration of 10 mM, it maintains RNA in a denatured form.
Electrophoresis may be carried out in standard TBE buffer and ethidium bromide may be incor-
porated in the gel. However, few laboratories have adopted the method, and at present, experience
with this system is too limited for us to recommend that guanidine thiocyanate be used in place
of glyoxal and fomaldehyde.

EQUALIZING AMOUNTS OF RNA IN NORTHERN GELS

Equalizing the amounts of RNA loaded into lanes of northern gels is a thorny problem when a
number of different samples are to be compared. Several different approaches are possible and
none of them perfect:

0 Loading of equal amounts of RNA (usually O.5-0.7 OD260 units) into each lane of the gel.
rRNAs are the dominant components in preparations of total cellular RNA and contribute
>75% of the UV-adsorbing material. Northern analysis of equal quantities of total RNA shows
how the steady—state concentration of target mRNAs changes with respect to rRNA content of
the cell (Alwine et al. 1977; de Leeuw et al. 1989). Unlike the transcripts of housekeeping genes
(see below), there is no evidence that the levels of 188 or 288 rRNA vary significantly from one
mammalian tissue or cell line to the next (e.g., please see Bhatia et al. 1994). In addition, rRNA
can easily be detected in agarose gels by staining with ethidium bromide instead of a second
round of hybridization with a specific probe.

0 Normalizing samples according to their content of mRNAs of an endogenous, constitutively
expressed housekeeping gene such as cyclophilin, B—actin, or glyceraldehyde—3-phosphate
dehydrogenase (GAPDH) (Kelly et al. 1983). All three genes are expressed at moderately abun-
dant levels (~0.1% of poly(A)* RNA or 0.003% of total cellular RNA). Variations observed in
the intensity of the hybridization signal of the gene of interest are often expressed relative to
one of these three housekeeping genes. However, it turns out that the levels of expression of
housekeeping genes are not constant from one mammalian tissue to another nor from one cell
line to another (e.g., please see Spanakis 1993; Bhatia et al. 1994). Alterations in the relative
intensity of the hybridization signals between the housekeeping gene and the gene of interest
may therefore result from changes in the level of transcription of either gene or both.
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0 Loading ofequal amounts ofpolymfr RNA. The poly(A)+ content of preparations of RNA can

be compared by slot- or dot—blot hybridization to a radiolabeled poly(dT) probe (Harley 1987.
1988). Equivalent amounts of poly(A)* RNA can then be loaded into each lane of a northern

gel. This is an attractive option because it measures changes in concentration of a specific

mRNA relative to the total amount of gene transcripts in the cell.

0 Using a synthetic pseudomessage as a standard. Several groups (e.g., please see Tbscani et ai.

1987; DuBois et al. 1993) have used RNAs synthesized in vitro as externally added standards to

calibrate the expression of the gene ofinterest in different preparations of cellular RNA. The

synthetic pseudomessage, which is engineered to be different in size from the natural message,

is added in known amounts to samples at the time of cell lysis. The relative intensity of the

hybridization signals obtained from the authentic and pseudomessages is used to estimate the

expression of the endogenous gene of interest.

MARKERS USED IN GELS TO FRACTIONATE RNA
 

The size of an RNA of interest can be measured accurately only when markers ofknown molec—

ular weight are included in the gel. Four types of markers are commonly used:

0 RNA standards purchased from a commercial source. These standards are usually generated

by in vitro transcription of cloned DNA templates of known length. As a consequence, the

RNA standards are sometimes contaminated by template DNA and its associated plasmid

sequences. Vector sequences present in the probe used in northern hybridization may

hybridize to these remnants, generating on the autoradiogram either discrete bands or, more

commonly, a smear where none should be.

0 DNA standards purchased from a commercial source. Glyoxylated denatured DNAs and

RNAs of equal length migrate at equal speeds through agarose gels. Small DNAs of known size

can therefore be used as markers in this system. Once again, however, there is a chance that vec—

tor sequences present in the probe may hybridize with the standards. At times, this can be an

advantage because the signals generated by the marker bands on the autoradiogram can be

used directly to measure the size of the RNA of interest. DNA standards should not be used as

markers on gels containing formaldehyde since RNA migrates through these gels at a faster rate

than DNA of equivalent size (Wicks 1986).

0 Highly abundant rRNAs (288 and 18S) within the RNA preparations under test. The sizes of

these RNAs vary slightly from one mammalian species to another. 185 rRNAs range in size

from 1.8 kb to 2.0 kb, whereas 288 RNAs range between 4.6 kb and 5.3 kb in length.

0 Tracking dyes. In most denaturing agarose gel systems, bromophenol blue migrates slightly

faster than the 5S rRNA, whereas xylene cyanol migrates slightly slower than the 188 rRNA.

MEMBRANES USED FOR NORTHERN HYBRIDlZATION
 

Transfer ofelectrophoretically separated DNA and RNA from gels to two-dimensional solid sup-

ports is a key step in northern hybridization. Initially, hybridization was carried out exclusively

with RNA immobilized on activated cellulose papers (Alwine et al. 1977; Seed 1982a,b). However,

it was soon realized that RNA denatured by glyoxal, formaldehyde, or methylmereuric hydroxide,

like denatured DNA, binds tightly to nitrocellulose (Thomas 1980, 1983). For several years there—

after, nitrocellulose was the support of choice for northern hybridization.
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Unfortunately, nitrocellulose is not an ideal matrix for solid—phase hybridization because its

capacity to bind nucleic acids is low (~50—100 ug/cmz) and varies according to the size of the

RNA. In addition, the RNA becomes attached to nitrocellulose by hydrophobic rather than cova-

lent interactions and therefore leaches slowly from the solid support during hybridization and

washing at high temperatures. Finally, nitrocellulose membranes become brittle during baking

under vacuum at 80°C, which is an integral part of the process to immobilize nucleic acids. The
friable membranes cannot subsequently survive more than two to three cycles of hybridization

and washing at high temperatures.
These problems have been solved by the introduction of various types of nylon membranes

that bind nucleic acids irreversibly, are far more durable than nitrocellulose filters (Reed and

Mann 1985), and can be repaired if damaged (Pitas 1989). Immobilized nucleic acids can there-

fore be hybridized sequentially to several different probes. Furthermore, because nucleic acids can

be immobilized on nylon in buffers of low ionic strength, transfer of nucleic acids from gels to

nylon can be carried out electrophoretically. This advantage can be useful when capillary or vac-

uum transfer is inefficient, for example, when small molecules of RNA are transferred from poly-

acrylamide gels.
Two types of nylon membranes are available commercially: unmodified (or neutral) nylon

and charge-modified nylon, which carries amine groups and is therefore also known as positive—

ly charged or (+) nylon. Both types of nylon bind single- and double-stranded nucleic acids and

retention is quantitative in solvents as diverse as water, 0.25 N HCl, and 0.4 N NaOH. Charge-

modified nylon has a greater capacity to bind nucleic acids (see Table 7—3), but it has a tendency

to give increased levels of background hybridization, which results, at least in part, from nonspe-

cific binding of negatively charged phosphate groups in RNA to the positively charged groups on

the surface of the polymer. However, this problem can usually be controlled by using increased

quantities of blocking agents in the prehybridization and hybridization steps.

 

Nylon is a generic name for any Iong-chain synthetic polymer having recurring polyamide (—CONH—)
groups. Nylons of different types are formed from various combinations of diacids, diamines, and amino acids.
In the standard nomenclature, a single numeral (e.g., nylon 6) indicates the number of carbon atoms in a
monomer. Two numbers (e.g./ nylon 6,6 or 66) indicate a polymer formed from diamines and dibasic acids.
The first number indicates the number of carbon atoms separating the nitrogen atoms of the diamine, and the
second number indicates the number of straight chain carbon atoms in the dibasic amino acid.

Fiber 66, the original name of nylon, was developed in the 19305 by Wallace Carothers, a chemist work-
ing for DuPont (see Fenichell 1999). His discovery, which grew from a decade of research on the structure and
assembly of Iong-chain polyamide polymers, should have been the capstone of his career, but instead was the
catalyst to tragedy. Carothers, more a scientific aesthete than a twentieth century company man, became
deeply depressed by the idea that he had discovered a material whose chief use seemed to be as a replace-
ment for silk stockings. In 1937, a few days after filing his patent for Fiber 66, Carothers, just 41 years old, killed
himself in a hotel room by swallowing cyanide. DuPont pressed ahead with the commercial development of
Fiber 66 and, in a ceremony that would have been anathema to Carothers, dedicated the name nylon to the
public domain at a Herald Tribune Forum in October of the following yeah Stockings, of course, turned out to

be just the first of a line of nylon products, some of which would surely have given Carothers great pleasure,
including perhaps, nylon membranes for immobilizing nucleic acids. 
 

Different brands of nylon membranes are available that vary in the extent and type of

charged groups and the density of the nylon mesh. Comparisons of the efficiency of these mem-

branes for northern blotting and hybridization under various conditions are published from time

to time (e.g., please see Khandjian 1987; Rosen et al. 1990; Twomey and Krawetz 1990; Beckers et

al. 1994). In addition, each manufacturer provides specific recommendations for the transfer of

nucleic acids to their particular product. The instructions given in Protocols 6 through 8 (north-

ern hybridization) and in Chapter 6, Protocols 8—10 (Southern transfer) work well in almost all

circumstances, and in some cases, yield results that exceed the manufacturer’s standard.
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TABLE 7-3 Properties of Nylon Membranes Used for Immobilization of DNA and RNA
 

 

PROPERTY NEUTRAL NYLON CHARGED NYLON

(Iapacity tug nucleic aeid/cmz) ~200—300 400—500

Size of nucleic acid required for >5() bp >50 bp

maximal binding

flunst‘er buffer low ionic strength over a wide range of pH

Immobilization baking for 1 hour at 70°C; no vacuum required

or

mild alkali

or

UV irradiation at 254 nm; damp membranes are generally

exposed to 1.6 kJ/m3; dried membranes require 160 kI/m2

Commercial products Hybond—N Hybond—N+

Gene—Screen Zeta—Probe

Nytran +

Gene—Screen Plus
 

TRANSFERRING RNA FROM GELS TO SOLID SUPPORTS

The crucial step in northern analysis is the transfer of denatured RNA from the interstices of an

agarose gel to the surface of a membrane. Transfer must be done in a way that not only preserves

the distribution of the molecules along the length of the gel, but works efficiently for nucleic acids
of quite different sizes. Over the years, many methods have been found to achieve these goals,

including electroblotting, vacuum blotting, semidry blotting, and upward capillary blotting. In

addition, several attempts have been made to avoid transfer completely by performing hybridiza—

tion directly in the gel (e.g., please see Purrello and Balazs 1983; Tsao et al. 1983). However, it is

not clear whether these techniques, which may require expensive pieces of equipment, are supe-

rior to the original method of upward capillary transfer (Southern 1975). Certainly, there does

not seem to be any good reason to rush out and buy a vacuum blotting or electroblotting appa—

ratus in the belief that it will significantly improve northern and Southern blots.

o Upward capillary transfer. The original simple and economical technique devised by

Southern (1975) involves an overnight transfer of nucleic acids from gel to membrane in an

upward flow of buffer (please see Figure 7—2). A major drawback is selective retention oflarge

molecules of nucleic acid within the gel, which is caused by flattening, compression, and dehy—

dration of the gel. This problem can be relieved (1) by using the thinnest gels possible, (2) by

ensuring that the filter papers in immediate contact with the gel are thoroughly saturated with

buffer before transfer begins, and (3) by partial hydrolysis of RNA by alkali (Reed and Mann

1985) before transfer. It is important that partial hydrolysis be used with moderation since

overenthusiasm can generate fragments too short to bind efficiently to the membrane.

Since 1975, the common practice has been to carry out upward capillary transfer for 16

hours or so. However, ascending transfer is now known to be almost complete after 4 hours

(Lichtenstein et a1. 1990), and we now recommend much shorter transfer times. A more seri—

ous problem with ascending transfer is the potential for some of the RNA to move from the

gel in a descending direction counter to the flow of the buffer. This apparent anomaly occurs

when the filter paper under the gel is not fully saturated with buffer. Fluid is then drawn from
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the gel, carrying with it some of the nucleic acid. The problem can be ameliorated by ensuring

that the bottom filter paper, like the top, is fully saturated with buffer and by working quickly

to set up the remainder of the transfer system once the gel has been laid on the bottom filter.

0 Downward capillary transfer. Descending transfer (please see Figure 7—3) does not cause flat-

tening of the agarose gel and results in a faster transfer of nucleic acid. RNA molecules up to 8

kb in size, for example, are transferred with high efficiency within 1 hour at either neutral or

alkaline pH (Chomczynski 1992; Chomczynski and Mackey 1994). The speed of downward

capillary transfer therefore has particular advantage when carrying out alkaline blotting of

RNA. Blotting of RNA for more than 4 hours significantly decreases the strength of the

hybridization signal, presumably due to excessive hydrolysis of the RNA.

FURTHER INFORMATION ABOUT NORTHERN HYBRIDIZATION
 

Northern and Southern hybridizations have much in common, including, for example, the

mechanics of hybridization, the types of probes, and the posthybridization processing of the

membranes. All of these topics are discussed in depth in other areas within this manual. Signposts

to this information are posted at relevant positions within the next five protocols.

 



Protocol 5
 

Separation of RNA According to Size:
Electrophoresis of Glyoxylated RNA
through Agarose Gels

THE METHOD DESCRIBED IN THIS PROTOCOL INCORPORATES GLYOXAL denaturation with agarose gel

electrophoresis (adapted from McMaster and Carmichael [1977] and Thomas [1983]). The con—

ditions for simultaneous giyoxylation of RNA and staining with ethidium bromide, as well as the

modifications to the electrophoresis buffer, are those of Burnett (1997).

  

Giyoxai (also known as diformyl and ethanediai) is used to eliminate secondary structures in single-stranded
RNA during electrophoresis through agarose gels. The two aldehyde groups of glyoxal react under slightly acid
conditions with the imino groups of guanosinc to form a cyclic compound that prevents formation of
intrastrand Watson-Crick bonds (Salomaa 1956; Shapiro and Hachmann 1966; Nakaya et al. 1968). Once
established, this adduct is stable at room temperature at pH S 7.0. so an aldehyde need not be incorporated .
into the agarose gel (McMaster and Carmichael 1977). Because the giyoxylated RNA is unable to form stable i
secondary structures, it migrates through agarose gels at a rate that is approximately proportional to the log”, ;
of its size (M(Master and Carmichael 1977). i

i

 

 

Agarose gel electrophoresis of glyoxylated RNA must be carried out at low ionic strength to

suppress renaturation of the RNA. The running buffers used until recently (10 mM phosphate or

40 mM 3—N—morpholinopropanesulfonic acid [MOPSD had limited buffering capacity. Thus, A

major drawback to the use of glyoxal as a denaturing agent was the upward shift in pH ot’the stan—

dard electrophoresis buffer that occurred in the cathodic chamber during running of the agarose

gel. If this shift were allowed to proceed unhindered, a steep pH gradient would form as small ions

in the buffers migrated rapidly along the gel from the cathode (O’Conner et al. 1991), resulting in

removal of the glyoxal adduct from the RNA (Nakaya et al. 1968). For many years, it has therefore

been necessary to recirculate the buffer mechanically or to replace it at regular intervals during

the electrophoretic run. A more recent solution to this problem is to use a more stable elec—

trophoresis buffer containing a weak acid and a weak base with similar pK values (Burnett 1997).

Staining glyoxylatcd RNA in agarose gels has also been a problem until recently. Staining the

gel with ethidium bromide after electrophoresis is insensitive because of the high background of

nonspecific fluorescence. Acridine orange, which has been used for years to stain DNA and RNA

(Richards et a]. 1965), gives stronger signals than ethidium bromide but requires extensive wash—

ing of the gel. Staining the RNA during glyoxylation before loading the gel has always seemed to

be an unpromising approach since ethidium bromide was reported to react with glyoxal
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(McMaster and Carmichael 1977). Recently, however, Grundemann and Koepsell (1994) and

Burnett (1997) have reported that RNA can be effectively stained during denaturation with gly-

oxal and that the limits of detection are ~10 ng of RNA per band. However, such high sensitivity

comes at a price: Staining with ethidium bromide results in a modest decrease in hybridization

efficiency after transfer of the RNA to a membrane (Wilkinson et al. 1990).

If a decrease in hybridization efficiency is unacceptable, then ethidium bromide should be

left out of the glyoxal reaction mixture and Steps 1 through 5 should be followed as indicated.

After electrophoresis, the outside lanes of the agarose gel containing the size standards should be

cut from the gel, incubated for 30 minutes at room temperature in 0.05 M NaOH containing 1
pg/ml ethidium bromide, and photographed with UV illumination. The remainder of the gel

containing the cellular RNAs is then processed as described in Protocol 7.

A IMPORTANT Prepare all reagents used in this protocol with RNase-free HZO (please see the informa-
tion panel on HOW TO WIN THE BATTLE WlTH RNASE).

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Gels

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

10x BPTE electrophoresis buffer
100 mM PIPES (piperazine-1,4—bis[2-ethanesulfonic acid”

300 mM Bis-Tris (bis[2—hyroxyethyl]iminotris[hydroxymethyl]methane)

10 mM EDTA (pH 8.0)

The final pH of the 10x buffer is ~6.5.

Prepare the 10x buffer by adding 3 g of PIPES (free acid), 6 g of Bis—Tris (free base), and 2 ml of 05 M
EDTA (pH 8.0) to 90 ml of distilled HZO, then treating the solution with DEPC, final concentration

0.1%, for 1 hour at 37°C, and then autoclaving (for more details, please see the information panel on

DIETHYLPYROCARBONATE).

DMSO <!>
Purchase a high grade of DMSO (HPLC grade or better).

Glyoxal
Commercial stock solutions of glyoxal (40% or 6 M) contain various hydrated forms of glyoxal, as well
as oxidation products such as glyoxylic acid, formic acid, and other compounds that can degrade RNA,
and therefore must be removed (please see Appendix 1).

Glyoxa/ reaction mixture
6 m1 of DMSO

2 ml of deionized glyoxal

1.2 m] of 10x BPTE electrophoresis buffer
0.6 ml of 80% glycerol in HZO
0.2 ml of ethidium bromide (10 mg/ml in HZO) < ! >

Divide into small aliquots and store at —70°C.

RNA gel-Ioading buffer

Agarose gel
Cast an agarose gel as described in Chapter 5, Protocol 1 in 1x BPTE electrophoresis buffer. Use a comb
with at least four more teeth than the number of RNA samples under test. These extra lanes are used for
RNA size markers and running dyes (please see Step 4). A 1.5% agarose gel is suitable for resolving RNAs
in the 045—8.O-kb size range. Larger RNAs should be separated on 1.0% or 1.2% gels.  
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RNA samples
Samples ot‘total or poly(A)’ RNA should consist of up to 10 pg ofRNA in a volume of 1—2 0]. Equivalent
amounts of the RNA samples to be analyzed are removed from storage (please see the panel on STOR-

AGE OF RNA in Protocol 1). Precipitate the RNA with ethanol and dissolve the pellet in an appropriate

volume of sterile, DEPC-treated HEO.

'1'hepre5ence of salts or SDS in the samples, or loading of > 10 pg of RNA per lane, um cause smearing
of the RNA during electrophoresis.

RNA Size markers

Glyoxylated RNAs and DNAs of the same size migrate through agarose ge1s at the same rate. However,
we recommend using RNA ladders (e.g.. from Life Technologies) that contain RNAS of 9.49, 7.46, 4.40,
2.37, 1.35, and 0.24 kb in length. This allows the markers to be used as sentinels to detect RNase comm
mination or other problems that may occur during glyoxylation or electrophoresis. Please see the

Introduction to Northern Hybridization preceding Protocol 5.

Special Equipment

Equipment for horizontal electrophoresis
A particular electrophoresis apparatus should be reserved for RNA analysis. Clean electrophoresis tanks

and combs used for electrophoresis of RNA (Protocols 5 and 6) with detergent sohttion, rinse in 11,0,

dry with ethanol, and then fill with a solution of 30/6 Hzoz' After 10 minutes at room temperature, rihse

the electrophoresis tanks and combs thoroughly with HZO treated with 0.1% DEPC.

Ruler, transparent

Water bath preset to 55°C

METHOD

1. Set up the glyoxal denaturation reaction. In sterile microfuge tubes mix:

RNA (up to 10 pg) 1—2 pi

glyoxal reaction mixture 10 pl

Up to 10 pg of RNA may be analyzed in each lane of the gel. Abundant mRNAs (0. I% or more of
the mRNA population) can usually be detected by northern analysis of 10 pg oftotal cellular RNA.
Detection of rare RNAS requires at least 1.0 pg of poly(A)+ RNA. Samples containing RNA size
markers should he prepared in glyoxal reaction mixture in the same way as the RNA samples under
test. Please see the Introduction to Northern Hybridization (Equalizing Amounts of RNA in
Northern Gels).

2. Close the tops of the microfuge tubes, and incubate the RNA solutions for 60 minutes at

55°C. Chill the samples for 10 minutes in ice water, and then centrifuge them for 5 seconds

to deposit all of the fluid in the bottom of the microfuge tubes.

Some investigators prefer to heat the RNA samples before electrophoresis for 10 minutes at 65°C.

3. While the samples are incubating, install the agarose gel in a horizontal electrophoresis box.

Add sufficient 1x BPTE electrophoresis buffer to cover the gel to a depth of ~1 mm.

4. Add 1—2 pl of RNA gel—loading buffer to the glyoxylated RNA samples, and without delay,

load the glyoxylated RNA samples into the wells of the gel, leaving the two outermost lanes

on each side of the gel empty. Load the RNA size markers in the outside lanes of the gel.

5. Carry out electrophoresis at 5 V/cm until the bromophenol blue has migrated ~8 cm.

Using, higher voltages during electrophoresis leads to smearing of lmids.
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6. Visualize the RNAs by placing the gel on a piece of Saran Wrap on a UV transilluminator.

Align a transparent ruler with the stained gel and photograph the gel under UV illumination.

Please see the panel on CHECKING THE QUALITY OF PREPARATIONS OF RNA.

7. Use the photograph to measure the distance from the loading well to each of the bands of

RNA. Plot the log10 of the size of the fragments of RNA against the distance migrated. Use the

resulting curve to calculate the sizes of the RNA species detected by blot hybridization.

8. Proceed with immobilization of RNA onto a solid support by upward or downward capillary

transfer (please see Protocol 7 or the panel on ALTERNATIVE PROTOCOL: CAPILLARY TRANS-

FER BY DOWNWARD FLOW in Protocol 7).

 

CHECKING THE QUALITY OF PREPARATIONS OF RNA

After electrophoresis of RNA in the presence of ethidium bromide, the 285 and 185 species of rRNA
should be clearly visible under UV illumination, as should a more diffuse, fast-migrating band composed
of tRNA, 5.85 and 55 rRNA. If the RNA preparation is undegraded, the 285 rRNA band should be stained
at approximately twice the intensity of the 185 band and no smearing of either band should be visible.
Staining close to the loading well is a sign that DNA is still present in the preparation. mRNA is invisible
unless the gel is overloaded. Three other methods can be used to check the integrity of RNA:

0 Analysis of the size of cDNA synthesized using oligo(d1) as a primer. Radioactive cDNA is synthe-
sized in a pilot first—strand CDNA reaction. cDNA synthesized from mammalian mRNA should run as
a continuous smear from ~600 bases to >5 kb. The bulk of the radioactivity should lie between 1.5
kb and 2 kb, and no bands of cDNA should be visible unless the mRNA was prepared from highly
differentiated cells (e.g., reticulocytes and B lymphocytes) that express large quantities of a particular

1 set of proteins.

0 Use of radiolabeled poly(dD as a probe in a pilot northern hybridization (Fornace and Mitchell
1986; Hollander and Fornace 1990). Poly(A)+ RNA will generate an autoradiogram with a continuous
smear from 600 bases to >5 kb. The bulk of the radioactivity should lie between 1.5 kb and 2 kb,

and/ once again, no specific bands of mRNA should be visible unless the mRNA was prepared from
cells that express large quantities of specific mRNAs.

o Use ofnorthern hybridization to detect mRNA ofknown size expressed from a housekeeping gene.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA, whose size in most mammalian cells
is ~1.3 kb, is commonly used to monitor the quality of the RNA. Significant smearing of the band into
lower-molecular—weight regions generally indicates that significant degradation of the mRNA popula-
tions has occurred. Fuzziness, on the other hand, is a sign of problems with the agarose gel system
(e.g., the presence of ions in the glyoxal).   

 



Protocol 6
 

Separation of RNA According to Size:
Electrophoresis of RNA through Agarose
Gels Containing Formaldehyde

SAMPLES OF RNA MAY BE DENATURED BY TREATMENT WITH FORMAMIDE and separated by elec—

trophoresis through agarose gels containing formaldehyde. In this method, adapted from Lehrach

et a]. (1977), Goldberg (1980), Seed (19823), and Rosen et al. (1990), RNA is fractionated by elec—

trophoresis through an agarose gel containing 2.2 M formaldehyde.

 

Formaldehyde forms unstable Schiff bases with the single imino group of guanine residues. These adducts
maintain RNA in the denatured state by preventing intrastrand Watson-Crick base pairing. Because the Schiff
bases are unstable and easily removed by dilution, RNA can be maintained in the denatured state only when
formaldehyde is present in the buffer or gel. Formaldehyde, a teratogen, is highly toxic by inhalation and con-
tact with the skin and has been classified as a carcinogen by the Occupational Safety and Health Association
(OSHA). Solutions containing formaldehyde should be handled with great care and only in a chemical fume
hood.   
 

Agarose gels containing formaldehyde are slimier, less elastic, and more frangible than non—
denaturing agarose gels. Great care is required in moving them from one receptacle to another.
Nevertheless, formaldehyde-agarose gels remain a popular method of separating RNAs during,

northern analysis because the denaturant is more easily dissociated than is glyoxal from RNA after
electrophoresis. However, the bands of RNA in formaldehyde-agarose gels are often fuzzy and do
not match the crisp beauty of bands in glyoxal-agarose gels.

The original protocols for northern analysis used gels with a formaldehyde content of 6%
or 2.2 M (Boedtker 1971; Lehrach et a1. 1977; Rave et al. 1979). This high concentration of denat—

urant compensates for loss of formaldehyde by diffusion from the gel into the buffer during elec—
trophoresis. However, this problem can also be avoided by running gels for shorter times at high—
er voltages (7—10 V/cm, instead of the more usual 2—3 V/cm), which allows the concentration of
formaldehyde in the gels to be reduced to 1.1% or 0.66 M (Davis et a]. 1986).

At one time, the presence of ethidium bromide was thought to compromise transfer of RNA
from formaldehyde gels to membranes and/or to suppress subsequent hybridization (e.g., please
see Thomas 1980). These effects, if they exist at all, are now believed to be small in magnitude
(Kroczek and Siebert 1990), and many investigators routinely include ethidium bromide in gels
containing 0.66 M formaldehyde. However, ethidium bromide should not be included in gels run
in the old style, which contain higher concentrations of formaldehyde. When irradiated by UV
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light, they emit an eerie pinkish—purple glow that swamps the signal from small amounts of RNA.

Better staining can be obtained with very little background fluorescence by heating the samples

of RNA with low concentrations of ethidium bromide before loading into the gel (Fourney et al.

1988; Rosen and Villa—Komaroff 1990). As long as the concentration of ethidium bromide does

not exceed 50 ug/ml in the sample, the efficiency of transfer and hybridization of the RNA is not

significantly affected (Kroczek 1989; Kroczek and Siebert 1990; Ogretmen et al. 1993).

A IMPORTANT Prepare all reagents used in this protocol with DEPC-treated HQO (please see the infor-
mation panel on HOW TO WIN THE BATTLE WITH RNASE).

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Gels

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Ethidium bromide (200 pg/ml) <!>
Prepare in DEPC-treated 1120 < ! >.

Formaldehyde <!>

Formaldehyde is supplied as a 37—40% w/v (12.3 M) solution that may contain a stabilizer such as
methanol (10—15%). Formaldehyde oxidizes readily to formic acid when exposed to air. If the pH of the
formaldehyde solution is acidic (<pH 4.0) or ifthe solution is yellow, the stock solution should be deion—
ized by treatment with a mixed bed resin, such as Bio-Rad AG—SOl—X8 or Dowex XG8 before use.

Formamide < ! >
Purchase a distilled-deionized preparation of this reagent and store in small aliquots under nitrogen at
—20°C. Alternatively, reagent—grade formamide can be deionized as described in Appendix 1.

10x Formaldehyde gel-Ioading buffer
50% glycerol (diluted in DEPC—treated H20)
10 mM EDTA (pH 8.0)

0.25% (w/v) bromophenol blue

0.25% (w/V) xylene cyanol FF

70x MOPS electrophoresis buffer
0.2 M MOPS (pH 7.0) <!>

20 mM sodium acetate
10 mM EDTA (pH 8.0)

Dissolve 41.8 g of MOPS (3—N—morpholino]propanesulfonic acid) in 700 m1 of sterile DEPC-treated
HZO. Adjust the pH to 7.0 with 2 N NaOH. Add 20 ml of DEPC—treated l M sodium acetate and 20 ml
Of DEPC—treated 0.5 M EDTA (pH 8.0). Adjust the volume of the solution to 1 liter with DEPC—treated
H20. Sterilize the solution by filtration through a 0.45—pm Millipore filter, and store it at room temper-
ature protected from light. The buffer yellows with age if it is exposed to light or is autoclaved. Straw-
colored buffer works well, but darker buffer does not.

Agarose gel containing 2.2 M formaldehyde
To prepare 100 ml of a 1.5% agarose gel containing 2.2 M formaldehyde, add 1.5 g of agarose to 72 ml

of sterile HZO. Dissolve the agarose by boiling in a microwave oven. C001 the solution to 55°C and add

10 ml of 10x MOPS electrophoresis buffer and 18 m1 of deionized formaldehyde. In a chemical fume
hood, cast an agarose gel with slots formed by a 3-mm comb with at least four more teeth than the num-
ber of RNA samples under test. These extra lanes are used for RNA size markers and running dyes
(please see Step 4). Allow the gel to set for at least 1 hour at room temperature. As soon as the agarose
has set, cover the gel with Saran Wrap until the samples are ready to be loaded.

A 1.5% agarose gel is suitable for resolving RNAs in the 0.5—8.0-kb size range. Larger RNAs should be
separated on gels cast with 1.0% or 1.2% agarose (Lehrach et al. 1977; Miller 1987).
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RNA samples
Sumpies of total or poly(A)‘ RNA Should consist of up to 20 pg of RNA in a volume of 1—2 til. Equivalent
amounts of the RNA samples to be ana1y7ed are removed from storage (please see the panel on STOR-

AGE OF RNA in Protocol 1). Precipitate the RNA with ethanol and dissolve it in an appropriate volume
of sterile, DEPC-treated HJO.

The presence of salts or SDS in the samples or loading of>20 pg of RNA per lane can came smearing of
the RNA during electrophoresis.

RNA size markers

DNA and RNA migrate at different rates through agarose gels containing formaldehyde, with RNA
migrating faster than DNA of equivalent size (Wicks 1986). Although DNA markers are preferable
because they run as sharp bands, they cannot readily be used to measure the absoiute size of unknown
RNAs. We therefore recommend using RNA ladders (e.g., from Life Technologies) that contain RNAs of
9.49, 7.46, 4.40, 2.37, 1.35 and 0.24 kb in length. This allows the markers to be used as sentinels to detect
RNase contamination or other problems that may occur during electrophoresis. Please see the
Introduction to Northern Hybridization preceding Protocol 5.

Special Equipment

Equipment for horizontal electrophoresis
A particular electrophoresis apparatus should be reserved specifically for RNA analysis. Clean elec—
trophoresis tanks and combs used for electrophoresis of RNA (Protocols 5 and 6) with detergent solu—
tion, rinse in HZO, dry with ethanol, and then fill with a solution of 30/0 HZOZ. After 10 minutes at room

temperature, rinse the electrophoresis tanks and combs thoroughly with HZO treated with 0.1% DEPC.

Because the pH of the electrophoresis buffer changes during the run, set up the electrophoresis tank so
that the buffer circulates continuously from one chamber to the other via a peristaltic pump.
Alternatively. transfer the buffer manually every hour or so from one buffer chamber tn the other.

Ruler, transparent

Water bath preset to 55°C

METHOD
 

1. Set up the denaturation reaction. In sterile microfuge tubes mix:

RNA (up to 20 Mg) 2.0 ul

10x MOPS electrophoresis buffer 2.0 pl

formaldehyde 4.0 til

formamide 10.0 til

ethidium bromide (200 ug/ml) 1.0 ttl

As much as 20 pg of RNA may be analyzed in each lane of the gel. Abundant mRNAs (0.1% or more

of the mRNA population) can usually be detected by northern analysis of 10 pg of total cellular
RNA. For detection of rare RNAs, at least 1.0 pg of poly(AYr RNA should be applied to each lane
of the gel. Samples containing RNA size markers should be prepared in the same way as the RNA
samples under test.

2. Close the tops of the microfuge tubes, and incubate the RNA solutions for 60 minutes at
55°C. Chill the samples for 10 minutes in ice water, and then centrifuge them for 5 seconds
to deposit all Of the fluid in the bottom of the microfuge tubes.

Many investigators prefer to incubate the RNA solutions for 10 minutes at 85°C.

3. Add 2 pl of 10x formaldehyde gel—loading buffer to each sample and return the tubes to an
ice bucket.

4. Install the agarose/formaldehyde gel in a horizontal electrophoresis box. Add sufficient 1x
MOPS electrophoresis buffer to cover the gel to a depth of ~1 mm. Run the gel for 5 minutes
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at 5 Wm], and then load the RNA samples into the wells of the gel, leaving the two outermost

lanes on each side of the gel empty. Load the RNA size standards in the outside lanes of the gel.

5. Run the gel submerged in 1x MOPS electrophoresis buffer at 4—5 V/cm until the bromophe—

no] blue has migrated ~8 an (4—5 hours).

Using higher voltages during electrophoresis leads to smearing of bands.

Because the pH of the electrophoresis buffer changes during the run, set up the electrophoresis
tank so that the buffer circulates continuously from one chamber to the other via a peristaltic
pump. Alternatively, transfer the buffer manually every hour or 50 from one buffer chamber to the
other.

6. Visualize the RNAs by placing the gel on a piece of Saran Wrap on a UV transilluminator.
Align a transparent ruler with the stained gel and photograph under UV illumination.

Please see the panel on CHECKING THE QUALITY OF PREPARATIONS OF RNA at the end of
Protocol 5.

7. Use the photograph to measure the distance from the loading well to each of the bands of

RNA. Plot the 10g10 of the size of the fragments of RNA against the distance migrated. Use

the resulting curve to calculate the sizes of the RNA species detected by blot hybridization.

8. Proceed with immobilization of RNA onto a solid support by upward or downward capillary

transfer (please see Protocol 7 or the panel on ALTERNATIVE PROTOCOL: CAPILLARY TRANS-

FER BY DOWNWARD FLOW at the end of Protocol 7).



Protocol 7
 

Transfer and Fixation of Denatured

RNA to Membranes

IN MOST CASES, FRACTIONATION OF RNA BY AGAROSE GEL ELECTROPHORESIS is but 21 prelude to

hybridization of the fractionated population to specific labeled probes that detect particular tar—

get mRNAS. RNA is first transferred from an agarose gel to a two—dimensionai support, usually a

nylon membrane.

As discussed in the Introduction to Northern Hybridization, investigators in many cases

have a choice of solvents and membranes to be used for transfer, and more than one option for

attaching the transferred RNA tightly to the membrane. In our hands, the best northern blots are
obtained following transfer of RNA from gels to nylon membranes at neutrai or alkaline pH.

TRANSFER TO POSITIVELY CHARGED NYLON MEMBRANES AT ALKALINE PH
 

Because charged nylon membranes retain nucleic acids in alkaline solution (Reed and Mann

1985), RNA can be efficiently transferred from agarose gels in 8.0 mM NaOH with 3 M NaCl

(Chomczynski and Mackey 1994). Transfer under these conditions partially hydrolyzes the RNA

and thereby increases the speed and efficiency of transfer of large (>2.3 kb) RNAs. Because RNA

transferred in alkaline solution becomes covalently fixed to the charged nylon membrane, there

is no need to bake the membrane or to expose it to UV irradiation before hybridizatiun.

Alkaline transfer is not free of problems: It sometimes generates a high level of background
hybridization, especially when RNA probes are used. Extended exposure Of charged nylon mem-

branes to alkaline solutions ( >6 hours) exacerbates the problem. This shortcoming can sometimes

be overcome by decreasing the transfer time and by using increased amounts of blocking agents in

the prehybridization and hybridization steps. In addition, there are reports of variability in the

strength of the hybridization signal generated by RNA after alkaline transfetz This variability may

be related to the switch by manufacturers to nylon 66 membranes, rather than the original nylon

6 membranes, with which alkaline transfer was first described (Reed and Mann 1985).

TRAN§FER TO UNCHARGED NYLON MEMBRANES AT NEUTRAL PH
  

Transfer to uncharged nylon membranes is carried out at neutral pH, usually in 10x or 20x SSC.

The RNA is then covalently linked to the matrix by the traditional method ofbnking under vac-
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FIGURE 7-2 Upward Capillary Transfer

Capillary transfer of nucleic acids from an agarose gel to solid supports is achieved by drawing the trans-
fer buffer from the reservoir upward through the gel into a stack of paper towels. The nucleic acid is elut-
ed from the gel by a moving stream of buffer and is deposited onto a nitrocellulose filter or nylon mem-
brane. A weight applied to the top of the paper towels helps to ensure a tight connection between the lay-
ers of material used in the transfer system.

uum for 2 hours, by heating in a microwave oven for 2—3 minutes (Angeletti et al. 1995), or by

exposing the nylon membrane to UV irradiation at 254/312 nm. Most investigators agree with

Khandjian (1987) that RNA immobilized on nylon membranes by UV irradiation generates more

intense signals in northern hybridization than RNA immobilized by baking.

This protocol presents the steps involved in the transfer of RNA from an agarose gel to a

membranous support, facilitated by the upward flow of buffer (please see Figure 7—2), followed

by various methods for fixation of the RNA to the membrane in preparation for hybridization.

An alternative method for transfer by downward capillary flow is given in the panel on ALTERNA-

TIVE PROTOCOL: CAPILLARY TRANSFER BY DOWNWARD FLOW at the end Of this protocol.

 

A IMPORTANT Prepare aII reagents used in this protocol with DEPC-treated H20 (please see the infor-
mation panel on HOW TO WIN THE BATTLE WITH RNASE).

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Ammonium acetate (0.1 M) with 0.5 ug/ml ethidium bromide <!>
Optional, please see Step 13.

Methylene blue solution
0.02% (w/v) methylene blue (Sigma, 89% pure) in 0.3 M sodium acetate (pH 5.5).

Soaking solution
For charged membranes, use 0.01 N NaOH < I > combined with 3 M NaCl; for uncharged membranes,
use 0.05 N NaOH.

0.2x 55C With 1% (W/v) SDS

20x 55C

Transfer buffer

For alkaline transfers to charged membranes, use 0.01 N NaOH with 3 M NaCl; for neutral transfers to
uncharged membranes, use 20x SSC.
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RNA sample, fractionated through an agarose gel
Prepared as described in Protocol 5 or 6 ofthis chapter.

Special Equipment

METHOD

Preparation of t

Blotting Paper (Schleicher & Schuel! 63002 or Sigma P 9039)
Cross-linking device (eg., Strata/inker, Stratagene; GS Gene Linker, Bio-Rad) or Microwave

oven or Vacuum oven

Class baking dish
Nylon membranes, either uncharged or positively charged

Plexiglas or glass plate to support the gel during transfer

Scalpel blade

Thick blotting paper (e.g., Whatman SMM, Sch/eicher & Schuell 68004, or Sigma QuickDraw)
Visib/e-spectrum light box

Weight (400 g)

Yellow filter for photography

 

he Gel for Transfer

1. (Optional) Partially hydrolyze the RNA sample, fractionated through agarose, by soaking the

gel in the appropriate soaking solution as described below.

'Iie;1ti11g the gel with NaOH after electrophoresis can enhance subsequent transfer of the partially
hydrohzed RNA to nylon membranes, either charged or uncharged. This treatment is especially use—
ful ittiie gel contains >1% agarose or is >0.5~cm thick or it the RNA to be analyzed is >2.5 kh in length.

FOR TRANSFER TO UNCHARGED NYLON MEMBRANES

a. Rinse the gel with DEPC-treated HJO.

b. Soak the gel for 20 minutes in 5 gel volumes of 0.05 N NaOH.

P Transfer the gel into 10 gel volumes of 20x SSC for 40 minutes.

d. Without delay, proceed directly with Step 2 to transfer the partially hydrolyzed RNA to an

uncharged nylon membrane by capillary action.

FOR TRANSFER TO CHARGED NYLON MEMBRANES

a. Rinse the gel with DEPC—treated HJO.

b. Soak the gel for 20 minutes in 5 gel volumes of 0.01 N NaOH/3 M NaCl.

c. Without delay, proceed directly with Step 2 to transfer the partially hydrolyzed RNA to a

positively charged nylon membrane by capillary action.

2. Move the gel containing fractionated RNA to a glass baking dish, and use a sharp scalpel to

trim away unused areas ofthe gel. Cut along the slot line to allow the top otthe trimmed gel

to be aligned with the top of the membrane during transfer. Cut offa small triangular piece

from the bottom left—hand corner of the gel to simplify orientation during the succeeding
operations.
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3. Place a piece of thick blotting paper on a sheet of Plexiglas or a glass plate to form a support

that is longer and wider than the trimmed gel. Make sure that the ends of the blotting paper

drape over the edges of the plate. Place the support inside a large baking dish.

Neoprene stoppers can be used to elevate the support plate above the buffer reservoir.

Fill the dish with the appropriate transfer buffer (0.01 N NaOH/3 M NaCl for positively
charged membranes, and 20x SSC for uncharged membranes) until the level of the liquid

reaches almost to the top of the support. When the blotting paper on the top of the support

is thoroughly wet, smooth out all air bubbles with a glass rod or pipette.

Alkaline transfer buffer (0.01 N NaOH, 3 M NaCl) is used to transfer RNA to positively charged

nylon membranes. Neutral transfer buffer (20x SSC) is used to transfer RNA to uncharged nylon
membranes.

Preparation of the Membrane for Transfer

5. Use a fresh scalpel or a paper cutter to cut a piece of the appropriate nylon membrane ~1 mm

larger than the gel in both dimensions.

Use appropriate gloves and blunt-ended forceps (e.g., Millipore forceps) to handle the membrane.
A nylon membrane that has been touched by greasy hands will not wet!

Float the nylon membrane on the surface of a dish of deionized Hzo until it wets complete-

ly from beneath, and then immerse the membrane in 10x SSC for at least 5 minutes. Use a

clean scalpel blade to cut a corner from the membrane to match the corner cut from the gel.

The rate at which different batches of nylon membranes wet can vary. If the membrane is not sat-

urated after floating for several minutes on water, it should be replaced with a new membrane; the
transfer of RNA to an unevenly wetted membrane is unreliable.

Assembly of the Transfer System and Transfer of the RNA (Please See Figure 7-2)

7.

10.

11.

12.

Carefully place the gel on the support in an inverted position so that it is centered on the wet

blotting paper.

Make sure that there are no air bubbles between the thick blotting paper and the gel.

Surround, but do not cover, the gel with Saran Wrap or Parafilmi

This barrier prevents liquid from flowing directly from the reservoir to paper towels placed on the
top of the gel. If these towels are not precisely stacked) they tend to droop over the edge of the gel
and may touch the support. This type of short—circuiting is a major reason for inefficient transfer

of RNA from the gel to the membrane.

. Wet the top of the gel with the appropriate transfer buffer [please see Step 4). Place the wet

nylon membrane on top of the gel so that the cut corners are aligned. One edge of the mem—

brane should extend just beyond the edge of the line of slots at the top of the gel.

A IMPORTANT Do not move the membrane once it has been applied to the surface of the gel. Make
sure that there are no air bubbles between the membrane and the gel.

Wet two pieces of thick blotting paper (cut to exactly the same size as the gel) in the appro-

priate transfer buffer and place them on top of the wet nylon membrane. Smooth out any air

bubbles with a glass rod.

Cut or fold a stack of paper towels (5—8 cm high) just smaller than the blotting papers. Place

the towels on the blotting papers. Put a glass plate on top of the stack and weigh it down with

a 400-g weight (please see Figure 7—2).

Allow upward transfer of RNA to occur for no more than 4 hours in neutral transfer buffer
and ~1 hour in alkaline transfer buffer.
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13. Dismantle the capillary transfer system. Mark the positions Of the slots on the membrane

with a ballpoint pen through the gel. Transfer the membrane to a glass tray containing ~30t)

ml of 6x SSC at 230C. Place the tray on a platform shaker and agitate the membrane very

slowly for 5 minutes.

10 dxsess the efficiency oftransferofRNA,1‘inse the gel briefly in several changes of Hit) and then
atain it for 45 minutes in a solution of ethidium bromide (0.5 ug/ml in 0.1 M ammonium acetate),
Examine and photograph the stained gel under UV illumination,

14. Remove the membrane from the 6x SSC and allow excess fluid to drain away. Lay the mem~

brane, RNA side upward, on a dry sheet of blotting paper for a few minutes.

Staining of the RNA and Fixation of the RNA to the Membrane

The order of steps during staining and fixation depends on the type oftranster, the type ot‘mem-

brane, and the method of fixation. Because alkaline transfer results in covalent attachment of

RNA to positively charged nylon membranes, there is no need to fix the RNA to the membrane

before staining. RNA transferred to uncharged nylon membranes in neutral transfer buffer

should be stained and then fixed to the membrane by baking under vacuum or heating in a

microwave oven. If the RNA is to be cross-linked to the membrane by UV irradiation, then the

staining step should follow fixation (please see Table 7—4).

RNA that has been transferred to a nylon membrane can be visualized by staining with

methylene blue (Herrin and Schmidt 1988)‘ This simple method allows monitoring of the

integrity ofthe RNA, estimation of the efficiency of the transfer process, and location of the pogi-

tions of the major RNAs (usually rRNAs) on the membrane. Ifthe RNA is to be fixed by UV irra~
diation, proceed first to Step 16.

15. Stain the membrane.

a. Transfer the damp membrane to a glass tray containing methylene blue solution. Stain

the membrane for just enough time to Visualize the rRNAs (~3~5 minutes).

b. Photograph the stained membrane under visible light with a yellow filter.

c. After photography, destain the membrane by washing in 0.2x SSC and 1% (w/v) SDS for

15 minutes at room temperature.

Fix the RNA to the membrane if appropriate (please see Table 7—4), and proceed directly to
hybridization (Protocol 8). Any membranes not used immediately in hybridization reactions
should be thoroughly dry, wrapped 1005er in aluminum foil or blotting paper" and stored at
room temperature, preferably under vacuum.

16. Fix the RNA to the uncharged nylon membrane.

TABLE 7-4 Sequence of Staining RNA and Fixing to the Membrane
 

TYPE or MEMBRANE METHOD OF FIXATION ORDER or STEPS

Positively charged nylon alkaline transfer 1. Stain with methy1eneb1ue.
 

2. Proceed to prehyhridization.

Uncharged nylon or UV irradiation (please see 1. Fix the RNA by UV irradiation.
positively charged nylon Step 16 for details) 2. Stain with methylene blue.
( nonalkaline transfer) 3. Proceed to prehyhridimtimi.

Uncharged nylon or baking in vacuum oven or 1. Stain with methylene blue.
positively charged nylon microwave oven (please 2. Bake the membrane.
(nomikaiine transfer) see Step 16 for details) 3). Proceed to prehvhridization.
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To FIX BY BAKING

0 Allow the membrane to dry in air and then bake for 2 hours between two pieces of blot—

ting paper under vacuum at 800C in a vacuum oven.

0T

0 Place the damp membrane on a dry piece of blotting paper and heat for 2—3 minutes at

full power in a microwave oven (750u900 W).

Proceed directly to hybridization (Protocol 8). Any membranes not used immediately in

hybridization reactions should be thoroughly dry, wrapped loosely in aluminum foil or blot-
ting paper, and stored at room temperature, preferably under vacuum.

TO CROSS-LINK BY UV IRRADIATION

a. Place the damp, unstained membrane on a piece of dry blotting paper and irradiate at

254 nm for 1 minute 45 seconds at 1.5 I/cmz.

This step is best accomplished in a commercial device according to the manufacturer’s

instructions.

h. After irradiation, stain the membrane with methylene blue as described in Step 15.

Proceed directly to hybridization (Protocol 8). Any membranes not used immediately in
hybridization reactions should be thoroughly dry, wrapped loosely in aluminum foil or blot-
ting paper, and stored at room temperature, preferably under vacuum.
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FIGURE 7-3 Downward Capillary Transfer

In this arrangement, capillary transfer of nucleic acids from an agarose gel to solid support is achieved by
drawing the transfer buffer from the reservoir downward through the gel into a stack of paper towels. The
nucleic acid is eluted from the gel by a moving stream of buffer and is deposited onto a nitrocellulose fil-
ter or nylon membrane.
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ALTERNATIVE PROTOCOL: CAPILLARY TRANSFER BY DOWNWARD FLOW

Downward capillary transfer can be used as an alternative to upward transfer. This approach, adapted from
Chomczynski and Mackey (1994), results in faster transfer times and increased efficiency of transfer for longer
RNA species. This alternative protocol presents the steps involved in the transfer of RNA from an agarose gel
to a membranous support, facilitated by the downward flow of buffer (please see Figure 7-3).

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Method

1. Prepare the gel for transfer of RNA, as described in Steps 1 and 2 of the main protocol (Protocol 7).

2. Make an ~3-cm stack of disposable paper towels. Place four pieces of blotting paper on top of the stack.
The stack should exceed the size of the trimmed gel by 1—2 cm in each dimension.

3. Use a fresh scalpel or a paper cutter to cut a piece of the appropriate nylon membrane ~1 mm larger than
the gel in both dimensions.

Use appropriate gloves and biunt-ended forceps (e.g., Millipore forceps) to handle the membrane. A nylon mem-
brane that has been touched by greasy hands will not wet!

4. Float the nylon membrane on the surface of a dish of deionized H20 until it wets completely from
beneath, and then immerse the membrane in transfer buffer for at least 5 minutes. Use a clean scalpel to

cut a corner from the membrane to match the corner cut from the gel.

The rate at which different batches of nylon membranes wet can vary. If the membrane is not saturated after float—
ing for several minutes on HZO, it should be replaced with a new membrane, as the transfer of RNA to an uneven-

ly wetted membrane is unreliable.

Alkaline transfer buffer (0.01 N NaOH < ! >, 3 M NaCI) is used to transfer RNA to positively charged nylon mem-
branes. Neutral transfer buffer (10x SSC) is used to transfer RNA to uncharged nylon membranes.

5. Cut four pieces of blotting paper to the same size as the gel and wet them thoroughly with transfer buffer.
Cut two larger pieces of blotting paper that will be used to connect the top of the stack to the buffer reser-
voirs, as shown in Figure 7-3.

Assembly of the Transfer System and Transfer of the RNA (Please See Figure 7-3)

6. Working quickly, align one of the sheets of wet blotting paper on top of the stack. Then place the nylon
membrane exactly on top of the wet blotting papers. Place the trimmed agarose gel on top of the mem-
brane, 50 that the cut corners are aligned. Surround, but do not cover, the gel with Saran Wrap or Parafilm.

A IMPORTANT Do not move the gel once it has been placed on top of the membrane. Make sure that there are
no air bubbles between the membrane and the gel.

7. Wet the top surface of the gel with transfer buffer and immediately cover it with the three remaining pieces
of wet blotting paper. Connect the stack to the reservoirs with the two larger pieces of wet blotting paper.

8. Place a sheet of Plexiglas or a thin glass plate on top of the stack to prevent evaporation.

9. Allow downward transfer of RNA to occur for no more than 4 hours in neutral transfer buffer and ~1 hour

in alkaline transfer buffer.

10. Continue with Steps 13 through 16 of the main protocol (Protocol 7).  
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Northern Hybridization

MATERIALS

RNA SAMPLES THAT HAVE BEEN TRANSFERRED AND FIXED TO A MEMBRANE (please see Protocol 7 01'

the panel on ALTERNATIVE PROTOCOL: CAPILLARY TRANSFER BY DOWNWARD FLOW in Protocol
7) may be hybridized with a specific probe to locate the RNA species of interest. Any one of a large
number of methods can be used to label and detect probes, at the discretion of the investigator;

please see Chapters 9 and 10 for methods to prepare probes. After treating the membrane with
blocking agents that suppress nonspecific absorption of the probe, the membrane is incubated

under conditions that favor hybridization of the labeled probe to the immobilized target RNA.

The membrane is then washed extensively to remove adventitiously bound probe and finally

manipulated to yield an image of the distribution of the tightly bound probe on the membrane.

After analysis of the hybridization results, the probe may be stripped from the membrane, and the

membrane used again in another hybridization experiment (please see the panel on STRIPPING
NORTHERN BLOTS OF RADIOACTIVITY at the end of this protocol). Table 7-5 describes how to deal
with factors that cause background interference in northern hybridization.

 

A IMPORTANT Prepare all reagents used in this protocol with DEPC-treated HZO (please see the infor-
mation panel on HOW TO WIN THE BATTLE WITH RNASE).

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

7.42

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Prehybridizat‘ion solution
05 M sodium phosphate (pH 7.2)
70/0 (w/v) SDS

1 mM EDTA (pH 7.0»
Background is often a problem when using nylon membranes. Of the large number of hybridization
buffers that have been described in the literature, those containing high concentrations of SDS are the
most effective at suppressing background while preserving high sensitivity. These buffers are modifica—
tions (e.g., please see Kevi] et a]. 1997; Mahmoudi and Lin 1989) of the hybridization buffer first
described by Church and Gilbert (1984).

55C (0.5x, 1x, and 2x) With 0.1% (w/v) SDS

55C (0. 7x and 0.5x) with 0.1% (W/v) SDS
Optional, please see Step 4.
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Nucleic Acids and Oligonucleotides

Probe DNA or RNA (>2 x 708 Cpm/pg) <!>
Prepare and i‘ddiolahel the probes in vitro to high Specific activity with 111’, as described in Chapter 9.
11igh-specit’ic-activity (>2 x 10* cpm/pg) strandfspecific probes (either DNA 01‘ RNA) can detect

mRNAs th.it are present at low to medium abundance. The highest sensitivity in northern blottingy is

obtained from single—stmnded probes f either DNA or RNA — radiolaheled in vitro to high specific
activity with ”P (>2 x 10“ Cpm/ng). Doublefstrarided DNA probes are two to three lllfles less sunsitlvc

than siiiglefstranded probes.

RNA, immobilized on membrane
Prepared As described in Protocol 7 or the panel on ALTERNATIVE PROTOCOL: CAPILLARY TRANS-

FER BY DOWNWARD FLOW in Protocol 7.

Special Equipment

Blotting paper (Whatman 3MM or equivalent)

Boiling water bath

Water bath preset to 68”C

Water bath preset to the hybridization temperature
Please see Step 3.

METHOD
 

1. Incubate the membrane for 2 hours at 68°C in 10—20 ml of prehyhridization solution.

Any number of systems for hybridization of northern blots have been described ranging from effi-
cient hut expensive commercial rotating wheels to a variety of economical homemade devices
including plastic lunch boxes, sandwiches of filter paper (Jones and Jones 1992), and heatAsealed
plastic bags (Sears Seal—A—Meal bags are still the best). With practice, all of these gadgets can he

made to work reasonably well, and the choice among them is generally 11 matter of personal pref?
erence. ("ommercial rotating wheels, however, have one clear advantage: They are less prone to leak

when using hybridization buffers with high concentrations ut‘SI)S. Because plastic bags and boxes

containing such buffers are very difficult to seal, the risk of leaks and contumimtion with radioac—
tivity is increased

2. If using a double-stranded probe, denature the 32P—labeled double-stranded DNA by heating

for 5 minutes at 100C. Chill the probe rapidly in ice water.

Alternatively, denature the probe by adding 0.1 volume 0f3 N N.10H.At"ter 5 minutes tit room tem-
perature‘ transfer the probe to ice water and add 0.05 volume of 1 M Tris-Cl (pH 7.21 tmd(1.1 vol?

ume of 3 N HCl. Store the probe in ice water until it is needed.

Siniglc~>ti‘ztiic1ec1 probes need not be denatured.

3. Add the denatured or single—stranded radiolabeled probe directly to the prehybridization

solution. Continue incubation for 12—16 hours at the appropriate temperature.

To detect low—abundance mRNAs, use at least 0.1 pg of probe whose specific activity exceeds 2 x
10“ cpm/pg. Low—stringency hybridization, in which the probe is not homologous to the target
gene, is best carried out at lower temperatures (37—420C) in a hybridization buffer containing 50%
deionized formamide, 0.25 M sodium phosphate (pH 7.2), 0.25 x1 NAG], and 7% SDS.

For additional details on conditions for hybridization of probes to nucleic acids immohi1i7ed on
solid supports, please see Chapter 6, Protocol 10.

4. After hybridization, remove the membrane from the plastic bag and transfer it as quickly as

possible to a plastic box containing 100—200 ml of 1x SSC, 0.1% SDS at room temperature.

Place the closed box on a platform shaker and agitate the fluid gently for 10 minutes.

A IMPORTANT Do not allow the membrane to dry out at any stage during the- washing procedure.
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5.

6.

Increase the concentration of SDS in the washing buffer to 1% if single—stranded probes are used.

Following low—stringency hybridization in formamide—containing buffers, rinse the membrane in
2x SSC at 23°C and then successively wash in 2x SSC, 0.5x SSC with 0.1% SDS, and 0.1x SSC with
0.1% SDS for 15 minutes each at 23°C. A final wash containing 0.1x SSC and 10/0 SDS is carried out
at 50°C.

Transfer the membrane to another plastic box containing 100—200 ml of 0.5x SSC,O.1% SDS,
prewarmed to 680C. Agitate the fluid gently for 10 minutes at 68°C.

Repeat the washing in Step 5 twice more for a total of three washes at 68°C.

7. Dry the membrane on blotting paper and establish an autoradiograph by exposing the mem-
brane for 24—48 hours to X-ray film (Kodak XAR—S or equivalent) at —70°C with an intensi—
fying screen (please see Appendix 9). Tungstate-based intensifying screens are more effective
than the older rare-earth screens. Alternatively, an image of the membrane can be obtained
by scanning in a phosphorimager.

 

 

STRIPPING NORTHERN BLOTS OF RADIOACTIVITY

To strip radiolabeled probes from nylon membranes containing immobilized RNA, incubate the mem-
brane for 1—2 hours in either

0 a large volume of 10 mM Tris-Cl (pH 7.4), 0.2% SDS, preheated to 70—7500

0 a large volume of 5000 deionized formamide/ 0.1x SSC, 0.1 % SDS preheated to 68°C.   
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TABLE 7-5 Background in Southern and Northern Hybridizations and How to Avoid It

SYMPTOM

BInteh} lXIL'lxgl‘ULllkl

met the enme

membrane.

.10e\0\'L‘1' MH 1 , 11 ~

entire membrane.

Background umcen~i
tmted nver the lanes

mnldining nucleic

dLlLl.

Blutch)’ bdkkglUUlld

(lppctll’lng on wme

membranes and not
tithers.

Intense hldek spots

till over membrane.

POTENTIAL SOLUTIONS
 

 
incomplete blocking during

prehyhridi/dtion.

Drying out 01memhmne during

experiment.

SDS precipitated from any of the

solutions used in the experiment.

Use of 1091) dextran sulfate in

hybridization experiments.

Paper towels become completely wet

during capillary transfer lsee

Protocol 7).

Use of charged nylon membranes

and solutions containing low SDS.

Use of impure (yellow) formdmide.

Use Ofd plastic film that is permeable

to moisture.

Use of improper blocking reagent.

Presence of bubbles in prehybridi—

mtion/hyhridization solutions,

failure to agitate membrane.

Improperly denatured carrier DNA.

Use of probes containing poly(T)

tracts in northern hybridizations.

Use of RNA probes:

100 many membranes hybridized

in the same vessel, not enough

volume 01prehybridization/

hybridimtiun solution.

Use of old radiolabel to prepare

probe.

Prehybridize for longer periods of time.

Be vigilant in keeping membrane wet at all times.

Prepare solutions at room temperature, prewarm to 37‘C, then add SDS; do not

allow SDS to precipitate at any time. Rehearing A solution from which SDS has

precipitated will sometimes yield a clean result.

This polymer is added to induce macromolecular crowding and thus to enhance

the rate of hybridization. Except in rare instances (in situ hybridizations or using

subtracted probes), dextran sulfate can be left out ofmost hybridization] solutimm

Use oflarge volumes of washing solutions are required to remove this viscous

compound, which ifleft on the membrane after hybridimtim, traps probe and

produces background.

Use a larger stack of towels or remove wet towels and replace with dry towels

during transfer procedure.

Switch to uncharged nylon membranes. Increase the concentration of SDS to 1“n
(w/v) at all steps. Hybridization buffers containing high eoneentmtitms of SDS

are the most effective in suppressing background while preserving high sensitiw—

ty. These buffers are modifications (e.g,, please see Mahmoudi and Lin 1989; Kevil
et all, 1997) ofthe hybridization buffer first described by Church and Gilbert ( 1984).

Purify formamide on Dowex XG—S before use (see Appendix 1 ).

Use a better quality film,

Do not use BLOTTO for genomic Southern blots. Instead, try 50 pg/ml hepa—

rin as blocking reagent (Singh and Iones 1984) or use Church buffer (Church

and Gilbert 1984) as both prehybridization and hybridization solution.

Prewarm solutions before use. Agitate the membrane.

Rebo1l the salmon sperm DNA used in the prehybridization/hvbridimtion

solutions, Do not allow the heatedenatured DNA to erllnt‘dl.

Include poly(A) at 1 ug/ml in hybridization solutions.

Drastically increase the stringency of hybridization by increasing the

concentration of formamide in the hybridization buffer, use 1% SDS

in the hybridization buffer, increase the washing temperatures, and

decrease the ionic strength of washing buffers (eigq 0.1>< SSC).

Increase the volume of the hybridization and washing solutions (ind/or decrease
number of membranes in a hybridization bag or container.

A peppered background is due to ”P present as inorganic phosphate or pyro-
phosphate sticking to the membrane. This problem is frequently encoun—

tered when using 5'—labeled probesl Do not use old radiolabel in which

radiolysis has occurred. Purify the probe bv spun»column chromatography,

precipitation, or gel electrophoresis before use. Include 015W“ (w/v) sodium

pyrophosphate in prehybridization/hybridization solutions.
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Dot and Slot Hybridization of Purified RNA

DOT AND SLOT BLOTTING (KAFATOS ET AL. 1979) ARE TECHNIQUES for immobilizing several

preparations of nucleic acids on the same solid support, usually a charged nylon membrane. The

concentrations of the target sequence of interest can be estimated by hybridizing the immobilized

samples to an appropriate probe. The amounts of target sequence are estimated by comparing the

intensity of signals emitted by dots containing the test samples with standards containing known

concentrations of the target sequence.

For several years, dot blotting and slot blotting were Viewed with disfavor by many investi—

gators chiefly because of variability in the hybridization signal obtained from identical samples

applied to the same membrane, especially when analyzing complex populations of RNA or DNA.

Although this problem has not been entirely solved (Anchordoguy et al. 1996), the advent of pos-

itively charged modified nylon membranes has led to a marked improvement in the sample—to—

sample variation (Chomczynski and Qasba 1984). In the case of DNA, purified preparations or

alkaline lysates of cells and tissue samples can be loaded onto the membrane under alkaline con—
ditions (Reed and Matthaei 1990).

Dot-blot analysis of RNA is slightly trickier than dot-blotting of DNA. At one stage, inves-

tigators experimented with dot- and slot-blots of crude cytoplasm prepared from freshly har-

vested or frozen cultured cells or animal tissues (e.g., please see White and Bancroft 1982).

However, the results obtained from dot blotting of crude preparations of RNA did not always

match those obtained from northern blots of purified RNA (Tsykin et al. 1990). For this reason,

dot—blotting and slot—blotting are generally carried out with purified preparations of RNA that

have been denatured with glyoxal (McMaster and Carmichael 1977; Carmichael and McMaster
1980) or formaldehyde (Thomas 1980) immediately before they are applied to the membrane

(e.g., please see Weydert et al. 1983).

APPLYING THE SAMPLES TO THE MEMBRANE
 

7.46

Although samples of RNA can be applied to the membrane manually with an automatic pipet-

ting device, the spacing and size of the resulting dots are often variable. The resulting images may
be misshapen, blurred, and of such uneven character as to defy quantitation. The preferred

method of applying samples to a membrane is by vacuum manifold. Many of the commercially

available manifolds are supplied with a choice of molds that deposit the samples on the mem-

brane as dots or slots in various geometries. This ensures that the immobilized samples all have
the same shape, area, and spacing, which facilitates comparison of the intensity of hybridization.
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STANDARDS 7 _ ,_,*wie 
 

To obtain quantitative results, it is essential to include positive and negative controls that have

physical properties similar to those of the nucleic acid under test. For example, when analyzint,y

mammalian RNAs, the negative control should consist of RNA from a cell or tissue that is known

not to express the target sequences. Positive controls should consist of preparations of RNA

mixed with known quantities of RNA standards that are complementary to the probe. These stan—

dards and radiolabeled probes are best synthesized in Vitro from DNA templates that have been

cloned into plasmid vectors in which the cloning site is flanked by two different bacteriophage

promoters in opposite orientations. Sense—strand RNA for use as a hybridization standard can be

synthesized using one promoter; radiolabeled (antisense) probe can be synthesized using the
other promoter.

When creating standards, the synthetic sense—strand RNA is mixed with an irrelevant RNA
so that the resulting mass is equal to that of the test samples. The irrelevant RNA should be pre-

pared in the same manner as the test RNA. These precautions are necessary to control for the

presence of impurities in cytoplasmic RNA that decrease the intensity of the hybridization signal

and to control for decreased hybridization efficiency in samples containing large amounts of
purified RNA.

NORMALEAHON‘
 

To avoid overloading the membrane, not more than 5 pg of total RNA should be used in a slot

of standard size. As a matter of course, the same amount of RNA is loaded into each slot.

However, there is always some uncertainty about the actual amounts of RNA that are retained

on the membrane. This problem can be solved by staining the membrane with methylene blue

after the RNA has been cross—linked to the positively charged membrane by UV irradiation

(please see Protocol 7 and Table 7—5 in Protocol 8). Alternatively, the amount of poly(A)+ RNA

retained on the membrane can be measured by hybridization with radiolabeled oligo(dT)

(Harley 1987, 1988}. This method is especially useful when loading small amounts of purified
poly(AV RNA in each slot.

MEASURiNQrTHE INTENSITY OF THE SIGNAL

For many purposes, visual assessment of the intensity of hybridization is sufficient. However,

more accurate estimates of the amount of target sequence in each sample can be obtained by den-

sitometric scanning (Brown et al. 1983; Chapman et al. 1983; Ross et al. 1989), direct phosphor-

imaging, or luminometry (when using chemiluminescent probes) (Matthews et al. 1985). Liquid
scintillation counting also provides direct quantitation of the concentration of target DNA.
However, this method requires that the sample be cut into pieces and placed in a scintillation
fluor, thereby eliminating any possibility of reprobing the dot blots.

This protocol describes the blotting and subsequent hybridization of RNA purified from
cells or tissues by one of the methods previously described in Protocols 1 through 4.

 



7.48 Chapter 7: Extraction, Purification, and Analysis of mRNA from Eukaryotic Cells

7MATERIALS
A IMPORTANT Prepare ail reagents used in this protocol with DEPC-treated HZO (please see the infor-

mation panel on HOW TO WIN THE BATTLE WITH RNASE).

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

NaOH (70 N) <!>

Prehybridization solution

RNA denaturation solution
660 pi of formamide < ! >

210 u10f370/o (w/v) formaldehyde <!>

130 1.11 of 10x MOPS electrophoresis buffer (pH 7.0) < ! >

For further details on MOPS electrophoresis buffer, please see Appendix 1.

Formaldehyde is supplied as a 37-40% w/v (12.3 M) solution that may contain a stabilizer such as
methanol (10—150/0). Formaldehyde oxidizes readily to formic acid when exposed to air. If the pH of the
formaldehyde solution is acidic (<pH 4.0) or if the solution is yellow, the stock solution should be deion—
ized by treatment with a mixed bed resin, such as Bio-Rad AG-SOI—XS or Dowex XGS before use.

Purchase a distilled deionized preparation of formamide reagent and store in small aliquots under nitro-
gen at ~200C. Alternatively, reagent—grade formamide can be deionized as described in Appendix 1.

0. 7x 55C with O. 7% (W/v) SDS

Please see note to Step 18.

0.1x 55C With 7% (W/v) SDS

Optional, please see Step 18.

0.5x 55C with 0.1% (W/v) SDS

7x 55C with 0.1% (w/v) SDS

2x 55C

Optional, please see Step 18.

20x SSC

Nucleic Acids and Oligonucleotides

Probes

RNA test samples, standards and negative controls
Prepare samples by one of the methods described in Protocols 1 through 4 of this chapter.

All samples should contain the same amount of RNA dissolved in 10 pl of sterile, DEPC—treated HZO.
Standards are generated by mixing varying quantities of unlabeled sense—strand RNA synthesized in
vitro (please see Chapter 9) to aliquots of a "negative" RNA preparation that lacks sequences comple—
mentary to the radiolabeled probe.

Probe, radio/abe/ed and denatured

Denature just before use as described in Step 2 of Protocol 8.

High—specific—activity (>5 x 108 cpm/ug) strand-specific probes (either DNA or RNA) can easily detect
mRNAs that are present at medium to high abundance when 5 pg of total cellular RNA is loaded per slot‘
RNAs of the lowest abundance (1—5 copies/cell) are difficult to detect in dot blots of total mammalian
cellular RNA. Such RNAs are best detected by loading >l pg of purified poly(A)+ RNA per slot and
hybridizing with strand-specific probes of high specific activity (>5 x 108 cpm/ug).

Special Equipment

Blotting manifold
Manifolds are available from several commercial sources. Devices for dot blotting are more popular than
those for slot blotting, perhaps because, with a dot—blotter, the sample is applied over a larger area, result—
ing in a more uniform hybridization signal.  
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Cross-Iinking device (e.g., Stratalinker, Stratagene; 65 Gene Linker, Bio-Rad) or Vacuum oven

or Microwave oven

Positively charged nylon membrane
Please see the Introduction to Northern Hybridization (Membranes Used for Northern Hybridimtion).

Thick blotting paper (e.g., Whatman 3MM, Schleicher & Schuell 68004 or Sigma QuickDraw)
Water bath preset to 68"C

METHOD
 

Setting Up the Blotting Manifold

1. Cut a piece of positively charged nylon membrane to a suitable size. Mark the membrane
with a soft pencil or ballpoint pen to indicate the orientation. Wet the membrane briefly in
H20 and soak it in 20x SSC for 1 hour at room temperature.

While the membrane is soaking, clean the blotting manifold carefully with 0.1 N NaOH and
then rinse it well with sterile HZO.

Wet two sheets of thick blotting paper with 20x SSC, and place them on top of the vacuum
unit of the apparatus.

Place the wet nylon membrane on the bottom of the sample wells cut into the upper section
of the manifold. Roll a pipette across the surface of the membrane to smooth away any air
bubbles trapped between the upper section of the manifold and the nylon membrane.

Clamp the two parts of the manifold together, and connect the unit to a vacuum line.

Fill all of the slots/dots with 10x SSC, and apply gentle suction until the fluid has passed
through the nylon membrane. Turn off the vacuum, and refill the slots with lO>< SSC.

Preparation of the RNA Samples

..
/. Mix each of the RNA samples (dissolved in 10 pl of H20) with 30 pl of RNA denaturation

solution.

Incubate the mixture for 5 minutes at 65°C, and then cool the samples on ice

Add an equal volume of 20x SSC to each sample.

. Apply gentle suction to the manifold until the 10x SSC in the slots has pabsed through th
membrane. Turn off the vacuum.

Blotting of the RNA Samples and Fixation of the RNA to the Membrane

11.

12.

13.

Load all Of the samples into the slots, and then apply gentle suction. After all of the samples
have passed through the membrane, rinse each of the slots twice with 1 ml of 10x SSC.

After the second rinse has passed through the nylon membrane, continue suction for 5 min—
utes to dry the membrane.

Remove the membrane from the manifold, and fix the RNA to the membrane by either UV
irradiation, baking, or microwaving, as described in Step 16 of Protocol 7.

Before setting up the prehybridization and hybridization reactions, please see Protocol 8,  
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Hybridization and Washing of Immobilized RNA

14.

15.

16.

17.

18.

19.

Incubate the membrane for 2 hours at 68°C in 10—20 ml of prehybridization solution in a

baking dish or hybridization chamber.

Add the denatured radiolabeled probe directly to the prehybridization solution. Continue the

incubation for 12—16 hours at the appropriate temperature.

To detect low—abundance mRNAs, use at least 0.1 pg of probe whose specific activity exceeds 5 x
10” cpm/ug. Low—stringency hybridization, in which the probe is not homologous to the target

gene‘ is best carried out at lower temperatures (37—420C) in a hybridization buffer containing 50%
deionized formamide. 0.25 M sodium phosphate (pH 7.2), 0.25 M NaCl, and 70/0 SDS.

After hybridization, remove the membrane from the plastic bag and transfer it as quickly as

possible to a plastic box containing 100—200 ml of 1x SSC, 0.1% SDS at room temperature.

Place the closed box on a platform shaker and agitate the fluid gently for 10 minutes.

A IMPORTANT Do not allow the membrane to dry out at any stage during the washing procedure.

Increase the concentration of SDS in the washing buffer to 1% if singIe-stranded probes are used.

Following low—stringency hybridization in formamide-containing buffers, rinse the membrane in
2x SSC at 23°C and then successively wash in 2x SSC, 0.5x SSC with 0.1% SDS, and 0.1x SSC with
0.1% SDS for 15 minutes each at 23°C. A final wash containing 0.1x SSC and 1% SDS is carried out
at 50°C.

Transfer the membrane to another plastic box containing 100—200 ml of 0.5x SSC, 0.1% SDS,

prewarmed to 68°C. Agitate the fluid gently for 10 minutes at 68°C.

Repeat the washing in Step 17 twice more for a total of three washes at 68°C.

Dry the membrane on filter paper and establish an autoradiograph by exposing the mem—

brane for 24—48 hours to X-ray film (Kodak XAR-S or equivalent) at ~70°C with an intensi—

fying screen (please see Appendix 9). Tungstate-based intensifying screens are more effective

than the older rare-earth screens. Alternatively, an image of the membrane can be obtained

by scanning in a phosphorimager.
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THREE DIFFERENT NUCLEASES — NUCLEASE 51, RlBONUCLEASE, AND EXONUCLEASE Vll — ll’dVC been

used to quantitate RNAs, to map the position of introns, and to identify the locations 0f5' and 3'

ends of mRNAs on cloned DNA templates (please see Figures 7—4 and 7—5). Nuclease Si is used

in protection assays when the test RNA is hybridized to a DNA template (please see the informa—

tion panel on NUCLEASE S1); ribonuclease is used when the test RNA is hybridized to an RNA

copy of a DNA template (please see Protocol 11). Exonuclease Vll is used for more specialized

purposes — to map short introns and to resolve anomalies arising in nuclease 51 protection assays

(please see the information panel on EXONUCLEASE VII).

The methods used with all three enzymes are elaborations of the classical nuclease S] pro—

tection technique described by Berk and Sharp (1977). Preparations of RNA containing the

mRNA ofinterest are incubated with a complementary DNA or RNA probe under conditions that

favor the formation of hybrids. At the end of the reaction, an enzyme is used to degrade unhy-

bridized single—stranded RNA and DNA. The surviving DNA—RNA or RNA—RNA hybrids are then

separated by gel electrophoresis and Visualized either by autoradiography or by Southern

hybridization (Favaloro et al. 1980; Calzone et al. 1987). When the probe is present in molar

excess in the hybridization reaction, the strength of the signal is proportional to the concentra—

tion of the mRNA of interest in the test preparation. Accurate estimates of concentration can be

obtained by constructing a standard curve in which an excess of probe is hybridized to known

amounts ofthe target sequence.

A major problem with the nuclease 81 protection assay in its original form (Berk and Sharp

1977) was the use of double-stranded DNA as probes. To prevent reassociation ofthe probe DNA

during the hybridization step, it was desirable but not always possible to establish hybridization

conditions that favored the formation of RNA-DNA hybrids over competing DNA-DNA hybrids.

Because DNA—RNA hybrids are slightly more stable than DNA-DNA hybrids, the annealing step

was usually performed in 80% formamide at a temperature above the calculated melting temper—

ature ofthe double-stranded DNA (Casey and Davidson 1977; Dean 1987). However, under these

conditions, the rate of hybridization is slowed by a factor of ~10, and the stability of DNA—RNA

hybrids is unpredictable. These problems could be circumvented by the use of single—stranded

probes. The annealing step could then be carried out under standard hybridization conditions

because there would be no complementary strand present to compete with the target RNA for

probe. However, when Berk and Sharp did their work, there was simply no reliable method to pre—

pare a single strand of DNA free of its complement. Strand—separating gel electrophoresis

(Hayward 1972) was the only technique available, but it was always a tricky business (please see

7.51
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FIGURE 7-4 MappirLg RNA with Nuclease SI

When cloned segments of genomic DNA are used as probes, the location of introns can be inferred from
the size of the bands after nuclease S1 digestion. Hybrids formed between the transcribed strand of
genomic DNA and mRNA contain loops of single-stranded DNA (introns). Digestion of these hybrids with
nuclease S1 at 20°C generates molecules whose RNA moieties are intact but whose DNAs contain gaps at
the sites of the introns. These molecules migrate as a single band when analyzed by gel electrophoresis
under nondenaturing conditions (gel A). In alkaline gels (gel B), however, the RNA is hydrolyzed and the
individual fragments of DNA separate according to their sizes. When digestion with nuclease $1 is carried
out at 45°C, both the DNA and RNA strands of the parental hybrid are cleaved to yield a series of smaller
DNA-RNA hybrids that can be separated by electrophoresis under nondenaturing conditions (gel C). The
DNA moieties in these hybrids (gel D) are the same size as those detected in gel B.

 
Chapter 5, Protocol 8). Separation was possible with only ~70% of the DNA fragments and, even

when successful, inevitably resulted in preparations that were contaminated with the comple-

mentary DNA strand. Because of these difficulties, the patterns of bands detected after gel elec-

trophoresis were sometimes complex and often varied from one experiment to the next. These

difficulties were solved in the late 19805 by the development of methods to produce single—strand-

ed DNA or RNA probes labeled to high specific activity.
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FIGURE 7-5 Mapping the 5’ and 3’Termini of mRNAs

Hybrids formed between mRNA and DNA probes radiolabeled at either their 5‘ or their 3‘ termini are
digested with nuclease SI. The locations of radiolabels are shown by the starburst symbol. The location
of the 5' and 3' termini of the target RNA can be deduced by measuring the size of the nuclease-resistant
fragments of DNA and estimating the distance between the radiolabel and the 5' and 3' termini of the
mRNA. (Lane a) 5'-Iabe|ed probe before digestion with nuclease 51; (lane b) 5'-labeled probe after diges-
tion with nuclease 51; (lane c) 3’-IabeIed probe before digestion with nuclease 51; (lane d) 3'-Iabeled
probe after digestion with nuclease SI. Molecular-weight standards are represented in the outside lanes.
In eukaryotic systems, the 5‘ end of the mRNA determined by nuclease SI mapping generally represents
the start point of transcription, whereas the delineated 3‘ end represents the site of polyadenylation. A
similar strategy can be used to map the position of 3'- and 5'-sp|ice sites.

PRQBES USED IN NUCLEASE SI PROTECTION ASSAYS

Probes of known polarity and high specific activity are made by separating the strands of a frag—
ment of double-stranded DNA or, more frequently, by de novo synthesis either of RNA comple—
mentary to one strand of a double-stranded DNA template or of DNA complementary to a sin-
gle-stranded template (for further details on probe preparation, please see Chapter 9).

o Strand-separated probes are prepared by using type II restriction enzymes, singly or in com—
bination, to generate a DNA fragment of suitable size (usually 100—500 nucleotides) with a 5’
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extension at one end and a 3' extension at the other. One strand of the fragment therefore will

be up to eight nucleotides longer than the other. This difference in size is sufficient to allow

separation of the two strands by electrophoresis through a polyacrylamide gel under denatur—
ing conditions. Either before or after electrophoresis, the 5’ terminus of the strand of interest
is dephosphorylated and radiolabeled in Vitro by transfer of the labeled phosphate residue

from [y—3ZPlATP, a reaction catalyzed by bacteriophage T4 polynucleotide kinase (please see
Chapter 9, Protocols 13—16.

0 De novo synthesis is used to produce end—labeled or uniformly labeled DNA probes in vitro

(e.g., please see Weaver and Weissmann 1979; Burke 1984; Calzone et al. 1987; Aldea et al. 1988;

Sharrocks and Hornby 1991; see also Chapter 9). End-labeled probes are prepared by phos-

phorylating the 5’ terminus of the oligonucleotide primer; uniformly labeled probes are pre-
pared by incorporating radiolabeled nucleotides into the growing DNA strand. In both cases,
the newly synthesized strand of DNA can be separated from the template by digestion with a
restriction enzyme that recognizes a unique site in the newly formed double—stranded DNA.
The radiolabeled probe can then be separated from the linearized single—stranded DNA by
electrophoresis through a polyacrylamide gel under denaturing conditions.

0 Radiolabeled probes biased heavily in favor of one strand of DNA are produced in PCRs in
which the concentration of one primer exceeds the other by a factor of 20—200. During the ini-
tial cycles of the PCR, double-stranded DNA is synthesized in a conventional exponential fash—
ion. However, when the concentration of one primer becomes limiting, the reaction generates
single—stranded DNA that accumulates at an arithmetic rate. By the end of the reaction, the
concentration of one strand of DNA is three to five times greater than the concentration of the
other (Scully et al. 1990).

o Radiolabeled probes consisting entirely of one strand of DNA are synthesized in thermal
cycling reactions that contain a double—stranded DNA template but only one primer. Double-
stranded template DNA (20 pg) generates ~200 pg of single—stranded probe over the course of
40 cycles. The length of the probe can be defined by cleaving the template DNA at a restriction
site downstream from the binding site of the primer (Stiirzl and Roth 1990a,b).

o Uniformly labeled RNA probes (riboprobes) are generated by transcribing a linear double-
stranded DNA template attached to a bacteriophage promoter (Melton et al. 1984). The DNA
template is generated either by digesting a recombinant plasmid with a restriction enzyme that
cleaves within or downstream from the cloned DNA sequence or by amplifying the template
using PCR. The linearized template is transcribed in the presence of [(x-32PlNTPs by the
appropriate bacteriophage DNA—dependent RNA polymerase to produce a radiolabeled RNA
that extends from the initiation site of the promoter to the end of the DNA fragment. The pro-
moter and the DNA sequence are oriented such that the resulting riboprobe is antisense (com-
plementary) to the mRNA to be analyzed. It is prudent, but not mandatory, to purify RNA
probes by denaturing gel electrophoresis. Purification can be carried out easily and quickly on
minigels cast with 5% polyacrylamide/S M urea and run on a miniprotein gel apparatus (e.g.,
Bio—Rad Mini-Protean).

Even when single—stranded probes are used, nuclease SI analysis of the structure of eukary—
otic RNAs is not free of artifacts. For example, small mismatches in DNAzRNA heteroduplexes are
relatively resistant to the action of the nuclease (Berk and Sharp 1977). Conversely, regions of per-
fect heteroduplex that are rich in rUsz sequences are susceptible to cleavage (Miller and Sollner-
Webb 1981). A single molecule of DNA frequently can be protected from the action of the nucle-
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use by simultaneous hybridization to two different RNA molecules (Lopata et 111. 1985). Finally,

nuclease 51 inefficiently cleaves the segment of DNA opposite a looped-out region of RNA

(Sisodia et al. 1987). Many of these problems can be solved by using a range of concentrations of

nuclease 51, by performing the digestion at different temperatures, by using a different nuclease

(e.g., mung bean nuclease), or by using a combination of nucleases (e.g., RNase H and nuclease

SI) (Sisodia et 111. 1987). However, it is important to realize that cleavage by nuclease S] does not
necessarily reflect a divergence in sequence between strands of two nucleic acids and that resis-
tance to digestion is not necessarily synonymous with identity. Mapping with nuclease 51 should

therefore be regarded as a useful, but not infallible, guide to the structure of RNAs. Thus, when

using, nuclease S] to map, for example, the 5' and 3’ ends of a mRNA, it is important to confirm
the result by an independent technique such as primer extension (Protocol 12).

Mung bean nuclease can be substituted for nuclease 51 in many mapping experiments
(please see the information panel on MUNG BEAN NUCLEASE). With some DNA probes, far less
mung bean nuclease than nuclease S] is needed to obtain complete digestion of single—stranded

regions. For example, nuclease S] is used at a concentration of 1000 units/ml to obtain complete
digestion of excess single-stranded DNA probe corresponding to the human low—density lipopro—
tcin receptor, whereas an identical result is obtained with as little as 10 units/ml of mung bean

nuclease (1A. Cuthbert, pers. comm., University of Texas Southwestern Medical Center, Dallas).
A disadvantage of mung bean nuclease is that it can cost 20 times more on a per—Lmit basis than
nuclease Sl. Mung bean nuclease can be substituted for nuclease 51 at Step 22 in the protocol.

Mung bean nuclease digestions are carried out in a buffer containing 10 mM sodium acetate (pH
4.61/50 mM NaCl/l mM ZnCl/l mM B—mercaptoethanol/0001% (v/v) Triton X-100.

This protocol presents a method for nuclease 81 mapping ofmRNA using a uniformly labeled,
single—stranded DNA probe. Procedures for mapping RNA using ribon uclease and RNA probes and
for mapping RNA by primer extension are presented in Protocols 11 and 12, respectively.

AAATERIALS
 

A IMPORTANT Prepare all reagents used in this protocol with DEPC—treated H_,O (please see the infor-
mation panel on HOW TO WIN THE BATTLE WITH RNASE).

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock to the appropriate working concentration.

Ammonium persulfate (1()%) <!>

10x Annealing buffer

100 mM Tris~C1 (pH 7.5)

100 mM MgCh

0.5 M NaCl

100 mM dithiothreitol

Ethanol

Gel elution buffer

0.5 M ammonium acetate <! >

1 mM EDTA (pH 8.0)

0.1% (w/v) SDS
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Hybridization buffer (for RNA)
40 mM PIPES (pH 64)
0.1 mM EDTA (pH 8.0)

0.4 M NaCl

Use the disodium salt of PIPES (piperazine—N,N’—bis[2—ethanesulf0nic acid]) to prepare the buffer, and

adjust the pH to 6.4 with 1 N HCl.

Nuclease S1 stop mixture
4 M ammonium acetate

50 mM EDTA (pH 8.0)
50 ug/ml carrier RNA

Store the nuclease 5] stop mixture in aliquots at —20°(

Phenol:chlor0form (1 :7/ v/v) <!>

RNA geI-Ioading buffer

Sodium acetate (3 M, pH 5.2)

TE (pH 7.6)

TEMED (N/N,N',N’-tetramethylethylene diamine) <!>

Trichloroacetic acid (TCA) (7% and 10%) <!>
Dilute 100% stock solution 1/10 and 1/100 just before use. Chill the working solutions in ice.

Enzymes and Buffers

Gels

Bacteriophage T4 polynucleotide kinase

Klenow fragment of E. coli DNA polymerase (70 units/pl)

Nuclease 5 7 (for use in nuclease 51 digestion buffer, please see below)
It is necessary to titrate the nuclease 51 each time a new probe or RNA preparation is used.

Nuclease 57 digestion buffer
0.28 M NaCl

0.05 M sodium acetate (pH 45)

4.5 mM Znso4-7H20
Store aliquots of nuclease 51 buffer at —20°C and add nuclease 81 to a concentration of 500 units/ml just
before use.

Restriction endonucleases

Denaturing polyacrylamide gel containing 8 M urea < !>
For most 5’— and 3’—end mapping experiments, a denaturing gel composed of 5% or 60/0 polyacrylamide
and containing 8 M urea nicely resolves protected DNA fragments. A typical gel is 1.5 mm thick. However,
“thin” or “sequencing” gels (0.4—mm thickness) can also be used (please see Chapter 12). If thin gels are
used to resolve protected DNA fragments, it is usually not necessary to fix the gel in trichloroacetic acid
(TCA), as described in Steps 30—32, before drying the geli Fixing sharpens and increases the resolution of
thicker gels. In many cases, a miniprotein gel apparatus (e.g., Bio-Rad Mini—Protean or Ambion Vertical

Gel Apparatus) (13 cm x 13 cm x 1 mm) can be used both to prepare the radiolabeled single-stranded
DNA or RNA probe and to analyze the products of nuclease Sl digestion. Table 7-6 shows the percentage
of polyacrylamide used to purify DNA fragments of various sizes; Table 7-7 shows the expected mobili-
ties of tracking dyes in these gels. The method used to prepare the polyacrylamide gel is described in Step
1 of this protocol; for further details, please see Chapter 12, Protocol 8.

TABLE 7-6 Percentage of Gel for Purifying Various DNA Fragments
 

 

% POLYACRYLAMIDE/UREA GEL SIZE or BAND (nt)

4 >250

6 60—250

8 40—120

10 20—60

12 10—50
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TABLE 7-7 Expected Mobilities of Tracking Dyes
 

 

% POLYACRYLAMIDE/UREA GEL XYLENE CYANOL (nt) BROMOPHENOL BLUE (nt)

4 155 30

6 110 25

8 75 20

10 55 IO
 

'l'mcking dyes tan serve as useful size standards on denaturmg polyacrylamide gels. The table indicates the apprmimdtc

aims of tracking (has (in nucleotides) on gels of different polyacrylamide concentratmns.

Nucleic Acids and Oligonucleotides

Carrier RNA (yeast tRNA)

dNTP solution (20 mM) containing all four dNTPs
Dissolve the dNTPs in 25 mM Tris—Cl (pH 8.0) and store as small aliquots at -20°C.

RNA, for use as a standard

Synthesize in vitro by transcription of the appropriate strand of a recombmant plasmid containing the
DNA sequences ofinterest and a bacteriophage promoter. Methods to synthesize and purify the RNA are
outlined in Chapter 9, Protocol 6.

Synthetic oligonucleotide (70 pmoles/ul) in distilled HZO
The oligonucleotide used to prime synthesis of the probe from a single—stranded DNA template should
be 20—25 nucleotides in length and complementary to the RNA strand to be analyzed. It should hybridize

to the template DNA strand 250—500 nucleotides 3' of the position that will be cleaved by the chosen

restriction enzyme. Store oligonucleotides in aliquots at —20°C.

Template DNA (1 pg/pl), single-stranded
Use standard procedures (Chapter 3, Protocol 5) to prepare single—stranded DNA from a recombinant
bacteriophage M13 carrying the insert DNA strand in the same sense as the test RNA.

Test RNA

Poly( A)‘ or mm] RNA prepared by one of the methods described in Protocols 1 through 4 of this chap
ter.

Probes

DNA probe, uniformly labeled and single-stranded
The DNA probe is prepared in Steps 1—1 5 0fthis‘pmt0c01.Use single-stranded probes uniformly labeled

to high specific activity within a few days to avoid problems caused by radiochcmical degradation.

Radioactive Compounds

[y-sz/ATP (10 mCi/ml, 3000 Ci/mmole) <!>

Special Equipment

Water baths preset to 65°C, 85°C, and 95°C, to the appropriate digestion temperature (please
see Step 22), and to the desired hybridization temperature (please see Step 27)

Whatman 3MM filter paper (or equivalent)

TABLE 7-8 Volumes of Polyacrylamide Required to Cast Minigels of Various Percentages
 

 

% GEL VOLUME OF 40% ACRYLAMIDE (ml)

4 1.5

3 1.875

6 2.25

8 3.0
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METHOD

Preparation of Randomly Labeled SingIe-stranded DNA Probe

1. Prepare a polyacrylamide minigel containing 8 M urea (13 cm x 15 cm x 0.75 mm) (e.g., Bio—

Rad Mini—Protean).

a. Mix the following reagents:

7.2 g of urea

1.5 m10f10x TBE

Add the appropriate amounts of 40% acrylamide (acrylamide:bisacrylamide 19:1; please

see Table 7—8) to generate a gel containing the desired concentration of polyacrylamide

(please see Table 7—6).

b. Add HZO to a final volume of 15 ml.

(3. Stir the mixture at room temperature on a magnetic stirrer until the urea dissolves. Then add:

120 pl of 10% ammonium persulfate

16 pl of TEMED

Mix the solution quickly and then pour the gel into the mold of a minigel apparatus.

While the gel is polymerizing, mix the following reagents:

10 pmoles (1 pl) of unlabeled oligonucleotide

10 pl of [y-33P]ATP (3000 Ci/mmole, 10 mCi/ml)

2 pl of 10x polynucleotide kinase buffer

6 u] of H20

10 units (1 ul) of polynucleotide kinase

Incubate the reaction mixture for 45 minutes at 37°C, and then for 3 minutes at 95°C to inac—

tivate the polynucleotide kinase.

Add to the kinase reaction:

2 pl (2 pg) of single—stranded DNA template

4 pl of 10x annealing buffer

14 pl of H30

Incubate the reaction mixture for 10 minutes at 65°C and then allow it to cool to room tem—

perature.

Add to the reaction mix from Step 3:

4 pl of dNTP mixture

1 pl (10 units) of the Klenow fragment of E. coli DNA polymerase I

Incubate the reaction mixture for 15 minutes at room temperature and then inactivate the

DNA polymerase by incubation for 3 minutes at 65°C.

Adjust the ionic composition and pH of the reaction mixture to suit the restriction enzyme.
Add 20 units of restriction enzyme and incubate the reaction mixture for 2 hours at the
appropriate temperature.

Add to the restriction endonuclease digestion reaction:

2 pl of carrier RNA

5 pl of3 M sodium acetate (pH 5.2)

Recover the DNA probe by standard precipitation with ethanol.
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Dissolve the DNA in 20 tll of gelmloading buffer. Heat the solution to 95"C for 5 minutes to

denature the DNA, and then cool the DNA quickly to 0°C.

Purification of the Probe by Gel Electrophoresis

8.

11.

12.

13.

While the DNA is incubating at 95°C, wash the loading slots of the gel to remove urea and
then, without delay, load the probe into one of the slots of the gel.

Run the gel until the bromophenol blue reaches the bottom of the gel (200 mA for ~30 minutes).

Dismantle the gel apparatus, leaving the gel attached to the bottom glass plate. Wrap the gel
and plate in a piece of plastic wrap (e.g., Saran Wrap). Make sure that there are no bubbles
between the gel and the plastic film.

A WARNING Wear eye protection when prying the glass plates apart.

Expose the gel to X—ray film. Mark the location of the corners and sides ofthe plate on the film
with a permanent marker. Also mark the position of the bromophenol blue and xylene cyanol.

Usually an exposure of 2—10 minutes is sufficient to obtain an image of the radiolabeled probe.

Realign the glass plate with the film and excise the radiolabeled band with a scalpel. Reexpose
the mutilated gel to a fresh piece of film to ensure that the region of the gel containing the
band of the correct molecular weight has been accurately excised.

 

SETTING UP HYBRIDIZATIONS BETWEEN THE RADIOlABElED PROBE AND THE
TEST RNA

When setting up hybridizations:

o The DNA probe shouid be in excess over the target RNA species. In most cases, addition of 0.01 —0.05
pmole of probe (~1—8 rig of a 400-nucleotide single-stranded DNA probe) will provide an excess of
probe in the hybridization reaction. However, nuclease S1 mapping of abundant RNAs (e.g., viral
mRNAs present in infected cells, mRNAs encoding structural proteins, or mRNAs encoding abundant
enzymes) may require more DNA probe The exact amount of probe required to reach saturation can
be determined empirically by nuclease S1 digestion of a series of hybridization mixtures containlng
different ratios of test RNAzprobe.

o The amount of test RNA required depends on the concentration of the sequences of interest and on
the specific activity of the radiolabeled probe. With DNAs that have been radiolabeled to high specif-
ic activity (>1O9 cpm/pgt 10 pg of total RNA is usually sufficient to allow detection of mRNA species
that are present at the level of one to five copies/cell. To detect sequences present in lower concen-
trations (e.g., in RNA extracted from heterogeneous populations of cells), up to 150 08 of RNA may
be used in a 30-pl hybridization reaction. For ease of manipulation in subsequent steps, it is advisable
to keep the hybridization volume to 30 pl or less. If reagents are in Short supply, the hybridization
reactions can be scaled down to 10 pl. In every experiment, it is best to include several different
amounts of input RNA to make sure that the DNA probe is in excess and that duplicate tubes yield
reproducible results.

o All reactions should contain the same amount of RNA to ensure that digestion with nuclease S1 is car-
ried out under near identical conditions. If necessary, adjust the amount of RNA in the hybridization
reactions by adding carrier RNA.

a To quantify the target sequences in the preparations of RNA under test, set up a series of hybridiza-
tion reactions containing a constant amount of radiolabeled probe, a constant amount of control RNA
(|.e., RNA known to lack the target sequences), and amounts (1 fg to 100 pg) of a standard prepara-
tion of RNA synthesized in vitro. Total cellular RNA (10 pg) will contain 10 fg to 1 pg of a rare mRNA
and ~300 pg of a moderately abundant mRNA such as B-actin or GAPDH.   
 

Transfer the fragment of gel to a fresh sterile microfuge tube and add just enough gel elution
buffer to cover the fragment (250—500 ttl). Incubate the closed tube on a rotating wheel
overnight at room temperature.
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14.

15.

16.

Centrifuge the tube at maximum speed for 5 minutes in a microfuge.

Taking care to avoid the pellet of polyacrylamide, use an automatic pipetting device to trans-

fer the supernatant to a fresh microfuge tube. The labeled probe should emit ~1 x 104 cpm/ul

as measured by liquid scintillation spectroscopy.

Optional: To maximize recovery of RNA, add 200 pl of gel elution buffer to the gel pellet in Step 15,
incubate the closed tube on a rotating wheel overnight, and repeat Steps 14 and 15.

Store the probe at —70°C.

Hybridization between the Test RNA and the Radiolabeled Probe DNA

17.

18.

19.

20.

21.

Transfer 0.5—150 pg aliquots of RNA (test and standard) into sterile microfuge tubes. Add an

excess of uniformly labeled single—stranded DNA probe to each tube.

Precipitate the RNA and DNA by adding 0.1 volume of 3 M sodium acetate (pH 5.2) and 2.5

volumes of ice—cold ethanol. After storage for 30 minutes at 0°C, recover the nucleic acids by

centrifugation at maximum speed for 15 minutes at 4°C in a microfuge. Discard the ethano—

lic supernatant, rinse the pellet with 70°/o ethanol, and centrifuge the sample. Carefully

remove all of the ethanol, and store the pellet containing RNA and DNA at room temperature

until the last visible traces of ethanol have evaporated.

Do not allow the pellet to become desiccated, otherwise it will be difficult to dissolve.

 

DISSOLVING NUCLEIC ACID PELLETS

It is often difficult to obtain complete dissolution of the pellet of nucleic acids in hybridization buffer (Step
19). This problem is exacerbated if the pellet is dried in a desiccator. Sometimes the pellet can be dis-
solved by a combination of vigorous pipetting and heating to 60°C. If difficulties persist, or if equivalent
signals are not obtained from duplicate samples of RNA, the following procedure is recommended:

1. After Step 18 of the protocol, dissolve the pellet in 40—50 pi of H20. Evaporate the sample in a rotary
evaporator until it is just dry.

2. Add 30 pl of hybridization buffer. The hydrated pellet should go into solution quickly and easily and
yield reproducible results.   
 

Dissolve the nucleic acid pellet in 30 pl of hybridization buffer. Pipette the solution up and

down many times to ensure that the pellet is completely dissolved.

Close the lid of the tube tightly, and incubate the hybridization reaction in a water bath set at

85°C for 10 minutes to denature the nucleic acids.

Rapidly transfer the tube to a water bath set at the desired hybridization temperature (usual-
ly 65°C). Do not allow the tube to cool below the hybridization temperature during transfer.
Hybridize the DNA and RNA for 12—16 hours at the chosen temperature.

Nuclease 51 Digestion of the DNA-RNA Hybrids

22. Taking care to keep the body of the tube submerged, open the lid of the hybridization tube.
Rapidly add 300 u] of ice-cold nuclease Sl digestion buffer, and immediately remove the tube
from the water bath. Quickly mix the contents of the tube by vortexing gently, and then trans—
fer the tube to a water bath set at the temperature appropriate for digestion with nuclease SI.
Incubate for 1—2 hours, depending on the degree of digestion desired.

 



23.

24.

25.
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A variety of temperatures and nuclease 81 concentrations have been used to analyze DNA-RNA hybrids.
For example, at 20"C, nuclease S1 at a concentration of 100—1000 units/ml will degrade loops of DNA
but will not efficiently digest segments of RNA molecules that bridge loops of DNA. This property is use-
ful when mapping intron/exon borders in segments of genomic DNA because the partially digested mol-
ecuie will migrate through agarose gels at neutral pH at approximately the same rate as double-stranded
DNA. However, under alkaline conditions, the RNA “bridge” will be hydrolyzed, liberating two smaller
pieces of single-stranded DNA. From the sizes of these fragments, it is often possible to assign locations
to intron/exon junctions in a segment of genomic DNA (Berk and Sharp 1977). For digestion of the sin-
gle—stranded regions of DNA—RNA hybrids, higher temperatures (37—4500 or increased quantities of
nuclease 51 are generally required. Because of the am biguity inherent in choosing conditions that will lead
to either complete resistance to digestion or complete digestion of singIe-stranded nucleic acid structures,
it is best to choose a convenient digestion time (e.g., 1 hour) and then set up a series of test reactions in
which the amount of nuclease S1 is varied (e.g., 100, 500, and 1000 units/ml) and the digestion temper-
ature is varied (22°C, 30°C, 37°C, and 45°C). Examine the results by polyacrylamide gel electrophoresis
and fine tune the enzyme concentration and temperature conditions as needed.

CONDITIONS FOR DIGESTION WITH NUCLEASE S1 }

1

 L 1

Chill the reaction to 0°C. Add 80 ul of nuclease SI stop mixture and vortex the tube to mix
the solution.

Extract the reaction once with phenolxhloroform. After centrifugation at maximum speed

for 2 minutes at room temperature in a microfuge, transfer the aqueous supernatant to a

fresh tube. Add 2 volumes of ethanol, mix, and store the tube for 1 hour at —20°C.

Recover the nucleic acids by centrifugation at maximum speed for 15 minutes at 4°C in a

microfuge. Carefully remove all of the supernatant, and store the open tube at room temper-

ature until the last visible traces of ethanol have evaporated.

Analysis of the Products of Nuclease S1 Digestions by Gel Electrophoresis

26.

27.

28.

29.

30.

Dissolve the pellet in 4 111 of TE (pH 7.6). Add 6 111 of gel-loading buffer and mix well.

Heat the nucleic acids for 5 minutes at 95°C, and then immediately transfer the tube to an ice

bath. Centrifuge the tubes briefly in a microfuge to consolidate the samples at the bottoms of
the tubes.

Analyze the radiolabeled DNA by electrophoresis through a polyacrylamide/S M urea gel.

For most applications, a 5—6% polyacrylamide/S M urea gel of 1.5mm thickness will suffice. As
molecular—weight markers, use end-labeled fragments of DNA of known size or a sequencing lad~
der. During electrophoresis, enough current should be run through the gel to keep the glass plates
warm to the touch‘

After the tracking dyes have migrated an appropriate distance through the gel (please see
Table 7-7), turn off the power supply and disassemble the electrophoresis set up. Gently pry
up one corner of the larger glass plate and slowly remove the plate from the gel. Cut off one
corner ofthe gel for orientation purposes.

A WARNING Wear eye protection when prying the glass plates apart.

Transfer the glass plate containing the gel to a tray containing an excess of 10% TCA. Gently
rock or rotate the tray for 10 minutes at room temperature.

The gel will usually float off the glass plate during this incubation. Do not allow the floating gel to
fold up on itself.
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31.

32.

33.

34.

35.

Pour off the 10% TCA solution and replace with an excess of 1% TCA, Gently rock or rotate

the tray for 5 minutes at room temperature.

Pour off the 1% TCA solution and briefly rinse the fixed gel with distilled deionized HzO. Lift

the glass plate together with the gel out of the tray and place them on a flat bench top. Use

paper towels or Kimwipes to remove excess H20.

Do not place towels on top of the gel.

Cut a piece of Whatman 3MM filter paper (or equivalent) that is 1 cm larger than the gel on

all sides. Transfer the gel to the filter paper by laying the paper on top of the gel and invert-
ing the glass plate.

Remove the plate and dry the gel on a gel dryer for 1.0—1.5 hours at 60°C.

Establish an autoradiographic image of the dried gel. Scan the image by densitometry or

phosphorimaging, or excise the segments of the gel containing the fragments and count them
by liquid scintillation spectroscopy.

From the samples containing different amounts of standard RNA, a curve of mass versus radioac-
tivity can be constructed. The amount of target sequences in the test preparations of RNA can then

be estimated by interpolation.



Protocol 11
 

Ribonuclease Protection: Mapping RNA with
Ribonuclease and Radiolabeled RNA Probes

RIBONUCLEASE PROTECTION ASSAYS ARE USFD TO MEASURE the abundance of specific mRNAs and

to map their topological features. The method involves hybridization of test RNAS to comple—

mentary radiolabeled RNA probes (riboprobes), followed by digestion of nonhybridized

sequences with one or more singie-strand—specific ribonucleases. At the end of the digestion, the
ribonucleases are inactivated, and the protected fragments of radiolabeled RNA are analyzed by

polyacrylamide gel electrophoresis and autoradiography. As with nuclease 51 protection assays

(please see Figure 7—4), the size of the protected fragments allows the mapping of features such as

intron-exon borders and sites of transcription initiation and termination (please see Figure 7—6)

(Lynn et al. 1983; Zinn et ai. 1983; Melton et al‘ 1984; for reviews, please see Calzone et al. 1987;

Kekule et alt 1990; Mitchell and Fidge 1996). However, interpretation Of mapping data is not

always easy or unambiguous. For example, when analyzing protected fragments formed between

a test mRNA and a riboprobe derived by transcription ofa cloned segment of genomic DNA, it

is not always possible to distinguish between a splice junction lying near the 5' terminus of the

mRNA and the true 5” terminus of the mRNA. Wherever possible, confirmatory data should be

obtained from an independent technique, for example, primer extension (Protocol 12 of this

chapter) or 5'-RACE (Chapter 8, Protocol 9).

When the antisense riboprobe is present in molar excess, the strength of the autoradi—

ographic signal is proportional to the amount of sense RNA in the test sample. Quantification is

achieved by comparing the strength of the signals from samples containing test RNA with that of

signals from samples containing known amounts of standard RNAs, these being generated by in

vitro transcription of an appropriate DNA template (please see Techniques for Quantitating RNA

below). Ribonuclease protection is at least tenfold more sensitive than northern hybridization.

This sensitivity is due to a variety of factors, including the following.

0 More complete and speedier hybridization is achieved because test and probe RNAs are both

present in solution.

0 Elimination of the step in which RNA is transferred from a gel to a solid support. The effi—

ciency of this step varies according to the method used and the molecular weight of the target

RNA.

0 Elimination ofposthybridization washing steps. The stringency and efficiency of these steps

affect the level of background and the strength of the signal. No matter how skillfully these

washes are performed, the maximum ratio of signal to noise in a northern blot rarely exceeds
a factor of 10.

7.63
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FIGURE 7-6 Mapping mRNAs with Radiolabeled RNA Probes and RNase

Radiolabeled RNA, synthesized in vitro from a cloned copy of the genomic DNA (steps A—C), is hybridized
to unlabeled test mRNA (step D). After removal of the unhybridized tails by digestion with RNase (step E),
the size of the radiolabeled RNA that is resistant to RNase is measured by gel electrophoresis (step F).
(Step A) Target DNA is cloned into a plasmid downstream from a prokaryotic promoter (bacteriophage
SP6 or T7); (step B) the recombinant plasmid is linearized with a restriction enzyme that cleaves at the
distal end of the target DNA; (step C) the linear DNA is transcribed with the appropriate DNA-dependent
RNA polymerase (in this case, SP6), and template DNA is removed by digestion with RNase-free pancre-
atic DNase; (step D) radiolabeled RNA (orange squiggly line) is hybridized to unlabeled test RNA (solid
red line); (step E) RNA-RNA hybrids are digested with pancreatic RNase; (step F) RNA-RNA hybrids (before
and after digestion with RNase) are analyzed with gel electrophoresis and autoradiography. (Lanes a,d)
Molecular-weight standards. (Lane b) Radiolabeied RNA before digestion with RNase; (lane c) radiolabeled
RNA after digestion with RNase. By using probes complementary to appropriate segments of the template
DNA/ it is possible to map the positions of the 5' and 3' termini of mRNAs and the positions of 5'- and 3'-
splice sites.
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0 Greater tolerance ofRNA degradation. Because the radiolabeled antisense probe is generally

much shorter than the mRNA under test, the sensitivity and accuracy of the ribonuclease pro-

tection assay are not significantly affected if the preparation of test RNA is partially degraded.

Ribonuclease protection assays have other advantages over northern hybridizations; they do

not require special instruments, can be adapted to the simultaneous use of several radiolaheled

probes, and are sufficiently sensitive to detect low—abundance RNAs in preparations of total RNA.

The ribonuclease protection assay shares many of these advantages with the nuclease S] protec-

tion assay. However, the two protection assays differ in some respects. AU—rich regions, which are

often cleaved nonspecifically by nuclease 81. are not susceptible to nonspecific cleavage in ribonu-

clease protection assays, and the termini of the hybrids are not at risk of being nibbled (please see

Rihonucleases Used in Ribonuclease Protection Assays below). In addition, radiolabeled probes

used in nuclease 51 protection assays require specific oligonucleotide primers and single-strand—

ed DNA templates. Riboprobes, on the other hand, can be produced by transcription of standard

plasmids carrying bacteriophage promoters (for further details, please see Chapter 9). For these

reasons, the ribonuclease protection assay has largely replaced the nuclease S1 assay as the stan-

dard method of analysis of RNA.

TECHNlQUES FOR QUANTITATING RNA

Oddly enough, gene expression was measured more accurately in the 19705 than it is today. Only

one technique — reassociation kinetics — was available in those days. Reassociation of nucleic

acids in solution results from collision of complementary strands and follows kinetics that are

second order or very nearly so (Wetmur and Davidson 1968). The rate of hybridization is there—

fore inversely proportional to the initial concentration of the complementary strands (Britten and

Kohne 1968). The absolute concentration of a particular RNA can be calculated from the kinet-

ics of its reassociation with its DNA template.

During the decade that preceded the development of molecular cloning, many reassociation

experiments were carried out to measure the concentration of mRNAs. Almost all of these experi~

ments involved measuring the rate of association of a radiolabeled single—stranded DNA probe with

its complementary mRNA, when the RNA was present in molar excess. These were difficult exper—

iments, for several reasons: The concentration of reagents in the hybridization reactions was often

so low that the reassociation reaction required many hours — days in some cases — to generate sig-

nificant amounts of hybrid. Second, hydroxyapatite columns were routinely used to separate dou—

ble—stranded and single-stranded nucleic acids (Kohne and Britten 1971; Britten et al. 1974).

Running these columns was a tedious and messy business. With practice, one person could run 24

small hydroxyapatite columns simultaneously. However, this was not much fun; not only was the

processing of samples extremely monotonous, but, even worse, the columns were run in scalding

hot water baths. Then there was the perennial problem of generating a radiolabeled template of

high specific activity. In those days, all labeling of nucleic acids was done in vivo using [QPlortho—

phosphate. At Cold Spring Harbor Laboratory, our weekly delivery of 100 mCi of the ghastly stuff
arrived on Tuesday and was immediately used to label cultured cells infected with SV40 or aden—
ovirus. By Friday or Saturday, if we were lucky, we had purified enough viral DNA at sufficient spe-
cific activity to do a few experiments before the next batch of radioactivity arrived. Both the hydrox-
yapatite columns and the radiolabeled DNA were far too hot to handle with comfort.

Hydroxyapatite columns and their scalding water baths have all but disappeared from lab—
oratory inventories. We cannot regret their passing, but we can mourn the loss of reassociation

um ..,__M—__.M-» ~—-—-— — —»~ — ,
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kinetics as a way to measure the concentrations of nucleic acids. The simplicity and elegance of

the underlying theory and the easy clarity of the experiments deserved a greater permanence.

Today, a number of procedures are used to measure the abundance of a particular mRNA

in a preparation of total or poly(A)+ RNA. The most popular of these are northern blots, ribonu-

clease protection, and quantitative reverse transcriptase-PCR (RT-PCR). Each of these methods

has virtues and limitations:

0 Northern blots require relatively large amounts of material and are severely compromised by

degradation of the RNA. Their sensitivity is low and they are clumsy instruments for measur-

ing the abundance of different mRNAs in the same sample. However, northern blotting has the

unique Virtue of simultaneously providing information on both size and abundance of target

mRNAs. This duality is particularly useful when comparing expression of spliced variants of a

transcript in different tissues. Quantification depends on rehybridization with a probe to a

transcript from a housekeeping gene or an externally added standard (please see the

Introduction to Northern Hybridization preceding Protocol 5).

Ribonuclease protection does not require intact RNA; it is ~20—100—fold more sensitive than

northern hybridization and is capable of detecting ~10S copies of a specific trancript. The

method can easily cope with several target mRNAs simultaneously and, because the intensity

of the signal is directly proportional to the concentration of target RNA, comparisons of the

level of expression of the target gene in different tissues is easily accomplished However,

ribonuclease protection works best with antisense probes that are exactly complementary to

the target mRNA. This can be a problem if the experiment generates RNA-RNA hybrids con-

taining mismatched base pairs that are susceptible to cleavage by RNase, for example, when

analyzing families of related mRNAs. Quantification of target RNAs is best achieved by con-

structing standard curves with one (Pape et al. 1991) or two (Davis et al. 1997) synthetic sense-

strand templates that can be distinguished from the endogenous target RNA by size.

Quantitative RT-PCR (please see Chapter 8, Protocol 15) offers several substantial advantages

over other methods: The RNA need not be highly purified, only small amounts of template are

needed, and the method is far more sensitive than northern hybridization or ribonuclease pro—

tection assays. RT—PCR is the only method that in theory is capable of detecting a single copy

of a target sequence in a preparation of RNA. In practice, however, this level of sensitivity is

beyond reach, mostly because of inefficiencies inherent in the first stage of the reaction — the

conversion of RNA to DNA. The subsequent amplification step, which endows quantitative

PCR with such exquisite sensitivity, can also be its Achilles’ heel: Small differences in the effi—
ciency of amplification between samples can dramatically affect the strength of the signal

obtained. These problems can be minimized but never completely eliminated by the use of

internal controls in the PCR.

In summary, quantitative RT-PCR is the best available method to measure rare transcripts

in small—scale preparations of mRNA. However, ribonuclease protection is preferred whenever

the amount of target RNA falls within the range of detection, simply because of the linearity of
the assay. Northern hybridization remains esthetically the most pleasing of the three techniques.

RIBONUCLEASES USED IN RIBONUCLEASE PROTECTION ASSAYS
 

The original ribonuclease protection method (Melton et al. 1984) relied exclusively on pancreat—
ic RNase (RNase A) to degrade the single—stranded RNA remaining after the hybridization step.
However, more complete digestion may be obtained with a mixture of RNase A and RNase T1
(Winter et al. 1985), two single—strand—specific endoribonucleases with different specificities:
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Bovine pancreatic ribonuclease A shows a strong preference for pyrimidine bases at the 3' posi-

tion of the vulnerable phosphodiester bond and a preference for purine bases at the 5' position

(for review, please see Nogués et al. 1995). The enzyme has a clear preference for polynucleotide

substrates rather than oligonucleotide substrates. Ribonuclease T1 of the slime mold Aspergillus
oryzae (which is used in Japan in the brewing of sake) cleaves with high specificity the Slphos—
phodiester bond of GpN sequences of single—stranded RNA (for review, please see Steyaei‘t 1997 1.
Most ribonuclease protection assays nowadays are carried out with a combination of these two
enzymes, which efficiently cleave most single—stranded regions of RNA to a mixture of mono— and

oligonucleotides. However, they have two disadvantages: The elimination of RNase activity at the

end ofthe digestion requires destroying the enzyme with proteinase K in the presence of SDS, and
the combination of RNase A and T1 under standard digestion conditions may nick A:U—rieh

regions of double-stranded RNA. When analyzing RNAs rich in A:U sequences (i.e., >65% A+U),
it is best to use only RNase T1, which cannot attack the 5’—phosphodiester bonds of ApN or UpN
residues in single-stranded RNA. Most investigators do not find these disadvantages to be inca—

pacitating. Nevertheless, they can certainly be bothersome and, for that reason, other single—

strand—specific RNases have been used from time to time in ribonuclease protection assays.

RNase T2, which cleaves 3' of all four ribonucleotides, but strongly prefers to cleave 3' to A

residues (Uchider and Egami 1967), has been used in ribonuclease protection assays (e.g., please

see Saccomanno et al. 1992). In addition to its broad specificity, RNase T2 has the advantage of

being easily inactivated at the end of the digestion period. A major disadvantage, however, is the
high cost ofTZ.

Recently, RNase I of E. coli, expressed from the cloned gene, has become commercially avail-
able ( RNase ONE, Promega). RNase ONE cleaves 3” to all four bases with no preference and is
inactivated by SDS, eliminating the need for organic extractions before gel electrophoresis. Like
RNase T2, RNase ONE is much more expensive than a mixture of RNases A and T].

For all types of RNases, the efficiency of digesting single—stranded RNA and the specificity
of the reaction are a function of enzyme concentration. The penalty for using too much enzyme
is a loss of specificity, resulting in partial digestion of double-stranded RNA. Too little enzyme, on
the other hand, results in a failure to degrade single-stranded RNA.

MATERIALS
 

A IMPORTANT Prepare all reagents used in this protocol with DEPC-treated HZO (please see the infor-
mation panel on HOW TO WIN THE BATTLE WITH RNASE).

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock to the appropriate working concentration.

Ammonium acetate (10 M) <!>

Dithiothreito/ (0.2 M)

Ethanol

Hybridization buffer (for RNA)

40 mM PIPES (pH 6.8)

1 mM EDTA (pH 8.0)

0.4 M NaCl

80% deionized formamide < ! >

Use the disodium salt of PIPES (piperazine‘NnV —bis[Z—ethanesulfon1c acidl) and adjust the pH with l
N HCI.
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Pheno/:chloroform (7:7, v/v) <!>

RNA gel-loading buffer
9500 deionized formamide <!>

0.025% (w/v) bromophenol blue
0.0250/0 (w/v) xylene cyanol FF

5 mM EDTA (pH 8.0)
().025% (w/v) SDS

Purchase a distilled deionized preparation of formamide and store in small aliquots under nitrogen at
—20°C. Alternatively, reagent—grade formamide can be deionized as described in Appendix ].

SDS (10% W/v)

Sodium acetate (3 M, pH 5.2)

TE (pH 7.6)

10x Transcription buffer
0.4 M Tris—Cl (pH 7.5)

0.1 M NaCl

60 mM MgCl2

20 mM spermidine

Store in aliquots at —20°C.

Trichloroacetic acid (1% and 70% TCA) <!>
Dilute 100% stock solution 1/10 and 1/100 just before use. Chill the working solutions in ice.

Enzymes and Buffers

Bacteriophage-encoded DNA-dependent RNA polymerases
T3, SP6, or T7, depending on the plasmid vector and on the strand of DNA to be transcribed. If, as is
often the case, the bacteriophage RNA polymerase supplied by the manufacturer is highly concentrated,
prepare an appropriate dilution of the enzyme in polymerase dilution buffer.

DNase I (1 mg/ml, RNase-free pancreatic DNase)
This enzyme is available from several manufacturers (e.g., RQl from Promega).

Polymerase dilution buffer
Prepare solution fresh for each use.

Proteinase K (10 mg/ml)
Protein inhibitor of RNase, Chill in ice

These inhibitors are sold by several manufacturers under various trade names (e.g., RNAsin. Promega;

Prime Inhibitor, 5 Prime—>3 Prime). For more details, please see the information panel on INHIBITORS
OF RNASES.

RNase digestion mixture
300 mM NaCl
10 mM Tris—Cl (pH 7.4)

5 mM EDTA (pH 7.5)
40 pg/ml RNase A

2 ug/ml RNase Tl

Prepare 10 mg/ml ribonuclease A (bovine pancreatic RNase) in 10 mM TriS»Cl (pH 7.5), 15 mM NaCl.
Prepare 1 mg/m] ribonuclease T] in 10 mM Tris-Cl (pH 7.5), 15 mM NaCl.

Add the RNases fresh each time, just before digestion; 300 pl of digestion mixture is required for each
digestion.

Gels

Denaturing polyacrylamide gel <!> containing 8 M urea
For most 5'- and 3’—end mapping experiments, a denaturing gel composed of 50/0 or 6% polyacrylamide
and containing 8 M urea nicely resolves protected DNA fragments. A typical gel is 1.5 mm thick.
However, “thin” or “sequencing” gels (0.4—mm thickness) can also be used (please see Chapter 12 ). If thin

gels are used to resolve protected DNA fragments, it is usually not necessary to fix the gel in
trichloroacetic acid (TCA), as described in Steps 22—24, before drying the gel. Fixing sharpens and
increases the resolution of thicker gels. In many cases, a miniprotein gel apparatus (e,g., Bio-Rad Mini»

Protean) (13 cm x 13 cm X 1 mm) can be used both to prepare the radiolabeled single-stranded DNA or
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RNA probe and to analyze ths products of ribonucleuse nudedsc digestion, '1'abic T—(w (Protocol 10)

shows the pc‘rcenmge of poiydcx'yiamide med to purify DNA fragments of VdIiOLh silts; illblc 7~7

(Protocol 10) thW5 the expected mobilities Of tracking dyes on these gels. Thc method used to prcpiirc
the polyacrylamidc gel is described in Step 1 of Protocol 10.1116 preparation of largm gels is described
in Chapter 13, Protocol 8.

Nucleic Acids and Oligonucleotides

Carrier RNA (7 mg/ml)
Prepare a stock of carrier RNA by dissolving commercially available yeast tRNA at a concentration of 10

mg/ml in sterile TE (pH 7.6) containing 0.1 M NaCl. Extract the solution twice with phenol (equilibrat‘

Cd in Ti'is-Ci [pH 7.61) and twice with chloroform. Recover RNA by precipitation with 25 volumes of

ethanol at room tcmpemture. Dissolve the precipitated RNA at a concentmtion at. 10 mg/ml in thl'liC
Th (pH 7,6). divide the slockinto small aliqt10ts,and store them at 40°C.

Plasmid DNA or linearized target DNA for preparing templates
11" a plasmid DNA is used to prepare templates [please see Step 1), clone the DNA segment 01" interest
into a plasmid vector ofthe pGEM (Promega) or Bluescrlpt (Stratagene) series. pGEM plasmids contdm

promoters recognized by RNA polymerases from bacteriophages SP6 and T7) whereas Biucscript plas—
mids contain bacteriophage T7 and T3 promoters (please see the infornmtion panel on PROMOTER
SEQUENCES RECOGNIZED BY BACTERIOPHAGE-ENCODED RNA POLYMERASES). Miniprcparv

atiom of plasmid DNA are adequate but not optimal templates for in vim) transcription reactions.
Better results are usuaiiy obtained from largeAscaie preparations purified from aikaiinc iVsdtt‘h of hitch»
riai cultures by precipitation with polyethylene glycol (please see Chapter 1, Protocol 8).

Ribonucleot/des
Prepare a solution containing GTP, CTP, and ATP, each at a concentmtion of 5 mM.

RNA, for use as standards

RNA standards are synthesized in vitro by transcription ofthe appropriate strand 0111 recombinant plas-
mid containing DNA sequences of interest and a bacteriophage promoter (please see Chapter 9, Protocol
6). By cloning An appropriate 1] ugmcnt of the gene Of interest, it is possible to distinguish by size between

authentic mRNA in the test sample and the signal from the RNA standard (Paps et al. 1991 ).

Test RNA

P01y1A)’ or total RNA prepared by one of the methods described in Protocols 1 through 4 of this chap-
ter. In some cases, treatment of total RNA with RNase—free DNase may improve the accuracy of RNdsc
protection (Dixon et al, 1997).

UTP (100 w)

Probes

Riboprobe
The ribopmbc is prepared in Steps 1—7 of this protocol.

Radioactive Compounds

f(X—SZP/UTP (70 mCi/ml, 800 Ci/mmole) <!>

)(),~“1))UTP 15 the radioiabei of choice because it is specific to RNA. However, some investigators prefer
to use [uf-‘PlGTP because bacteriophage SP6 RNA polymerase tolcrdtes low concentrations of this

ribonucleotidc slightly better than it tolerates low concentrations of any of the other three.

Special Equipment

Water baths preset to 30”C, 85°C, and 95°C and the appropriate annealing temperature
(please see Step 70).

Whatman BMM filter paper (or equivalent)

Additional Reagents

Step 7 of this protocol may require the reagents listed in Chapter 8, Protocol 7.
Step 7 ofthis protocol requires the reagents listed in Protocol 10 of this chapter.
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AMETHOD_

Preparation of Randomly Labeled SingIe-stranded RNA Probe

1. Prepare the linearized template DNA.

Templates for in vitro transcription can be generated by cloning the DNA sequence of interest

downstream from a bacteriophage promoter or by amplifying the DNA of interest by PCR using
oligonucleotide primers that contain a bacteriophage promoter.

TO PREPARE TEMPLATE FROM PLASMID DNA

a. Linearize 5—20 pg of plasmid DNA by digestion with a fivefold excess of an appropriate

restriction enzyme that cleaves either within the cloned DNA sequence or downstream

from the DNA sequence. The distance from the promoter to the newly created terminus

should be 200—400 bp. Make sure not to use an enzyme that separates the promoter from

the sequence of interest. Because bacteriophage—encoded RNA polymerases may initiate

transcription at 3’—protruding termini, choose a restriction enzyme that generates a blunt

terminus or a 5' extension.

b. At the end of the digestion, analyze an aliquot (~200 ng) of the reaction by agarose gel

electrophoresis. No trace of circular plasmid DNA should be visible. If necessary, add

more restriction enzyme and continue digestion until no more circular plasmid DNA can

be detected.

C. Purify the linear DNA by extracting twice with phenolzchloroform and then recover the

DNA by standard precipitation with ethanol. After washing the precipitate with 70%

ethanol, dissolve the DNA in TE (pH 7.6) at a concentration of 1 ng/ul.

When precipitating small amounts (<1 pg) of linear plasmid DNA, glycogen is the preferred
carrier, since it does not interfere with transcription reactions.

TO PREPARE TEMPLATE BY AMPLIFICATION OF TARGET DNA

a. Carry out PCR to synthesize double-stranded DNA templates, 100—400 bp in length,

(Schowalter and Sommer 1989; Bales et al. 1993; Davis et al. 1997; please see Chapter 8,

Protocol 1 for details).

The template should be either linearized plasmid DNA or a DNA fragment encoding the sequence
of interest. Either one or both of the oligonucleotide primers are designed to contain the consen—
sus sequence of a bacteriophage promoter at their 5’ termini (please see the information panel on
PROMOTER SEQUENCES RECOGNIZED BY BACTERIOPHAGE-ENCODED RNA POLY-

MERASES)‘ Amplification in PCR yields double—stranded DNA fragments carrying bacteriophage
promoters at one or both ends.

b. Analyze the products of the PCR by electrophoresis through an agarose or a polyacry~

lamide gel to ensure that a DNA fragment of the appropriate size has been amplified.

C. Purify the linear amplification product by extracting twice with phenolzchloroform and

then recover the DNA by standard precipitation with ethanol. After washing with 70%

ethanol, dissolve the DNA in TE (pH 7.6) at a concentration of 1 pg/pl.
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2. Mix the following in order, prewarmed to room temperature except when noted otherwise.

0.5 pg oilinearized template DNA (from Step 1 1

1 tll of().2 M dithiotln‘eitol

2 tll of I lbonucleotide solution

1 tilof100pM U'l‘l’

5()~1()0,uCi lov‘zPlt'TP (800 (Zi/mmole, 10 mtli/ml)

H_,() 10 a volume of 16 ul

2 pl of 10x transcription buffer

2/1 units of protein inhibitor of RNase (on ice)

15—20 units ot‘bacteriophage RNA polymerase (on ice)

Adding the reagents in the order shown at room temperature prevents both PI'CQpltdllOn 01 the
DNA by spermidine and Mgll in the transcription buffer and inactivation ot'the RNdse inhibitor
by high concentrations of dithiothreitol.

If, as is often the case, the bacteriophage RNA polymerase supplied by the malmfiicturer is highly
concentrated, prepare an appropriate dilution of the enzyme in polymerase dilution butter.

Incubate the reaction mixture for 60 minutes at 37°C.

The specific activity of the RNA synthesized in the reaction will be high (~10” cpm/ttg) since
60-8()% of the radiolabeled UTP will be incorporated. The total yield of RNA should be ~100
Hg.

At the end of the incubation period, add 1 unit of RNase—free DNase equivalent to ~1 pg of

the enzyme and continue incubation for a further 10 minutes at 37°C.

Carry Out the Next Two Steps (4 and 5) Simultaneously

Dilute the reaction mixture to 100 ul with TE (pH 7.6) and measure the total radioactivity

and the amount of TCA-precipitable radioactivity in l—pl aliquots of the diluted mixture

(please see Appendix 8). From the fraction of radioactivity incorporated in TCA-precipitable

material, calculate the weight and specific activity of the RNA probe synthesized in the reac~

tion.

After removing 1111 aliquots in Step 4, add 1 pl of 1 mg/ml carrier RNA to the remainder of

the diluted reaction mixture. Extract the diluted reaction mixture once with phenolzchloro—

form. Transfer the aqueous phase to a fresh tube and precipitate the RNA by adding 10 pl of

10 M ammonium acetate and 300 pl of ethanol. Store the tube at ~20°C until Step 4 has been

completed.

A solution of carrier RNA ( 1 mg/ml) is prepared by diluting the stock sulution 1:10 with DEPC»
treated Hzo.

Recover the RNA by centrifugation at maximum speed for 10 minutes at 4“C in a microfuge.

Wash the RNA pellet with 75% ethanol and centrifuge again. Remove the supernatant and

allow the pellet Of RNA to dry in the air until no visible trace of ethanol remains. Dissolve the

RNA in 20 pl of gel—loading buffer if the probe is to be purified by gel electrophoresis (Step

7) or in 20 pl of TE (pH 7.6) if the probe is to be used without further purification.

(iel purification is recommended because it allows full-length transcripts to be isolated free at
unincorporated nucleotides, shorter RNA products, and fragments of template DNA. When the
transcription reaction contains a limiting concentration of one or more 1'l\'TPs, svnthesis of RNA
chains may be aborted. When rN'l‘Ps are not limiting, more than 90% ofthe transcripts will appear
As a single band of the expected size. Contamination with RNase will result in the appearance of (1
smear of" smaller fragments of RNA in the gel (please see Melton et al. 1984; Krieg 11nd Melton
1987).
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7. Following the instructions given in Steps 8—16 of Protocol 10, purify the probe by elec—

trophoresis using the previously prepared polyacrylamide/8 M urea gel.

High—specific—activity probes should be used within a few days of synthesis to avoid problems

caused by radiochemical damage to the RNA.

Hybridization of RNAs and Digestion of Hybrids with Ribonucleases

8. Combine each of the test RNAs and RNA standards with the riboprobe (2 X 105 to 10 x 105
cpm, 0.1—0.5 ng) (please see the panel on SETTING UP HYBRIDIZATIONS FOR RIBONUCLEASE

PROTECTION ASSAYS). Add 0.1 volume of 3 M sodium acetate (pH 5.2) and 2.5 volumes of

ice-cold ethanol. Store the mixtures for 10 minutes at —20°C and then recover the RNAS by

centrifugation at maximum speed for 10 minutes at 4°C in a microfuge. Wash the pellet in

75% ethanol. Carefully remove all of the ethanol and store the pellet at room temperature

until the last visible traces of ethanol have evaporated.

Do not allow the pellet to become desiccated, otherwise it will be difficult to dissolve.

All reactions should contain the same amount of RNA to ensure that digestion with ribonuclease
is carried out under near identical conditions. If necessary, adjust the amount of RNA in the
hybridization reactions by adding carrier RNA.

To quantify the target sequences in the preparations of RNA under test, set up a series of hybridiza-
tion reactions containing a constant amount of radiolabeled probe, a constant amount of control
RNA (i.e., RNA known to lack the target sequences), and amounts (1 fg to 100 pg) of a standard
preparation of RNA synthesized in vitro; 10 pg of total cellular RNA will contain 10 fg to 1 pg ofa
rare mRNA and ~3OO pg ofa moderately abundant mRNA such as fi—actin or GAPDH.

9. Dissolve the RNAs in 30 pl of hybridization buffer. Pipette the solution up and down numer—

ous times to ensure that the pellet is completely dissolved.

It is often difficult to obtain complete dissolution of the pellet of nucleic acids in hybridization
buffer. This problem is exacerbated if the pellet is dried under vacuum or stored in a desiccator.
Sometimes the pellet can be dissolved by a combination of vigorous pipetting and heating to 60°C.

If difficulties persist, or if equivalent signals are not obtained from duplicate samples of RNA, the
following procedure is recommended: (i) Dissolve the RNA pellet (from Step 8) in 40—50 pl of H70.
Evaporate the sample in a rotary evaporator until it is just dry. (ii) Add 30 pl of hybridization buffer.
The hydrated pellet should go into solution quickly and easily and yield reproducible results.

 

SETTING UP HYBRIDIZATIONS FOR RIBONUClEASE PROTECTION ASSAYS

The amount of unlabeled test RNA required depends on the abundance of the sequences of interest and
the specific activity of the radiolabeied complementary RNA. Before embarking on large-scale experi-
ments, it is advisable to early out preliminary experiments to establish the range of concentrations of
RNAS that yield acceptable results. With RNA probes that have been radiolabeled to high specific activi—
ty (>109 Cpm/ug), 10 ug of total RNA is usually suffifient to allow detection of mRNA species that are
present at the |eve| of 1»5 copies/celi. To detect sequences present in lower amounts (e.g., in RNA
extracted from heterogeneous populations of cells), up to 150 pg of RNA may be used in a 30411
hybridization reaction. For ease of manipulation in subseq uent steps, it is advisable to keep the hybridiza-
tion volume to 30 pi or less. If reagents are in short supply, the hybridization reactions can be scaled
down to 10 ul.

When comparing different preparations of RNA, make sure that all of the reactions contain the same
amount of RNA. In this way, digestion with RNase is carried out under standard conditions. If necessary,
adjust the amount of RNA in the hybridization reactions by adding carrier RNA.

Usually, 1 x 105 to 5 x 105 cpm of probe are used per hybridization reaction. A single in vitro tran-
scription reaction with bacteriophage DNA-dependent RNA polymerase generates enough probe (~2
pmoles) for more than 200 hybridization reactions. However, because background increases as more
probe is added to the hybridization reaction, add only enough probe to achieve a small molar excess.
This amount is usually determined empirically by RNase digestion of a series of hybridization mixtures
containing different ratios of probe RNA to target RNA. If necessary, the system can be calibrated by set-
ting up a series of control reactions containing a constant amount of radiolabeled RNA and increasing
amounts of unlabeled RNA transcribed in vitro from the opposite strand of an appropriate doubIe-strand-
ed DNA template (please see Chapter 9, Protocol 6).    
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10. Incubate the hybridization mixture for 10 minutes at 85°C to denature the RNAS. Quickly

transfer the hybridization mixture to an incubator or water bath set at the annealing tem—

perature. Incubate the mixture for 8—12 hours.
The optimal temperature for annealing varies from RNA to RNA, presumably depending on such
factors as G+(I content and propensity to form secondary structures. In most Cases. satisfactory
results are Obtained when the RNA is annealed at 45—500C. Optimal conditions for the hybridi/a»
tion of specific probes can be established by reconstruction experiments. in which the radiolabeled
probe is hybridized, at temperatures ranging between 250C and 65°C, to unlabeled RNA tran—
scribed in vitro from the opposite strand ofan appropriate double—stranded DNA template (please
see Chapter 9, Protocol 6; please also see the panel on SETTING UP HYBRIDIZATIONS FOR
RIBONUCLEASE PROTECTION ASSAYS).

11. Cool the hybridization mixture to room temperature, and add 300 ul of RNase digestion mix-
ture. Digest the hybridization reaction for 60 minutes at 30°C.

The time and temperature of the digestion with RNase should be determined empirically if the sig—
n.1l»to—noise ratio detected after autoradiography is unacceptable.

In some eases, the specificity and sensitivity ofdetection can be improved by cooling the hybridiza—
tion reaction on ice for 10—20 minutes before the addition of the RNase digestion mixture. This
cooling may stabilize the ends of RNA—RNA hybrids.

12. Add 20 pl of10% SDS and 10 ii] of 10 mg/ml proteinase K to stop the reaction. Incubate the
reaction mixture for 30 minutes at 37°C.

13. Add 400 pl of phenolzchloroform, vortex the mixture for 30 seconds, and separate the phas—
es by centrifugation at maximum speed for 5 minutes at room temperature in a microfuge.

14. Transfer the upper aqueous phase to a fresh tube, carefully avoiding the interface between the
organic and aqueous phases.

15. Add 20 pg of carrier RNA and 750 pl of ice—cold ethanol. Mix the solution well by vortexing,
and then store the solution for 30 minutes at —20°C.

16. Recover the RNA by centrifugation at maximum speed for 15 minutes at 4°C in a microfuge.
Carefully remove the ethanol and wash the pellet with 500 pl of 70% ethanol. Centrifuge as
before.

17. Carefully remove all of the ethanol, and store the open tube at room temperature until the
last visible traces of ethanol have evaporated.

Analysis of the RNase-resistant Hybrids by Gel Electrophoresis

18. Resuspend the precipitate in 10 it] of gel-Ioading buffer.

19. Heat the nucleic acids for 5 minutes at 95°C, and then immediately transfer the tube to an ice
bath. Centrifuge the tubes briefly in a microfuge to consolidate the samples at the bottom of
the tubes.

20. Analyze the radiolabeled RNA by electrophoresis through a “thin” polyacrylamide/8 M urea
gel.

For most applications, a 5—6% polyacrylamide/8 M urea gel of 1.3-mm thickness will suffice. As
molecular—weight markers, use a DNA sequencing ladder or end~labeled fragments of DNA oi
known si/e (e.g., an Mspl digest of pBR322, end~labeled with [a~53P]dGTP or an Haelll digest of
0Xl74 end-labeled with [a—UpjdGTP). During electrophoresis, enough current should be run
through the gel to keep the glass plates warm to the touch. The relative mobility of RNA and DNA
through polyacrylamide/S M urea gels varies according to the conditions used for electrophoresis.
In general, the faster the gel is run, the less the difference in mobility between RNA and DNA mol—
ecules of identical size. Under the conditions normally used (40—45 V/cm), RNA runs ~~5—10%
more slowly than DNA of the same size. Thus, a 90—nucleotide RNA will migrate at approximate?
ly the same rate as A 100~nucleotide DNA. If absolute measurement of the size of the RNA is
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21.

22.

23.

24.

25.

26.

27.

required, the use of a series of radioactive RNA probes of defined length is recommended. These
size standards can be generated by in vitro transcription of a double—stranded DNA template after
digestion with restriction enzymes that cleave at sites progressively more distal to a bacteriophage
promoter. Alternatively, the standards can be produced by end labeling commercially available
RNA markers with [a—“Pkordycepin and poly(A) polymerase.

After the tracking dyes have migrated an appropriate distance through the gel (please see

Table 7-7), turn off the power supply and dismantle the electrophoresis set up. Gently pry up

one corner of the larger glass plate and slowly remove the plate from the gel. Cut off one cor-

ner of the gel for orientation purposes.

A WARNING Wear eye protection when prying the glass plates apart.

Transfer the glass plate containing the gel to a tray containing an excess of 100/0 TCA. Gently

rock or rotate the tray for 10 minutes at room temperature.

The gel will usually float off the glass plate during this incubation. Do not allow the floating gel to
fold up on itself.

Pour off the 10% TCA solution and replace with an excess of 1% TCA. Gently rock or rotate

the tray for 5 minutes at room temperature.

Pour off the 10/0 TCA solution and briefly rinse the fixed gel with distilled deionized H20. Lift

the glass plate together with the gel out of the tray and place them on a flat bench top. Apply

paper towels or Kimwipes to the sides of the gel to remove excess HZO.

Do not place towels on top of the gel.

Cut a piece of Whatman 3MM filter paper (or equivalent) that is 1 cm larger than the gel on

all sides. Transfer the gel to the filter paper by laying the paper on top of the gel and invert-

ing the glass plate.

Remove the plate and dry the gel on a gel dryer for 1.0—1.5 hours at 60°C.

Establish an autoradiographic image of the dried gel. Scan the image by densitometry or

phosphorimaging, or excise the segments of the gel containing the fragments and count them

by liquid scintillation spectroscopy.

From the samples containing different amounts of standard RNA, a curve of mass versus radioac—

tivity can be constructed. The amount of target sequences in the test preparations of RNA can then
be estimated by interpolation.



Protocol 12
 

Analysis of RNA by Primer Extension

PRIMER EXTENSION IS USFD CHIEFLY TO MAP THE 5 ’ TERMINI omeNAs. A preparation ot‘polym)‘

RNA is first hybridized with an excess of a single—stranded oligodeoxynucleotide primer, radiolu-

beled at its 5' terminus, which is complementary to the target RNA. The enzyme reverse tran-

scriptase is then used to extend the primer. The resulting cDNA is complementary to the RNA

template and is equal in length to the distance between the 5’ end of the priming oligonucleotide

and the 5' terminus of the RNA.

In the past, primer extension has also been used for additional purposes: to measure the

abundance of particular target mRNAs, to detect splice variants of mRNAs, and to map precur—

sors and processing intermediates of mRNA (for review, please see Boorstein and Craig 1989).

However, ribonuclease protection and nuclease Sl assays are now preferred for these tasks

because of their greater sensitivity. Nevertheless, primer extension remains the firm choice for

the mapping of 5’ termini of mRNAs. Once initiated by a primer, the extension reaction gener-

ally proceeds to the extreme 5' terminus of an RNA template and its size can be measured with

great accuracy. In addition, the length of the product is unaffected by the distribution and size

of introns in the target gene, which can confound the mapping of mRNAs by hybridization to

genomic templates. Short exons at the 5’ terminus of an mRNA are easily overlooked in meth—

ods such as nuclease SI and RNase protection that rely on digestion of hybrids.
Almost all primer extension assays are carried out using synthetic oligonucleotide primers,

20—30 nucleotides in length (for further details, please see Chapter 10). The best results are

obtained when oligonucleotide primers are used that hybridize to target sequences located with—

in 150 nucleotides of the 5' terminus of the mRNA. Primers that hybridize to more distant sites

can give rise to heterogeneous extension products because reverse transcriptase may stop or pause

in regions of high secondary structure in the template RNA. The design of the primer should

therefore take into account the position of hybridization in addition to the actual sequence ofthe

primer. Wherever possible, oligonucleotide primers should have a GC content of ~500/o and

should have a G or C residue at the 3’ terminus. Ideally, two primers should be used that hybridize

to regions of the mRNA separated by a known distance (e.g., 20—50 nucleotides). Primer exten-

sion products that differ in size by an amount equivalent to the distance between the two primers

provide confirmation of the results. It may be necessary to synthesize several primers in order to

find a pair that yield clean extension products.

7. 75
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OPTIMIZING PRIMER EXTENSION REACTIONS

MATERIALS

In many cases, the extension reaction will generate two products: full-length cDNA molecules and

reverse transcripts that are one to two bases shorter. These may represent heterogeneity at the 5'

terminus of the mRNAs resulting from multiple start sites of transcription. Alternatively, shorter

molecules may result from premature termination of the extension reaction at the methylated

residue next to the cap site in the target mRNA. The stoichiometry of the cap-related bands can

vary from one preparation of mRNA to another but is generally constant for a given preparation.

T0 distinguish between artifacts of reverse transcription and true heterogeneity of5’ termini, it is

a very good idea (if not essential to get the result published) to carry out nuclease 5] analysis with

probes labeled at their 5” termini (please see Protocol 10).

Preparations of poly(A)+ RNA yield much cleaner results than unfractionated preparations

of mammalian RNA, which often yield an unacceptably high number of prematurely terminated

extension products. This artifact can be minimized by performing the reaction in the presence of

higher (5 mM) concentrations of dNTPs and using a primer that is complementary to sequences

that lie within 50—100 nucleotides of the 5' terminus of the mRNA.

At one time, it was mandatory to purify the oligonucleotide primers by polyacrylamide gel

electrophoresis to remove shorter molecules (Boorstein and Craig 1989). These days, however,

many investigators do not bother with purification unless the analysis is complicated by the per—

sistent presence of a ladder of extension products.

The oligonucleotide primer should be present in about tenfold molar excess over the target

mRNA in the hybridization reaction. The presence of larger quantities of primer may result in

nonspecific priming and the appearance of artifactual bands. It is therefore advisable to carry out

a series of pilot reactions that contain a constant amount of RNA and different amounts of

primer — usually 20—40 fmoles (~104 to 105 cpm).

The annealing temperature can greatly affect the quality of the results of primer extension

experiments, and it is therefore worth investing some time in preliminary experiments to deter—

mine the optimal annealing temperature. In most cases, where the primer is ~500/o GC and is

20—30 nucleotides in length, the optimum annealing temperature will be between 40°C and 00°C.

To determine the optimum temperature, set up and analyze a series of identical primer extension

reactions that have been hybridized at temperatures differing by 5°C.

End-labeled DNA fragments of known size may be used as molecular-weight markers when

analyzing primer extension products by gel electrophoresis. Even better, however, is a DNA

sequencing ladder established on a DNA template with the same oligonucleotide primer used in

the primer extension reaction. By reading the size of the primer extension product against the

sequencing ladder, the 5’ end of the target RNA can mapped to a particular base pair.

The following protocol was developed by Thomas Siidhof and supplied by Daphne Davis

(both of the University of Texas Southwestern Medical Center, Dallas).

 

A IMPORTANT Prepare all reagents used in this protocol with DEPC-treated HZO (please see the infor-
mation panel on HOW TO WIN THE BATTLE WITH RNASE).

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.
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Ammonium acetate (70 M) <!>

Chloroform <!>

Dithiothreito/ (1 M)

Ethanol

Formamide loading buffer
8094) deionized formamide < 1 >

l()m.\11€1)TA(pH 8.0)

1 mg/ml xylene cyanol FF

1 mg/m] bromophenol blue

Purchase a distilled deionized preparation of formamide and store in small aliquots under nitrogen at

—2()°(I. Alternatively, deionize reagent-grade formamide as described in Appendix 1.

Store deionized formamide in small ahquots under nitrogen at —70"C.

KCl (7.25 M)

Phenol <1>

Primer extension mix <!>

20 mxl Tris-Cl (pH 8.4) (at room temperature)

10 mM MgCl:

1 6 mxl dNTP solution containing all four dNTPs

50 pg/ml actinomycin D

Dissolve actinomycin D in methanol at a concentration of 5 mg/ml before supp1ementing the primer
extension mix. Store the actinomycin D stock solution at —20°C in the dark. Please see the information

panel on ACTINOMYCIN D

Sodium acetate (3 M, pH 5.2)

TE (pH 7.6)

Trich/oroacetic acid (7% and 70% TCA)
Dilute 100% stock solution 1/10 and 1/100 just before use. Chill the working solutions in ice

Enzymes and Buffers

Polynucleotide kinase

Protein inhibitor of RNase

These inhibitors are sold by several manufacturers under various trade names (e.g., RNAsin, Promega,

Prime Inhibitor, 5 PrimeflS Prime). For more details,p1ease see the information panel on INHIBITORS

OF RNASES

Reverse transcriptase

A cloned version of reverse transcriptase encoded by the Moloney murine leukemia virus (Mo-MLV) is
the enzyme of choice in this protocol. Mutants of the enzyme that lack RNase H activity (eg.,
StrataScript, Stratagene) have some advantages over the wild-type enzyme since they produce higher
yields of full~1ength extension product and work equally well at both 47°C and 370C (for review, please

see Gerard et (11. 1997),

 

Reverse transcriptase supplied by different manufacturers varies in its activity per unit. When using
a new batch of enzyme, set up a series of extension reactions containing equal amounts of poly(A)‘
RNA and oligonucleotide primer, and different amounts of enzyme. If possible, the primer should
be specific for a mRNA present at moderate abundance in the preparation of poly(A)‘ RNA. Assay
the products of each reaction by gel electrophoresis as described in this protocol. Use the minimal
amount of enzyme required to produce the maximum yield of extension product. The units used in
this protmol work well with most batches of StrataScript.

A

Gels

Denaturing polyacrylamide gel <!> containing 8 M urea
In many cases, a miniprotein gel apparatus (e.g., Bio»Rad Mini—Protean) (13 cm X 13 cm X (1.75 mm) can

be used to analyze radiolabeled primer extension products. Please see Tables 7-6 and 7—7 and the note to
the entry for polyacrylamide gel electrophoresis in Protocol 10. The method used to prepare a mini~
denaturing polyacrylamide gel is described in Step 1 of Protocol 10. The preparation of larger gels 15
described in Chapter 12,Pmtoc018.
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Nucleic Acids and Oligonucleotides

Carrier RNA (yeast tRNA)

DNA markers, radiolabe/ed, for gel electrophoresis <!>
Please see Optimizing Primer Extension Reactions (this protocol) and Appendix 6.

Input RNA to be analyzed
Preparations of poly(A)+ RNA are preferred, especially when setting up primer extension reactions for
the first time or when preparations of total RNA produce extension products of different lengths.

OIigonuc/eotide primer
These primers should be 20—30 nucleotides in length and preferentially purified through Sep-Pak chro-
matography and by gel electrophoresis (please see Chapter 10, Protocol 1). Crude preparations of
oligonucleotides give rise to higher backgrounds on the autoradiogram, especially in the area of the film
corresponding to the low-molecular—weight region of the polyacrylamide gel. Resuspend the purified
oligonucleotide at a concentration of ~60 ng/ul (5—7 pmoles/pl) in TE (pH 7.6).

Radioactive Compounds

{y—32P1ATP (10 mCi/ml, 7000 Ci/mmole) <!>

Special Equipment

Water baths preset to 42°C and 950C, and the appropriate annealing temperature (please see
Step 12)

Whatman BMM filter paper (or equivalent)

METHOD
 

Preparation of the

1.

Oligonucleotide Probe

Phosphorylate the oligonucleotide primer in a reaction containing:

oligonucleotide primer (5—7 pmoles or 60 mg) 1 pl

distilled deionized H20 6.5 ul

10x kinase buffer 1.5 ul

polynucleotide kinase (~10 units) 1 pl

[y-“PlATP (7000 Ci/mmole) 2 pl

Incubate the reaction for 60 minutes at 37°C.

The final concentration of radiolabeled ATP in the reaction should be ~30 nM.

Stop the kinase reaction with the addition of 500 pl of TE (pH 7.6). Add 25 pg of carrier RNA.

Add 400 pl of equilibrated phenol (pH 8.0) and 400 pl of chloroform (or 800 pl of commer—

cial phenolzchloroform [1:1]). Vortex vigorously for 20 seconds. Separate the aqueous and

organic phases by centrifugation for 2 minutes in a microfuge.

Transfer the aqueous layer to a fresh sterile microfuge tube and extract with 800 pl of chlo-

roform. Vortex vigorously for 20 seconds. Separate the aqueous and organic phases by cen-

trifugation for 2 minutes in a microfuge. Again transfer the aqueous layer to a fresh sterile

microfuge tube.

. Repeat Step 4.

Add 55 pl of sterile 3 M sodium acetate (pH 5.2) and 1 m1 of ethanol to the aqueous layer

from Step 5. Mix by vortexing and store the solution for at least 1 hour at ~700C.
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Collect the precipitated oligonucleotide primer by centrifugation at maximum speed for 15

minutes at 40C in a microfuge. Remove and discard the radioactive supernatant. Wash the

pellet in 70% ethanol and centrifuge again. Discard the supernatant and dry the precipitate

in the air. Dissolve the precipitate in 500 pl of TE (pH 7.6).

Count 2 til of radiolabeled oligonucleotide primer in 10 ml of scintillation fluid in a liquid

scintillation counter. Calculate the specific activity of the radiolabeled primer assuming 800m

recovery. The specific activity should be ~2 X 10“ Cpm/pmole of primer.

Hybridization and Extension of the Oligonucleotide Primer

9.

10.

11.

12.

13.

14.

15.

16.

Mix 104 to 105 cpm (20-40 fmoles) of the DNA primer with 0.5—150 pg of the RNA to be

analyzed. Add 0.1 volume of 3 M sodium acetate (pH 5.2) and 2.5 volumes of ethanol. Store

the solution for 60 minutes at —70°C, and then recover the RNA by centrifugation at maxi-

mum speed for 10 minutes at 4°C in a microfuge. Wash the pellet with 70% ethanol and cen-

trifuge again. Carefully remove all of the ethanol, and store the pellet at room temperature

until the last Visible traces of ethanol have evaporated.

The primer should be in about tenfold molar excess over the template RNA (please see the discus»
sion on Optimizing Primer Extension Reactions in the introduction to this protocol).

Resuspend the pellets in 8 pl of TE (pH 7.6) per tube. Pipette the samples up and down sev-

eral times to dissolve pellets.

Add 2.2 pl of 1.25 M KCl. Vortex the samples gently and then deposit the fluid in the base 01.

the tubes by centrifuging for 2 seconds in a microfuge.

Place the oligonucleotide/RNA mixtures in a water bath set at the appropriate annealing tem—

perature. Incubate the samples for 15 minutes at the optimum temperature, as determined in

preliminary experiments (please see the discussion on Optimizing Primer Extension

Reactions in the introduction to this protocol).

The kinetics ofannealing between the oligonucleotide primer and the mRNA template di‘e‘l'cll1dl‘k~
ably rapid under typical primer extension conditions, in which the primer is in excess ot’the target
mRNA. For this‘ reason, the time of annealing in Step 12 can be limited to 15 minutes. Some pm-
tocols include elaborate heating and cooling routines at this step, but in our hands, these sznntine
variations are rarely necessary.

While the oligonucleotide and RNA are annealing, supplement an aliquot of primer exten-
sion mix with dithiothreitol and reverse transcriptase as follows: Thaw a 300—01 aliquot of
primer extension mix on ice and then add 3 pl of 1 M dithiothreitol and reverse transcriptase

to a concentration of 1—2 units/pl. Add 0.1 unit/ul of protein inhibitor of RNase, gently mix

by inverting the tube several times, and store it on ice.

It is possible to establish the DNA sequence ofa pi‘imer—extended product by includinifiy dideox§ nu—

cleotides (terminators) in the reaction mix. In a 5’—end mapping experiment, knowing the exact

sequence of the primer extended product allows precise positioning of the end in the 5'-flanking

region of the gene. This approach has been successful in many labs when examining mRNAs that

are relatively abundant in the cell (class I antigens, rat liver steroid Sufreductase mRNA, and yeast

alcohol dehydrogenase 2 mRNA). For protocols on primer extension sequencing, please see
(leliebter et al. (1986) and Hahn et al. (1989).

Remove the tubes containing the oligonucleotide primer and RNA from the water bath and
deposit the fluid in the base of the tubes by centrifuging for 2 seconds in a microfuge.

Add 24 pl of supplemented primer extension mix to each tube. Gently mix the solution in the

tubes and again deposit the liquid at the tube bottoms by centrifugation.

Incubate the tubes for 1 hour at 42°C to allow the primer extension reaction to proceed.
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17. Terminate the primer extension reactions by the addition of 200 pl of TE (pH 7.6), 100 pl of

equilibrated phenol (pH 8.0), and 100 pl of chloroform. Vortex for 20 seconds. Separate

aqueous and organic phases by centrifugation for 4 minutes at room temperature in a

microfuge.

There is often a considerable amount of radioactivity remaining in the well of the polyacrylamide
gel after electrophoresis (Step 22 below). In our hands, there is rarely a correlation between the
amount of this radioactivity in the well and the amount of the desired primer extension product.

The aggregated material in the well may represent longer extension products derived by spurious
priming of the oligonucleotide on nontarget mRNAs or contaminating genomic DNA templates.
Rarely, this background can represent aggregates of the desired primer extension product with
molecules of RNA.

If there is a significant amount of radioactivity trapped in the well of the gel, try treating the
primer—extended products after Step 16 with RNase: Add 1 |.tl of 0.5 M EDTA (pH 8.0) and 1 pl of
DNase-free pancreatic RNase (5 mg/ml) (please see Appendix 4) to each tube and incubate the

reactions for 30 minutes at 37°C. Add 150 pl of TE (pH 7.6) containing 0.1 M NaCl and 200 pl of
phenolzchloroform. Vortex for 30 seconds, and centrifuge at maximum speed for 5 minutes at
room temperature in a microfuge. Continue the protocol at Step 18. Alternatively, the primer—
extended products from Step 16 can be treated with NaOH to hydrolyze the RNA template prior
to electrophoresis: Add 1.0 pl of 10 N NaOH to the solution and incubate for 10 minutes at room
temperature. Neutralize the NaOH by the addition ofone—tenth volume of3 M sodium acetate (pH
5.2) and continue the protocol at Step 17.

18. Precipitate the nucleic acids by the addition of 50 pl of 10 M ammonium acetate and 700 pl

of ethanol. Mix well by vortexng and incubate ethanol precipitations for at least 1 hour at
—700C.

Purification and Analysis of the Primer Extension Products

19. Collect the precipitated nucleic acids by centrifugation for 10 minutes at 4°C in a microfuge.
Carefully rinse the pellets with 400 u] of 70% ethanol. Centrifuge again for 5 minutes at 4°C

and remove the 70% ethanol rinse with a pipette. Store the open tubes at room temperature

until all visible traces of ethanol have evaporated.

20. Dissolve the nucleic acid precipitates in 10 pl of formamide loading buffer. Pipette the sam-
ples up and down to assist resuspension.

21. Heat the samples for 8 minutes at 95°C. Then plunge the tubes into an ice-water bath and
immediately analyze the primer extension products by electrophoresis through a denaturing
polyacrylamide gel.

End—Iabeled DNA fragments of known size should be used as molecular-weight markers on the gel
(please see the discussion on Optimizing Primer Extension Reactions in the introduction to this
protocol).

22. After the tracking dyes have migrated an appropriate distance through the gel (Table 7—7),
turn off the power supply and dismantle the electrophoresis setup. Gently pry up one edge of
the larger glass plate and slowly remove the plate from the gel. Cut off one corner of the gel
for orientation purposes.

A WARNING Wear eye protection when prying the glass plates apart.

23. If a polyacrylamide gel 1.0 mm in thickness was used, fix the gel in TCA. Transfer the glass
plate containing the gel to a tray containing an excess of 10% TCA. Gently rock or rotate the
tray for 10 minutes at room temperature.

The gel will usually float off the glass plate during this incubation. Do not allow the gel to fold up
on itself.

This step is not necessary if a thin gel (0.4-mm thickness) was used. In this case, proceed to Step
26.  



24.

25.

26.

27.

28.
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Pour off the 10% TCA solution and replace it with an excess of1%TCA.Gently rock or rotate

the tray for 5 minutes at room temperature,

Pour off the 1% TCA solution and briefly rinse the fixed gel with distilled deionized HZO. Lift

the glass plate together with the gel out of the tray and place them on a flat bench top. Apply

paper towels or Kimwipes to the sides of the gel to remove excess HZO.

Do not place towels on top of gel.

Cut a piece of Whatman 3MM filter paper (or equivalent) that is 1 cm larger than the gel on

all sides. Transfer the gel to the filter paper by laying the paper on top of the gel and invert

ing the glass plate.

Remove the plate and dry the gel on a heat—assisted vacuum—driven gel dryer for 1.04.5

hours at 60°C.

Establish an image ofthe gel using autoradiography or phosphorimaging.
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HOW TO WIN THE BATTLE WITH RNASE

n»-

Many an experiment has been needlessly ruined by contamination with RNase. However, problems with

exogenous RNase can be entirely avoided by vigilant use of prophylactic measures and the prudent appli-

cation of common sense. In our experience, contamination with exogenous RNase most frequently arises

from two sources:

0 Contaminated buffers: By careless use of aseptic technique, buffers have become contaminated with

bacteria or other microorganisms. The growth of these microorganisms is not usually visible to the

naked eye and need not be florid to cause problems. Because RNase cannot be removed by autoclaving,

solutions that are contaminated, or are suspected of being so, must be discarded.
0 Automatic pipetting devices: There is simply no point in using disposable pipette tips that are free of

RNase if the automatic pipettor has been used previously to dispense solutions containing RNase, for

example, during processing of small-scale plasmid preparations or, even worse, in ribonuclease protec—

tion assays. If the barrel or the metal ejector of the automatic pipettor comes in contact with the sides of

tubes, it becomes a very efficient vector for the dissemination of RNase.

A mantric belief in the power of rubber gloves to ward off problems with RNase has taken root in many lab-

oratories. In truth, however, snapping on a pair or two of rubber gloves is about as useful as carrying a rab-

bit’s foot. First, the hair or beards of investigators are more likely to be the culprits than the hands, and more
significantly, gloves can only provide protection until they touch a surface that has been in contact with skin.

To be of any use at all, gloves must be changed every time a piece of apparatus is touched, a refrigerator

opened, an ice—bucket filled, an entry written in a laboratory notebook, a reagent measured. This is neither

wise nor practicable. Wear gloves, but do not believe that they offer protection against RNase. More sensi-

ble measures include the following:

Keep a special set of automatic pipettors for use when handling RNA.

Set aside items of glassware, batches of plasticware, and buffers that are to be used only for experiments

with RNA.

0 Store solution/buffers in small aliquots and discard each aliquot after use. Avoid materials or stock solu-

tions that have been used for any other purposes in the laboratory.

0 Set aside special electrophoresis devices for use in the separation of RNA. Clean these devices with deter-

gent solution, rinse in HzO> dry with ethanol, and then fill with a 30/0 solution of H202. After 10 minutes
at room temperature, rinse the electrophoresis tank thoroughly with HZO that has been treated with

DEPC (please see the information panel on DIETHYLPYROCARBONATE).

0 Prepare all solutions and buffers with RNase-free glassware, DEPC-treated water, and chemicals reserved

for work with RNA that are handled with disposable spatulas or dispensed by tapping the bottle rather

than using a spatula. Wherever possible, treat solutions with 0.1% DEPC for at least 1 hour at 37°C and

then autoclave for 15 minutes at 15 psi (1.05 kg/cmz) on liquid cycle.

0 Autoclaving glassware and plasticware may not be sufficient to inactivate RNase. Bake glassware for 4

hours at 300°C. Treat plasticware either with DEPC or commercially available products that inactivate

RNase upon contact (e.g., RNaseZap from Ambion Inc.).

0 Use disposable tips and microfuge tubes certified by a reputable manufacturer to be free of RNase. To

reduce the chances of contamination, it is best to use sterile forceps when transferring these small items

from their original packages to laboratory racks.
0 Use inhibitors to suppress RNases during the isolation of RNA (please see the information panel on

INHIBITORS OF RNASES).
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INHIBITORS OF RNASES

RNases are robust and powerful enzymes that seriously threaten the integrity of RNA at all stages of its iso-

lation and characterization. Three types of inhibitors are commonly used to keep the activity of RNases in

check:

0 Diethylpyrocarbonate (DEPC), a highly reactive alkylating agent, is used to inactivate RNases in buffers

and on glassware. Because DEPC indiscriminately modifies proteins and RNA, it cannot be used during

isolation and purification of RNA and is incompatible with some buffers (e.g., Tris). For further details,

please see the information panel on DIETHYLPYROCARBONATE.

o Vanadyl ribonucleoside complexes are transition state analogs that bind to the active sites of many

RNases and inhibit their catalytic activity almost completely (Berger and Birkenmeier 1979). Because

vanadyl ribonucleases do not covalently modify RNases, they must be used at all stages of RNA extrac-

tion and purification. However, because these complexes inhibit RNA polymerases and in vitro transla—

tion, they must be removed from the final preparation of RNA by multiple extractions with phenol con-

taining 0.1% hydroxyquinoline. Vanadyl ribonucleoside complexes are available from several commer-

cial suppliers.

. Protein inhibitors ofRNases. Many RNases bind very tightly, albeit noncovalently, to ~50—kD proteins
found in the cytoplasm of virtually all mammalian tissues and can be isolated in abundance from pla-

centa (Blackburn et al. 1977). In Vivo, these proteins function as inhibitors of proteins belonging to the
pancreatic RNase superfamily, notably angiogenin, a blood-vessel-inducing and eosinophyl—derived neu—

rotoxin. The affinities of these protein inhibitors for their targets are among the highest on record (1—70
M) (Lee et al. 1989; for review, please see Lee and Vallee 1993).

The archetypal RNase inhibitor is a horseshoe-shaped molecule, containing seven alternating

leucine-rich repeats, 28 and 29 residues in length. The inhibitor also contains a large number of cysteinyl

residues, all in the reduced form. The interface between ribonuclease and the inhibitor is unusually large

and encompasses residues located in multiple domains of both proteins. However, the energetically

important contacts involve only the carboxy—terminal segment of the inhibitor and the catalytic center

of ribonuclease, including a crucial lysine residue (Kobe and Deisenhofer 1993, 1995, 1996;

Papageorgiou et al. 1997; for review, please see Hofsteenge 1994).

Protein inhibitors of RNase derived from several sources are sold by many manufacturers under var—
ious trade names (e.g., RNAsin, Promega; Prime Inhibitor, 5 Prime -—>3 Prime), Although these vary in

their requirement for sulfhydryl reagents, all of them display a broad spectrum of inhibitory activities

against RNases, but do not inhibit other nucleases or polymerases or in vitro translation systems (e.g.,
please see Murphy et al. 1995).

Because the inhibitors do not form covalent complexes with RNase, they cannot be used in the pres—

ence of denaturants such as SDS and guanidine, which are commonly used to lyse mammalian cells in

the initial stages of extraction of RNA. However, the inhibitors can be included at all stages during sub-

sequent purification of RNA. Inhibitors must be replenished several times during the purification pro-

cedure, since they are removed by extraction with phenol.  
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DIETHYLPYROCARBONATE

Diethylpyrocarbonate (DEPC) is used in molecular cloning to inactivate trace amounts of RNases that may

contaminate solutions, glassware, and plasticware that are to be used for the preparation of nuclear RNA or

mRNA (Penman et al. 1971; Williamson et al. 1971). DEPC is a highly reactive alkylating agent that destroys

the enzymatic activity of RNase chiefly by ethoxyformylation of histidyl groups (please see Figure 7-7).
Glassware and plasticware should be filled with a solution of 0.1% DEPC in H20 and allowed to stand

for 1 hour at 37°C or overnight at room temperature. Rinse the items several times with DEPC-treated H20
then autoclave them for 15 minutes at 15 psi (1.05 kg/cmz) on liquid cycle.

In aqueous solution, DEPC hydrolyzes rapidly to CO2 and ethanol, with a half-life in phosphate buffer

of ~20 minutes at pH 6.0 and 10 minutes at pH 7.0. This hydrolysis is greatly accelerated by Tris and other

amines, which themselves become consumed in the process. DEPC therefore cannot be used to treat solu-

tions that contain these buffers. Samples of DEPC that are free of nucleophiles (e.g., H20 and ethanol) are

perfectly stable, but even small amounts of these solvents can cause complete conversion of DEPC to

diethylcarbonate. For this reason, DEPC should be protected against moisture. Store it under small aliquots

in dry conditions and always allow the bottle to reach ambient temperature before opening it.

Although H20 purified through well-maintained, modern reverse-osmosis systems is free of RNase

(Huang et al. 1995), poorly maintained purification systems may become contaminated by microbial

growth. This situation commonly occurs in large centralized systems with many meters of piping and stor—

age vats in which HZO can stagnate. In such cases, it may be necessary to generate DEPC-treated HZO by

treatment with 0.1% DEPC for 1 hour at 37°C and autoclaving for 15 minutes at 15 psi (1.05 kg/cmz) on

liquid cycle.

Other Uses of DEPC

In addition to reacting with histidine residues in proteins, DEPC can form alkali-labile adducts with the

imidazole ring N7 of unpaired purines, resulting in cleavage of the glycosidic bond and generation of an

alkali-labile abasic site (for review, please see Ehrenberg et al. 1976). Because of its high reactivity and speci-

ficity, DEPC has been used as a chemical probe of secondary structure in DNA and RNA (e.g., please see

Peattie and Gilbert 1980; Herr 1985). Unpaired adenine residues are strongly reactive (Leonard et al. 1970,

1971) as are guanine residues in Z-DNA (Herr 1985; Johnston and Rich 1985). A diminution in the reac-

tivity of purines with DEPC can therefore be used to measure binding between Z-DNA and specific pro—

teins (Runkel and Nordheim 1986).

Problems in Using DEPC

Removal of DEPC by thermal degradation generates small amounts of ethanol and C02, which can increase

the ionic strength and lower the pH of unbuffered solutions. DEPC can carboxymethylate unpaired adenine

residues in RNA. mRNAs that have been exposed to DEPC are translated with reduced efficiency in in vitro

protein-synthesizing systems (Ehrenberg et al. 1976). However, the ability of DEPC—treated RNA to form

DNA—RNA or RNA-RNA hybrids is not seriously affected unless a large fraction of the purine residues have
been modified.

0
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FIGURE 7-7 Structure of Diethylpyrocarbonate
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GUANIDINIUM SALTS

Guanidinium salts are chaotropic agents that destroy the three-dimensional structure of proteins. The most

powerful of these commonly used protein denaturants are guanidinium isothiocyanate and guanidinium

chloride, which convert most proteins to a randomly coiled state (Tanford 1968; Gordon 1972). The mech—

anism of this conversion is unclear, although it seems to involve binding of progressively greater amounts

ofthe guanidinium salt to the protein as denaturation proceeds (Gordon 1972). The first guanidinium salt

to be used as a deproteinization agent during isolation of RNA was the chloride (please see Figure 7-8) (Cox

1968).

Although it is a strong inhibitor of ribonuclease, guanidinium chloride is not a powerful enough denat—

urant to allow extraction of intact RNA from tissues that are rich in RNase, such as the pancreas.

Guanidinium isothiocyanate, a stronger chaotropic agent, contains potent cationic and anionic groups that

form strong hydrogen bonds (please see Figure 7—9). Guanidinium isothiocyanate is used in the presence of

a reducing agent to break protein disulfide bonds and in the presence of a detergent such as Sarkosyl to dis—

rupt hydrophobic interactions.

Guanidinium isothiocyanate, or its close relative ammonium thiocyanate, are components of com-

mercial kits that use a monophasic reagent (containing acidified phenol, guanidinium, or ammonium thio—

cyanate and a phenol solubilizer such as glycerol) to optimize the speed and extent of RNase inactivation

(Puissant and Houdebine 1990; Chomczynski 1993, 1994; Chomczynski and Mackey 1995).

NHQ

HN=C\ ° HCI

NHg

FIGURE 7-8 Structure of Guanidinium Hydrochloride 

NHg

HNmC\ ' HSCN

NH2

FIGURE 7-9 Structure of Guanidinium lsothiocyanate
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NUCLEASE 51

o Nuclease 81 is a heat-stable extracellular enzyme (Mr = 29,030) secreted from the fungus Aspergillus

oryzae. The mature enzyme is glycosylated and contains two disulfide bridges and a cluster of three Zn“

ions that line the base of the active cleft and are required for enzymatic activity. Both the amino acid

sequence and the three-dimensional structure of nuclease 51 are known (Iwamatsu et al. 1991; Stick et

al. 1993), and the gene encoding nuclease SI (nucO) has been cloned (Lee et al. 1995).

0 Under conditions of high ionic strength (0.1—0.4 M NaCl) and low pH (pH 4.2) and in the presence of

1 mM Zn“, nuclease Sl degrades single-stranded DNA and RNA with high specificity (Ando 1966). The

chief products of the reaction are 5’ mononucleotides, which are generated by the concerted action of

exo- and endonucleolytic activities (Shishido and Ando 1982). Moderate amounts of nuclease S] will

cleave at single-stranded nicks in duplex DNA (Beard et al. 1973; Martin—Bertram 1981) but will not rec-

ognize single-base-pair mismatches (Silber and Loch 1981). Nuclease 51 can cleave single-stranded DNA

under conditions that would be entirely unacceptable to many enzymes, for example, 10% formamide,

25 mM glyoxal, 30% sulfoxide (DMSO), and 30% formamide (Case and Baker 1975; Hutton and

Wetmur 1975).

o Nuclease S] is inhibited by P03“, 5’ ribonucleotides and deoxyribonucleotides, nucleoside triphosphates,

citrate, and EDTA. However, it is stable in low concentrations of denaturants such as SDS or urea (Vogt

1973).

For further information, please see Shishido and Habuka (1986), Fraser and Low (1993), and Gite and

Shankar (1995).

 

EXONUCLEASE VII
 

.......,,......_..,_.._ t.-

Exonuclease VII (Chase and Richardson 1974a,b; Chase and Vales 1981) is a single-strand-specific DNase

that hydrolyzes denatured DNA, single—stranded regions extending from the termini of duplex DNA, and

displaced single-stranded regions. The enzyme also excises pyrimidine dimers in vitro from UV-irradiated,

nicked double-stranded DNA.

Exonuclease VII digests both 5’ and 3’ ends of single-stranded DNA in a processive fashion, eventual—

ly yielding short, acid-soluble oligonucleotides 2—25 nucleotides in length (Chase and Richardson 1974b).
Because the enzyme releases oligonucleotides rather than mononucleotides, it cannot be used to produce

blunt-ended molecules of double-stranded DNA (Ghangas and Wu 1975).

Exonuclease VII consists of two subunits (Mr = 10,500 and 54,000) encoded by the xseA and xseB genes

of Escherichia coli (Vales et al. 1982) and neither requires nor is inhibited by divalent cations. The enzyme

has been used for several purposes in molecular cloning:

c To eliminateprimersfrom completed PCRs (Li et al. 1991). This property can be extremely useful when

carrying out multistep PCRs involving sequential addition of different sets of oligonucleotide primers.

Alternative methods of removing primers left over from previous amplification steps rely on physical

separation, which can be cumbersome when dealing with many samples, or dilution, in which a small

aliquot of one PCR is transferred to the next. This latter method works well most of the time, but it is

not recommended if absolutely clean separation is required between one PCR and the next.

0 As a substitute for nuclease SI and mung bean nuclease in analysis of the structure of DNA-RNA

hybrids (Berk and Sharp 1978; Sharp et al. 1980). Digestion of the hybrid with exonuclease VII yields a

DNA strand whose length is equivalent to the sum of the exons and introns complementary to the probe.

By contrast, digestion with nuclease S] or mung bean nuclease generates fragments of DNA that are

equivalent in length to the individual exons. Exonuclease VII has been used to resolve problems in cases

where digestion of mRNA-DNA hybrids yields anomalous bands in conventional nuclease Sl analysis

(Chassagne and Schwartz 1992).

0 To excise inserts that have been attached to plasmid vectors via poly(dA'dT) tracts (Goff and Berg
l 978).
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MUNG BEAN NUCLEASE

Mung bean nuclease is used in molecular biology primarily to convert protruding termini on double-

stranded DNAs to blunt ends (Ghangas and Wu 1975; Upcmft and Healey 1987). For this type of terminal

polishing, mung bean nuclease is the enzyme of choice because it is easier to control than nuclease S]. For

example, nuclease SI will cleave the DNA strand opposite a nick in the duplex, whereas mung bean nucle—

ase will attack the nick only after it has been enlarged to a gap several nucleotides in length (Kroeker and

Kowalski 1978). However, mung bean nuclease greatly prefers to remove nucleotides from the 5’ end of sub—

strates (Ghangas and Wu 1975) and therefore is not as useful as nuclease 51 when the DNA carries 3’ exten—

sions. In addition, mung bean nuclease generates blunt ends when the terminal base pair of the blunt-ended

DNA is GC, but frayed ends are more common when the terminal base pair is AT.

The enzyme, which was first isolated in 1962 by Sung and Laskowski from mung bean sprouts,

degrades single-stranded DNA (and RNA) by a combination of exo— and endonucleolytic activity to a mix—

ture of 5'—phosphory1ated mono— and oligonucleotides. Mung bean nuclease is highly specific for single-

stranded DNA, and the ratio of its activity on single— and double-stranded substrates is ~30,000:1 (for

review, please see Gite and Shankar 1995). Thus, when used overenthusiastically (in high concentrations

and/or for long incubation times), mung bean nuclease will nick and/or degrade double-stranded DNA,

especially DNAS that are AT-rich (Johnson and Laskowski 1970; Kowalski et al. 1976; Kroeker and Kowalski
1978).

Mung bean nuclease is a small glycoprotein (m.w. 35,000—39,000), composed of two subunits linked by

disulfide bonds (Kroeker et al. 1976; Kroeker and Kowalski 1978; Martin et al. 1986). It has an absolute

requirement for Zn2+ and works best in low salt (25 mM ammonium acetate) at pH 5.0. In addition to pol—

ishing the termini of double-stranded molecules, mung bean nuclease has been used to map RNA tran-

scripts as described in Protocol 10 of this chapter (Murray 1986), to probe secondary structure in DNA

(Martin et al. 1986), and to linearize supercoiled DNA by cleavage in AT-rich regions (Johnson and

Laskowski 1970; Wang 1974).

 

PROMOTER SEQUENCES RECOGNIZED BY BACTERIOPHAGE-ENCODED RNA POLYMERASES
 

 

BACTERIOPHAGE PROMOTER

—15 —10 —5 +1 +5

I I I I I
T7 TAATACGACTCACTATAGGGAGA

T3 AATTAACCCTCACTAAAGGGAGA

SP6 ATTTAGGgGACACTATAGAAG

 

The consensus sequences of promoters are recognized by three bacteriophageencoded RNA ponmerases: T7 (Dunn and
Studier 1983), T3 (Beck et al. 1989), and SP6 (Brown et al. 1986). All of the bacteriophage promoters share a core sequence that
extends from —7 to +1, suggesting that this region has a common role in promoter function. The promoters diverge in the region
from —8 to —12, suggesting that prnmoter—specific contacts are made in this region. By convention, the sequence of the non—
template strand is shown. (Adapted, with permission, from Jorgensen et al. 1991.)

In addition to the promoter, the nucleotides immediately downstream from the transcriptional start site can affect the effi-
ciency of RNA synthesis (Solazzo et al. 1987; Nam and Kang 1988; Milligan and Uhlenbeck 1989). It is therefore best to syn»
thesize oligonucleotide primers that extend five to six nucleotides past the start site. The composite promoters shown in the
table prevent abortive cycling of the RNA polymerase and generate large yields of RNA in transcription reactions. For further
information on bacteriophage polymerases and the promoters they recognize, please see Chapter 9.
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ACTINOMYCIN D

Actinomycin D (sometimes called Dactinomycin) is a chromopeptide, originally isolated from a culture

broth Of a species of Streptomyces. The molecule contains a planar phenoxazone ring that can stably inter-

calate between adjacent G-C pairs of double-stranded DNA and block transcription by RNA polymerase

(Sobell 1973). In addition, actinomycin D causes single-strand breaks in DNA, possibly through free radi-

cal formation or as a result of the activity of topoisomerase II (Goldberg et al, 1977).

Actinomycin D at a concentration of 50 ug/ml is sometimes used in molecular cloning to inhibit self—
primed synthesis of second-strand cDNA during reverse transcription of RNA (McDonnell et al. 1970;

Muller et al. 1971). The chromopeptide either may suppress the formation of hairpin structures by the

unpaired 3' sequences of first-strand DNA (Bunte et al. 1980) or may destabilize such structures to an extent

that DNA polymerases like reverse transcriptase or the Klenow fragment of E. coli DNA polymerase I are

unable to latch on to the hairpin for kinetic reasons.

Lyophilized preparations of actinomycin D supplied by pharmaceutical manufacturers for therapeutic

uses often contain additional substances such as sugars and salts. It is therefore important to verify the con-

centration of actinomycin D by measuring the absorbance of the stock solution at 441 nm. The molar

extinction coefficient of pure actinomycin D in HZO is 21,900. The absorbance at 441 nm of a stock solu-

tion containing 5 mg/ml of the drug is therefore 0.410. Stock solutions should be prepared in deionized H20

and stored at —20°C in a foil—wrapped tube.

Actinomycin D is a teratogen and carcinogen. Wear a mask and gloves and work in a chemical fume

hood when preparing stock solutions.
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FIGURE 7-10 Actinomycin D, Mr = 1255.47

The structure of actinomycin D is reported in Bullock and Johnson (1957).
 



WRiEFERENCES

Rofbrcnces 7.89

 

\1l\rctxcn ( .. Kalldnd K.H.. Haukancs B.1., Havarstcin 1..S., and

chppc K. 1990. Applications of magnetic beads with cover
Icnlly Attdg‘hcd oligonucleotidcs in hybridization: Isolation

And dctcution 014 specific measles virus mRNA from a crude

gc11 1ys.11c..411111. BiM/wm. 189: 40~50.
.\1dcd .\1.,(an'cric—Mdrtin F.,1)ia‘/flbrrcs M.R., (1nd Kushner S.R.

1988. '1ranscript mapping, using [3551 DNA probes,
[richlnrmcctatc solvent and dideoxy sequencing ladders: A
rapid method for identification of transcriptional start
points. (10110 65: 101—110.

.\1\\ inc 1.(f., Kcmp l).1.. and Stark(1.R. 1977. Method for detec—

tiun of specific RNAs in agarosc gels by transfer to diazoben-
/y|mcthwymethyl—papcr and hybridization with DNA

probes. l’rm‘. Null. Amd. Sci. 74: 5350—5354.
.\lw1nc 1.(I., Kcmpl).1.,1’arkch.A..Reiscr1.,Renart1.,5tark G.R.,

and Wahl (LM. 1979. Detection of specific RNAs or specific

(mgmuntx 017115“ by fractionation in gels and transfer to dia—

mbcnyyltvxymctbyl paper. A/Ivt/wds ktlzymol. 68: 220—242.

\nc1mrdoguy '1.1., Crawford 1).1.., Hardewig D.L.,an(1 Hand SC.

1996. Heterogeneity of DNA binding to membranes used in
quantitative dot blots. Iiio'lbdmiqucs 20: 754—756.

.\ndo'1. 1966. A nudcagc specific for heat—denatured DNA isolat—

cd from a product of Aspergillus oryzae. Biochim. Biophys.
.1(‘l(1 114: 158468.

Angelclti 11, Huttilom 1L, Pascale E.. and D'Ambrosio E. 1995.

Soulbcrn and northern b1ot fixing by microwave oven.

.\'HL‘/(’u .\1 1115 RM. 23: 8794380.

.\\'|\ 11. and 1cdcr P. 1972. Purification ot‘biologically active g10~
bm mcsscngcr RNA by chronmtography (m oligothymidylic
acid celluloac. Prof. Natl. Acad. Sci. 69: 1408—1412.

11.1111')‘ J..\1. and Davidson N. 1976. Mcthylmercury as a reversible
dumluring agent for agarose gel electrophoresis. Anal,

11101110111. 70: 75415.

1111165 K.1{., Hannon 1\'., Smith 11 (l,K., und Santerre RF. 1993.

Singlc—stmndcd RNA probes generated from PCR—derivcd
templates. Moi. (It’ll. Probes 7: 269-275.

11.111111' 1./\., Maxwell 1.H., and Hahn WE. 1976. Specificity of
nligo<d'I'HclIulosc chromatography in the isolation of
polymt‘nylatm RNA. Anal. Biochcnl. 72: 413—427.

Heard P., Murrow 1.F., and Berg P. 1973. Cleavage of circular
supcrhdiml simian virus 40 DNA linear dup1€x by 51 nuclev

dsc. /. Vim}. 12: 1303—1313.

“Ckk 1’.1., (10n/..1|cz 51. Ward (LL, and Molineux 1.1. 1989.

Sequcncc wf bacteriophage T3 DNA from gene 2.5 through
5201109]. .\1()1. 11101. 210: 687,701.

Bukcrs 1). Sdmlidt 1’.. and Hilgard P. 1994. High1y sensitive
northern hybridimtion of rare mRNA using a positively
Lhargcd nylon nwmbranc. Bio'lbclmiqzws 16: 1075—1078.

Huger 5.1. and Birkenmeier (LS. 1979. Inhibition of intractable
nuclmscs \\ ith ribnnllcletide-vanadyl complexes: Isolation of
messenger ribonucleic acid from resting lymphocytes.
111111‘111’1111511)’ 18: 51436149.

Burk :\.1..1nd Sharp RA. 1977. Sizing and mapping of early aden-
mirus mRNAs by gel electrophoresis of 51 endonuclease-

digested 11)1)1'1L15. ($011 12: 721432.
. 1978. Splicud early mRNAs of simian virus 40. Prof. Natl.

thl'. 511, 75: 12744 278.

11mm 1’., 1hy1or \\'.R., (memberg A.H., and Wright 1..~\. 1994.

(Inmpurimn ot‘ glycera1dehydc—3iphosphate dehydrogenase
and le-ribnmmal RNA gene expression as RNA loading

controls for northern b1ot analysis of 0311 lines of varying
malignant potential. Anal. Biochem. 216: 223~226.

B1ackburn R, Wilson G., and Moore S. 1977. Ribonudcaac

inhibitor from human p1acenta. Purification and properties.

1. Biol. Chem. 252: 5904—5910.

Boedtker H. 1971. Conformation—independent molecular weight

determinations of RNA by gel electrophoresis. Biodzim.
Biophys. Acta 240: 448—453.

Boorstein W.R. and Craig EA. 1989. Primer extension zmldysis of

RNA. Methods Enzymol. 180: 347—369.
Britten 11.1. and Kohne 111-1. 1968. Repeated sequences in DNA.

Hundreds of thousands of copies of DNA sequences have
been incorporated into the genomes of higher organisnm.
Science 161: 529—540.

Britten R.J., Graham D.E., and Neufeld BR. 1974. Analysis of

repeating DNA sequences by reassociation. A/h’tlma's

Enzymol. 29: 363—418.

Brown 1.E., Klement I.F., and McAllister W.'1‘. 1986. Sequences of

three promoters for the bacteriophage SP6 RNA polymerase.
Nucleic Acids Res. 14: 3521—3526.

Brown PC, Tlsty T.D., and Schimke Rfl‘. 1983. Enhancement ot‘

mcthotrexate resistance and dihydrofolate reductase gene
amplification by treatment of mouse 316 (6115 with hydroxy-
urea. Mol. Cell. Biol. 3: 1097—1107.

Bullock E. and Johnson A.W. 1957. Actinomycin. Part V. The

structure of actinomycin D. J. Chem. Soc. 32804285.

Bunte T., Novak U., Friedrich R., and MoeIling K. 1980. Effect of

actinomycin D on nucleic acid hybridization: The cause of

erroneous DNA elongation during DNA synthesis 01 RNA
tumor viruses in vitro. Biothim. Biophys. Arm 610: 241—247.

Burke I.F, 1984. High sensitivity 51 mapping with singlc-strandf

ed [1313] DNA probes synthesized from bacteriophage

Ml3mp templates. Gene 30: 63—68.
Burnett WV. 1997. Northern blotting of RNA denatured in g1y~

oxal without buffer recircu1ation. Bioch/miqucs 22: 668471.
Calzone EL, Britten R.]., and Davidson E.H. 1987. Mapping of

gene transcripts by nuclease protection assays and CDNA

primer extension. Methods Enzymol. 157: 61 1—632.
Carmichael G.G.and1\1c1VIaster G.1\'. 1980. The analysis of nucle—

ic acids in gels using glyoxal and acridine orangc. Methods
Enzymol. 65: 380—391.

Case 5.1. and Baker RF. 1975. Investigation into the use of
Aspergillus oryzae S1 nuclease in the presence of solvents
which destabilize or prevent DNA actondary structure:

Formaldehyde, formamide and glyoxal. Anal. Bmdwm. 64:
477—484.

Casey 1. and Davidson N. 1977. Rates of formation and thermal

stabilities of RNAzDNA and DNAzDNA duplexes at high
concentrations of formamide. Nucleic Acids Res. 4: 1539—
1552.

Celano P., Vertino RM, and Casero Ir., R.A. 1993. Isolation of
polyadenylated RNA from cultured cells and intact tissues.
BioTechniques 15: 26—28.

Chapman A.B., Costello M.A., Lee H, and Ring01d GM. 1983.
Amplification and hormonewegulatcd expression of a
mouse mammary tumor virus-Eco gpr fusion plasmid in
mouse 3T6 cells. Mol. Cell. Biol. 3: 1421—1429.

Chase 1.W. and Richardson CC. 197421. Exonuclease VII of
Escherichia coli. Purification and properties. /. Biol. Chum.
249: 454524552.

 



7.90 Chapter 7: Extraction, Purification, and Analysis of mRNA from Eukaryotic Cells

. 19741). Exonuclease VII of Escherichia coli. Mechanism of
action. I. Biol. Chem. 249: 4553—4561.

(Ihasc 1.W.dndV.1105 L.[). 1981. ExonucleaseVII ofE. coli. 1n Gene
muplification and analysis (ed. L.G. Chirikjian and T.S.
Papas). vol. 2, pp. 147—168. Elsevier, New York.

(?hdssagne C. and Schwartz K. 1992. Mapping omeNA isoforms

with an oligonucleotide probe. Nucleic Acids Res. 20: 3256.
(Ihirgwin ].M., Przybyla A.E., MacDonald R.1., and Rutter WJ.

1979. Isolatton of biologically active ribonucleic acid from
sources enriched in ribonuclease. Biochemistry 18: 5294—

5299.

(fhomczynski P. 1992. Solubilization of formamide protects RNA
from degradation. Nucleic Acids Res. 20: 3791—3792.

. 1993. A reagent for the single—step simultaneous isolation
of RNA, DNA and proteins from cell and tissue samples.

Bio'I‘ct/miqzws 15: 532—534.

7 f. 1994. Self—stable product and process for isolating RNA,
DNA and proteins. US. Patent 5,346,994.

(Ihomczynski P. and Mackey K. 1994. One-hour downward cap-
illary blotting of RNA at neutral pH. Anal. Biochem. 221:
303—305.

— ~ . 1995. Modification of the TRI ReagentTM procedure for
isolation of RNA from polysaccharide- and proteoglycan—
rich sources. BioTechniques 19: 942—945.

(?homczynski P. and Qasba P.1(. 1984. Alkaline transfer of DNA to

plastic membrane. Biochem. Biophys. Res. Commun. 122:
340—344.

(Ihomczynski P. and Sacchi N. 1987. Single-step method of RNA

isolation by acid guanidinium thiocyanate—phenol-chloro-
form extraction. Anal. Biochem. 162: 156—159.

Church GM. and Gilbert W. 1984. Genomic sequencing. Proc.

Natl. Acad. Sci. 81: 1991—1995.
(on R.A. 1968. The use of guanidinium chloride in the isolation

of nucleic acids. Methods Enzymol. 12: 120—129.

(Iummins ].E. and Nesbitt B.E. 1978. Methyl mercury and safety.
Nature 273: 96.

1)avisl..(1.,1)ibner M.D., and Battey ].F., eds. 1986. Basic methods

in molecular biology. Elsevier, New York.
Davis M.]., Bailey C.S., and Smith 11 CK. 1997. Use of internal

controls to increase quantitative capabilities of the ribonu—
clease protection assay. BioTechniques 23: 280—285.

Dean M. 1987. Determining the hybridization temperature for 51
nuclease mapping. Nucleic Acids Res. 15: 6754.

de Leeuw W.I.F., Slagboom P.E., and Vijg I. 1989. Quantitative

comparison of mRNA levels in mammalian tissues: 285 ribo-

somal RNA level as an accurate internal contr01. Nucleic
At‘ids RCS.17: 10137—10138.

Dixon 1).A., Vaitkus D.L., and Prescott SM. 1997. DNAse I treat—
ment of total RNA improves the accuracy of ribonuclease
protection assay. BioTechniques 24: 732—734.

DuBois D.(I., Almon RR, and Iusko W.]. 1993. Molar quantifica—

tion of specific messenger ribonucleic acid expression in

northern hybridization using cRNA standards. Anal.
Biodtcm. 210: 140-144.

Dunn 1.1. and Studier F.W 1983. Complete nucleotide sequence of

bacteriophage T7 DNA and the locations of T7 genetic ele—
ments. 1. Mol. Biol. 166: 477—535.

Eberwine J. 1996. Amplification of mRNA populations using
aRNA generated from immobilized 01igo(dT)-T7 primed
(DNA. Bio7k’chniques 20: 584—591.

Edmonds M., Vaughan ]r., M.H., and Nakazato H. 1971.

Polyadenylic acid sequences in the heterogeneous nuclear
RNA and rapidly—labeled polyribosoma] RNA of HeLa cells:

Possible evidence for a precursor relationship. Proc. Natl.
Acad. Sci. 68: 1336—1340.

Ehrenberg L., Fedorcsak I., and Solymosy F. 1976. Diethyl pyro-

carbonate in nucleic acid research. Prog. Nucleic Acid Res.

M01. Biol. 16: 189—262.
Favaloro J., Treisman R., and Kamen R. 1980. Transcription maps

of polyoma virus—specific RNA: Analysis by two-dimension—
al nuclease 51 gel mapping. Methods Enzymol. 65: 718—749

Fenichell S. 1999. Plastic: The making of a synthetic century.
Harper Business, New York.

Fornace ]r., A.]. and Mitchell ].B. 1986. Induction of 82 RNA
polymerase [11 transcription by heat shock enrichment for

heat shock induced sequences in rodent cells by hybridiza—
tion subtraction. Nucleic Acids Res. 14: 5793—581 1.

Fourney R.M., Miyakoshi ]., Day III R.S., and Paterson M.C. 1988.

Northern blotting: Efficient RNA staining and transfer. Focus
(Life Technologies) 10: 5—6.

Fraser MI. and Low R.L. 1993. Fungal and mitochondrial nucle—

ases. In Nucleases, 2nd edition (ed. SM. Linn et al.), pp.
171—207. Cold Spring Harbor Laboratory Press, Cold Spring
Harbor, New York.

Geliebter ]., Zeff R.A., Melvold R.W., and Nathenson 5.6. 1986.
Mitotic recombination in germ cells generated two major
histocompatibility complex mutant genes shown to be iden-
tica1 by RNA sequence analysis: Kbm9 and Kbm6. Proc. Natl.
Acad. Sci. 83: 3371-3375.

Gerard G.F., Fox D.K., Nathan M., and D’Alessio ].M. 1997.
Reverse transcriptase. The use of cloned Moloney murine
leukemia virus reverse transcriptase to synthesize DNA from
RNA. Mol. Biotechnol. 8: 61—77.

Ghangas GS. and Wu R. 1975. Specific hydrolysis of the cohesive

ends of bacteriophage lambda DNA by three single strand—
specific nucleases. ]. Biol. Chem. 250: 4601—4606.

Gilham RT. 1964. Synthesis of polynucleotide celluloses and their

use in fractionation of oligonucleotides. ]. Am. Chem. Soc. 86:

4982—4989.
7. 1971. The covalent binding of nucleotides, polynu—

cleotides and nucleic acids to cellulose. Methods Enzymol. 21:
191—197.

Gite S.U. and Shankar V. 1995. Single—strand—specific nucleases.
Crit. Rev. Microbiol. 21: 101—122.

Glisin V., Crkvenjakov R., and Byus C. 1974. Ribonucleic acid iso-

lated by cesium chloride centrifugation. Biochemistry 13:
2633—2637.

Goda SK. and Minton NP. 1995. A simple procedure for gel elec-
trophoresis and northern blotting of RNA. Nucleic Acids Res.
23: 3357—3358.

Goff S. and Berg P. 1978. Excision of DNA segments introduced

into cloning vectors by the poly(dA-dT) joining method.
Proc. Natl. Acad. Sci. 75: 1763—1767.

Goldberg DA. 1980. Isolation and partial characterization of the
Drosophila alcohol dehydrogenase gene. Proc. Natl. Acad. Sci.
77: 5794—5798.

Goldberg 1.H., Beerman T.A., and Poon R. 1977. Antibiotics:
Nucleic acids as targets in chemotherapy. In Cancer 5: A com—
prehensive treatise (ed. F.F. Becker), pp. 427—456. Plenum
Press, New York.

Gordon IA. 1972. Denaturation of globular proteins. Interaction
of guanidinium salts with three proteins. Biochemistry 11:
1862—1870.

Gramza A.W., Lucas ].M., Mountain R.E., Schuller DE, and Lang

].C. 1995. Efficient method for preparing normal and tumor
tissue for RNA extraction. Bio'l‘echniques 18: 228—23 1.



(111110 \1. 111111 Margolis F.1.. 1990. Use of reverse transcriptdse

poh’nicuxc chain i‘caction 10 monitor expression of intron-
1C“ gcnm. 11111'1'1’1‘1'11111/111’5 9: 262—268.

(wuppc 1.(fi. and Horse 11.15. 1993. Isolation of 11111—1ength RNA

Icniplalm 1111“ reverse transcription from tissues rich in

RNAsc 11nd protmglycuns. Anal. 13105110111. 210: 3374343.

(inimknmnn 11. and Koepsdl H. 1994. Ethidium bromide stain-

ing (hiring dcmtumtion with glyoxal for sensitive detection

of RNA 111 dgarosc gel cledrophoresis, Anal. 3106116111. 216:
459-461.

Hahn (2.5...8111111» 1i.(i.,1md Strauss 1.1\1. 1989.1)ideoxysequenc-
ing, 01" RNA using, reverse iranscriptase. Methods Enzymol.

180: 121431).

11.111 1.11, Stumwa (L. and Rutter WJ. 1987. Isolation of 11111

lcnglh putative rat lysophospholipasc cDNA using improved

mvthods for mRNA isolation and CDNA cloning.

1111111101111>11y 26: 1617—1625.

1111111 1;.. Yanmguchi '1'., Taham H.7 Tsuyama N., Tsurui H., Ide T.,

and (111.1 K. 1993. 1)1\'A—1)N'A subtractive CDNA cloning

uslng oligmd'l‘w-latcx and PCR: Identification of cellular
gcnm which arc overexpressed in senescent human diploid

111110111119» A11111. 131111110111. 214: 54—64.
11.11‘11:)' (2.13. 1987. Hybridization of oligmd'l‘) to RNA on nitro»

ccllulow. (101101111111. Tech. 4: 17—22.
. 1988. Nurnmhunion of RNA dot 111015 with o1igo(dT).

[1'1'111/5(i1’111'1.4: 152.
Haward (1.5. 1972. (161 c1cctrophorctic separation of the com-

plcmcnnn'y probe strands of bactcriophage DNA. Virology

49: 342-3114.

11111 W. 191-15. Dicthyl pyrocarhonate: A chemical probe for sec—

undary structure in negatively supercoiled DNA. PI'OC. Natl.

M1111. 511. 82: 800941013.

Herrin 1).1...111dSchmidt(LW. 1988.11apid, reversible staining of
northern blots prior to hybridization. BioTec/miques 6:
196—197, 199—200.

1101’s1ccngc J. 1994. “Holy” proteins. 1. Ribonucleasc inhibitor.

1.11111 (111111. 8111111. 131111. 4: 807—809.
1111111111101 Ml . and Furnace Jr.,A.1. 1990. Estimation of relative

mRNA mntcnt by filter hybridization to a polythymidylate
probe. 1111111'1‘1111111111’5 9: 174—179.

Horncs 1.. and Korsncs‘ 1.. 1990. Magnetic DNA hybridization
propurtiw 01" oligonucleotidc probes attached to superpara—

mdgnutic heads and their use in the isolation ofp01y(A)
mRNA from eukaryotic cells. Ge1wz‘.A1ml. TCl'h. Appl. 7: 145—
1511.

Huang Y.H.. lvhldnc 1’., Apostolou \1’., Stewart B., and Moreland
R13. 1995. (fumparision 01 Milli—Qifi PF Plus water to DEPC—
trcntcd miter in the preparation and analysis of RNA.
11111'I1’1‘l111111111’5 19: 656—661.

Hunmku Wk. Budri H.. Lombardo 1\/1.,.deollins ML. 1989.
Nucleic acid hybridization assays employing dA—tailed cap—
ture prohw. Ami]. 131111110111. 181: 360v370.

Hutton 111111111\\'ctmu1'1.(}. 1975. Activity ofendonuclease 51 in

denaturing solvents: Dimcthylsulfoxide, dimethylforv
mamidc, 1111'mamidc and fbrmaldehhyde. Biochem. Biophys.
R13. (111111111111. 66: 942—948.

1\\.1m.1tsu 1\.,.\11)'.1ma H., 1)il)0(}.,TsunasawaS., and Sakiyama F.

1991. Amino acid sequence of nuclease S] from Aspergillus
111131111]. 111111110111. 110: 151—158.

lagnlmm A. 1987. Purification and fractionation of poly(A)’

RNA. .\1¢'1/11111.< Enzynml. 152: 254—261.

1.11mhxcn K.S.. 11rcivold 1:1. and Horsncs E. 1990. Purification of

mRNA din‘ut1yfrom crude plant tissues in 15 minutes using

chfbl‘t’llt‘t’s 7.91

magnetic oligo (1Tmicrospheres.N111'11’1'1'A1‘i115 Rm. 18: 3669.
larrctt HM’. 1993. Affinity chromatography with nucleic acid

polymers. ]. (3111011111109: 618: 315-339.

Johnson PH. and Laskowski Sn, M. 1971). Mung bean nuclease 1.

11. Resistance 0fdoublc-stram1cd dcoxvrihomlclcic acid and
susceptibility of regions rich in adenosine and thymidinc to
enzymatic hydrolysis. 1. Biol. (3119111. 245: 891—898.

Johnston B.H. and Rich A. 1985. Chemical probes 1)1’[).\1A con~

formation: Detection of Z—1)NA at nucleotide resolution.

Cell 42: 713-724.

Jones KW. and Jones MJ. 1992. Simplified filter paper sandwich
17101 provides rapld, backgroundfrcc northern 111015.

BioTc’chniquc’s 12: 684—688.

Iorgc‘nsen E.D., Durbin R.1\'., Risman S.S., and McAllistcr \\’.'1.

1991. Specific contacts between the [materiophdgc T3, 17

and SP6 RNA polymerases and their promoters. /. Biol.
Chem. 266: 645—651.

Kafatos F.C., Jones C.W., 11nd Ffstmtiadis A. 1979. Determination

of nucleic acid sequence homologies and relative concentra—
tions by a dot hybridization procedure. .\1111‘Ic1'cAcids Res. 7:
1541—1552.

Kekule A.S., Lauer U., Meyer M” Caselmann \\'.H.. Hofschncidm'
RH, and Koshy R. 1990. The preSZ/h region of integrated
hepatitis B virus DNA encodes a transcriptional transactinv
tor. Nature 343: 457—461.

Kelly K., (Iochran B., Stiles C, and Ledcr P. 1983. (Icll—spccific
regulation of the c—111y1‘ gene by lymphocyte mimgcns 11nd
platelet—derived growth factor. Cell 35: 6113—610.

Kevil C.G., Walsh L., Laroux F.S., Kalogeris '1‘.. Grisham 1\1.B.,and
Alexander 1.8. 1997. An improved rapid northern protocol.

Biochmn. Biophys. Res. C01111111111. 238: 2777279.

Khandjian E.W. 1987. Optimized hybridization 011)NA 11101ch
and fixed to nitroce1lulosc and nylon filters. 8111/71'11111010gy
5: 1654167.

Kobe B. and Deisenhofer J. 1993. Crystal structure 01’porcinc
ribonucelase inhibitor. 3 protein with leucinc—rich repeats.
Nature 366: 751—756.

—~w. 1995. A structural basis for the interactions between
leucine—rich repeats and prctein ligands. Narurc 374: 183»

186.
— . 1996. Mechanism of ribonuclease inhibition by ribonu-

Clease inhibitor protein based on the crystal structure of its
complex with ribonuclease A. 1. Mol. Biol. 264: 1028—1043.

Kohne DE. and Britten 11.1. 1971. Hydroxyapatite techniques for
nucleic acid reassociation. Frog. NuclcicAv/d Res. 2: 500~512.

Kowalski D., Kroeker W.D., and Laskowski Sn, M. 1976. Mung

bean nuclease 1. Physical, chemical, and catalytic properties.
Biochemistry 15: 4457—4463.

Krieg PA. and Melton DA. 1987. In vitro RNA synthesis with SP6
RNA polymerase. Methods 131121111101. 155: 397—41 3

Kroczek RA. 1989. Immediate visualization of blotted RNA in
northern analysis. Nucleic Adds Res. 17: 9497.

g. 1993. Southern and northern analysis. /. (fli1‘o1111110g1‘. 618:

133—145.

Kroczek R.A. and Siebert E. 1990. Optimization of northern
analysis by vacuum~blotting, RNA—transfcr visualization.
and ultraviolet fixation.A11al. Biochem. 184: 90495.

Kroeker W.D. and Kowalski D. 1978. (1cne~sizcd pieces produced

by digestion oflinear duplex DNA with mung bean nuclease.
Bzochwnistry 17: 32364243.

Kroeker W.D., Kowalski D., and Laskowski Sn, M. 1976. Mung

bean nuclease 1. 1brmina11y—directed hydrolysis 01~ native
DNA. Biodzemisrry 15: 446341467.

 



7.92 Chapter 7: Extraction, Purification, and Analysis of mRNA from Eukaryotic Cells

Kurilmyashi—Ohta K., Tamatsukuri S., Hikata M., Miyamoto C.,
and Furuichi Y. 1993. Application ofolig0(dT)30—1atex for the
rapid purification] of poly(A)+ mRNA and for hybrid sub—

traction with the in situ reverse transcribed CDNA. Biochim.
Biophys. Acta 1156: 204—212.

Lac 13.11, Kitamoto K.,Yamada O., and Kumagai C. 1995.C10ning,

characterization and overproduction of nuclease S] gene

(111418) from Aspergillus oryzae. Appl. Microbiol. Biotechnol.
44: 4234431.

Lcc ES. and Vallee B.L. 1993. Structure and action of mammalian

ribonucleasc (angiogenin) inhibitor. Prog. Nucleic Acid Res.
A401. Biol. 44: 1730.

Lcc F.S., Shapiro R., and Vallee EL. 1989. Tight binding inhibition
of angiogenin and ribonuclease A by placental ribonuclease
inhibitor. Bioz‘hemisrry 28: 225—230,

Lehmch H., Diamond D., Wozney 1.M., and Boedtker H. 1977.

RNA molecular weight determinations by gel electrophoresis
under denaturing conditions: A critical reexamination.
Bioclu’mistry 16: 4743—4751.

Leonard N.]., McDonald 1.1, and Reichmann M.E. 1970. Reaction

of diethyl pyrocarbonate with nucleic acid components:
Adenine. PVOL'. Natl. Acad. Sci. 67: 93—98.

Leonard N.1., McDonald 1.1, Henderson R.E.L., and Reichmann

M.E. 1971. Reaction of diethyl pyrocarbonate with nucleic
acid components: Adenosine. Biochemistry 10: 3335-3342.

[.i H.H., (Iui X.F., and Arnheim N. 1991. Eliminating primers
from compk‘tcd polymerase chain reactions with exonucle—
dsc V11. Nucleic Acids Res. 19: 3139—3141.

Lichtenstein A.V., Moiseev V.L., and Zaboikin M.M. 1990. A pro—
cedure for DNA and RNA transfer to membrane filters avoid—
ing weightdnduced flattening. Anal. Biochem. 191: 187 »191.

Lindbcrg U. and Persson T. 1974. Messenger RNA isolation with
poly(L’) agarose. Methods Enzymol. 34: 496-499.

1.0mm M.A.. Sollner-Webb B., and Cleveland 11W. 1985.
Surprising SI -resistant trimolecular hybrids: Potential com-
plication in interpretation of SI mapping analyses. Mol. Cell.
Biol. 5: 2842~2846.

Lynn [).A., Angcrer L.M.. Bruskin A.M., Klein W.H., and Angerer
R.(I. 1983. Localization of a family of mRNAs in a single cell
type and its precursors in sea urchin embryos. Proc. Natl.
Aald, SCI. 80: 2656—2660.

Mdhmoudi M. and Lin V.K. 1989. Comparison of two different
hybridization systems in northern transfer analysis.
Bio’lk’t‘lmiqzws 7: 331—332.

Martin S.A., Ullrich R.C., and Meyer W.L. 1986. A comparative
study of nucleases exhibiting preference for single—stranded
nucleic acid. Biochim. Biophys. Acta 867: 76—80.

?\1artin—Bertram H. 1981. Sl—sensitive sites in DNA after y—irradi-

ation. Biochmz. Biophys. Acta 652: 261—265.
.‘\1;1tthews].A.,Batki A., Hynds C., and Cricka L.]. 1985. Enhanced

chemiluminescent method for the detection of DNA dot—
hybridization assays. Anal. Biochem. 151: 205—209.

McDonnell ].P,G.1rapin A., Levinson W.E., Quintrell N., Fanshier

1.., and Bishop ].M. 1970. DNA polymerases of Rous sarcoma
virus: Delineation oftwo reactions with actinomycin. Nature
228: 433—445.

McMaster G. and Carmichael GO. 1977. Analysis of single— and
double-stranded nucleic acids on polyacrylamide and
agarose gels by using glyoxal and acridine orange. Proc, Natl.
Amd. St‘i. 74: 4835—4838.

Memkoth J. and Wahl G. 1984. Hybridization of nucleic acids
immobilized on solid supports. Anal. Biochem. 138: 267—
284.

Melton D.A., Krieg P.A., Rebagliati MR, Maniatis T., Zinn K.,

and Green MR. 1984. Efficient in vitro synthesis of biologi—
cally active RNA and RNA hybridization probes from plas—
mids containing a bacteriophage SP6 promoter.Nuc1eicAads
Res. 12: 7035—7056.

Miller K. 1987. Gel electrophoresis of RNA. Focus (Life Technolo-
gies) 9: 30.

Milligan ].F. and Uhlenbeck O.C. 1989. Synthesis of small RNAs
using T7 RNA polymerase. Methods Enzymol. 180: 51—62.

Miller K.G. and Sollner-Webb B. 1981. Transcription of mouse
RNA genes by RNA polymerase 1: In vitro and in vivo initia—
tion and processing sites. Cell 27: 165—174.

Mitchell A. and Fidge N. 1996. Determination of apolipoprotein
mRNA levels by ribonuclease protection assay. Methods
Enzymol. 263: 351—363.

Morrissey D.V, Lombardo M., Eldredge I., Kearney K.R., Groody
ER, and Collins M.L. 1989. Nucleic acid hybridization assays
employing dA-tailed capture probes. 1. Multiple capture
methods. Anal. Biochem. 181: 345—359

Muller W.E., Zahn R.K., and Seidel HJ. 1971. Inhibitors acting on
nucleic acid synthesis in an oncogenic RNA virus. Nat. New
Biol. 232: 143—145.

Murphy N.R., Leinbach 5.5., and Hellwig RJ. 1995. A potent,
cost-effective RNase inhibitor. BioTechniques 18: 1068—1073.

Murray MG. 1986. Use of sodium trichloroacetate and mung
bean nuclease to increase sensitivity and precision during
transcript mapping. Anal. Biochem. 158: 165—170.

Nadin—Davis S. and Mezl VA 1982. Optimization of the ethanol
precipitation of RNA from formamide containing solutions.
Prep. Biochem.12: 49—56.

Nakaya K., Takcnaka O., Horinishi H., and Shibata K. 1968.
Reactions of glyoxal with nucleic acids, nucleotides and their
component bases. Biochim. Biophys. Acta 161: 23—3 1.

Nakazato H. and Edmonds M. 1972. The isolation and purifica-

tion of rapidly labeled polysome-bound ribonucleic acid on
polythymidylate cellulose. J. Biol. Chem. 247: 3365—3367.

Nam SC. and Kang C. 1988. Transcription initiation site selection

and abnormal initiation cycling of phage SP6 RNA poly—
merase. J. Biol. Chem. 263: 18123—18127.

Nogués M.V., Vilanova M., and Cuchillo CM. 1995. Bovine pan-
creatic ribonuclease A as a model of an enzyme with multi-
ple substrate binding sites. Biochim. Biophys. Acm 1253: 16—
24.

O'Conner ].L., Wade M.F., and Zhou Y. 1991. Control of buffer

pH during agarose gel electrophoresis of glyoxylated RNA.
BioTechniques 10: 300—302.

Ogretmen B., Ratajczak 1—1., Kats A., Stark B.C., and Gendel S.M.

1993. Effects of staining of RNA with ethidium bromide
before electrophoresis on performance of northern blots.
BioTechniques 14: 932—935.

Papageorgiou A.C., Shapiro R., and Acharya KR. 1997. Molecular
recognition of human angiogenin by placental ribonucelase
inhibitor — An X—ray crystallographic study at 2.0A resolu—
tion. EMBO J. 16: 5162—5177.

Pape M.E., Melchior G.W., and Marotti K.R. 1991. mRNA quan-
titation by a simple and sensitive RNAse protection assay.
Genet. Anal. Tech. Appl. 8: 206—213.

Peattie DA. and Gilbert W. 1980. Chemical probes for higher—
order structure in RNA. Proc. Natl. Acad. Sci. 77: 4679—4682.

Penman S., Fan H., Perlman S., Rosbash M., Weinberg R., and

Zylber E. 1971. Distinct RNA synthesis systems of the HeLa
cell. Cold Spring Harbor Symp. Qurmt. Biol. 35: 561—575.

Pitas I.W. 1989. A simple technique for repair of nylon blotting



mcmhmnm, Hia'l'ct‘lmiqucs 7: 1084.

Pumant (i. and Houdchinc LM, 1990. An improvement 01the

singh‘wtcp mcthod of RNA isolation by acid guanidinium

thim11111.110»phonohchIomform cnmction. BinTL’c/miqucs 8:

1487119.

Purrclln .\1 and 13.11.11.» 1. 1983. Direct hybridization of labe1ed

DNA 11» DNA in agdrosc gels. Anal. Biodwm.l28: 393—397.

Raw NZ, (‘rkwnidkuv R., and Bocdtkcr H. 1979. Identification of

pmcnhAgcn mRNAs tramferred to diazobenzy10xymethy1

paper from rbrmdldchydc gels. Nucleic Acids Res. 6: 3559—

3567.

RC l’., Wlhmu \\'.B., Vustrcjs M., Howell 1).S., Fischer S.G., and

Rtnchflc A. 1995. Quantitative polymerase chain reaction

tmdy for aggroca n and link protein gene expression in carti—

lage. Anal. Bmchcm. 225: 356—360,

Reed K1). and Mann DA. 1983. Rapid transfer of DNA from

agarosc gels to nylon membranes. Nuclcif Ana's Res. 13:

720117221.

Kurd K.(1.am1 MdthCI K.1. 1990. Rapid preparation ot'DNA dot

Mots 1mm [155th samples, using hot alkaline lysis and filtra—

tmn onto chargc—modificd nylon membrane. Nucleic" Acids

Rt‘s. 18: 1093.

Richards 11.1}., (1011 1.A., and (‘mnzcr W.B. 1965. Disc elec—

lmphnrcsis of ribonucleic acid in polyacrylamidc gels. Anal.

Iiitu'lu’m. 12:452fi471.

Rnscn KM. and \’i|1A—Komar0ff 1.. 1990. An alternative method

for tho \i/udli/..1tion of RNA in formaldehyde agarose gels.

[501115 (1 111: '1'r:chm)10gies1 12: 23~24.

Rnwn K.1\1.. Lampcrti E.1)., and Villa—Komaroff L. 1990.

Optimi/mg the nnrthcrn blot procedure. Bio'ft’dzniques 8:

398—403.

Rms 1’..\1.,\Mmdlcy K., and Baird M. 1989. Quantitative amora-

dingmphy of dot blots using a microwell dcnsitometer.

Hin'li’t'lmulm's 7: 6804188

Rtmkcl 1.. and Nordhcim A. 1986. Chemical footprinting of the

interaction between lcft-handed 7—DNA and anti-Z-DNA

Jntl1xx11c5 hy dicthylpyrocarbonate carbethoxylation. }. Mal.

BIUT. 189: 487—501.

Sdcmmnnnn (2.11, Bordmmro M, Chen ].S., and Nordstrom LL.

1992. A mm- rilmnudcasc protection assay. Bio7k’t‘lmiqucs

13: 846 851).

mlmma 1’. 1956, Two volumetric methods for the determination

”1.21110NJL711-lu (Sham. Stand. 10: 306-310.

Schick 13.1). (1nd Ems l. 1995. Proteoglycans partially co—purify

with RN.\ in TRI Reagent” and can be transferred to filters

hy nm‘lhcrn blotting. Biofl’dmiqucs 18: 574—578.

Sghnwaltcr 1115. and Summer 8.5. 1989. The generation of radio—

1.1hcllcd DNA and RNA probes with polymerase chain reac—

hon. Ann]. Him'lwm, 177: 90494.

St 1111)' 8.11. lmcc .\1.13.., AhidiN.,zmd1101am1er M.E. 1990. The use

of" polymerase chain reaction generated nucleotide

xcqucncu d» probes for hybridization. Mol. Cell. Probes 4:

483—495.

Sccd 15. 198211. Attaclmlcnt of nucleic acids to nitrocellulose and

did/onituu—suhstitutcd supports. Genet. Eng. 4: 91—102.

. 198217. Diazmi/ablc acrylaminc cellulose papers for the

umpling And hybridization of nucleic acids. Nudcif Aads

R05. 10: 1799—1810.

thpifl) R. and Hachmann ]. 1966, The reaction ofguanine deriv—

Ativcs W111] 1,2/dicarb0ny1 compounds. Biochemistry 5:

279972807.

\htn'p 1’./\..11crk.—\.1.,.md Bergct SM. 1980.’1‘ranscriptional maps

01" adcnm yrus. Mmhods anymol. 65: 750-768.

Rqfl’mlces 7. 93

Sharrocks AD. and Homhy D.P. 1991. 51 nuclease transcript

mapping using sequemse~derivec1 single-stmndcd probes.

BioTechniques 10: 426, 428.

Shishido K. and Ando T. 1982. Single—stmnd-specific nucleases.

1n Nucleases (ed. S.M. Linn and 11.1, Robertsh pp. 155—185.

Cold Spring Harbor Laboratory, (1010 Spring Harbor, NC“

York.

Shishido K. and Hahuka N. 1986. Purification of 51 nuclease to

homogeneity and its chemical, physical and catalytic proper—

ties. Biochim, Biophys. Acta 884: 2157218.

Silber LR. and Loeb LA. 1981. SI nuclease does not cleave DNA

at single-base 11115—11161C11eb. Biochim. Bioplxys. Acm 656: 256~

264.

Simms D., Cizdzie] P.E., and Chomczynski P. 1993. TRlzol‘“: .\

new reagent for 0ptima1 singlefstep isolation of RNA. Fucu:

(Life Techno1ogies) 15: 99—102.

Singh L. and Jones KW. 1984. The use of heparin as a simple

cost—effective means of controlling background in nucleic

acid hybridization procedures. Nucleic Acids Res. 12: 56212

5638.

Sisodia S.S., Cleveland D.W., and SollneMN'ebb B. 1987. A com~

bination of RNAse 1—1 and $1 circumvents an artifact inher-

ent to conventional 5] analysis of RNA splicing. Nuclcit‘Acids

Res. 15: 1995—2011.

Sobell HM. 1973, The stereochemistry of actinomycin binding to

DNA and its imphcations in molecular bio10gy. Frog. Nuclvit

Acid R65. Mol. Biol. 13: 153490.

Solazzo M,, Spinelli L.. and Cesarini G. 1987. SP6 RNA poly-

merase: Sequence requirements downstream from the tram-

scription initiation start site. Focus (Life '1‘echno10gies1 10:

1 1-12.

Southern E.M. 1975. Detection of specific sequences among DNA

fragments separated by gel electrophoresis. I. Mol. Biol. 98:

503—517.
Spamtkis E. 1993. Problems related to the interpretation of

automdiographic data on gene expression using common

constitutive transcripts as controls. Nuclcif Acids Rvs. 21:

3809—3819.

Sparmann G., Iiischke A., Loehr M., Liehe S., and Emmrich 1.

1997. Tissue homogenization as a key step in extracting RNA

from human and rat pancreatic tissue. Bio7l’c/zniquc5 22:

408—410.

Steyaert 1. 1997. A decade of protein engineering on ribonuclcasc

T1: Atomic dissection of the enzyme»su1)strate interactiom.

Eur. l. Binchem. 247: 1—1 1.

Sand M. and Roth W.K. 19903. Run-off synthesis and applicaf

tion of defined single-stranckd DNA hybridization probes.

Anal. Biochem. 185: 164—169.

— —. 199Gb. PCR—synthesized single—stranged DNA: A usefu1

tool for ‘hyb’ and ‘HAP‘ standardization for construction 01"

subtraction libraries. Trends Genet. 6: 106.

Stick D., Dominguez R., Lahm A., and Volheda A. 1993. The

three—dimensiona1structure of szicilium P1 dm1Aspcrgtllus

51 nucleases. ]. C611. Biodzcnz. Suppl. 17C: 154.

Sung S.C. and Laskowski 811, M. 1962. A nuclease from mung

bean sprouts. I. Biol. Chem. 237506511.

Tanford C. 1968. Protein dcnaturation. Adv. Protein (flwm. 23:

121—282.

Tavangar K., Hoffman A.R., and Kraemer RB. 1990. A

micromethod for the isolation of total RNA from adipose

tissue. Anal. Biochem. 186: 60~63.

Thomas RS. 1980. Hybridization 01 denatured RNA and small

DNA (mgments transferred to nitrocenulose. Prov. Null.

 



7.94 Chapter 7: Extraction, Purification, and Analysis ofmRNA from Eukaryotic Cells

Amd. SCI. 77: 5201—5205.
. 1983. Hybridization of denatured RNA transferred or dot-

ted nitrocellulose paper. Methods Enzymol. 100: 255—266

I'oscami A., Soprano 1).R., Cosenza S.C., Owen T.A., and Soprano

K.). 1987. Normalization of multiple RNA samples using an
in vitro-synthesized external standard CRNA. Anal. Biochem.

165: 309—319.

15110 S.(}., Brunk (LE. and Pearlman R.E. 1983. Hybridization of
nucleic acids directly in agarose gels. Anal, Biochem. 131:

365-372.

"ISykin A., Thomas T., Milland ]., Aldred A.R., and Schreiber G.

1990. Dot blot hybridization using cytoplasmic extracts is

inappropriate for determination of mRNA levels in regener-
ating liver. Nucleic Acids Res. 18: 382.

Twnmey T.A. and Krawetz SA. 1990. Parameters affecting

hybridization of nucleic acids blotted onto nylon or nitrocel—
lulose membranes. BioTechniques 8: 478—482.

Uchider T. and Egami F. 1967. The specificity of ribonuclease T2.
1. Biochem, 61: 44—53.

Ullrich A., Shine l., Chirgwin I., Pictet R., Tischer E., Rutter W.,

and Goodman H. 1977. Rat insulin genes: Construction of

plasmids containing the coding sequences. Science 196:
1313—1319.

Upcroft P. and Healey A. 1987. Rapid and efficient method for
cloning of blum-ended DNA fragments. Gene 51: 69—75.

Vales 1..1)., Rabin B.A.. and Chase J.W. 1982. Subunit structure of
Escherichia coli exonuclease VII. ]. Biol. Chem. 257: 8799—8805.

Vogt V.M. 1973. Purification and further properties of single-
strand-specific nuclease from Aspergillus oryzae. Eur. 1.
Bmchem. 33: 192~200.

Wahl (}.M., Stern M., and Stark GR. 1979. Efficient transfer of

large DNA fragments from agarose gels to diazoben-
zoxymcthyl paper and rapid hybridization using dextran sul-
fate. Prof. Natl. Acad. Sci. 76: 3683—3687.

Wang 11}. 1974. Interactions between twisted DNAs and enzymes:

The effects of superhelical turns. 1. Mol. Biol. 87: 797—816.
Weaver R11 and Wcissmann C. 1979. Mapping of RNA by a mod—

ification ofthe Berk-Sharp procedure: The 5’—terminus of 15
S B-globin mRNA precursor and mature 10 s B—globin

mRNA have identical map coordinates. Nucleic Acids Res. 7:
1175—1193.

Wetmur 1G. and Davidson N. 1968. Kinetics of renaturation of
DNA. ]. Mol. Biol. 1: 349—370.

Weydert A., Daubas P., Caravatti M., Minty A., Bugaisky (1,

Cohen A., Robert B., and Buckingham M. 1983. Sequential

accumulation of mRNAs encoding different myosin heavy

chain isoforms during skeletal muscle development in viva
detected with a recombinant plasmid identified as coding for
an adult fast myosin heavy chain from mouse skeletal mus-
cle. ]. Biol. Chem. 258: 13867—13874.

White E.A. and Bancroft EC. 1982. Cytoplasmic dot hybridizaf

tion. Simple analysis of relative mRNA levels in multiple
small cell or tissue samples. I. Biol. Chem. 257: 8569—8572.

Wicks R.]. 1986. RNA molecular weight determination by agarose

gel electrophoresis using formaldehyde as denaturant:
Comparison of RNA and DNA molecular weight markers.
Int. 1. Biochem. 18: 277—278.

Wilkinson D.G., Bhatt S., and Herrmann B.G. 1990. Expression

pattern of the mouse T gene and its role in mesoderm for—
mation. Nature 343: 657—659.

Williamson R., Morrison M., Lanyon G., Eason R., and Paul 1.

1971. Properties of mouse globin messenger ribonucleic acid
and its preparation in milligram quantities. Biochemistry 10:

. 3014—3021.
Winter E., Yamamoto F., Almoguera Q, and Perucho M. 1985. A

method to detect and characterize point mutations in tran—
scribed genes: Amplification and overexpression of the
mutant c—Ki—ras allele in human tumor cells. Prac. Natl. Acad.
Sci. 82: 7575—7579.

Wreschner DH. and Herzberg M. 1984. A new blotting medium
for the simple isolation and identification of highly resolved
messenger RNAs. Nucleic Acids Res. 12: 1349—1359.

Zinn K., DiMaio D., and Maniatis T. 1983. Identification of two

distinct regulatory regions adjacent to the human B-interfer—
on gene. Cell 34: 865—879.

Zolfaghari R., Chen X., and Fisher E.A. 1993. Simple method for
extracting RNA from cultured cells and tissue with guanidine
salts. Clin. Chem. 39: 1408—1411.



Index

We shall not cease from exp1oration
And the end of all our exploring
Will be to arrive where we started
And know the place for the first time.
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storage, 4.30, 4.32

DNA for. See Genomic DNA
gaps in coverage, 46—47

human, table of, 4.9
insert 5126, 2.77

in A.

amplificatlon, 287—289
ligation of}. arms to genomic DNA frag—

ments, 284—286
screening by hybridization
DNA transfer to filters, 2.90~2.95
protocol, 296—2100

1’1, 4315—440

partial digestion of DNA for
pilot reactions, 276—279
preparative reactions, 280—283

probability calculations, 4.6

rcs‘ricnnn sm‘ frequency in human genome.
4.16

vectorette P(ZR isolation of genomic ends, 4.747
4.81

YAC
characterization, 4.61
construction, 4.60
mapping inserts. 4.63

rescuing termini of genomic DNAs, 4.63
screening, 4.61, 4.62

subcloning from, 4.64
Genomic mismatch scanning (GMS), A10.17—

A10.18

(ienomlcs and mapping protein interactions,
18123—18124

(HNSCAN program, A1 1.11

Gentamycin, A2.7

German Human Genome Project, A10.5

GFP. See Green fluorescent protein
GI724 E. coli strain, 15.26

Gibbs sampler (Gibbs Sampling Strategy for
Mu1tip1e A1ignment) program, A11.10

Giemsa stain, 16.13

Gigapack 111 Gold, 11.114
Glass beads

acid»\«'ash8d, 631—632

recovery of DNA from agarose gels using, 5.32
Glass plates for sequencing gels, 1276—1278

Glass powder resms for DNA purification. 5.26
Glass slides for microarray applications,A10.5
Glass—Max, 1.64
Glassmilk, 8.27

Glassware, preparation of, A83
Glucocorticoid receptor (GR), 17.71

Glucose oxidase
chemi1uminescent enzyme assay, A920
as digoxigenin reporter enzyme, 9.77

Glu-Glu, epitope tagging, 17.93
Glutamic acid

codon usage, A7.3
nomenclature, A7.7

properties, table of, A78
Glutamine

codon usage, A7.3
nomenclature, A7.7

Glutaraldehyde
in cell fixative, 16.13
coupling peptides to carriers, A932

for silver staining PFGE gels, 5.77

Glutathione-agarose resin, 1556—1539,
1851-1852, 1858—1859

G1utathione elution buffer, 15.36, 15.38

G1utathione S-transferase (GST) fusion proteins,
14.47, 15.26, 15.36—15.39, 17.83

affinity purification of fusion proteins, 15.4,
15.6

as probes for protein—protein interactions,

1848—1859
anti»GST antibodies, 18.54
biotin-labeled, 18.50
far western analysis, 1848—1854
pulldown technique, 1855—1859

protein-prolein interactions, 18.3

pulldown technique, 18.3, 18.48, 18.55—18.59
materials for, 1857—1858

method, 1858—1859
outline of, 18.56

troubleshooting, 18.59
soluble fusion protein production, 15.9

Glyceraldehyde—3-phosphate dehydrogenase
(GAPDH)

normalizing RNA samples against, 7.22
use as quality check on RNA gels, 7.30

Glycerol, 13.54,A1.27
in calcium—phosphate»mediated transfection,

16.14—16.15,16.17,16.52
DEAE transfection, facilitation of, 16.28
in DNA sequencing reactions, 12.38, 12.59,

12108—12109

in gel—loading buffers, 13.90
in PCRs, 8.9, 8.23, 8.78
in polyacrylamide gels, 13.90

for stabilization of enzymes, 13.90
for storage of bacterial cultures, 13.90, 17.24,

A8.5

structure of, 13.90

for transient expression and transformation of
mamma1ian cells, 13.90

Glycerol shock, 1762-1763
Glycerol step gradient for 2 particle purification,

2.52—2.53,13.90
Glycerol storage buffer, 17.24
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Glycine
codon usage> A73

nomenclature, A7,7
properties, table of, A78

Glycogen as carrier in ethanol preapitation of
DNA, A813

Glyoxal

deionization of, Al.24
denaturation of RNA for electrophoresis,

727—729

GMS 418 Array Scanner, A101]
Gobase for Mitochondrial Sequences database,

A1 1.21
Gold use in biolistics, 1638—1639

Good buffers, Al.3—A1.4
Gomori buffers, A1.5
gpr gene, E. 5011, 16.49

Gradient fractionating device, 2.81—2.82

Gradients. See Cesium chloride density gradients;

Glycerol step gradient; Sodium chloride,
density gradient for 2 arm purification;

Sucrose gradients
Grail 11 (Gene Recognition and Analysis 1nternet

Link) program,A11.11
Green fluorescent protein (GFP), 17.84—1789

antibodies, 17.89

c1oning vectors, 18.84
fluorescence excitanon and emission spectra,

17.86
FRET (fluorescence resonance energy transfer),

18.69—1872, 18.76,18.84—18,89

as fusion tag, 17.87—17.89

localization signals, fusion of organelle—specific,

18.69, 18.84

overview, A9.24
deEGFP vectors, 17.88

in protein interaction analysis, 18.69

as reporter, 1731—1732, 1785—1787
resources for use of, 17.89
source of, 17.84
structure and function, 17.84—17.85

as transfection positive control, 16.4, 16.10,
16.12

variants of, 1871—1872

groE gene. 2.14
Growth hormone as reporter gene, 17.31
Grunstein—Hogness screening, 1.28, 1.127, 1.135

GST fusion proteins. See Glutathione»S—(ransferase

fusion proteins

Guanidine hydrochloride, 1431—1433
denaturing fusion proteins with, 15.7
inclusion body solubilization, 15.60

for solubilization of inclusion bodies, 15.54
Guanidine thiocyanate in denaturing agarose gels,

7.22

Guanidinium

chloride, 15.60
hydrochloride, structure of, 7.85
isothiocyanate, 7.85, 15.60

salts, overview of, 7.85
thiocyanate in RNA purification protocols, 7.4—7.8

Guanine, A6.8

carbodiimide modification, 13.95

nitrous oxide modification of, 13.78

re1ated compounds (Table A6-7), A68
structure, A68

Guanyl nucleotide exchange factor (GEF), 18.126

Guessmers, 866—867, 106—109, 11.31
design, 10.7

hybridization conditions, 10.8
melting temperature, 10.8

mixtures of, 10.7—10.8
PCR compared. 10.9

Guide RNA (gRNA) database, A11.21
Gyrase. See DNA, gyrase

GYT medium, 1.120—1.121, 112.2
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'H
decay data, A915

particle spectra, A9. 10

sensitivity 01 automdiographic methods for
detection, A913

HABA 12» 4'-hydr0xy.1zobenzene]) benzoic acid,
1 1.1 15

Has“ msthylase, A45

Hue111 m rapid screen for interaction trap isolates,
18.47

Hairpin structures

nuclease Sl digestion of, 11.4, 11.16, 11.46

selflprimed synthesis of cDNA and, 11.4, 11.17,
1 1.46

Handhan method for preparation and transforma—

tion of competent E. coli, 1.105—1.110
HAT medium, 16.48
HBlOl E. colistrain, 1.115

boiling lysis plasmid DNA protocols, 1.17—1.18,
1.43

cell-wal] component shedding and DNA purifi»
cation,1.18,1.115

endonudease A contamination and DNA prepa—
ration, 1.18

in exon amp1ificatlon protocols, 11.82~11.84
genotype. A3.7

k vector propagation, 2.29
H82151E.(01istrain,18.116
HCC. See Hexamminecobalt chloride
HCI 1hydroch10ric acxd), A1.12, A.6

Heat shock genes,ce11u|ar, 15.25
Heat-sealable bags. See Seal-A-Meal bags
Hclicase. 4.2

Helu'ulmner pylori, genomic resources for microar—
rays, A10.6

Helper v1rus

phagemids and, 3.42—3.47
preparation of high-titer stock, 3.46
superinfection protocol, 3.47

Hemncytometer counting, A8.6—A8.7

Hemoglobin inhibition of PCR by, 8.13
Heparm

inhlbition of PCR by, 8.13
in Southern hybridization, 6.56

HEPFS

in BIAcore analysis solutions, 18104—18105,
18.108

in binding buffer, 14.33, 14.36
in cell resuspensmn buffer, 17.6

in DNase I dilution buffer. 17.19
in electrophoresis buffers, 13.56
in oligonucleotide labeling buffer, 9.10
in random primer buffer, 9.6, 9.47

m tissue homogenization buffer, 17.6, 17.25
in tissue resuspension buffer, 17.6

HEPES—buffered DMEM, 16.32

HEPES»buffered saline, 1615—1617, 1622—1623,
16.52

Herpes simplex type—l (HSV-l) TetR fusion to
VP16 protein, 1754—1755

HERV repetitive elements, 11.95
Heteroduplex analysis (HA), 13.49, 13.51

Hexadecyllrimethyl ammonium bromide. See also
Cetyltrimethylammonium bromide

polysaccharide removal, 2.105
for solubi1ization of inclusion bodies, 15.54

Hexamminecobalt chloride (HCC)

as condensing agent, 1.24, 1.152

in transformation buffers, 1.107—1.108
hflgene, b colt, 2.21, 2.28, 11.59, 11.111,14.48

Hhal in sne-directed mutagenesis protoco1, 13.84
Hlml methylase, A44, A4.7
Hluzll methylase, A4.7
H1gh»molecu1ar»weighl DNA. See Chromosomal

DNA; Genomic DNA; Large DNA mole-
cules

High-performance liquid chromatography (HPLC)
hydrodynamic shearing of DNA, A8.35
oligonucleotide purification, 10.49

himA gene, 2.16
himD gene, 2 16
HincH, 1.100, A4.9

HindIII
7-deaza-dGTP modified DNA, cleavage of, 8.60
cleavage at end of DNA fragments, A6.4
fragment size created by, table of, A48
linker sequences, 1.99

site frequency in human genome, 4.16, A6.3

terminal/subterminal site cleavage, inefficient,
8.38

Hinfl

7—deaza-dGTP modified DNA, cleavage of, 8.60
in end—labeling, selective, 9.52

Hirudin, A5.1

hi53, 4.59, 18.11,18.19, 18.22

His~6 epitope, 17.93. See also Histidine-tagged pro—
teins

His-Bond Resin, 15.46
Histidine

for affinity purification of fusion proteins, 15.6
codon usage, A7.3

nomenc1ature, A7.7

properties, table of, A78
Histidine—tagged proteins, 17.83

elution by decreasing pH, 1544—1548
purification by affinity chromatography, 15.6,

15 .44— 1 5.48

in SPR spectroscopy, 18.99
Histochemical stain, 16.13

B—galactosidase and, 1798—1799
Histone deacetylation, inhibition of, 16.17
HisTrap, 1546

HIV. See Human immunodeficiency virus
HMMER program, All]

HM5174 E. coli strain, 15.23, A3,7
HNPP (2—hydr0xy—3-naphthoic acid 2'»phenyl—

anilide phosphate), 9.79
Hoechst 33258 fluorochrome, 6.12, A819, A822—

A823
Holliday structure, 2.16

Homogenization of tissue, 6.7—6.8
for nuclear extract preparation, 17.8
for RNA isolation, 76—77

for transcriptional run-on assay, 17.27
Homopolymeric tailing, 11.110—11.111
Horseradish peroxidase (HRP)

antibody conjugates, £19.34

CARD (catalyzed reporter deposition) protocol
and, A9.19

chemiluminescent assay, 9.79, A9.19
as dlgoxigenin reporter enzyme, 9.77
luminol probes and, A9.35—A9.37
overview, A935

as reporter enzyme, 9.77, 9.79
in screening expression libraries, 14.3,

14.20—14.21

chemiluminescent, 14.11, 14.21
chromogenic, 1410—14. 11

substrates, A9.35
Hot start PCR, 8.89

Hot tub DNA polymerase, 8.10

in megaprimer PCR mutagenesis method, 1333
properties, table of, A423

HotWax Beads,8.110

Housekeeping genes

as endogenous standards for quantitative PCR,
8.86—8.87

normalizing RNA samples against, 7.22
Hpa1,A4.9
HpaII methylase, A4.7
thI

dam methylation and, 13.87

for T vector creation, 8.35
thl methylase, A4.7

thII, dam methylatlon and, A43

HPLC. See High—performance liquid chromatogra-

phy
HPOL, epitope tagging, 17.93

HRP. See Horseradish peroxidase
HSB buffer, 17.24
hde, 11.66, A4.4

hSdR, Z.28—2.l9, 1123—1124, 11.66, A4.4

hst4, Ml3 vectors and, 3.10, 3.12

hst17, M13 vectors and, 3.10, 3.12
115115, 2.29, A44
HSSP (homology—derived secondary structure of

proteins) database,A11.22
H-tetrazole, 10.42

Human Genome Project, 12.99, 18.66, A10.5
Human immunodeficiency virus (HIV)

GeneChip array, A10.9

Rev protein, 18.11
Human PAC library, 4.9

Hybond-C extra, 14.6, 14.24

Hybridization. See also Nitrocellulose membranes;
Nylon membranes; Probes; Southern
hybridization

bacteriophage k recombinants, screening
DNA transfer to filters, 2.90—2.95
probe purity, 2.98
in situ amplification, 2.95

blocking agents for, A1.14—A1.16
cDNA screening, 11.27—11.32

homologous probes, 11.27

similar sequence probes, 11.28—11.29

subtracted cDNA probes, 11.29—11.31

synthetic oligonucleotide probes, 11.31-11.32
total cDNA probes, 11.29

200 blots, 11.28
chemiluminescent labels in, A9.17—A9. 18
Church buffer, 4.26

competitor DNA use, 4.26
cross—hybridization, reducing, 4.27
denaturation of DNA on filter, 2.94
direct selection of cDNAs protocol, 1 1,98—11.106
of DNA separated by CHEF, 5.82

of DNA separated by TAPE, 5.78
DNA transfer to filters, 290—295

rapid protocol, 2.95

expression library screening, 14.36

fixation of DNA to filter, 2.94-2.95

in formamide—containing buffers, 6.60
Grunstein—Hogness screening, 1.28

identifying recombinant plasmids by, 127-128
at low stringency, 6.58
making filters, 2.93

melting temperature and, 1047—1048
microarrays, A10.10—A10.12, A10.14

nonradioactive labeling and, 976—980
northern hybridization

background, 7.45
cDNA library screening, 11.38
fixation of RNA to membranes, 7.35—7.36,

7.39—7.40

at low stringency, 6.58
low»stringency, 7.43

membranes used for, 6.37
nonradioactive labeling and, 9.76, 9.80
overview of, 7.21—7.26
protocol, 7.42—7,44

quantitating RNA by, 7.66
ribonuclease protection assay compared,

7.63—7.65

RNA separation by size

electrophoresis of glyoxylated RNA, 7.27-
7.30

equalizing RNA amounts in gels, 7.22—7.23
formaldehyde-agarose gels, 7.31-7.34



markers used in gels, 7,23, 7.29
overwew, 7.21—7.22

pseudomessages as Standards, 723

RNA transfer to membranes, 7.25—7.26. 7.35—
7.41

membranes used for, 723—725
protocols, 7.35—7.41

ataimng of RNA on membranes, 7.39
steps involved, list of, 7.21
stripping blots, 7.44
troubleshooting, 7.45

for nuclease SI mapping of RNA, 7.59—7.60
oligonucleotide probes

degenerate pools, 105—106
hybridization temperature, 10.6

length ofprobes, 10.4—105

melting temperature, 10.2—10.4
reassociation kinetics, 7.65
repetitive elements in probes, 4.26—4.27

RNA
dot and slot. 746—750

intensity of signal. measuring, 7.47
nornwlization, 7.47
protocol, 7.48—7.50
sample applicafion to membrane, 7.46

standards, 7.47
northern protocol, 7.42—7.44. See also

Northern hybridizatlon
screening

BAC “buries, 4.50—451

bacterial colonies

binding DNA to filters,1.131,1.135,1.137

filter type, choosing, 1.126
intermediate numbers, 1.129~1. 131

large numbers, 1.132—1.134
lysing colonies,1.131,1.135—1.137
with mdiolabeled probe, 1.138—1.142
replica filters, 1.131,1.134

sma11numbers, 1.126—1.128

M13 p1aques by, 3.41

site-directed mutagenesis clones, 13.40—13.47

subtractive, 944—946, 9.49, 9.90—9.91

unamphfied cosmld high—capacity, 4.24—4.27
m situ hybridization

nonradioactive Iabe1ing and, 9.76, 9.80
RNA probes for, 9.35

subtractive, 9.44—9.46, 9.49, 9.90—9.91
1mmcriptiona1 run-on assays, 17.23-17.24,

17.28—1729

Hybridintion buffer, A1.12—A1.13
with formamide (for RNA), A1.13

without formamide (for RNA),A1.13
in nuclease 51 mapping of RNA, 7.56
rapid, 6.61—6.62
in rihonuclease protection assay protoco1s, 7.67

Hybridization chambers, 1.139—1.141, 2.97, A10.14

Hybridization so1ution, 6.51—6352, 11.100, A1.13—
A114

Hydra Work Station (Robbins), A105
Hydrazine

S-methylcytosine and, 12.68

in chemical sequencing protocols, 12.61—12.6S
rapid methods, 12.71

mutagenesis from, 13.78

salt interference with, 12.73
Hydrazine stop solution, 1263
Hydrochloric acud (HCl), A1.6, A1.12

Hydrodynamic shearing, 2.76. 6.10, 1210—121 1.
See also Fragmentation of DNA

Hydmlmk, 13.51, 13.53

Hydrophoblcity scales, A931
HydroShear, A835

Hydroxy radical footpriming, 17.76
Hydroxyapatile chromatography, 7.65, 9.44, 9.90—

9.91, 11.10, A8.32—A8.34

Hydrnxylamine. 1391. 13.95

for cleavage of fusion protein, 15.8
mutagenesis from, 13.78

2—hydr0xy—3—naphthoic acid 2'»phenylanilide phos—

phate (HNPP), 9.79
3—(p~hydroxyphenyl) propionic acid (HPPA), A9.35
Hydroxyquiniline, A89

Hygromycin, 16.49, 17.74, A2.7
Hygromycin—B phosphotransferase, 16.47, 16.49

Hypophosphorous acid, A8.27
Hypoxanthine, 8.68, 10.9, A610

1151

decay data, A9. 15
radiolabeling antibodies, A930
sensitivity of autoradiographic methods for

detection, A9. 13

1“I decay data, A9.15
Iasys, 18.96

IBIS Biosensor, 18.96
Identical-by—descent (IBD) mapping,

A10.17—A10.18

1gG,radioiodination of, 14.5, 14.16
IGP (imidazoleglycerolphosphate), 4.59
ImaGene image analysis program, A10.13
Imidazole, 1544—1545, 1547

Imidazole buffer, 9.74, 15.45, A4.35

Imidazoleglycerolphosphate (IGP), 4.59
Immunity vectors, 2.21
Immunoaffinity columns, 11.10. See al5o Affinity

chromatography
Immunoassay. See Immunological screening

Immunoblotting, A8.52—A8.55
blocking agents, A854
membrane types, A853

probing and detection, A8.54—A8.55
staining proteins during, A854
transfer of proteins from gel to filter, A8.52—

A853

Immunofluorescence and epitope tagging, 17.91
Immunoglobulin-binding proteins A, G, L, A946—

A949

Immunoglobulins. See Antibodies
Immunohistochemical staining

for B—glucuronidase, 16.42
of cell monolayers for fi-galactosidase, 16.13

Immunological screening. See also Expression

libraries, screening
antibody choice, 14.50—14.51
antisera purification, 14.51
cDNA screening, 1 132—1133
chemiluminescent labels in, A9. 1 7—A9. 18

cross—reactive antibody removal
affinity chromatography, 1428—1430

incubation with E. coli lysate, 14.26—14.27
pseudoscreening, 14.23—1425

epitope tagging, 1790—1793
of expression libraries, 14.1—14.3

validation of clones isolated by, 14.12
Immunoprecipitation, A9.29

coimmunoprecipitation, 18.4

epitope tagging, 17.91
of polysames, 11.10

Inclusion bodies, 15.9—15.11, 15.56, 15.58

isolation by centrifugation, 15.10
1ysis of bacteria containing, 15.10
purification and washing, 15.51—15.52

Triton X-100 use, 15.51
urea use, 15.52

purification of proteins from, 1549—1554
cell lysis, 15.49

refolding of proteins, 15.53~15.54
refolding proteins from, 15.11
solubi1izat10n, 15.11, 15.52, 15.60
washing, 15.10

1nc1usion»body solubilization buffer, 15,50

Incompatibility of plasmids, 1.7—1.8

Index 1.19

India 1nk,A8.54
Inducible expression systems

ecdysone, 17.71—17.74

tetracycline, 17.52—17.70
Induction medium, 15.12, 15.31
Influenza virus hemagglutinin, epilope tagging of,

17.92
Injection/transfection buffer, 5.86
Ink, radioactive, 1.140, 1.142, 2.97—2.98, A1.2]

Inosinate (IMP) dehydrogenase, 16.49
Inosine, 8.68, 8.113, 109—1010, 11.32

in DNA sequencing, 12.88, 12.95, 12.97, 12.109—
12.110

Sequenase use of, 12.105
structure, A6—10

Inoue method for preparatlon and transformation

of competent E. coli, 1.112—1.115
Insects

baculoviruses, 17.8141783
expression m cultured cells, 15.55

Insertion vectors, 7», 2.19, 2.21
Insertional inactivation, 1.10

In situ hybridization
nonradioactive labeling and, 9.76, 9.80
RNA probes for, 9.35

Integrase, 2.8, 2.16, 11.11
Integration host factor (1HF),2.16

Integration of 2», 2.16
Intensifying screens, A9.1 1
1meracting sequence tags 1151's), 18.124

Interaction rescue, 18.122
Interaction trap

genomic analysis, 18123—18124
library screening, 1830—1848

B—galactosidase activity assay, 18.36—1837
characterization of isolates, 18.45

confirmation of positive reactions, 18.38—

18.45

flow chart for, 18.38
harvesting transformants, 1833-1834

by agitation, 18.34

by scraping, 18.34
interacting proteins, screening for, 18.35
materials for, 1830—1832
rapid screen of positlve reactants, 1846—1848
transformation of library, 1832—1833
troubleshooting, 18.35, 18.37

related technologies, 18125—18127
int gene, 2.3, 2.8, 2.21

Inverse PCR, 1.157, 4.74~4.75, 8.81—8.85
materials for, 882—883

method, 8.84—8.85
overview of, 8.81

restriction enzyme choice for, 8.81, 8.84—8.85
schematic representation of, 8.82
site—directed mutagenesis

deletion introduction, 8.42
end modification, 8.42

use of, 8.81
Inverted repeat sequences, lethality of, 1.15
Invitrogen, 1.84
In vitro mutagenesis, 12.102, 1319—1325. See also

Mutagenesis, site—directed

In vitro packaging, 2.111,11.113—11.l]4
In vitro transcription

capped RNAs, 9.88
of genomic fragments. 4.74
kits, 9.32

plasmid vectors for, 929-931
protruding 3’ termini, 9.33—9.34, 9.36

RNA polymerases, 9.87—9.88

RNA probe synthesis, 9.29—9.37
materials for, 932—933
promoter addition by PCR. 936—937
protocol, 933—935
for RNase protection assay
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ln um» tr.1115(riptiox1 honmnwd)

DNA template production, 7.70
protocol, 7.71

10rln mu hybriduatmn, 9.35
tmubleshnotmg, 9.36

RNA purification, 934—935
mm 01. 9.88

Iodine, mdiolabeling 01", 14.5, 14.16
10d()aLCIJtC,A4.42,A5.1

ludogcn ’ 1.3464161rach1or0-301,6(1-dipheny1g1y-
couraci1), A930

Iodosnbenmlc acid 2-(Z-nitrophenylJ-3-methyl-3-
hmmoindolemine, 15.8

lon-cwhdnge chromatography for removal of

cthidium bromide from DNA by, 1.75—
1.77

11’1..1b MlcmArrdy Suite for Macintosh. A10.15
IPTG 'isopropylthio-fi-I)—galact051de), 1.124—1.125,

.-\1.27

amplification ofPl vectors, 4.36, 4.42
direct addition to plates, 1.125
fusmn protein induction. 14.38, 14.40—14.42,

1445-1446

for M 13 vectors recognition, 3.8, 3.19
in wrcenmg of expression libraries

7. vectors, 14.4, 14.7—14.8
p|d>nlld ventors, 14.14, 14.18

use with M 13 Vectors. 3.38
11’TG overlay solution, 14.41—1442
IPTG-mdutlble promoters

for expression of cloned genes in E. coli, 15.3,
15.14—15. 19

chonces for, 15.3

large-scale expression, 15.17—15.18
materials for, 15.15
optimization, 15.16~15.19
nverview, 15.14

protoc01,15.16—15.18

troubleshooting, 1518—1519
tucpromoter, 15.3
m“ promoter, 15.3

1R1, 3.42

Iron response element (IRE), 18.11
IRS, cpitope lagging, 17.93

lsoamyl alcohol
ethidium bromide extraction from DNA, 1.73
m phenolzchloroformzisoamy1 alcohol extrac-

tlons, 6.25, 6.27, 17.28, A123, A8.10
Isoelectric1bcusing(1EF), 18.6]

lsogen, 7.10
Isolation of DNA. See Genomic DNA. isolation;

Mammalian cells, DNA isolation
Isoleucme

codon usage,A7.3
nomenclature. A7.7
properties,lab1e of, 717.9

hopropanol

DNA precipitation, 6.25, 6.30, A8.5
elhldlum bromide extraction from DNA, 1.151,

A827

RNA precipitation, 7.7, 7.12
1anpropylthio-fi-D-galacmside. See IPTG
hopycmc centrifugation through CsCl gradients for

7. pamcle purification, 2.47—251
Isothermal mration calorlmetry. 18.96
ISTs (interacting sequence tags), 18.124
herons, 1.8

Jellyfish (Aequurea victarm), 17.89. See also Green
fluorescent protein

/gene, 1, 2.4, 2.15
IMIOI F. mli strain

genotype, A3.7
M13 vectors and, 3.12

1.\1103 E. mlxstram, 1.115
151105 b. (011 straln

genotype, A3.7

M13 vectors and, 3.12
]M 107 E. coli strain

genotype, A3.7
M13 Vectors and, 3.12

]M 108 E. Coli strain. 1.115

transformation by Hanahan method, 1.106
IMIO9 Ecolistrain.1,115,1312-1313

genotype, A3.7
M 13 vectors and, 3.12

Ml3—100 vector use in, 3.10
phagemids and, 3.42

]M 110 E. coli strain

genotype, A3.7

M13 vectors and, 3.12

K802 E. coli strain
genotype, A38

2» vector propagation, 2.28
Kanamycin, 1.9

in dam‘ strains and, 13.88
mechanism of resistance to, 1.145
modes of action, 1.145, A2.7
properties, 1.145
stock/working solutions, A2.6
structures of, 1.145

Kanamycin resistance (KmR)(kan'), 1.9

in activation domain fusion plasmids, 18.20
in LexA fusion plasmids, 18.19
in P1 vectors, 4.4, 4.37
in two»hybrid system of reporter plasmids, 18.12

Km] cleavage at end of DNA fragments, A64
KC8 E. coli strain, 18.27, 18.43,A3.8
KC]. See Potassium chloride
Kelselguhr, A9.32

Keyho1eh'mpet hemocyanin, A932
Kid proteins, 17.56
Kinase. See Polynucleotide kinase, bacteriophage T4
Kinetic PCR. See Real time PCR
Kissing Comp1ex, 1.5, 1.7

Kits, plasmid purification, 1.62—1.64
KK2186 E. coli strain

genotype, A38
M13 vectors and, 3.13

Klenow buffer, 9.20, Al.10
Klenow fragment, 1.84—1.85, 9.82-9.86, 12.101—

12.102, A4.15—A4.17
5 ’—3’ exonuclease activity, A4.17

5’-3' polymerase activity, A4.16
activity, measurement of, 12.102

in BAL 31 mutagenesis protocol, 13.65

in cDNA probe production, 9.46, 9.49—9.50

in cDNA second—strand synthesis, 11.14
digoxygenin labeling of nucleic acids, A938—

A9.39

in DNA sequencing, 1240—1244
asymmetric labeIing, 12.72
materials for, 12.4]—12.42
method, 1242—1243

reaction mixtures, table of, 12.41
secondary structure prob1ems, 12.44
troubleshooting, 12.44

end labeling, A4.15—A4.16

for chemical sequencing of DNA, 12.73
in cosmid vectors, 4.33
modified nucleotide use in end—labeling, 9.53

error rate, 9.83, 12.102
exchange reaction, A4.17
in exonuclease 111 mutagenesis protocol, 13.57,

13.61
filling—in recessed 3’ termini, 983—984, 12.101—

12.102
inactivation of, 9.23
labeling 3' termini, 951—956, 9.83— 9.85, 12.101
labeling of oligonucleotides, 1030—1034

diagram of scheme, 10.31

primers for, 10.31~10.33

protoco1, 1033—1034
strand separation, 10.32

labeling single—stranded DNA by random prim-
mg, 9.85

in misincnrporation mutagenesis, 13.80
model of DNA bound to, 9.84

modified nucleotide use in end-labeling, 9.53

in oligonucleotide-directed mutagenesis of sin»
gle-stranded DNA, 13.15—13.l7

partial filling of cosmid termini, 4.15
polishing ends, 12.17

in probe production for nuclease Sl mappmg of
RNA, 7.58

properties, table of compared,A4.11

in radiolabeling for gel retardation assays, 17.16
in random priming reactions, 9.5, 9.7, 9.1 1
replacement by other polymerases, 12.102
Sequenase compared, 12.32

single-stranded probe production, 919—923, 9.27
by primer extension, 985

uses, list of, A4.15—A4.16

in vitro mutagenesis and, 12.102
Klentaq, 8.77-8.78, 8.85

in circular mutagenesis, 13.20

in cycle sequencing reactions, 1246—1247
structure of, 12.47

Km“. See Kanamycin resistance
Knock—out, gene, 1.15

KOH/Methanol solution, Al.20
Koxl, 17.56

Kozak sequence, 17.96
Kpn1,A4.9

cleavage at end of DNA fragments, A6.4
KS promoter, primer sequence for, 8.117
Kunkel method, 13.84
KW251 E. coli strain

genotype, A38

2» vector propagation, 2.28

Kyoto Encyclopedia of Genes and Genomes
(KEGG) database, A10.15

L40, 18.22
Labded avidin—biotin (LAB) technique, A933
Labeling. See DNA probes; Nonradioactive 1abeling;

Radiolabeled probe preparation; RNA,
probes

Labeling buffer, 17.24

lac operon in M13, 38—310
lac promoter

for eukaryotic expression vectors, 11.72
for expression of cloned genes in E. coli, 15.3,

1515—1519

in pET expression vectors, 15.21
primer sequence for, 8.1 17

trp—lac promoter, 15.3

lac repressor, 15.18, 15.57. See also lac]q
luch, 11.23—11.24, 11.66

in IPTG—inducible expression vectors, 15.15—
15.16, 15.18

A propagation and, 2.28—2.29
in XZAP, 14.6

M13 vectors and, 3.10. 3.12—3.13

in plasmid expression vectors, 14.14
in pMAL vectors, 15.40

lac-proAB in M13 vectors, 3.10, 3.12—3.13
lacZ, 1.10, 1.27, 17.97. See also B—galactosidase

in BAC vectors, 4.3

a-complememation, 1.149—1.150
in expression vectors, 14.47—14.48

fusion proteins, 15.57—1559

disadvantages, 15.58
inclusion bodies, 15.58
vectors for, 15.59

in 2. vectors, 2.30, 11.22, 11.25
in kgtlI vector,11.111  



m Ml3, 3.8—3.10

in pUC vectors, 3.9
as screemng marker in X recombinants, 2.21
Shine-Dalgarno sequence, 15.57
in two-hybn'd system of protein-protein interac—

tmn reporter plasmids, 18.17, 18.22, 18.24
IacZAM I 5

k propagation and, 2.29
M13 vectors and, 3.10, 3.12—3.13

Ladders. See Molecular—weight markers
LALIGN program,A11.4
LALIGNO program, A11.4
1amB gene, 2.4, 11.62

glucose repression of, 2.35, 2.37

maltose induction of, 2.26
141an receptor, 2» adsorption to, 2.15
712001, 2.20—2.22, A3.3
2x Annealing buffer, A120
A bacteriophage, 2.1—2.111.See also Cosmids; 7L vec»

tors
arm purification by sucrose density gradient,

2.71—2.75

ligation first method, 2.73
materials, 2.72
method, 2.73—2.75

concatemers, 2.68, 2.70
concentration of doubled-stranded DNA in

solution, A6.5
DNA extraction

DNA concentration, calculating, 2.58
from large-scale cultures

using formamide, 259—260
using proteinase K and SDS, 256—258

particle punfication for, 254—255
DNA purification, 5.71—5.73

from ”quid cultures, 2106-2108
miscellaneous methods, 2.104
from plate lysates, 2.101—2.104

polysaccharide removal by precipitation with
CTAB, 2.105

exonuclease, 11.121,A4.49
expressxon vectors, 4.83
genomic Organization, 2.3—2.4, 2.5
infection phases

late lytic

DNA packaging, 2.14—2.15

DNA replication, 2.1 1
lysis. 2.15

particles, assembly of, 2.14-2.15
recombinant systems, 2.11—2.13

transcription, late, 2.14
lysis/lysogeny crossroads, 2.7—2. 11
lysogeny, 2.15—2.18

integration, 2.16
transcription of prophage genes, 2.17—2.18

temperature and, 2.4, 2.18
uncommitted phase

adsorption, 2.4

transcription, delayed early, 2.6—2.7

transcription, immediate early, 2.6

m vitro packaging. 11.113—11.114
libraries, screening by PCR, 8.76
map, physical and genomic, 2.5
molecular-weight marker ladder, 5.59
overview of. 2.2—2.3
P2 prophage restriction of growth, 2.20
plaques

B-galac1031dase screening, 2.31
macroplaques, 2.31

number per dish, table of, 2.92
picking, 2.32—2.33
screening by PCR, 8.74—8.75
size, 2.30
smearing, 2.30
storage, 2.33

long-term, 2.36

plating, 2.25—2.31

B-galactosidase plaque-assay, 2.30
macroplaque protocol, 2.31
protocol

bacteria preparation, 2.26—2.27
infection of plating bacteria, 2.27—2.30
materials, 2.25—2.26

promoters, 2.5—2.8, 2.14, 2.17, 15.4, 15.25—15.29
propagation, E. coli strains for, 228—229
purification, particle

centrifugation through glycerol step gradient,
252—253

isopycnic centrifugation through CsCl gradi—
ent, 2.47—2.51

pelleting/centrifugation, 2.54—2.55

repressor, 2.8, 2.10—2.11, 2.14, 2.17—2.18, 2.21,
2.23

inactivation, 14.7

in positive selection vectors, 1.12
temperature-sensitive, 1.13, 1437—1438,

14.40, 14.47, 15.4, 15.25, 15.27—15.28

shotgun sequencing protocol, 12.10—12.22
specialized transduction, 2.17

stock preparation
DNA content, assaying by gel electrophoresis,

2.45—2.46
large—scale

infection at high multiplicity, 2.42
infection at low multiplicity, 2.40—2.42

liquid culture, small-scale, 238—239
plate lysis and elution, 2.34—2.36
plate lysis and scraping, 2.37
precipitation of particles, 243—244
yield, factors influencing, 2.35, 2.37

structure of, 2.3
terminase, 2.15, 4.5, 4.30

MIL 11.109
7» D153, 1520—1521

1 EMBL vectors, A3.3
lDASH vector, 2.20—2.22, A3.3
XExCell vector

in commercial kits for cDNA synthesis, 11.108
expression cloning, 11.72

KEXlox vector, 4.83

7»le vector, 2.22, A3.3
lgth vector, 11.25, A3.3

amplification of libraries constructed in, 11.64—
11.65

cDNA library construction in, 1159—1160

in commercial kits for cDNA synthesis, 11.108
overview, 11.111

plaque formation with, 11.62

primers for, 8.116

2gt11vector,2.22—2.23,11.25, 11.27
amplification of libraries constructed in, 11.65—

11.66

cDNA library construction in, 11.59
in commercial kits for cDNA synthesis, 11.108
E. coli strain for amplification of cDNA libraries,

1 1.66

fusion protein expression in, 14.37, 14.39, 14.43,
14.45

immunological screening of libraries in, 14.2
overview, 11.111
plaque formation with, 11.62
primers for, 8.116

th11—23 vector, A3.3
th18»23 vector

cDNA library construction in, 11.59

E. coli strain for amplification of cDNA libraries,
11.66

expression libraries and, 1447—1448

fusion protein expression in, 14.37
immunological screening of libraries in, 14.2

plaque formation with, 11.62
kgt18-23 vectors, 222—223

Index [.21

th20 vector, 11.66
kgt22 vector, 11.66
XORFS vector and expression libraries, 1447—1448
A pL promoter

for expression of cloned genes in E. coli. 15.4,
15.25—15.29

large—scale expression, 15.29
materials for, 1526—1527
optimization, 15.28
overview, 15.25
protocol, 1527—1529
tryptophan-inducible expression, 15.26,

15.28—15.29

vectors containing, 1525

7» pR promoter, 14.14
kTriplExZ in commercial kits for cDNA synthesis,

11.108
X vectors. See also specific vectors

amber mutations, A7.5
amplification of libraries constructed in, 11.64—

1 1.66

cDNA cloning, 11.17—11.l8, 11.21—11.26

thlO/thll, 11.25,11.27
AZAP, 11.22
XZAP Express, 11.22—11.25

XZAPH, 11.22—11.23
XZipLox, 11.25—11.26
library construction, 1 159-1 1.61

choosing, 2.20

cloning in. flow chart for, 2.24
Cre-laxP in, 4.83

dephosphorylation of arms, 1 1.59
DNA preparation

alkaline phosphatase treatment, 268—270
arm purification, 2.71—2.75
cleaved with single restriction enzyme, 2.61—

2.63

cleaved with two restriction enzyme, 2.64—
2.67

digestion efficiency, monitoring, 2.66—2.67
E. coli strain preferences for plating, 11.62
expression vectors, 2.12—2.23

immunological screening of libraries in, 14.2
Immunity vectors, 2.21

insertion vectors, 2.19, 2.21
libraries

amplification, 2.87—2.89

construction, 2.20, 11.51—11.61

expression libraries, screening, 144—1413,
14.47-14.49

bacteriophage recovery from filters, 14.1 1
chemiluminescent screening, 14.11—14.12
chromogenic screening, 14.9—14.1 1

for DNA—binding proteins, 1431—1436

duplicate filter preparation, 14.8
eukaryotic, 11.72—11.73, 11.76—1 1.78

expression induction on filters, 14.7—14.8

fusion protein production, 1437—1446
materials for, 14.4—14.6
plating bacteriophage, 14.7
protein-expressing plaques, 14.8—14.12

radiochemical screening, 14.9
troubleshooting, 14.13
validation of clones, 14.12

ligation of 7» arms to insert fragments,
284—286

partial digestion of DNA for, 2.76—2.83
screening by PCR, 2.33, 8.76

markers for selection or screening, table of, 2.21
overview, 2.18—2.23

packaging, 2.63, 2.65, 2.67, 284-286,
2110—2111

amplification of genomic libraries, 287—289
cosmids, 421—422
direct screening, 2.87

efficiency, 2.67—2.68, 2.110
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}. wdnrs (mnluum!)
prcpdmliun methods, 2.1 11

parlml digcs'tmn 01 DNA for
pllnt rc<1c1i(m,2.76—2.79
preparative rcdallon, 180—183

pnmcrs for cloning 111, 8.116
prupagdtiun, E. ml: strains 16r,2.28—2.29
rcunnhimmx

UNA miniprcpamtion from liquid cultures,
11116—1107

DNA miniprcpamtion from plate lysates,
11111—2104

P(iR dnalysls, 2.105

replacement vcctorx. 219—222, 264—265

ligation 01 arms In gcnomlc DNA fragments,
284—286

screening by hybridi/ation
DNA transfer 10 filters. 290—295
11\'hr|diy.dliun pmmml, 2,9m2.100

sm: 01,1)NA inserted, 2.85

xuhcluning YAC DNAs into, 4.64
ldhlc of, A33

templates for DNA xcqucncing, 12.29
1.11.5 vutors, 4.83
7.7.A1’ vcttnr, 2.101, 11.22

amplification of libraries constructed in, 11.65—
1 1.66

(DNA library mmtruclion in, 1159

F. mli strain tor amplification ochNA 11brarics,

1 1.66

expression libraries, 14.47—14.48

11mm] protein expression in, 14.37, 14.47
Immunological screening of libraries in, 14.2
plaque formation Wlth, 1 1.62

AZA 1’»(:1\1V vector

in commercial kits for (DNA synthesis, 11.108
expresxion cloning, 11.72

?.ZAP Express vector, 1 1.22—11.25,A3.3

F. (011 strum for amplification ofc1)NA libraries,
1 1.66

cxprcs>ionc10ning, 11.72
expression libraries, 14.47—14.48

unmunolngical screening oflibraries in, 14.2
2./.r\1’1| vcclur, 11.22.1123

E. ml: strain for amplification of cDNA libraries,
1 1.66

nprcnion libraries and, 14.47—14.48
immunological screening of libraries in, 14.2
plaque formatmn with, 1 1.62

ZZiPLnx vector, 2.101, 4.83, 11.25—1 126, A33

amplification of libraries constructed in, 11.65—
1 1.66

(1).\Alibrary construction in, 11.59

m commercial kits for cDNA synthesis, 11.108
F ml! strain for amplification ofc1)NA libraries,

1 1.66

expression cloning. 1 1.72

cxprcmon libranes, 144741448
fuamn protein expression in, 14.3 7, 14.47

plaque formation with, 11.62

1.1ngnmlr-binding model. 18.112—18.1 13

lanthanum nxyhromide intensifying screens, A9.11
1 Argo DNA molecules. 51’1' also Chromosomal DNA;

Genomic DNA
(’H1'1ge15,5.79~5.82

c1nnmg produuts and services, 4.86

concentration by dialysis on sucrose bed, 6.15
mnccmralion mcaaurcmenl of, 6. 1 1, 6.15

t’mgmcntulkm by hydrodynamit shearing, 2.76,
6.3

gel electrophoresis, difficulty entcrmg the ge1
during, 6.15

xmlaliun 1mm mammalian cells
1») 41500111“; 6167618

Lmng fornmmidc, (w.13~6.15

uxmg proleinuse K and phenol, (1.4-6.11

minimizing damage to, 2.110
partial digestion for genomic libranes

checking, 2.79
methods, 2.76
pxlot reactions. 2,7(k2.79
preparative reactions, 2.80—2.83

pulsed—field gel electrophoresis
recovery from gels, 583—588

separation by, 52, 5554.56, 559—560
recovery

from low-mehing point agarose, 533—535
from pulsed—field gel electrophoresis gels,

583—588

spermine/spermidine use, 5.86

sucrose gradients, size fractionation through,
2.82v2.83

transfection of eukaryotic cells, calcium-phos~
phate—medlated, 1621—1624

N—1auroylsarcosmc

for solubilization of glutathione S—transferase
fusion proteins, 1538—1539

for solubilization of inclusion bodies, 15.54
LB freezing buffer, A1.20, Az.6
LB medium recnpe, A22
1 buffer, 5.61, 564, 566—567
Lck, 18.7

LE392 E. coli strain, A7.5
genotype, A38
2» vector propagation, 2.28

LEU2, 18.35,18.37

Leucine

codon usage,A7.3
nomenclature, A7.7

propertles, table of, A7.9
Leucine zipper, 1 1.33
Leupeptm, 17.25, 18.67,A5.1

Levan sucrase, 4.37
LexA, 18.14

bait—LexA fusion protein, 18.17v18.29
fusion plasmids, 18.18

Ieonp—lacA reporter gene, 18.17

leonp—lch reporter, 18.30, 18.32, 18.36
leonp-LEUZ, 18.17, 18.22, 18.36

LFASTA plogram, A11.4

L690 E Cali straln genotype, A38

1.—11|st1dino1, 17.61, 17.63—17.67, 17.69

Libraries. See also cDNA libraries; Expression
libraries, screening; Genomic libraries; 2,
vectors, libraries

arrayed libraries, 4.8, 4.39, 4.50, 4.61, 9.90

screening for related genes using MOPAC, 8.68
LiC1. See Lithium ch10ride

LIC—PCR. See Ligation—independent cloning
lig gene, 1.159

Ligase, DNA, A4.30—A4.34. See also Ligation reac»
tions

bacteriophage T4, 1.157-1.158, 3.37, A4.31~
A432, A434

activity of, A4.31
blunt-end ligation, A4.32

cohesive termini/nick ligation, A432
linker/adaptor attachment to cDNA, 1 1.54
uses, list of. A4.31

E. coli, 1.158—1.159,A4.33

in cDNA second strand synthesis, 11.43,
1 1.45—1 1.46

k, 2.3
overview, 1157

table of properties, 1.158
thermostable, 1.158, A434
units of activity, 1.159

Ligase, T4 RNA ligase, 1.157

Ligase amplification reaction, 1.157, 1.159
Ligation buffer with polyethylene glycol, 5.71
Ligation reactions

adaptor attachment to protruding termini, 1.89

 

in BAL 31 mutagenesis protocol, 13.66

cDNA
into 21 vectors, 11.61

linker/adaptor attachment to, 1 151—1155
into plasmid vectors, 11.63

in circular mutagenesis protocol, 13.24
condensing and crowding> agents, 1.23—1.24,

1.152,1.157—1.159

in cosmid vectors, 4.15, 421—422
dephosphorylation of plasmid DNA and, 1.93

in directional c10ning procedures, 184—185,
1.87

DNA fragments with blunt ends, 1.224 .24,
1.90—192

DNA fragments with protruding ends, 1.20—1 .21
in exonuclease 111 mutagenesis protocol, 13.6]
fragment ratios. 1.2]
inhibition

by agarose, 5.18, 5.29

by dATP, 1.85
by TBE buffer, 5.30

in inverse PCR protocol, 8.84

1 arms to msert genomic DNA, 284—286
linker addition [0 blunt—ended DNA, 1199—1102
in 10w7melting—temperature agarose, 1.103—

1.104, 5.29

M13 vectors, 336—337
oligonucleotide ligation assay (OLA), 13.96
PCR product cloning

blum—end cloning, 833—834

controls, inclusion of, 8.41
directional doning, 8.40
T vector cloning, 8.36

ratio of components, 1.90—191

restriction enzyme inclusion into, 1.100
in shotgun sequencing protocn1, 12.15, 12.18—

12.19, 12.25

in USE mutagenesis, 13.28

Ligation-independcnt cloning, 11.121—1 1.124
LightCycler, 8.95

Lightning Plus intens1fy1ng screens, A91 1
Line elements, 11.95
LINE (long interspersed nuclear element)

sequences, 4.75

Linear amplification DNA sequencing. See Cycle
DNA sequencing

Linear polyacrylamide as carrier in ethanol precipi-
tation of DNA, A8.13

Linker kinase buffer, A1.11
Linkers. See also Adaptors

addition to blunt—ended DNA, 1.98—1,102

cDNAcloning, 11.20-11.21, 11.51—11.55
checking reaction products, 1.102

in direct selection of cDNAs protocol, 11.102
ligation, 1.99~1.102
phosphorylation of, 1,99, 1.101
sequences, table of, 1.99

Linker-scanning mutagenesis, 13.75—1377
LipofectAce, 16.5, 16.11

Lipofectamine, 16.5, 16.11

Lipofectin (N[1-(2,3—dioleoy10xy)pr0py1]—n,n,n»

trimethlammonium ch1oride [DOTMA] ),
16.5,16.7—16.8,16.11—16.12

Lipofection, 11.85, 16.3, 16.7—16.13
chemistry of, 16.50
lipids used in, 16.8, 16.11, 16.51

materials for, 167—161 1
optimizing, 16.51

overview of, 16.50—1651
protocol, 1612—1613

Liposomes formation by sonication, 16.7
LipoTaxi, 16.5

Liquid chromatography~tandem MS lLC—MS/MS),
18 66

Liquld Gold, 1.105

Liquid media for E. (011, A2.2~A2.4



1.|quid nitrogen
{N tissue preparation] in RNA purification pr0~

106015, 7.10-7.1 1

m tmue sample homogenization, 6.7478
Lithium chloride [LiC1), 1.59, A1.27

in column—loading buffers, 7.16
in ethanol preqpitation of nucleic acids, A8.12
predpimtion of contammating nucleic acid frag-

menu, 1.59, 1.82~1.83

precipltation of large RNAs with, A8.16
in transcriptional run-on assay prot0co1, 17.28

LM'I' eIulion buffer, 5.30
1.xuding buffers. Sec Gel-loading buffers
Locus Link database, 1410.15

I‘m, 2.7, 11.66, 14.6, 14.39, 14.47»14.48, 15.19, 15.58

Long PCR 1)u1‘fer,8178, 13.21

1.ow-melting-temperalure agarose. See Agarose,
low-melting-temperature

onP. See also (Ire-loxP recombination system
in 13AC vectors, 4.3
in k vectors, 4.83
in P] vccmrs, 4.445, 437, 482—483
sequence. 4824.83

1m“ gene, 17.96
Luciferasc, 1742—1747, 17.96

bacteria1,A9.23—A9.24
(111.11 reporter assay system, 17.96
firefly, A9.21—A9.23

assays for, A9.22—A9.23

liquid scintillation spectroscopy, A9.22~
A923

lummometry, A922
photographic/X—ray film, A923

properties of, A9.21—A9.22

as reporter molecule, A923

pcmxisomc targeting of, 17.96
reaction catalyzed by, 17.96

as reporter gene, 17.30—17.31, 17.42—17.47

advantages of, 17.42
1um1nometer measurements from 96-we11

plates, 17.47

materials for, 17.44
methods, 17.45—17.47
optimizing measurement, 17.45
pGL3 vectors, 17.43
scintillation counting protocol, 17.46

as transfection-positive control. 16.4
Luciferasc assay buffer, 17.44
1.ucigcnin,structure of, A9.17
Lumi—Gal, 17.50

Lumigcn-Pl’l), 9.79

Lumino1,9.79, 14.11, 14.21

in enzyme assays, A9.19—A9.20
horseradish peroxidase and, A9.35—A9.37
451mmunoassaylabel,A9.18
structure of, A9. 16

Luminomelers, 17.42, 17.45—17.47
bioluminescence and, A9.21—A9.22
chemiluminescence and, A920

luxA gene,A9.23—A9.24
luxB gene, A9.23—A9.24

1.X1—Blue MRF' E. mli 41min. 1 vector propagation
in, 2.28

Lysine
codon usage, A73
properties, tabk' of, A79

Lysis buffers

AIkaJine lysis solutions 1, 11 and 111, 1.32—1.33,
1.35~1,36,1.38,1,40, 3.24,12.31,A1.16

tor DNA lsolatlon from mammahan cells grown
in microtiter plates, 6.19

for DNase I hypersensitivity mapping, 17.19
cxtraction/lysis buffers, A1.16
in genomlc DNA isolation from mouse tails,

6.24—626

1urmamma1ian DNA isolation, 6.4, 6.6—6.7, 6.9

PCR 1ysis so1ution, 6.22

for rapid isolation of mammalian DNA, 6.28-

6.29

for rapid isolation of yeast DNA, 6.31—6.32
red blood cells, 6284629
in reporter assay protocols, 17,36, 17,38
in screening expression library protocol, 14.15—

14.18

SNET, 6.24—6.25

in transcriptiona1 run—on assay protocol, 17.24
yeast lysis buffer, 5.66

Lysogen extraction buffer, 14.38
Lysogeny

induction, 2.9

in k, 2.3, 2.9—2.1 1, [1542.18

Lysozyme, A1.8, A451

for cell lysis prior to affinity chromatography,
15.38, 15.46

discovery of, 1.153

in E. coli lysate preparation for affinity chro—
matography, 14.29

inhibition of T7 RNA polymerase, 9.88, 15.21,
15.24

in M13 RF DNA preparation, 3.24
overview, 1.153

in plasmid DNA preparation protocols

a1ka11ne lysis with SDS, 1.33, 1.36
boiling lysis, 1.43—1.45, 1.49
1ysxs with SDS, 1.57

in washing solution for inclusion bodies, 15.10
Lyticase, 566—167, A1.8

yeast cell wall digestion, 4.60

M9 medium recipe, A2.2

M13 bacteriophage, 1.11, 3.14.49. See also M13
vectors

adsorption to sex pili, 3.5
DNA capacity of, 3.7

DNA preparation
doub1e-stranded (replicative form), 323—325
large-scale, 330—333

single—stranded, 326—129
uraciI—substituted DNA, 13.11—13.14

DNA purification, 12.21—12.23

blunt—ended, dephosphorylated DNA for
shotgun cloning, 12.24

small numbers of single—stranded templates,
12.23

genetic map of, 3.3

growing in liquid culture, 320—322
morphogenesis, 3.5—3.6
phage display, 18.3
plaques

picking, 3.22, 12.21
type, 3.2, 3.17

plating, 3.17—3.19

precipitation with polyethylene glycol, 3.26—328
proteins encoded, 3.2—3.7

functions of, 3.4

replication, 3.2, 3.5—3.7
site<specific mutagenesis, 8.42

structural mode] of, 3.7
transcription, 35

uracil-substituted DNA, preparation of, 13.11—
13.14

M13 vectors, 3.8—3.16, A35

analysis of clones, 339—341

screening by hybridization, 3.41

size analysis by electrophoresis, 339—341
bacterial host for, 310—316

cloning problems, strain-dependent, 3.1 1,
3.16

F plasmid, maintaining, 3.11
markers, 3.10—3.1 1

strain, choosing and maintaining, 3.11—3.16
table of, 3.12—3.13
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locations
gene X, 3,973.10

large intergenlc region, 3.9
multiple cloning sites, table of, 3.14
small mtergenic region, 3.9

materials, 3.35—3136
methods

dephosphorylation of vector DNA, 3.34

forced (directiona1c10ning), 3.34
ligation of insert into 1inearized vector,
3.34

protocol, 3.36—3.38
transformation reactions, 337—338

deletions and rearrangements,1imiting, 3.33—

334, 3.49

growth times, 3.49
history of, 3.8

insert size, 3.33
nested deletion mutant set creating. 13.57,

13.59—13.61

oligonucleotide—directed mutagenesis protocol,
1 315—13. 18

overview, 3.8»3. 10
phagemids, 342—349
primers for cloning sites in, 8.1 15

screening dones for site-directed mutagenesis,
1340—1346

in shotgun sequencing protocol, 1219-1225

dephosphorylated, blunt—ended DNA prepa—
ration, 12.24

DNA purification, 1221—1224
growth in 96-tube format, 1219—1221

single numbers of templates, preparing,
12.23

test ligations, 12.25

subcloning YAC DNAs into, 4.64
M13—100 vector, 39—310

M13K07 Vector, 3.42, 3.44—3.47, 18.116
M13KE vector,18.118, 18.120

M13mp series vectors, 3.11—3.9, 3.14

M5219 E. [011 strain, 15.4, 15.25, 15.27, A18
MACAW (Multiple Alignment construction and

Analysis Workbendl) program,A11.7
Macroplaques, k, 231
Mare] cleavage of 7—deaza-dGTP modified DNA,

8.60

Magic Minipreps, 12.27

Magnesium chloride
MgC12-61-120 solution, A1.27
.‘\/1g(?12-Ca(31Z solution, A1.21
in Sequenase reaction buffer, 12.33

Magnesium ions

DNase I and, 17.6, 17.10—17.1 1, 17.75, A440—

A441

exonuclease III and, 13.73
inhibition of EcoRI methylase by, 11.48
in M13 growth media, 12.21, 12.23
in PCRS, 8.5—8.6, 8.21, 8.110

PEG stimulation of DNA ligation and, 1.152
Magnesium sulfate (MgSOz), A1.27
Magnetic beads

overview,11.118—11.120
streptavidin—coated, 7.20

uses for, table of, 11.120
Ma1E, 157, 15,40

affinity purification of fusion proteins, 15.4

soluble fusion protein production, 15.9
Maltoporin, 21. adsorption to, 2.4
Mahme, A1.27, A2.8

induction of lamB gene, 11.62
for 2. growth, 2.26
in 71 media, 11.62

Ma1tose—binding fusion proteins, 14.47, 15.26
affinity chromatography purification. 15.6,

15.40—15.43  
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Mammalian cells. 56’1’11150 COS cells
mdon usage, 10.7
(Ixe-loxP site-specific integration/excision of

transgenes, 484—485
DNA isolation

mncentration measurement
by flunrometry, 6,12
by spectrophotometry, 6.1 1, 6.15

from mlcrotiter plate cultures, 6.19—6.22
from mouse [8115

harvesting of tails, 6.24

one~tube isolation, 626—627
from paraffin blocks, 6.27
protocol, 6.23—625

sample storage, 6.24

without extraction by organic solvents, 6.26
from paraffin blocks, 6.27
for pulsed-field gel electrophoresis, 5.61—5.64
rapid isolation protocol, 628—630

by spooling, 616—618
u51ngformamide,6.13-6.15
using proteinase K and phen01,6.4—6.11

100—150-kb DNA Size, 6.10, 6.11

150—200-kb DNA size, 6.10—6.11

lysis of blood ce115, 6.8—6.9

lysis of monolayer cells. 6.6
lysis of suspension cells, 6.7

lysis of tissue samples, 6.7—6.8
expression in. See Fmpressnon in mammalian

cells

g1ycer01 and efficiency of transient expression
and transformation, 13.90

nuclear extract preparation from, 17.8—17.10,
17.26—1727

RNA isolation from, 7.7, 7.11

p01y1 A)‘ selection by batch chromatography,
7.18—7.19

pon( A)‘ selection by oligo(dT) chromatogra
phy, 7.13-1.17

transfection, l6.1—I6.57
biolistlcs, 16.3, 1637—1641

materials for, 1638—1639
method, l6.39~16.41
parucle types, 16.37
variables, 16.37

c41c1um—phosphate-mediated, 16.3, 16.144
16.26, 16.52—16.53

01" adherent cel1s, 16.25

of cells growing in suspension, 16.26

chloroquine treatment, 1614, 16.17, 16.52
(otransformation, 16.24

efficiency, factors affecting, 16.52
with genomic DNA, 16.21—16.24

glycerol shock, 16.14, 16.17, 16.52
hlgh efficiency. 16.19

mutation prevalence, 16.53

with plasmid DNA, 1614—1620
sodium butyratc, 16.14, 16.17~16.18

cell line variation, 16.57

contro1s, 164—165

for stable expression, 16.4—16.5

for transient expression, 16.4
cotransformation, 16.24, 16.47
by DEAE-dextran, 16.3, 16.27—16.32

calcium phosphate method compared, 16.27
cell viabihty, increasing, 16.32
facnlitators of, 16.28
kits, 16.30

materials for, 1629—1630
mechanism of elation, 16.27
method, 1630—1631

mutation prevalence, 16.28, 16.53
v.1riab1es, 16.27—16.28

electroporation, 16.3, 1633—1636, 1654—1657
efficiency, factors influencing, 1633—1634,

16.37

materials for, 1634—1635

method, 1635—1636

by lipofection, 16.3, 16,746.13
chemistry of, 16.50

lipids usedin, 16.8, 16.11,16.51
materials for, 167—161]
optimizing, 16.51
overview of, 16.50—16.51

protocol, 16.12—16.13
methods, summary of, 16.3
polybrene, 16.3, 1643—1646

stable, selective agents for, 1648—1649
tetracycline regulation of inducible gene

expression and, 17.60—17.70
transient vs. stable, 16.2

transformation by YACs, 463—464
trypsinization, 16.12
vector systems for, 11.72

Mammahan Transfection Kit Primary ENHANCER
Reagent, 16.5

Mammalian vectors, A3.3—A3.4

Manganese chloride (MnC12) in Sequenase reaction
buffer, 12.43

Manganese lons
DNase I and, A4.40—A4.41

exonuclease III and, 13.73
Mannose phosphotransferase, 2.4
Mapping

DNase I hypersensitivity sites, 17.18—17.22
identical-by-descent (1BD),A10.17—A10.18
influence of methylation on DNA mapping,

A4.6—A4.9
mutations with RNase A, A4.39

protein—binding sites on DNA
by DNase I footprinting, 17.4—17.11
by hydroxyl radical footprinting, 17.12

MAR-Finder program,A11.13
Markers

chemiluminescent, 1.140, 298—299
migration rate of dyes through polyacrylamide

gels, 12.89

molecular—weight. See Molecu1ar-weigbt markers
Mass map, 18.66

Mass spectrometry, 18.3, 18.62, 18.66
MAST (Motif Alignment and Search Tool) pro—

gram,A11.9—A11.10
NlATa, 18.22

Matrix—assisted laser desorption—time of flight

(MALDI-TOF) mass spectrometry,

18.66

Maxam—Gilbert sequencing. See DNA sequencing,
chemical method

MAXIscrip, 9.32

MBM7014.5 E. coli strain
genotype, A3.8

2» vector propagation, 2.28
M1101

dam methylation and, 13.87, A4.3
genomic DNA digestion, 4.11, 4.15, 4.20

MboI methylase, A4.7
MboII, A49

dam methylation and, 13.87, A4.3
methylase, A4.7
for T vector creation, 8.35

MBS Mammalian transfection kit, 16.5
MC1061 E. coli strain, 1.118

genotype, A3.8

1. vector propagation, 2.28

transformation by Hanahan method, 1.106
mcr restriction system, 11.21, 11.48

in vitro 1. packaging and, 2.111, 11.113
mcrA, 1.15,A4.4—A4.5

7» propagation and, 2.28
M13 vectors and, 3.11, 3.13

mch, A4.4

L propagation and, 2.28~2.29

MDE (mutation detection enhancement), 13.51,

13.53, 13.56

Media, A2.1—A2.2. See also specxfic media; specific

protocols
agar/agarose containing, A2.5
antibiotics, A2.6—A2.7
bacteriophage k-related, A2.8
liquid media for E. coli, A2.2—A2.4
storage, A2.6
yeast propagation and selection, A2.9—A2.11

Medline, 1.14

Megaprimer method of mutagenesis, 13.8—13.10,
13.31—13.35

MEGAscript, 9.32

Melting temperature
calculating, 10.2—10.4, 10.47—10.48

guessmers and, 10.8
inosine and, 10.9—10.10

of megaprimers in mutagenesis protocol, 13.31—
13.32

in quaternary alkylammonium salts, 10.6

Membrane Expression arrays, A10.9
MEME (Multiple Expectation Maximization for

Motif Elicitation) program, A11.8—A11.9

MERMAID, 10.49

MES (2—[N-morpholino]ethane»su1fonic acid),
1.105, 1.107

Metal chelate affinity chromatography, 1544—1548
Metallothionein promoter, 16.5
Methanol

methanol/KOH solution, A120

for polyacrylamide gel fixation, 1290—1292
Methionine

cleavage by cyanogen bromide, 15.6, 15.8
codon usage, A7.3
nomenclature, A7.7

properties, table of, A79

in pulse»chase experiments, 15.18—15. 19
Methotrexate (MTX), 16.47, 16.49, A2.7

Methylated DNA, E. coli strains for propagation of,
1.15—1 . 16

Methylation, 11.21, A4.3—A4.9

of cDNA, 11.48—11.50
5’ methyldeoxycytosine incorporation, 11.48
EcoRI, 11.48—11.50

in chemical sequencing protocol, 1261—1265
dam methyltransferase, A4.3
dcm methyltransferase, A4.3—A4.4

by dimethylsulfate, 12.5

DNA mapping, influence on, A4.6—A4.9
linker use and, 1.99

restriction site modification, A4.5—A4.9
restriction/modification systems, type 1 and type

II, A4.4

Methylation interference assays, 12.63
Methylene blue, A9.4—A9.5

polyacrylamide gel staining, 5.47—5.48

staining of RNA on nylon membranes, 7.39
Methylmercuric hydroxide, 721-722, 11.9

4-Methylumbelliferyl-B»D-ga1actoside (MUG),
17.50, 17.97—17.98

Met-MEME program, A11.9
5—Methy1cytosine, 12.68, A4.4

MFOLD program, A11.14—A1 1.15
Mg“. See Magnesium ions
Microarray, DNA. See DNA array technology

MicroArray Suite image analysis program,A10.13
Microconcentrator, 8.27—8.29, 8.58, 8.68, 12.106,

A8.16—A8.17

Microcon concentrators, 8.27, 12.106, A816—
A817

Microinjection of live cells, 1888—1889
MicroMax arrays, A10.9

Microscopy. See Fluorescence lifetime imaging
mlcroscopy

Microspheres. See Magnetic beads



Micrmiter plates
DNA isolation from mammalian cells grown in,

6.19—622

use in DNA sequencing protocols, 12.100
Milk as blocking agent, A854
Mineral oil

addition 10 PCRS, 8.22

removal from PCRs by chloroform extraction,
8.22

Minigels, agarose, 5.13

Minimal (M9) agar plates for M13 plating,
3.17—3. 18

Minimal medium for bacteria, 18.40
MisMatch Detect 11. 13.93

Mismatch repair system, 13.88, 13.94
Mitomycm C

induction of 2» lysogen, 15.25
modes of action, A2.7

Mixed oligonucleotide—primed amplification of

cDNA (MOPAC), 866—871
analysis, 870—871
band-slab PCR and, 8.71
DNA template for, 8.68—8.70

materials for, 8.69

method, 8.70—8.71

primer design rules, 867—868
screening for related genes, 8.68
variations in protocol, 8.67

Mlul

cleavage at end of DNA fragments, A64
genomic DNA mapping, 5.69
methylation, A4]

MLV (murinc leukemia virus). See Moioney murine
leukemia virus reverse transcriptase

MM294 E. coli strain, 1.14—1.15, 1.25
genotype. A38

2», vector propagation, 2.28
transformation by Hanahan method, 1.106

an' ions. See Manganese ions
mob, 1.146

Mobility of DNA, electrical, 12.114
Modeling, molecular, 18.3

Modrich~Lehman unit of ligase activity, 1.159
Molecular modeling. 18.3
Molecular modeling database (MMDB),A11.22

Molecular—weight markers, 5.10, 7.23, A64
2» DNA concatamers, 5.59, 5.71—5.73
migration rate of dyes through polyacrylamide

gels, 12.89

for pulsed-field gel electrophoresis, 5.59—5.60,
5.71—5.73

for RNA gels. 5.59—5.60, 5.71—5.73
Maloney murine leukemia virus (Mo—MLV) reverse

transcriptase, 11.109—11.110,A4.24—A4.25
in commercial kits for cDNA synthesis, 11.108
inhibition by sodium pyrophosphate, 11.46

RNA-dependent DNA polymerase, 8.48
RNase H’, 11.38

M0»MLV. See Moloney murine leukemia virus
reverse transcriptase

Monoclonal antibodies in immunological probes.
1 1.33

Monolayer cultures, lysis of cells growing in, 6.6

Monophasic lysis reagents, 7.10—7.12
MOPAC. See Mixed oligonucleotide-primed ampli—

fication of cDNA
MOPS electrophoresis buffer, 7.32, A1.18
MOPS salts, 15.31

Mouse mammary tumor virus long terminal repeat
promoter, 16.5

Mouse tails, genomic DNA isolation from
harvesting of tails, 6.24
one-tube isolation, 6.26—6.27
from paraffin blocks, 6.27
protocol. 623—625
sample storage, 6.24

without extraction by organic solvents, 6.26
Mouse-tail lysis buffer, 6.26
Mowiol mounting medium, 1887—1888

mp18/mp19, 8.115

mRNA. See also Expression in mammalian cells; RNA
3’-RACE procedure and, 8.61

5’~RACE procedure and, 8.54~8.55, 8.58
cDNA cloning. See cDNA c10ning
cDNA library construction

expression library, 11.70
from small numbers of cells, 1 1.1 12

cDNA preparation, 11.39—11.42
enrichment methods, 11.8—11.11

fractionation of cDNA, 11.9—1 1.10
fractionation of mRNA, 11.9
number of clones needed for library, 11.8

overview, 1 1 .8—1 1.9
polysome purification, 11.10
subtractive cloning, 11.10—1 1.11

integrityomeNA, 11.7—11.8, 11.39,11.42
source of mRNA, 11.6—11.7

differential display-PCR, 8.96—8.106
differential expression, screening for, 989—991

eukaryotic
concentration, measurement

northern blots, 7.66

quantitative RT—PCR, 7.66

reassociation kinetics, 7.65—7.66
ribonuclease protection, 7.66

mapping
mung bean nuclease, 7.55
nuclease Sl, 7,51—7.62
primer extension, 7.75—7.81
ribonuclease protection assays, 7.63—
7.74

northern hybridization. See Northern

hybridization
overview, 7.2
purification

acid phenol-guanidimum thiocyanate-
chloroform extraction, 7.4—7.8

poly(A) selection by patch chromatogra

phy, 7.18—7.19
poly(A) selection by olig0(dT)-ce11ulose
chromatography, 7. 13—7. 17

poly(A) selection by poly(U)-Sepharose
chromatography, 7.15, 7.20

poly(A) selection by streptavidin—coated
beads, 7.20

simultaneous preparation with DNA and
protein, 7.9—7.12

RNases and. 7.2
isolation from COS-7 cells, 11.87—11.88

mapping
3'-RAC1:, 8.61—8.62

5'—RACE, 8.54—855

for microarray hybridization, A10.10, A10.13—
A10.14

reverse transcription by RT-PCR, 8.46—853
screening with subtracted cDNA probes,

1 1.29—1 1.31
splicing, 18123-18124

stability and G+C content, A7.2
mrr, 1.15—l.16, A4.4

in vitro 2» packaging and, 2.111, 11.113
M13 vectors and, 3.11, 3.13

M52 phage, 18.11
MSA program,A11.6
MseI, A49
MspI in site—directed mutagenesis protocol, 13.84
MspI methylase, A45, A47
MTX. See Methotrexate

MultAlin program, A11.8
Multichannel pipettor, 6.20
Multiplex PCR, 8.5, 8.107

nonspecific amplification, 8.107
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optimizing, 8.107
MultiPROBF. 11 (Packard), A105

Mung bean nuclease. 7.55, 7.86, A4.47

in exonuclease 111 mutagenesis protocol, 13.57.
1374-1175

overview of, 7,87

MunI cleavage at end of DNA fragments. A64
Munich 13. See Ml3
Munsterone A, 17.71
Muta—gene in vitro mutagenesm kit, 13.89

Mutagenesis
alanine—scanning, 13.81

BAL 31 use, 1362—1367
bisulfite~mediated, A441
caSSette, 13.79
chemical, 13.78—13.79
circular, 1319—1325
of coding sequences, 13.2— 13 .4

oligonucleotide—directed, 13.3—13.7
saturation mutagenesis, 13.2—13.3
scanning mutagenesis, 13.3

deletion mutants
bidirectional Sets, 1362—1367

nested sets,13.57-13.61, 1374—1375

exonuclease 11] use, 13.57—13.61
in Vitro, 12.102, 13.19—13.25

kits for, 13.89

Kunkel method. 13.84
linkervscanning, 1375—1177

misincorporation, 13.80
oligonucleotide—directed

elimination of unique restriction site, 13.20—
13.30

01ig0nuc1eotide design guidelines, 13.82
overview of, 13.3—13.7

design, 13.4
diagram of scheme, 13.5
history of, 13.4—137

methods Of, 13.4
steps in, 13.6

random mutations using spiked primers,

13.80
selection of mutants with Dpnl, 13 19—1125,

1384—1385

of single—stranded DNA, 13.15—13.|8
troubleshooting, 13.18
uracil—substituted DNA preparation, 13.11—

13.14

USE mutagenesis, 1326—1330, 13.85
PCR-mediated, 13.7—13.10
random, 1378—1380

cassette mutagenesis, 13.79

chemical mutagenesis, 13.78—13.79

misincorporation mutagenesis, 13.80
with spiked oligonucleotide primers, 13.80

of regulatory regions, 13.2
screening by

conformational polymorphism and heterodu—
plex analysis, 1349—1356

hybridization to radiolabeled probe, 13.40—
13.47

PCR, 13.48

site—directed

alanine—scanning mutagenesis, 13.81
codon usage, changing, 15.12
commercial kits for, 13.89

inverse PCR, deletion introduction by,
8.42

Kunkel method, 13.84
M13, 8.42

mutagenic oligonucleotide for, 13.82—
13.83

o1igonucleotide—directed, 13.3—13.7,
1311—1330, 1184—1385

PCR end modification protocol. 8.42—8.45
PCR-mediated
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Mutagcncms (mmmucdw

mcgdprinwr method, 138—1310,
133141335

overlap cxtcnsmn, 13.8, 11364339
overvmv, 13,743.10

polymerase choice for, 13.2(F13.21

restriction 5m: «reation/removah 13824383,
13,85

screening

by confurmatmnal polymorphism and het—
cmduplex analysis, 13494356

by hybndization to radio1abe1ed probe,
13.40‘1346

by PCR, 13.48

phdgemid-conmining colonies by
hybridization, 13.47

sclectmn in vitm. 1384—1387
[Jpn] destruction of parentals, 1319—1325,

13.84

phosphorothioate analog incorporation,
1386—1387

unique restriction site elimination, 13.26—
13.30, 13.85

uracil-DNA glycosylate destruction of
parentals, 1384—1385

selection in vivo, 13.87
Mumgenesis buffer, 13.21
Muldn-Express Km Kit, 13.89
Mutation detection, 1391—1396

Allele—specific oligonucleotides (ASO), 13.91, 13.95

amplification refractory mutation system
(ARMS),13.91,13.96

arrays. mutation detection, A103

bidirectional dideoxy fingerprinting (Bi-ddF),
13.91, 13.94

CD1 modification, 13.95

chemical cleavage of mismatched bases (CCM),
13.91, 13.95

competitive oligonucleotide priming (COP),
13.91,13.96

denaturing gradient gel electrophoresis (DGGE),
13.91, 13.92

dideoxy fingerprinting1ddF), 13.91, 13.94
with DNA mismatch repair enzymes, 13.94
ohgonudeotide 1igat10n assay (OLA), 13.91,

13.96

pnmer extension, 13.91, 13.96

protem truncation test (PTT), 13.92
with resolvases, 13.94

restriction endonudease fingerprinting (REF),
13.91, 13.94

RFLP/PCR, 13.9], 13.95

scanning vs. specific methods, 13.91

single»stranded conformational po1ymorphism
(SSCP), 13.91, 13.93

Mutation detection enhancement. See MDE
Mutations

amber, A7.5

(onditional, A7.5
temperature-sensitive, A75

”11415, 1329—1130, 13.85,13.87

ner, 13.94

811’1184 5 call strain, 13.47
genotype, A38
M 1 3 vectors and, 3.13
phdgemids and, 3.42, 3,414,346

MV1 190 E. mli strain

genotype, A38
phagemids and, 346

MW 193 b (011 51mm genotype, A38

?\1\’1304 E. 5011 strain, phagemids and, 3.46
Mml methyldse, A4.7
Mycophenohc acid, 16.49

.\17.-1. E. mli strain genotype, A38

M7121 (Michael Zhang’x exon finder) program,
A1 1.12

NdCl. See Sodium chloride
Nae]

fragment size created by, table of, A48

methylation, A4.7
site frequency in human genome, 4.16, A63

Na1idixic acid induction of 21 lysogen, 13.25

Nanogenchips, A10.19
NaOH. See Sodium hydroxide
Na r1

fragment 5116 created by, table of, A48
methylation, A4.7

site frequency in human genome, 4.16, A63
NA stop/Storage buffer, 9.6, 9.9
National Center for Blotechnology Information

(NCBI),A11.2,A11.22
NBT. See Nitroblue tetrazolium

NriI in phosphorothioate incorporation mutagene—
sis, 13.86

NCO]

cleavage at end of DNA fragments, A6.4
linker sequences, 1.99

NdeI, 1.99, A49

NdeII, A4.9

Nebulization 0fDNA,12.11,12.14,12.16—12.17,
A8.37—A8.38

calibration of nebulizer, A8.37—A8.38
NENSorb, 10.49
Neomycin, 17.74, A27
Neomycin resistance marker in YACs, 4.64

Nested deletion mutant, generating with exonucle-
356 111, 1357—1161, 13.74—13.75

NetGene program, A11.11
NETN, 1867—1868

Neutralization buffer/solution, 10.38
for aIkah'ne agarose gels, 5.37
for alkaline transfer of DNA to nylon mem—

branes, A1.13

for neutral transfer,doub1e—stranded DNA tarA
gets 0n1y,A1.13

in Southern hybridization, 6.41, 6.43

for transfer of DNA to uncharged membranes,
A1.13

NF—l nuclear factor, 17.8, 17.11
nflA, E, coli gene, 2.7

nflB, E. coli gene, 2.7
N gene, 2». 2.6—2.9, 15.25

NgoM IV cleavage at end of DNA fragments, A64
NheI

cleavage at end of DNA fragments, A64

fragment size created by, tab1e of, A4.8
linker sequences, 1.99

site frequency in human genome, 4.16, A63
NHS (N-hydroxysuccinimide), 18104—18105

Ni“ absorption chromatography, 1544—1548
elution with imidazole, 15.47
generation of resin, 15.48

nic site, 1.146
Nick translation

biotin labeling of genomic clones, 11.102
digoxygenin labeling of nucleic acids,

A9.38—A9.39
DNA polymerase and, 985—986
history of, 9.12
kits, 9.13

optimizing reactions, 9,13
procedure, 9.12—9,13
random priming compared, 9.4
using E. coli DNA polymerase, A4.12

Nick translation buffer, 11.100
N1H—3'1 3 cells, 17.60—17.67

nin (N-independent) mutants, 2», 2.7

Nitric acid, A1.6

Nitri10triacetate (NTA)-Ni“-agarose, 15.46
Nitroblue tetrazolium (NET), 9.78, 149—1410,

14.20, A9.39—A9.42

Nitrocellulose membranes, 1.28. See also

Hybndization
amplification of bacteriophages on, 2.95
amplification ofcosmld1ibraries,4.31~4432
baking, 2.94, 6.46
colorimetric detection Of nonradioactive probes

(m, 9.78
denaturing DNA on,2194

disadvantages of, 6.37—6.38

DNA transfer. See also Southern hybridization,
DNA transfer methods

electrophoretic, 6.36

from p1aques to filters, 2.91, 193—295
vacuum transfer. 6.37

fixing DNA to, 294—295

gluing to 3MM paper, 2.99
for immunological screening, 11.32, 146-1413,

14.17~14.22, A853

in 2. library screening by PCR protocol, 8.76
lysis of colonies and binding of DNA, 1.136
for microarray applications, A10.6—A10.7
in northern hybridization, 7.23~7.24
nylon filters compared, 2.91

probe removal from, in Southern hybridizations,
6.57

properties of, 6.38

reagents for detection of antibody—antigen com-
plex, 14.3

RNA binding to, 6.37
screening

bacterial colonies by hybridization, 1.126—
1.134

bacterial DNA with radiolabeled probe,
1. 138- l .142

cosmid libraries by hybridization, 4.24—4.27
expression libraries by labeled probes,

1431-1436

storage of, 6.37—6.38
in transcriptional run-on assay hybridizations,

17.28-1729

wetting, 6.44, 6.49

p-nitrophenyl phosphate, A9.41—A9.42

Nitrosomethylurea use in M13 vector creation, 3.8

Nitrous acid, mutagenesis from, 13.78
NM519 E. coli strain

genotype, A38

2» vector propagation, 2.28
NM522 E. coli strain

genotype, A39

2» vector propagation, 2.29
M13 vectors and, 3.13

NM531 E. coli strain

genotype, A39
2» vector propagation, 2.28

NM538 E. coli strain
genotype, A39

21. vector propagation, 2.28
NM539 E. coli strain

genotype, A3.9
2» vector propagation, 2.29

NM554 E. coli strain
for cosmid stability, 4.28

genotype, A39

N—methylimidazole (NMI), 10.42

NNPP (promoter prediction by neural network)
program, A11.12

Nonidet P40

in cell lysis buffers, 17.36

in coimmunoprecipitation solutions, 18.67
in DNA sequencing reactions, 12.38, 12.55
m homogenization bufier, 17.9, 17.26
in PCR 1ysls solution, 6.22
in supershift assays, 17.17

Nonisotopic RNase cleavage assay(N1RCA), 13.93
Nonradioactive labeling, 9.76—9.81

biotin, 9.76—979
detection after hybridization, 978—980  



Lhk‘lnllllnll11ChCCnCt‘, 9.79~9.80

mlorlmctric assays, 9.78~9.79

flunrcucm dssdys, 9.79
digmigcnin. 9.77

cn/ymam nwthoda, 9. 77—978
fluurusu'm, 9 77

indirect dclcclmn systems. 9.76
photolalwllng, 9.78
switching to, 980—981

Norlhcrn hybridintmn

background, 7.45
cDNA library screening, 11.38
M 111W stringency, 6.58

lmv-slnngcncy, 7.43

membranes used for, 6.37

nonradioactive labeling and, 9.76, 9.80
overvww 014, 721—726
protocol, 7 42—744

quantitarmg RNA by, 7.66

rihonuclcasc protection assay compared, 7.63~
7.65

RNA fixanon to membranes, 735—736, 7.39—
7.40

RNA separation by size
electrophoresis of glyoxylated RNA, 7.27v7.30
cquallzmg RNA amounts in gs1s, 722—723
tbrnmldehyde-agarose gels, 7.31—7.34
markcn used in gels, 7.23, 7.29

overwew, 7.21—7.22

pseudnmt‘ssages as standards, 7.23
RNA transfer to membranes, 7.25—7.26, 7.357

7.41

membranes used for, 7.23—7.25
protocols, 7,354.41

stainmg 01" RNA on membranes, 7 39

steps involved, list of, 7.21

stripping blots, 7.44

troubleshooting, 7.45
Null

cDNA linkers and adaptors and, 11.20, 11.51.

1 1.64

in cDNA synthesis kits, 11.71
cleavage at end of DNA fragments, 8.38, A6.4
tragmem xlze created by, table of, A48

genomit DNA mapping, 5.60, 5.68569
linker sequences, 1.99

nwlhylatmn, A47
site frequency in human genome, 4.16, A63

N0vob10cin,A2.7
Nrul

genomic DNA mapping, 5.69

methylation, A4.7
NS3516 E. mli strain genotype, A3.9

NS3529 E. ml: strain genotype, A39
Nsil cleavage at end of DNA fragments, A6.4
N'I'Alez’nngrosc, 15.46

regeneration of, 15.48
N111g€11€,7x,2.4,2.15
Nu] protein. 7». 2.14
Nuclear extracts

preparaliun [ram cu1tured cells, 17.9—17. 10
preparation from tissues, 17.8—17.9

Nuclear polyhedrosis viruses (NPVS), 17.81

Nuclear run-on assays, 17.23. See also Transcrip»
tioml run—on assays

Nuclease 51, A446

digestion buffer, 7.56, 7.60, A1.1 1

digestion uf hairpins, 11.46

in exonuclease 111 mutagenesis protocol, 13.57,
1159—1361, 1374—1175

cxonuclcasc V11 results compared, 7.86
hairpin digestion, 11.4, 11.16
nmctivalinn, 13.61
mapping of RNA. 7.51~7.62

5 and 1 mRNA termini, 7.53

urtimch, 7,544.55

diagrams of, 7.52—7.53

digestion conditions, 7.61
probes, 7.51—7.55
protocol, 7.554762

analysis by gel electrophoresis, 7.61—7.62
digestion of DNA-RNA hybrids, 7.60—761
dissolving nucleic acid pellets, 7.60
hybridization of probe and test RNA, 7.59,
7.60

materials for, 755—757

probe preparation, 758—759
probe purification by gel electrophoresis,
7.59-760

troubleshooting, 7.55
overview of, 7.86

ribonuclease protection assay compared, 7.65

source of, 7.86
stop mixture, 7.56, 13.58

Nucleases, A4.384A4.49. See also BAL 31 nuclease;
Exonuclease 111; Nuclease Sl

bacteriophage 2» exonuclease, A4.49
BAL 31, A4.43—A4.45

DNase 1, A4.40—A4.42
exonuclease 111, A4.47—A4.48
mung bean, A4.47
RNase A, A439
RNase H, A4.38
RNase T1, A439

51, A446

Nuclei

harvesting for DNase I hypersensitivity map—
ping, 17.20~17.21

isolation

from cultured cells, 17.26
from tissue, 17.27

radiolabeling transcription. 17.27—17.28
Nuclei wash buffer, 1725

Nucleic acid database and structure resource,
A11.21

Nudexc acid fragment removal

bv centrifugation through NaCl, 178—179
by chromatography, 180-181
by precipitation with LiCl, 1.82—1.83

Nucleobond AX, 1.64

Nucleoside analogs used as chain terminators in

DNA sequencing (Table A6-11), A6.10
Nudeosomes, DNase I hypersensitivity sites and,

17.18

NusA, 2.7, 2.14

NusB, 2.7
NusG, 2.7

nut site, 7», 2.7

Nylon membranes. See also Hybridization
advantages of, 6.38
amplification of cosmid libraries, 431—432
bdking, 735—736, 7.39—7.40

blotinylated probe adherence to, 9.76
brand differences, 2.91

charged vs. neutral, 7.37, 7.39
chemiluminescent assays. 9.79, A919,

A9.43—A9.44

colorimetric detection of nonradioactive probes
on, 9.78

denaturing DNA on, 2.94
dot and slot blotting Of RNA, 7.46—7.50

intensity of signal, measuring, 7.47

sample application, 7.46
fixing DNA (0, 2.94—2.95, 6.46

fixing RNA to, 7.36, 7.39—7.40
gluing to SMM paper, 299
history of, 7.24
hybridization at high temperatures, 1.141
for immunoblotting, A853
lysis of colonies and binding 01 DNA, 1.131,

1.136

neutral vs. charged, 6.38, 7.25, 7.35

 

Index 1.27

nitrocellulose compared, 2.91

northern hybridlzation, 7.24-7.25, 7.35—7.41
fixation of RNA, 7.35»7.36, 7.39~7.40
transfer to charged membranes at alkalme

pH, 7.35
transfer to neutral membranes, 7.35436

properties of, 6.38, 7.25

screening bacterial colonies hv hybridi/ation,
1426—1134

screening cmmid libraries by hybridization,
4.244427

Southern hybridization
fixation of DNA to membrane, 645—646
probe removal from, 6.57

transfer pr0t0c01,6.43—6.45, 6.49
stripping, A938, A942

transfer of DNA to. See also Southern hybridiza—
tion, DNA transfer methods

electrophoretic, 6.36

from plaques 10 fi1ters. 2.91, 2.93—2.95
vacuum, 6.37

UV irradiation fixation of nuclelc acids, 6.46,

7.36, 7.39—7.40

wetting, 7.38, 7.41
NZCYM medium, 1162, A23
NZM medium recipe, A23
NZYM medium recipe, A2.3

u—dianisidine, 14.3, A934

OFAGE (orthogonal field agarose gel electrophore-
sis), 5.55. See also Pulsed—field gel elec-

trophoresis
0 gene, 7», 2.6, 28—29, 2.11
Oligo(dT) primers

in cDNA probe production, 9.42—943
for cDNA synthesis,11.12—11.13,11.15,11.39
linked to plasmid, 11.12

Oligo(dT)Acellulose,7.13—7.17,7.19-7.20
Oligonucleotide

e1ution buffer, 10.12

hybrid1zation solution, 10.35, 13.41
labeling buffer, 9.10

liganon assay (OLA), 13.91, 13.96
prehybridization solutlon, 10.35, 10.38, 13.41

purification cartridges (OPCs), 10.49
Oligonucleotide~directed mutagenesis

efficiency of, 13.83
elimmation of unique restriction site, 1326—

13.30

oligonucleotide design, guidelines for, 13.82—
13.83

overview of, 133—137

design, 13.4

diagram of scheme, 13.5
history of, 13.4—13.7

methods of, 13.4
steps in, 13.6

phosphorothioate incorporation, 1386—1387
random mutations usmg splked pnmers, 13.80

selection of mutants with Dpnl, 13.19»13.25,
13.84—1385

of single—stranded DNA, 13.15—13.18
troubleshooting, 13.18

uracil-substituted DNA preparation. 13.11—1314
USE mutagenesis, 1326—1330, 13.85

Oligonucleotide primers. See also O1igonucleotide-
directed mutagenesis

cDNA probe constructlon

olig0(dT) primer, 942—943, 9.47
random primers, 939—940, 948—949

for cDNA synthesis, 11.12—11.15, 11.39
011g0(dT),11.12—11.13, 11.15

random,11.12—11.15
second-strand, 11.17~11.20

commonly used (Table A6—12), A6. 11

converting molarities [0 units of weight, 12.103  



1.28 Index

Oligonucleonde primers (cantmued)
des1gn, computer program for, 13.83
fur DNA sequencing, 126—127, 1227—1228,

12.35,12.41—12.42,12.48—12.49,12.52—

1155, 12.60

dye primers, 12.96
energy transfer (ET) primers, 12.96
stock solution preparation, 12.103

in exon trapping/amplification protocol, 11.90-
11.93, 1 1.96

gel purification. need for, 12.103

molecular-weight calculation, formula for, 8.20,
8.50

oligunudeolide—direcled mutagenesis, 13.4,
13.6—13.10,13.16—13.17,13.19—13.20,

1326-1330
in PCR, 84-85, 8.18

3'-RACE, 861-865

5 ~RACE, 854-860
annealing conditions, 8.8—8.9
concentration of, 8.5
degenerate pools, 8.66—8.71, 8.113
design, 813—8. 16

differential display-PCR, 8.96, 899—8101,
8.103, 8.105

extension of primers, 8.9
guessmers, 866—867

mosine use in degenerate pools,8.113
mvrrse PCR, 881—885

ligation—independem cloning, 11.121—11.124

|1nker-scanning mutagenesis, 13.76—13.77
long PCR, 8.79
MOPAC, 866—871
multiplex PCR, 8.5, 8.107
purification of, 8.5, 8.18

quantitative PCR, 890—892
restriction site addition to 5’ termini, 8.31,

837-839
universa1,8.113—8.117

PCR-mediated mutagenesis, 1331—1334, 13.3&
13.39

in primer extension assays, 7.75—7.76, 7.78—7.79
promoters of RNA polymerases, adding to DNA

fragments, 9.37

punfication, 7.76
in radiolabded probe production

PCR, 915—918
random priming, 9.5—9.7, 9.10

single-stranded probes from MIS, 9.19—9.22,
9.26

removal by ultrafiltration, 8.27—8.29
for reverse transcriptase use, A4.25—A4.26
for RT-PCR, 846—848

ol1go(dT), 846—848
random hexamers, 847-848

spiked, 13.80
universal primers, 8.1 13—8.1 17

for AgrlO/Agt11,8.116
for M13 vectors, 8.115
for pBR322,8.114
for pUC vectors, 8.115

transcriptlon promoter primers, 8.117
Oligonucleotide probes, 10.1—10.49

biotin labeling, 11.117

cDNA screening with, 11.31—11.32
degenerate pools. 1 1.31
guessmers, 11.31

universal bases, 1 1.32
in competition assays, 17.17
degenerate pools, 10.5-10.6

extinction coefficient, calculating, 10.13—10.14
guessmers, 106—109

design, 10.7
hybridization conditions, 10.8

melting temperature, 10.8
mixtures of, 10.7—10.8

PCR compared, 10.9
labeling with Klenow fragment, 1030—1034
length of, 104—105
melting temperatures, 10.2—10.4, 10.6, 10.8,

10.47~10.48
empirical measurement, 1038—1041

double-stranded DNA, 10.40—10.41
single-stranded DNA, 10.40

in TMACI buffers, 10.36
phosphoryhtion of S' termini, 10.17—10.19

efficiency of transfer, measuring, 10.19

materials, 1017—1018
protocol, 10.18-10.19

purification

chromatography, 10.49
HPLC, 10.49

polyacrylamide gel electrophoresis, 10.11—
10.16

detection in gels, 10.16

eluting DNA, 10.15
materials, 10.12—10.13
protocol, 10.13—10.16

Sep-Pak C18,10.15—10.16

by polyacrylamide gel electrophoresis, 10.48—
10.49

resolution, 10.14, 10.33, 10.49
precipitation with CPB, 10.22-10.24
precipitation with ethanol, 10.20—10.21
purification cartridges, 10.49

reversed—phase chromatography, 10.1 1,
10.15—10.16, 10.49

Sep—Pak C13 chromatography, 1028—1029
size-exclusion chromatography, 10.25—10.27
of tritylated, 10.49

quantifying by OD, 10.13
quaternary alkylammonium salts, 10.6, 10.35—

10.37

screening expression libraries, 14.2, 1431—1436
Synthesis, 10.1, 10.42—10.46

monitoring, 10.42

phosphodiester method, 10.42
phosphoramidite chemistry, 10.42
protecting groups, table of, 10.43
steps involved, diagrams of, 10.44—10.45

yield estimates, table of, 10.46
universal bases, 10.9—10.10
uses for, 10.2

Oligonucleotides. See also Adaptors; Linkers;

Oligonucleotide primers; Oligonucleotide
probes; Oligonucleotide-directed mutagen»
e51s

molecular conversions for (Table A613), A611

purification from polyacrylamide gels by crush
and soak method, 5.51

spectrophotometry, A8.20, A8.21
OMPF protein, 17.53
ompT mutation, 15.19

1089 E. coli strain, fusion protein preparation in,
14.41

ONPG (o—nitrophenyl-B-D-galactopyranoside),
1750—1751, 1797—1798

OOTFD (Object—Oriented Transcription Factor
Database),A11.20

O-phenylenediamine dihydrochloride (OPD), A935
Oregon Green, 894-1895, 18.80, 18.90, A933

oriC, 13.88, A43

Origin of replication, 1.3, 1.4. See also Replicons
dam methylation and, 13.88
fl, 17.35, 17.49

locating by linker—scanning mutagenesis, 13.75
oriC, 13.88,A4.3
in pB—ga1vectors, 17.49
in pCAT3 vectors, 17.35
polyomavirus, 11.69
from single—stranded bacteriophages, 1.11
SV40, 11.69, 11.114, 17.49

yeast artificial chromosome, 4.2
Origin oftransfer (oriT), 1.146
oriS in BACs, 4.48
Osmium tetroxide, 13.91, 13.95
Osmotic shock for release of proteins from

periplasmic space, 15.40, 15.43
Ovens, hybridization, 6.51
Overhangs, DNA. See Protruding termmi

Overlap extension mutagenesis, 13.8, 1336—1339

321)

chemiluminescence compared, A9. 16
decay data, A9.15
in far western screens, 18.48

partic1e spectra, A9.9—A9.10
sensitivity of autoradiographic methods for

detection, A9.13
up

decay data, A9.15
particle spectra, A9.9—A9.10
sensitivity of autoradiographic methods for

detection, A9.13
P1 artificial chromosomes (PACs), 4.4

advantages/disadvamages, 4.40
choosing for genomic library construction, 4.7—

410
DNA purification, 442—445
Human PAC Library, 4.9
overview, 4.40

vectors, A3.5
P1 bacteriophage

Cre—loxP system, 4.82—4.83
history of, 4.35
life cycle of, 4.36

P1 bacteriophage vectors, 435—447, A3.5
advantages/disadvantages, 4.40
amplification, 4.36, 4.42
arrayed libraries, 4.8

cloning into vectors, 4.37—4.39
design of vectors, 4354.37
DNA preparation/purification, 442—445

by chromatography, 4.45
by drop dialysis, 4.44
protocol, 442—443

electroporation, 4.46—4.47
genomic libraries

arrayed, 4.39
Choosing for construction of, 4.7—4. 10
screening, 439—440

overview, 4.4
packaging, 4.7, 4.37, 4.82

transduction, 4.46

P2 prophage, restriction of 71 growth, 2.20
P3 buffer (Qiagen), A1.21

p15A replicon, 1.4

p53 GeneChip array, 10.9
P450 GeneChip array, A109

PAC. See P1 artificial chromosomes (PACs)
pacA gene, 4.37
Pad

cleavage at end of DNA fragments, A64

fragment size created by, table of, A4.8
genomic DNA mapping, 5.68—569

site frequency in human genome, 4.16, A63
Packaging

cosmids, 4.21-4.22, 4.30

in vitro packaging, 2.111,11.113—11.114

7» vectors, 2.63, 2.65, 2.67, 2.84—2.89, 2.110—2.1 11
P1 bacteriophage vectors, 4.7, 4.37, 4.82

Packard MultiPROBE II, A10.5
pACYC, 1.1.4, A3.2
pAlesucBII, 44, A155

concentration of doubled—stranded DNA in
solution, A6.5

features of, 4.37—4.38

library generation in, 4.38  



PAC vector derived from, 4.40
PAGE. Se? Polyacrylamlde gel electrophoresis
I’dkl kmdse, 18.13

Pam}, A75
p~.1m1nophenyl-B—D-thio-galactoside (APTG)

(TPEG1,1S.6,15.58,17.97
pAMP1,11.122—11.123

pAMP10. 11.122

Pancreatic DNase I. See DNase 1
Pancreatic RNase. See RNase
Panning, 11.68—11.69
Papain, 18.80—18.81

par, 1.8, 1.13, 1.146, 4.2. 4.37
parA in bacterial artificia1 chromosome, 4.24.3,

4.48

Paraffin blocks, DNA extraction from, 6.27
Paraforma1dehyde (49/0) fixative solution, 18.87
Paramagnetic beads, 9.91, 11.98—11.99, 11.103

parB 1n bacterial artificial chromosome, 42-43,
4.48

parC in bacterial artificial chromosome, 4.2—4.3
Partek Pro 2000 image analysis program, A10.13
Partitioning. See also par

in BACs, 4.48

10w—copy»number plasmids, 1.13
pA51,15.4, 15.25
pATS3, 1.9

Pathways analysis software package, A109
pAX vectors for LacZ fusion protein expression,

15.59

pB6B15.23, 11.109
pB42AD, 18.20, A34
pBAce, 15.5, 15.32
pBACe3.6, 4.9

pBC KS +/—, A32
pBeloBAC11,4.3,A3.5, A65
pB—gal vectors, 3.15, 17.49, A3.3
pBK—CMV, 11.24, A3.3
pBluescript vectors, 1.11, 11.92, 1194, A32

B-galactosidase gene, 1.27
in commercial kits for cDNA synthesis, 11.108

in exon napping protocol, 11.89, 11.92, 11.94
for fusion protein construction, 15.5
KS (+/—1, 3.15, 3,412,344

for LacZ fus1on protein expression, 15.59
in ribonudease protection assay protocol, 7.69
SK1+/-—). 3.15, 3.42, 3.44
SK1—) phagemid in XZAPII, 11.23

in USE mutagenesis, 13.30
pBR313, 1.9. A3.2
pBR322, 1.9—1.10,A3.2

cDNA cloning, 11.19

concentration of doubled-stranded DNA in
solution, A6.5

electroporation of, 1.26
mobilization, 1.146
overview, 1.146

plasmid growth and replication, 1.17
primers for cloning sites in, 8.114
replicon in. 1.1.4

pBR327, A3.2
pBS. See pBluescript vectors
pCANTAB 5, 18.120
pCAT3 vectors, 17.35, A33
pcDNA3.1,11.25,11.30,11.63,11.72,A3.3
pcDNA4, 11.72

pCGB42/pZGB42, 18.20
pCGLex/pZGLex, 18.19
pCI-Neo, 17.61, 17.66
pCMV vectors, A3.3

pCMV-Script, 11.25, 11.29, 11.63, 11.72.A3.3
pCMV—SPORT in commercial kits for cDNA

synthesis, 11.108

pCMV-SPORT-B—gal, 16.10, A34
pan gene, 1.13

pCOMBSH.18.118

pCOMBS,18.118
pCQVZ, 15.25
PCR. See Polymerase chain reaction
PCR lysis solution, 6.22
PCR Primer Design program, 13.89
pCR2. 1, 3.15
pCR 1000, A32

pCRII, 3.35
pCR-ScriptSK(+), 1.100, 8.35
pCYPACl, 4.5, 4.9, A3.5

concentration of doubled-stranded DNA in

solution, A65
human genomic library, 4.39

pd2EGFP vectors, 17.88, A3.4

PDB (Protein Data Bank), A11.23
pDisplay, 18.120

pDisplay Expression Vector, 18.120
PEI buffer, 13.15
PE2 buffer, 13.15

Pefabloc, 15.41, A51

PEG. See Polyethylene glycol
pEGZOZ, 18.19, 18.24, A3.4

131262021, 18.19
pEGFP~F, 16.10
pEMBI, 3.42-3.43
1,10—Penanthroline—copper, 17.76—17.77
Penicillins, 1.148, A2.7

Pepstatin, 15.19, 17.25, A5.1
Peptide aptamers, 18.8

Peptides

antibodies against, A9.30—A9.33
coupling to carriers, A932
1ibrarles, 18.116—18.121

constrained, 18.120—18.121
construction of, 18.117—18.1 19
random,18.116—18.117

phage display of, 18.116—18.121
Peptidoglycan, 1.148

Peptosrreptococcus magnus, A949
Perchloric acid, A16, A810

PerFect Lipid Transfection Kit, 16.5, 16.7
Perfect Match, 4.81, 8.9
PerfectPrep, 1.64, 12.27
Periodic Table of E1ements,A1.29
Periplasmic space

export of foreign proteins to, 15.30, 15.34—15.35
export of maltose-binding fusion proteins to,

15.40, 15.43

release of fusion proteins by osmotic shock,
15.40, 15.43

Peroxidase. See Horseradish peroxidase
Peroxisome, 17.96

pET vectors, 1.12, 15.3, 15.5, 15.20—15.24,A3.2

pET-3 vector, 15.20—1521
pEX vectors

expression libraries, 14.14

for LacZ fusion protein expression, 15.59
Pfam program, A11.16~A11.17
PFGE. See Pulsed-field gel electrophoresis
pF’liTrx, 18.120

PfScan (ProfileScan) program.A11.16

Pfu DNA polymerase. 8.7, 8.11, 8.30, 877—878,
8,85

35 exonuclease activity, 8.30, 8.35
in circular mutagenesis, 1320—1323
in overlap extension method of mutagenesis,

13.37

polishing cDNA termini, 1143
properties, table of, A423

pGEM vectors, 1.11,A3.2

B-gfflactosidase gene, 1.27
for fusion protein construction, 15.5
pGEM-3Z, 15.14, A3.2
pGEM-11Zf(—),A9.23
pGEM_1uc, A923

pGEM-T, 8.35, A3.2
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pGEMZ for LacZ fusion protein expression,
15.59

pGEMZF, 3.42, 3.44, A3.2
in ribonuclease protection assay protocol, 7.69

Pgene, 1, 2.15. 28—29, 2.11
pGEX vectors, 15.43, A32

for fusion protein construction, 15.5

pGEX-l, 15.15
pGEX2T, 15.8
pGEX3X, 15.3

pGilda, 18.19—1820, 18.27, A3.4
pGL vectors, 17.96

pGLZ, 3.15
pGL3, 17.43, A3.4

pGNGl, 18.12
Phage display, 18.3

Phage Display System/Service, 18.120
Phagefinder Immunoscreening Kit, 14.25

Phagemid display system. 18.115—18.116
Phagemids, 1.11

advantages of, 343
DNA preparation, sing1e~stranded, 3.42—3.49

growth time and, 3.49

materials, 3.45—3.46
protocol method, 346—348

yield estimation by gel electrophoresis, 3.48
helper viruses, 3.42—3.47

preparation of h1gh-titer stock, 3.46
protocol for superinfection, 3.47

M13, 3.3, 3.5

nested deletion mutant set creating, 13.57,
13.59—13.61

o1igonucleotide—directed mutagenesis, 13.18
replication, 3.43

screening for site-directed mutagenesis by

hybridization to radiolabeled probes, 13.47
table of, 3.42

uracil—substituted single-stranded DNA, prepa—
ration of, 13.12—13.13

uses for, 3.43
Phagescript SK, A35
Phase-Lock G61, 3.28
PhD. Phage Display Peptide Library Kits, 18.120
Phenol, A1.23

in DNA isolation from mammalian cells, 6.5,
6.9—6.1(), 6.22

equilibration of, A123
inhibition of PCR by, 8.13
pH, 6.5

spectrophotomerry of DNA contaminated with,
6.11, 6.15

Phenolxhloroform extraction
of agarase, 5.85
in DEAE-ce11u1ose membrane recovery of DNA,

5.22

in dephosphorylation procedures, 1.96

in DNA recovery from polyacrylamide gels,
5.53

of DNase contaminants, 1.42
in DNase I footprinting protocol, 17.10
in DNase I hypersensitivity mapping protocol,

17.2 1

ethidium bromide removal from DNA preps,
1.74, 1.77

in hydroxyl radical footprinting protocol, 17.12
in 71 DNA preparation, 2.58, 2.70
of ligated DNA, 1.102
M13 RF DNA purification, 3.25

of nuclease Sl digestion reactions, 7.61
in oligonucleotide purification, 10.27
overview of procedure, A8.9—A8.10
in PCR products, purification protocol, 8.26
plasmid DNA protocols

alkaline lysis with SDS, 1.34, 1.37, 1.42
boiling lysis, 1,46
lysis with SDS, 1.57
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l’hcnolzghlnmfnrm cxlmclion (fmmnum')
ln pnlvclhvlcnc ghud DNA purification proce-

dure, 1.59, 1.61

m pnmcr rxlcnsion assay protocol, 7.80
in RNA purifiulion, 7.4
101 RNdsc rcmovd1, 9.3.1

111 wast DNA purlfiulmn protocols, 468—469
1’hcnul:1hlumform:i.so,1my1 alcohol extraction,

.~\1.23,.~\8.1(1

m genomic DNA isulanon from mouse tails,
6.25, 6.27

in transcriptional run—un assay protocol, 17.28
l’hcnul cxtradiun

|n hattcrmphagc DNA isolation, 12.23
m 7. DNA prcparatmn, 2.58
in MI} DNA prcp.1ration, 3.28
xihumc lubricant for phase separation, 3.28

I’hcnvlalaninc

fur affinity purificanon of fusion proteins, 15.6
codon usagc,A7.3
nunwndaturc, A7]

propcrncs, table 01, A79

Phcnvlmethylsulfvnyl fluoride (PMSF), 5.62, 5.78,
14.44, 14.46, 15.41—15.42, 15.52, A51

111 ceII/tissue homogenization buffer, 17.4, 17.25
In ccll/tissuc rcsuspension buffer, 17.6
as protease inhibitor, 15.19

1'hcnv1~5upcr0w, 15.6

1’111-111AS'1‘ (Position Hit 1nitiated BLAST) pm-
gmm,A11.13

0X17-1 bacteriophage, 1.12, 3.8, A33
ollgunuclcmidc-dirvcted mutagenesis and, 13.6

sequencing of, 12.4

shotgun sequencing protocol, 12104222
[111114 Say Alkaline phosphatase promoter
phoR, 15.32

l’hmphnmsc. Sn’ Alkdlmc phosphatase
thphdlc buffers, A 1.5

Phosphate bufibrs, Gomon, A15
1’h11s11halc-11uftbre11saline (PBS), A1.7

1’hnsph.1Ic-SI)S washing solutmn, 6.51-6.52
Phusphdt1dy1cthano1amine (DOPE), 16.5, 16.7—

168, 16.50

l’hmphnric JCid,A1.(1
I’hosphurolhioatc analogs, 1386—1387
Phosphoryhlion. St? 11150 Polynucleolide kinase,

luuleriophagr T4
01 5 tcrmini, 1().174().19

Munt/recessed, 970—9. 72
protruding, 966—967, ‘173—975

01 adaptors, 188—189, 11.55
In exchange reunion, 9.73—975

mmgmg protein phosphorybtion with FLIM—
FRET, 18.78

uniddmlc buffers 11nd,9.73—9.74
01 linkers, 1.99, 1.1()1,11.55
111 oligonucleotidc probes, 7.78
polyethylene glycol enhancement 01,9.70—971
1111110111110]ng oligonucleotides, 1342—1343

in shotgun bequencmg protocol. 12.18
(71'1Vhr»25(), 18.78, 18.80, 18.88, 1893—1834

of tyrosine, 14.2

?kmphotymsine residues, antibodJes specific for,
14.2

I’homms pyruhs, 17.96. A921
1’hutu1notin, 9.78, 11.116

Phomhlmching, 18.73, 18.92
Pholography of DNA 1n gels, 516—517

( (fil) (charged couple device) imaging systems,
515—516

Puldmid, 5.15—5.1 7

p01ydcry1dnlid€ gels, 5.48
letol.11wling, 9.78
lemlithography, A108

pHL'B vectors, 15.4,1525
pth1,cx/7cn. 18 19

picoBlue Immunoscreening Kit. 14.25
Piezoelectric printing of microarrays, A10.16

Pili, F, 4.49
PIMA (Pattern—induced Multiple Alignment) pro-

gram,A11.6—A11.7
p1N1)(SP11/V5—Hih A,17.72, A3.4

Piperidine

in chemical sequencing protocols, 2614265,
12.67, 12.71

rapid methods, 12.71
removal of, 12.62, 12.66

cleavage of CDI-modified bases, 13.95
PIPES (piperazine—l,4—bis12-ethanesulf0mc acid]),

7.28

in nuclease 51 mapping of RNA, 7.56
in ribonuclease protection assay protocols. 7.67

Pipetting devices, automatic

in PCR protocols, 8.19

as RNase source, 7.82

plBS, 4.13, A35
plG-4, A34
pIG4-5, 18.20, 18.30, 18.43

pJG4~51, 18.20
p]K101,18.12,18.23,18.25,A3.5

le103, 18.12
p1K202, 18.19, 18.27

PKbuffer,18.51,18.52
chso, 15.4. 15.25
pKK223-3,15.3, 15.15
pKN402 replicon, 1.4
PLACE (plant cis-acting regulatory elements) data-

base, A1 1.20

Placental RNase inhibitor, 8.49

PLALIGN program,A11.4

P1a11tCARE (plant cis—acring regulatory elements)
database, A] 1.20

Plaques, viral

7. bacteriophage
B—galactosidase screening, 2.30

macroplaques. 2.31

plating protocols, 2.25‘231
size, 2.30
smearing, 2.30

M13 bacteriophage, 3.17
picking, 3.22
type, 3,2, 3.17

overview of, 2.25

purification, 13.45
P1asm1'd DNA

dephosphorylation, 1.93497

electroporation of E. coli and, 1.119—1.122

ligation in low-melting—temperature agarose,
1.103—1.104

linker addition to blunt~ended DNA, 1,984,102
preparation

alkaline1ysis with SDS, 1.19

maxipreparation protocol, 1384.41
midipreparation protocol, 1354.37
minipreparation protocol, 1.324 .34
overview, 1.31

troub1eshoot1’ng, 1.41, 1.42
yield, 1.41

boi11ng 1ysis

large—scale, 1,474.50
overview, 1.43
small—scale, 1.44446
yield, 1.50

for DNA sequencing templates, 1226—1231
denaturation, 1226—1230

PEG precipitation, 12.31
purification, 1.18—1.19

chromatography, 1.62464
commercial resins, table of, 1.64

Sephacryl S-lOOO columns, 1.80481
5128111111131101‘15, 1.63

CsCl removal, 1.73—1.75

CsCl-cthidium bromide gradients, 1.18
contamination by DNA/RNA fragments,

1.65

continuous gradients, 1654.68
discontinuous gradients, 1.694 .78
DNA collection from, 1 674.68, 1.71

rebanding, 1.68
ethidlum bromide removal

extraction with organic solvents, 1.72—1.74
ionfexchange chromatography, 1.754 .77

kits, 1.19

low-melting-temperature agarose. 5.7
nucleic acid fragment removal

centrifugation through NaCl, 1784.79

chromatography, 1804.81

precipitation with LiCl, 1824.83

precipitation with PEG, 1.19, 1.59461,

1.152, 12.31
steps,1.164.19

growth of bacterial culture, 1.16
harvesting and 1ysis of culture, 1.164 .18
purification, 1.18—1.19

receiving in the laboratory, 1.29
transfection of eukaryotic cells,ca1cium-phos—

phate—mediated, 1614—1620
high efficiency, 16.20
materials for, 16.15—16.16
method,16.16—16.19
variables affecting, 16.20

transformation. See Transformation
Plasmids. See also Plasmid DNA; Plasmid vectors

amplification, 14, 1,13, 1.39, 148,156, 1.128.

1.131, 1.143

copy number, 1.34.4, 1.64.9

ch10ramphem’c01 amplification, 1.4, 1.39,
1.48,1.56,1.128,1.131,1.143

E. roli strains—related suppression, 1.15
10w—copy~number vectors, 1.124 .13

suppression by pan, 1.13

incompatibihty, 1.74.8

mobilization, 1.146
overview. 1.24.3
partitioning, 1.146
replication, 1.44.7

diagram of, 1.5
incompatibility of plasmids, 1.7—1.8
initiation of DNA synthesis, 1.54 6

inverted repeat lethality, 1.15

regulation by RNAI, 1.64 .7

relaxed, 1.4, 1.17
runaway, 1.13

stringent, 1.4, 1.17

replicons, 1.34.4, 1.17. See also Replicons
size, 1.9
stability regions, 1.146

Plasmid vectors

adaptor attachment to protruding termini, 1.88—
1.89

with bacteriophage origin of replication, 1.1 1
with bacteriophage promoters, 1.1 14.12

blum—ended cloning, 1.90492
cDNA library construction, 1 1.63
directiona1 cloning, 1.844 .87

eukaryotic expression libraries, 11.724 1.7},
1 1.76-1 1.77

expression libraries, screening, 14.14—14.22,
14.47—14.49

chemiluminescent screening, 1421—1422
chromogenic screening, 14.20—14.21
master plate/filter preparation, 14.17
materials for, 14.15—14.17

processing filters, 14.18

protein expressing clones, 1419—1422
radiochemical screening, 14.19
rephca fi1ter preparation, 1417—1418
validation of clones, 14.22  



vcnlm thoilit’, 14.14
nprcssmn vectors, 1,134.14

findmg appropriate, 1.14—1.16
history of

1973—1978, 1.9

19784983,1.9‘l.10

1983—presem, 1.11—1.14

Immunological screening oflibraries in, 14.2
m vim: mutagenesis, 13.19—13.25
for in vilm transcription], 929—931

lnw-copy-number, 1.124 .13

nested deletion mutant set creating, 13.57,
1359—1161

positivc aslection, 1.12
runaway replication, 1.13

selectable markers, 1.84.9
table of, A3.2—A3.3
USE mutagenesm, 1326—1330

Plasmoon, 18.96

Plasticwarc, preparation of, A8.3
Platinum 711q Polymerase, 8.110
pLeonp—IucU, 18.12

Plus and mlnus sequencing technique, 12.4
Plus/minus screening, 9.89~9.90
pLycF, 15 21.15.24
plysS, 15.21, 15.24

PMZ, bacteriophage, 13714372
pMAL vectors, 15.15, A3.2

for fusion protein Lonslruction, 15.5

pMAL2. 15.7
pMAL-CZ, 15.8, 15.40
pMAL-p2, 15.8,15.40

pMBI, A12

plasmid growth and replication, table of, 1.17
replicon, 1.34.4

pMC9, 11.62, 11.66, 14.6, 14.47

pMCIZB, 1.15

Pmel

cleavage at end of DNA fragments, A6.4
fragment size created by, table of, A4.8

genomic11NA mapping, 568—569

site frequency in human genome, 4.16, A63
pMEX, 15.15
pMOB45, 1.1.4, A3.2

pMRlOO for LacZ fusion protein expressmn, 15.59
PMSF. See Phenylmethylsulfonyl fluoride
pMW101—104,18.19—18.20,18234824
pMW107—110, 18.12

pMW111,18.12,A3.5
pMWI 12, 18.12, 18.23—18.25, 18.29, 18.44, A3.5
pNB42 series, 18.20
pNLexA, 18.19

Point mutation detection by ligase amplification
reaction, 1.157, 1.159

Poim-sink system of shearing DNA, A835
poIA gene, E. (011, 9.82
P01 1. See DNA p01ymerase,E. cali DNA polymerase I
Pn13scan program. A1 1.14
Polishing ends

ofdmplified DNA, 8.30, 8.32—8.34

in DNA sequencing protocols, 12.17
with Klenow, 12.17
with T4 DNA polymerase, 12.17

PUMA) polymerase, 1.13, 9.56
P01y(A) RNA

(DNA llbrary construction, 11.39
(DNA probe generation from, 9.38—9.40, 9.43,

9.48

m hybridimtion solutions, 6.51—6.52
mtegrity. checking, 11.39, 11.42
in northern hybridization, 7.45
in primer extension assays, 7.76
selection

by batch chromatography, 7.18—7.19
by 011g0(dT)-ce11u1ose chromatography, 7.13—

7.17

on poly(U1—c0ated fi1ters, 7.20

by poly(U)—Sepharose chromatography, 7.20
by streptavidin-coated beads, 7.20

In Southern hybridization, 6.56
Polyacrylamide

chemical structure of, A841
cross-linking, 5.41—5.42

structure of, 5.41

Polyacrylamide gel electrophoresis. See also SDS-
polyacrylamidc gel electrophoresis of pro—
teins

agarose gels compared, 5.2, 5.40

analysis of protein expression in transfected
cells, 17.69

band—stab PCR ofsamples from gel, 8.71
caging, 17.13

in coimmunoprecipitation protocol, 18.61,
18.65, 18.68

denaturing, 5.40

DGGE (denaturing gradient gel electrophoresis),
1391—1392

DNA detection

autoradiography, 5.49—5.50
silver staining, 5.77
staining, 547—548

DNA fragment size reso1ution, percentage gel
for, 7.56

DNA recovery

by crush and soak method, 5.5 lv5. 54
by electroelution into dialysis bags, 523—525

DNA sequencing, 12.664269, 1274—1293

autoradiography, 1290—1293

compression of bands, troubleshooting.
12.83,12.109—12.110

loading, 12.88

base order, 12.88
loading devices, 12.88

marker dye migration rate, 12.89
preparation of, 12744284

air bubbles, 12.79

electrolyte gradient gels, 12.834 2.84

formamide containing, 1281—1282
glass plates, 1276—1278
leaking gels, 12.80
materials for, 1274—1275
pouring gels, 12.78—12.80

reading, 1290—1293
resolution of, 12.85

running, 12.85—12.89

safety precautions, 12.86
temperature—monitoring strips, 12.86

troubleshooting band pattern aberrations,
1267—1269, 12.82

wedge gels, 12.83

in DNase I footprinting protocol, 17.5, 17.10

DNA size selection in shotgun sequencing proto»
col, 12.18

drying gels, 5.50, 12.92

far western analysis of protein-protein interac-
tions, 18.49—1850

fixing gels, 549—550, 1290—1292
formamide in sequencing gels, 6.59

gel retardation assays, 17.13—17.17, 17.80
geI—loading buffers, 5.42
g1ass plates for, 12.76

in GST fusion protein pulldown technique,
18.55, 18.56,18.59

glycerol and, 13.90
IEF and, 18.61

markers

migration rate of dyes, 7.57, 12.89
radiolabeled size, 9.54

method, nondenaturing, 5.44, 5.46
apparatus assembly, 5.44
bubbles, removal of, 5.45

casting gel, 5.45
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de—acration of acrylamide solution, 5.44
loading samples, 5.46
storage of gels, 5.45

nondendturing, 5.40—5.46

in nudeasc 51 mapping of RNA, 7.56—7.59
oligonucleotide purification, 10.114016, 10.48

detection in gels, 10.16
eluting DNA, 10.15

materials for, 1012—1013
protowl, 10.13—10.16

in primer extension assay protocol, 7.77,
7.80—7.81

for protein separation, 15.17, 15.24, 15.29, 13.33
resolution, 5.40, 5.42

in ribonuclease protection assay

analysis of RNase—resistant hybrids, 773—774
purification of riboprobes, 7.71—7.72
size standards, 7.73—174

RNA purification, 9.35

silver staining DNA, A9.6—A9.7
single-strand conformation polymorphism and,

1351, 1354—1355
spacers for, 12.76

tape, gel~sealing, 12.76, 12.78
temperature-monitoring strips, 5.43, 5.46
western blotting and, A9.28

polyadq program, A11.14

Polybrene, DNA transfection using. 16.3, 16.43—
16.46

Polycloning sites, 1.10
Poly(d1-dC), 17.14—17.15
Polyethylene g1yc01 (PEG)
DNA purification, 12.31

21 particles, precipitation of, 243—244
in ligation reactions, 1.152, 1.154
for M13 concentration, 3264.28

PEG 8000, A128
as crowding agent, 1.23

phosphorylation reaction enhancement,
9.70—9.71

in shotgun sequencing protocol, 12.18
in virus particle precipitation, 12.23

PEG—MgCI2 solution, A1.21

plasmid DNA purification by PEG precipitation,
1.19,1.152,1.159—1.161

in protoplast fusion, 1.154
structure of, 1.154, 3.49

uses of, overview, 1.154, 3.49

Polyethylene imine for facilitation of DEAE trans—
fection, 16.28

Polyhedral inclusion bodies (PIBs), 17.81

Polyhistidine-tagged proteins. See Histidine-tagged
proteins

Polylinkers in vectors. Sec Linkers; spectfic vectors
Poly—L-lysine, 18.85, A10.5

Polymerase, DNA. See DNA polymerase
Polymerase chain reaction (PCR)

amplificatlon of specific alleles. 13.48
analysis of

A recombinants, 2.33, 2.105
products, 8.447 8.52, 8.58, 8.60, 8.65, 8.70—

8.71, 8.75, 8.80, 8.85, 8.92—8.93

yeast colonies. 4.72—4.73
Band-stab, 8.71

cDNA amplification
of 3’ ends, 861—865

amplification, 864—865
materials for, 861-863
reverse transcription, 8.64

of 5’ ends, 854—860

amplification, 8.59—8.60

full—length clones,yie1d of, 8.59
materia1s for, 8.56—857

reverse transcription, 857—858
tailing reaction, 8.58—859

mixed oligonucleotideprimed, 8.66—871
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Pnhmcmse chain reaction (continued)

analysis, 8.70—8.71
hmd‘stab PCR and, 8.71
DNA template, 868—870
guessmers, 866—867

materials for, 869
method, 8,704.71

primer design rules, 867—868
variations in protocol, 8.67

RT—PCR, 846—853

cDNA characterization. rapid, 872—876
screening individual colonies or plaques.

874—875
method, 8.74—873

troubleshooting, 8.75

yeast colonies, 8.75

screening 7. libraries, 8.76
cloning products

blunt end, 830—834
difficulty of, 8.30

end modification, 8.42—8.45
genetic engineering with PCR, 8.42—8.45
overview, 830—831

polishing termini, 8.30, 8.32—8.34
restriction site addition and, 8.31, 8.37—8.41

clamp sequences and, 838—839
diagram of procedure, 8.38
primer design tips, 837-838
problems, 8.37

protocol, 839—841

troubleshootmg, 8.41

into T vectors, 8.3], 835—836
codon usage,chang1ng, 15.12

components of

essential, 84-86
optional, 8.9

contamination in, 816—817

cycles, number required, 8.9, 8.12

detection of defined mutants, 13.48
diagram of amplification sequence, 8.19
differential display, 896—8106

advantages of, 8.96
kits, 8.102

materials for, 8101—8102

method, 8.102~8. 105
primers. 8.96

anchored, 899-8. 100
arbitrary, 8.100

problems with, 896—899

schematic representation of, 8.97
tips for success, 8.106

digoxygenin labeling of nucleic acids, A938—
A939

in direct selection of (DNA protocol, 11.98—
1 1.100

DNA polymerase, thermostable, 8.4, 86—88

3-5” exonuclease activity, 8.30
cocktail mixtures of, 8.7, 8.77
inactivation, 8.25, 8.29
obatructions to, 8.7

properties and applications, table of, 8.10—
8.1 1

terminal transferase activity, 8.30
DNA preparation for

mammalian, 6.3, 6.16, 619—623, 627—628
veast, 6.31

in DNA sequencing

with end-labeled primers, 12.51—1255
with internal labeling, 12.60

etfiaency calculations, 8.12

in end-labeling for chemical sequencing of
DNA, 12.73

GC-Melt, 4.81
history of, 8.2—8.4
hot slart.4.81,8.110
inhibition of, 8.13

by SYBR GoId dye, A98
inosine use in, 8.113
interaction trap positives, rapid screen for,

1846—1847
inverse PCR, 1.157, 4.74—4.75, 8.81—8.85

materials for. 882—883
method, 884—885

overview of, 8.81
restriction enzyme choice for, 8.81, 8.84—8.85
schematic representation of, 8.82
use of, 8.81

Klenow use in, A4.16
7» recombinant analysis, 2.33. 2.105
ligation-independem cloning (LIC-PCR),

11.121—11.124

locating by linker—scanning mutagenesis, 13.76—

13.77
long PCR, 877—880

method, 879—880
overview of, 8.77
primers. 8.79
template DNA, 8.78—8.79

melting temperature calculation, 8.15—8.16
multiplex, 8.107
mutagenesis, random (misincorporation muta-

genesis), 13.80
mutation detection techniques and, 1391—1396
Perfect—Malch, adding, 4.81
primer elimination by exonuclease VII, 7.86

primers, 8.4—85. See also specific applications
base composition, 8.14

concentration of, 8.5
design for basic PCR, 813—816

computer assisted, 8.15

melting temperature, 8.14-8.16
restriction sites, adding, 8.14, 8.37—8.38

factors influencing efficiency, 8.14
length, 8.14, 8.18

nested, 4.81
purification of, 8.5

repetitive or random primer use, 4.75
selecting primers, 813—815
specificity, 8.13
universal primers, 8113—81 17

for kgth/kgtl 1, 8.116
for M13 vectors, 8.115
for pBR322, 8.114

for pUC vectors, 8.115
transcription promoter primers, 8.117

programming
annealing, 8.8—8.9
denaturation, 8.8

extension of primers, 8.9
number of cycles, 8.9

promoter for RNA polymerases, addition to
DNA fragments, 936—937

amplification conditions, 9.36

primer design, 9.36
protocol, basic, 8.18—8.24

bystander DNA, 8.21
controls, 8.21
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method, 851—853
primers for, 846—848

troubleshooting, 8.53, 8.60
sequencing of PCR—amplified DNA, 12.106
sing1e~site, 4.76—4.80

single-stranded radiolabeled probe production,
7.54

site-directed mutagenesis, 842—845, 13.7—13.10
megaprimer method, 138—1310, 1331-1335
overlap extension, 138, 1336—1339

symhetic oligonucleotide cassette use, 4.76. See
also Vectorette PCR

TAIL, 4.75
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for screening expression libraries, 14.3, 14.5,

14.16

CAT reporter assay, 17.36, 17.38-17.41
in coimmunuprecipitation protocol, 18.62
for DNA sequencing, 12.36, 12.43, 12.49-12.54,

12.60

asymmetric labehng, 12.72
Chemical, 12.64

end—1abe1ing by PCR, 12.73

in DNase I footprinting protocol, 17.5, 17.7
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end labeling, 4.33, 12.73

for far wcstern analysis of protein—protcin inter-
actions, 18.49, 18.52

in gel rEtdrdation assays, 17.13—1 7.15
with Klenow fragment, 12101—12102, A415
ot'ohgonucleotidcs by phosphorylation, 13.42-

l3.43

pulse-chasc experiments, 15.18-15.19

in restriction enzyme digestion efficiency moni-
toring, 2.66

RNA by RNA ligase, A430

with T4 DNA p01ymerase,A4.18-A4.19

with T4 DNA polynucleotide klndSC, A435
with terminal transferase, A427
for transcriptiona1 run-on assays, 1723—1724,

1727-1728

RAGI/RAGZ (recombination activating genes),

17.56
RamX, 12.75

Random priming buffer, 9.6, 947
Random priming in digoxygenin labeling of nucleic

acids, A9.38—A9.39

Rapid amplification of (DNA ends (RACE), 18.14

3'—RACE, 861—865
5'-RACE, 854-860

Ras recruitment system (RRS), 18125—18126
Rat. genomic resources for micmarrays, A106
RB791 E. coli strain, A39

rBst DNA polymerase, A423
Real time PCR, 8.89, 8.94-8.95

advantages/disadvantages, 8.95
fluommetric detection, 8.94
instruments for, 8.95
TaqMan method, 8.95

Reassociation kinetics, 765—766
REBASE (restriction eiuyme database), 1.16, 13.88,

A4.3-A4.4, A49
recA gene, 1.15, 2.28—2.29
RecA protein

chi site and, 2.13

A C1 protein cleavage, 2.8, 2.18
recAI, M13 vectors and, 3.11—3.13
recB, 1.15, 2.11, 2.13, 2.28
reL'C, 2.1 1, 2.28
recD, 2.1 1, 2.13, 2.28

RecF, 115
Red, 1.15

RecO, 1.15

Recombinant phage antibody system, 18.120
Recombination

chi sites and, 2.13

Cre—loxP recombination system, 482—485,
1 1.25-1 1.26

in Ninfected cells, 2.11-2.13
M13 vectors and, 3.11-3.13, 3.16

Recombination activating genes {RAGl/RAGZ),
17.56

RecQ, 115
red, 2», 2.11, 2.20, 2.22
Red blood cell lysis buffer. 562, 628-629
REF select program, 13.94

Regulatory elements of genes. See also Promoters
detection by transcriptional run—on assays, 17.23
gel retardation assays for DNA—binding prnteins,

17.13—17.17
identification by 1inker-scanning mutagenesis,

13.75—13.77
mapping by DNase 1 footprmting, 17.18—17.22
mapping by DNase I hypersensitivity sites,

17.18-1 7.22

mapping by hydroxy1 radical footprinting, 17.12
reporter assays, 1730-1751

B—galacmsidase, 1748—1751
CAT,17.33—17.41
luciferase, 17.42—17.47

overview, 1730-1732
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Renrllu rcm'fbrmis, 17.89, 1796, A922

Renin. 15.8
rcpA gene in runaway plasmid vectors, 1.13
RepA protein, 1.4, 1.8

rrpE in bacterial artificial chromosome, 4.2, 4.48
Repelcotc, 12.75

Repemive DNA sequences, amplification of, 8.106
Replacement vectors, 1, 2.19, 2.22, 2.64—2.65
Rephcation, DNA

chromosomal, chloramphenicol blockage of,
1.143

plasmid, 1.4—1.7

diagram of, 1.5
Incompatlbility ofplasmlds, 1.7—1.8

initiation of DNA synthesis, 1.5—1.6
inverted repeat 1etha1ity, 1.15

regulation by RNAI, l.6—1.7
relaxed, 1.4, 1.17
runaway, 1.13
stringent, 1.4, 1.17

Replication, M13, 3.2, 3.5—3.7

Replicative form (RF), M 13, 3.2, 3.5—3.6, 323—325
Replicons

ARS, 4,241.3, 4.60

chloramphenicol amplification and, 1.143—1.144
colEl. 1.3—1.4, 1.13, 1.15, 1.17, 1.143, 4.2, 4.5,

|1.22—11.24,15.3

F, 4.2—4.3
1'1,11.22—11.24

m high~capacity vectors, 4.4

incompatibility of plasmids, 1.7—1.8

low-copy-number plasmid vectors, 1.12
P1, 4.4, 4.37

plasmid copy number and, 1.3»1.4, 1.12
SV-lO, 4.5

table of, 1.4
Reporter assays, 17.30—17.51

B-galactosidase, 1748—1751

CAT, 17.33—17.41, 17.95
GFP, 1185—1787

Iuciferase, l7.42—17.47, 17.96,A9.21,A9.23
overview, 1730—1732

Reptation, 5.2, 5.56, 12.114
Rescue buffer, 18.39

Resequencing, A10.17

Resms, 1.62—1.64. See also Chromatography
for DNA purification, 1.63—1.64, 5.26
ion»exchange, formamide deionization, 6.59
oligonucleotide purification, 10.49
table of commercially available, 1.64

Resolvases, 13.91, 13.94

Resolver program, A10.15

Restriction digestion of DNA for Southern analysis,
6.39—6.40, 6.42

Restnction endonucleasc fingerprinting (REF),
13.91, 13.94

Restricuon enzymes. See also Restriction sites; spe—

cific enzymes
m adaptor use, 1.89

adenine methylation and, 1387—1388

agarose plugs, DNA digestion, 5.68—5.70, 5.78

boiling Iysis plasmid DNA preparations and,
1.18, 1.43

cleavage near ends of DNA fragments, 1.86, 8.31,
8.37—8.38, A64

cyclic coiled DNA resistance to cleavage, 1.40,
1.45, 1.49

digestion efficiency, monitoring, 2.66—2.67
DNA resistance to cleavage

alkaline lyais preparations, 1.33, 1.36, 1.42
boiled lysis preparanons, 1.45, 1.49

m cxonuclease 111 mutagenesis protocol, 13.57-

13.59

fragment snze created by, table of, A4.8
genomlc DNA mappmg, 568—569
inhihltion by agarose, 5.18, 5.29

inhibition by ce11 wa11components, 1.33, 1.36,
1.42, 3.24

inverse PCR and, 8.81—8.83

ligation reactions, inclusion into, 1.100

linker sequences for, 1.99
partial digestion of eukaryotic DNA for genomic

libraries, 276-283

pulsed-field gel electrophoresis, use with, 5.60,
5.68—5.70

use in BAL 31 mutagenesis protocol, 13.63, 13.66
Restriction enzyme buffers, effect on DNA migra-

tion in agarose, 5.10
Restriction mapping

BAL 31 nuclease use for, 13.68

of cosmid/genomic DNA recombinants, 4.33
YAC genomic inserts, 4.63

Restriction mutations, M13, 310—313
Restriction sites

addition to 5' termini of PCR primers, 8.31,
8.37—8.39

clamp sequences, 838—839
enzyme choice, 8.37—8.38

frequency in human genome, 4.16, A6.3

in linkers/adaptors, 1.98—1.100, 11.20—1 1.21,
11.48—11.52, 11.64

methylation of, A4.5—A4.9
dam methyltransferase, A43

isoschizomer pairs, table of, A46

mutagenesis to create/remove, 13.83

removal by USE mutagenesis, 1326—1330, 13.85

Restriction/modification systems, A4.4. See also
Methy1ation

Retinoid X receptor (RXR), 17.71, 17.73
Rev response element (RRE), 18.11

Reverse transcriptase, 8.48, 8.51—8.52, A4.24——A4.26
in 3‘—RACE protocol, 861—862, 8.64

5-3 polymerase activity, A4.24
in 5'-RACE protocol, 854—858, 8.60
ALV, 11.11

AMV, 8.48, 11.38, 11.109

cDNA first strand synthesis, 11.38—11.42

in cDNA probe construction, 9.39w9.40,
942—943, 947—948

contr01s for activity variation, 9.40, 9.43, 9.48
in differential display—PCR, 8.97, 8.101, 8.103

digoxygenin labeling of nucleic acids, A939
in exon trapping/amplification protocol,

11.89—] 1.91

inactivation, 8.52, 8.103

Mo-MLV, 8.48, 9.39, 9.42, 9.47, 11.11, 11.38,
11.40-11.41, 11.109—11.110

in primer extension assays, 7.75, 7.77, 7.79
properties, table of compared, A4.11
in quantitative RT—PCR, 8.91
RNase activity, 11,11—11.12,A4.24—A4.25

Tth DNA polymerase, 8.48
types 0f,11.11—11.12
uses, list of, A4.25—A4.26

Reverse transcriptase buffer, A1. 11

Reverse transcriptase-PCR. See RT-PCR

Reversed—phase chromatography, 10.11, 10.15—
10.16

for DNA purification, 5.26
oligonucleotide purification, 10.49

rexA gene, 7», 2.3, 2.17
rexB gene, X, 2.3, 2.17

RF6333, E. coli, 15.19

RFY206, 18.22
R gene, 7», 215-216
Rhodamine, 1296—1298, A933
Rhodium, 17.77
Ribonudease. See RNase
Ribonuclease protection assays, 7.63—7.74

diagram of, 7.64

northern hybridization compared, 7.63—7.65
protocol

analysis by gel electrophoresis, 7.73—7. 74
digestion of hybrids, 7.73
dissolving nucleic acid pellets, 7.72

hybridization, 7.72—7.73

materials for, 7.67—7.68
probe preparation, 7.70—7.72

quantification of RNA in samples, 7.63, 7.65—
7.66

SI protection assay compared, 7.65
sensitivity of, 7.63—7.65

Ribopt‘obe Gemini Systems, 9.32
Ribosomal protein 510, 2.7

Ribosomal RNA mutation databases, A11.21
Ribosome-binding site, 15.11—15.12, 15.18

Rifampicin

inhibition of bacteriophage T7 RNA polymerase,
15.20

modes of action, A27
RNA

5‘ cap, 9.88
concentrating. See Concentrating nucleic acids
concentration determination by spectrophotom-

etry, 7.8, 7.16

CsCl density gradients, 1.155
databases, bioinformatics, A1 1.21—A1 1.22
denaturation

with formamide, 6.59

by heat, 8.51
dephosphorylation, 9.65
electrophoresis, agarose gel, 7.21-7.23, 7.27—7.34

equalizing RNA amounts in, 7.22—7.23
formaldehyde—containing gels, 731—734
glyoxylated RNA, 7.27-7.30

integrity of RNA, checking methods, 7.30
markers for, 7.23, 7.29

end-1abeling
3‘ termini, 9.56

5‘ termini, 9.55
hybridization

dot and s1ot, 746—750

northern protocol. See Northern hybridiza-
tion

LiCL precipitation of, 1.59
mapping

mung bean nuclease, 7.55
nuclease S], 7. 5 1—7.62

primer extension, 7.75—7.81
ribonuclease protection assays, 7.63—7.74

polymerase (see RNA polymerase)

precipitation with LiCl, 1.59, 1.82—1.83
probes, 7.54

for in situ hybridization, 9.35
purification of, 7.54

ribonuclease protection assays, 7.63—7.74
screening expression libraries, 14.2

synthesis of single-stranded probes by in vitro
transcription, 9.29—937

protein interaction, studying with bait and hook
strategy, 18.10—18.11

purification
acid phenol—guanidinium thiocyanate-chloro—

form extraction, 7.4—7.8

DNA contamination, 7.8, 7.12

ethanol precipitation, 9.34—935
gel electrophoresis, 9.35
isopropanol precipitation, 7.7, 7.12

po1y(A)* RNA selection by batch chromatog-
raphy, 7. 18—7. 19

poly(A)* RNA selection by oligo(dT)-cellu-
1ose chromatography, 7.13—7.17

simuItaneous preparation with DNA and
protein, 7.9—7.12

spun~column chromatography, 9.35
quantitation. See Quantitation of nucleic acids
RNA]

decay due to 17an gene, 1.13  



degradation, 1.7
regulatmn 01" rcp1icatiun, 1.6—1.8
Rom binding, 1.7

RNA11,1.~1—1.7

mummn m pUC plasmld family, 1.6
priming of DNA synthesis at colEl origms,

1.5—1.6

RNAI mteraction, 1.6—1.7

RNJSL‘ H transcript processing of, 1.6
Rom binding, 1.7

software,bioinformatics,A11.14—A11.15
staining

ethidium bromide binding, 1.151
of glyoxylated RNA, 727-728

with methylene blue, 7.39, A94
with SYBR dyes, A9.7~A9.8

standards. 7.23
storage 01, 78
types. 7.2

yeast camer tRNA, 5.20
RNA denaturation solution, 7.48
RNA gel—loading buffer, 7.68, A1.19

RNA ligase, bacteriophage T4, 1.157, 956, A434
RNA modification database,A11.21
RNA polymerase, A4.28-A4.29

bacteriophage T3, A4.28—A4.29
bacteriophage T7, A4.28-A4.29

inhibinon by lysozyme, 15.21, 15.24
inhibition by nfampicin, 15.20

digoxygenin labeling of nucleic acids,
A9.38—A9.39

DNA-dependent, 1.4
E. (011, 9.87

in 7», 210—211
Ml3 replication, 3.5

in vnro transcription, 930—932, 9.34, 936—937,
987—988

71, 2.6, 2.7, 2.8

nuclear run-on assays, 17.23

promoter addition to DNA fragment by PCR,
9.36~9,37

dmp1ification conditions, 9.36
pnmer design, 9.36

promoter sequences recognized by bacteno-
phage-encoded, 7.87

in ribonuclease protection assay protocol, 7.68,
7.71

RNA polymerase 111 in two-hybrid system for
protein-protein interaction study, 18.15

transcription terminator signal
overcoming, 9.36
recognition, 9.36

RNA precipitation solution, 7.10

RNA secondary structures database,A11.21
RNA World database, A11.21

RNase, 7.2, A18

in BLOTTO, 1.139

cleavage ofmismatches in RNAzRNA heterodu-
plexes, 13.93

contaminatiun

preventive measures, 7.82

sources of, 7.82

in vitro transcription, 9.36

in CsCl-ethidium bromide gradients, 1.67
formamide protection of RNA, 78
inactivation of. 7.4
inhibitors of

DEPC, 7.82—7.84

placental, 8.49

protein, 768, 7.71, 7.77, 7.79, 7.83,11.39

RNasin, 17.25

vanadyl ribonucleoside complexes, 7.83
in lysis buffer, 6.4—6.5
nucleic acid contaminant removal, 1.79

remova1 by phenolxhloroform extraction, 9.33
removal by proteinase K, 9.33

in yeast DNA purification protoco1s, 4.69, 4.71
RNase A, 1.59, A439

in alkaline lysis with SDS protocols, 1.34—1.35,
1.38

cleavage of mismatches in RNAzRNA heterodw
plexcs, 13.93

cleavage preferences, 7.67
DNase free, preparation of, A4.39

in ribonuclease protection assays, 766—768
in transcriptional run-on assay protocol, 17.29

RNase digestion mixture, 7.68, 7.73
RNase E, 1.7

RNase H, 1.4, 7.77, 8.48, 11.43
activity of exonuclease 111, 13.73
in AW reverse transcriptase, 11.11
buffer, A1.11

in cDNA second—strand synthesis, 11.14—11.17,
1 1.43—1 1.46

in DNA polymerase I, A4.12

functions of, 8.111
overview of, A438
in reverse transcriptases, 11.11—11.12,

11.109—11.110, A4.24—A4.25

RNAII transcript processing, 1.6
RNase 1, 7.67, 13.93

RNase III, E. 5011, 2.6
RNase ONE, 7.67

RNase P (polymerase III) promoter, 18.11
RNase T1, A4.39

cleavage of mismatches in RNAzRNA heterodu—
plexes, 13.93

cleavage preferences, 7.67

in ribonuclease protection assays, 7.66—7.68

in transcriptional run—on assay protocol, 17.29
RNase T2, 7.67
RNaseOUT, 9.38

RNasin, 7.68, 7.77, 7.83, 9.38, 17.25
RNA—Stat~60, 7.10

Robbins Hydra Work Station, A10.5

Robotics for high—throughput processing, A10.5
Roller bottle hybridization chamber, 6.51, 6.53—6.54
Rolling circle replication

1», 2.1 1—2. 12
in phagemids, 3.43

Rom (RNAI modulator), 1.5, 1.7

Rop (repressor of primer), 1.5, 1.7

Rotors, table of commonly used. A8.39
RPCI—ll Human BAC Library, 4.9
R—phycoerythrin, A933

RRI E. culi strain, A39
rRNA database, A1 1.21
Rsa1,A4.9

Rer site frequency in human genome, 4.16, A6.3
RerI

fragment size created by, table of, A4.8
genomic DNA mapping, 5.69
methylation, A4.7

RT—PCR (reverse transcriptase—PCR), 8.46—853
advantages/disadvantages, 1 1.15

controls/standards, 848—849, 851—852

differential display-PCR, 8.97
enzymes, reverse transcriptase

inactivation of, 8.52

types used, 8.48

in exon trapping/amplification protocol,
1 1.8971 1.94

fu11-Iength clones,10w-yie1d of, 8.60
materials for, 849-851

measuring multiple gene products by, 8.89
method, 8.51—8.53

primers for, 846—848

quantitating RNA by, 7.66
quantitative, 888-891
reference templates, 888—889
troubleshooting, 8.53, 8.60

thh DNA polymerase
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in circular mutagenesm, 13.20
in overlap extension method of mutagenesis,

13.37

properties, table of,r\~1.23
Runaway plasmid repllcation, 1.13
Rz gene, k, 2.15~2.16

RS

decay data, A9.15
particle spectra, A9.9—A9.10
sensitivity of autoradiographic methods for

detection, A913
55 rRNA data bank, A11.21
Sl nuclease. See Nuclease Sl
sacB gene, 44—45, 4.37

Saccharomyces cerevisiae, 4.58—460. See also Yeast
artificial chromosomes

chromosome separation by pulsed-field ge1 elec-
trophoresis, 5.56

chromosome sizes, 5.60, 5.65
expression in, 15.55

FLP recombinase, 4.85
genome size, 4.64

protein interactions in, mapping, 18.123-
18.124

protem—protein interactions, studying, 18.4, 18.6

805 recruitment system (SRS), 18125—18126
Sad

cleavage at end of DNA fragments, A64
fragment size created by, table of, A48
linker sequences, 1.99

site frequency in human genome, 4.16,A6.3
SacII

fragment size created by, table of, A4.8

site frequency in human genome, 4.16, A6.3
S—adenosylmethionine (SAM l, 1.99, 11.48—11.49,

A43

SAGA (Sequence Alignment by Genetic Algorithm)
program,A11.7—A11.8

SaII

7—deaza—dGTP modified DNA, cleavage of, 8.60
cDNA linkers and adaptors and, 11.20, 1 1.5],

1 1.64

in cDNA synthesis kits, 11.71

cleavage at end of DNA fragments, A64
fragment size created by, table of, A48
genomic DNA mapping, 5.69

in homopolymeric tailing protocols, 1 1.111
linker sequences, 1.99

methylation, A4.7

site frequency in human genome, 4.16, A6.3

terminaI/subterminal site cleavage, inefficient,
8.38

Salmon sperm DNA

in chemical sequencing protocols, 12.64

in hybridization/prehybridization solutions,
6.52—6.53, 6.56, 7.45, 10.35, 10.38

as transfection control, 16.4
SAM. See S-adenosylmethionine ( SAM 1

SAM (Sequence Alignment and Modeling System)
program,A11.7

SAP. See Shrimp alkaline phosphatase

Sarkosyl for lysis of cells in agarose plugs, 5.62, 5.64,
5.67

Satellite colonies,1.110, 1.115, 1.118, 1.148
Saturation mutagenesis, 132—133
Suu3A1

7—deaza—dGTP modified DNA, cleavage of, 8.60
dam methylation and, 13.87, A4.3
genomic DNA digestion, 4.1 1, 4.36

in site—directed mutagenesis protocol, 13.84
sbcA, 2.13, 2.28

sch, 1.15, 2.13
Sbfl site frequency in human genome, 4.16, A6.3
ScanAlyze image analysis program, A 10.5, A10.13
ScanArray 5000, A10.“
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Manning mumgmcsis, 13.3

SganI’OsHL‘ program, .~\11.17

5111 17.83

Mlufl hdxcs .md rkvrmaldehyde, 7.31

M'hzzusuwlmrmnyrvs pombe, chromosome si7es of,
5.60, 5.65

Schlicrcn line, 1279

Scumllation counting. 7.47, A825
(I.»\'1‘ rcpnrter assay, 1739—1741
cmmidcnce circuit, 17.46, A922
luuifcrasc assay, 17.46, A9.22—A9.23

5CO1’ (Structural Classification of Proteins) data-

base, A1 1.22
Screening. See also Expression libraries, screening;

Hybridization; 1mmunologica1screening
bacterial colonies

a-complcmentation, 1.123~1.125
by hybridization

filter types, choosing, 1.126

intermediate numbers, 1.12971131
large numbers, 1.132—1.I34
small numbers. 1.126—1.128

using X-gal and IPTG, 1.123—1.125

(DNA libraries, 1|.26—11.34, 11.74—11.78
7, rccomhimms, 2.21

by PCR

bacterial colonies, 8.74~8.75
71 libraries, 8.76
71plaqucs,8.74wt4.75
yeast colonies, 8.75

for remmbinant plasmids, 1.26—1.28

a-complementauon, 1.27, I. 150

by hybridization, 1.27—1.28
overview, 126—127

transformams by inscrtional inactivation, 1.10
YAC rcmmhinants, 4.60

Screening buffer, 14.33

Sculptor IVM Mutagencsis kit, 13.89
SDS, Al.28

in .u‘ryldmidc gel elution buffer, 5.52

alkaline phosphatase inactivation, 1.96

bovine serum albumin absorption of, 6.25
in doI/s1ot hybridization, 7.48, 7.50
in clution buffers, 7.14

for inactivation of alkaline phosphatase, 9.64
1n7.1)NA extraction, 2.58
in mouse-tail lysis buffers, 6.26

in northern hybrldization protocols, 742—744

In phosphate-SDS washing solution, 651—652
plasmid DNA protocols

alkaline lysis, 1.31—1.42
gentle method, 1,554.58

in rihonucleasc protection assay protocol, 7.73
m SSCP protocol, 13.56
in SNET lysis buffer, 624—625

for solubilization ()f(1ST fusion proteins, 15.38—
15.39

for solubilization ofmclusion bodies, 15.54
111 Southern hybridization wash solutions, 6.55
in yeast DNA preparation protocols, 468—471

51)S buffer. 17.20

5115 gcl-loading buffer, 15.15, 15.22, 15.26, 15.31,
15.35,15.41,15.50,18.17,A1.20,A8.42

>1)S-E1)TA dye mix,A1.20

51).S-po1ydcrylamide gel electrophoresis of proteins,
A8.40~A8.51. See also Polyacrylamide gel
electrophoresis

discontinuous buffer system, A840
drvmg gels, A8.50—A8.51
m en icw, ARAO
protocol

materials.A8.42—A&44
pouring gels, A8.444A8.45
resolving gel components, table of, A843

runmng gels, A845
wnple preparation, A845

stacking gel components, tab1e of, A843

reagents, A8.41—A8.42
separation range, table of, A842
staining gels, A8.46~A8.49

with Coomassie Bri1liant Blue, A8.46—A8.47
during immunoblotting, A854
with silver salts, A8.46~A8.49

transfer of proteins from gel to filters for

immunoblotting, A8.52—A8.53
Scal-A—Meal bags, 1.139, 2.97, 6.51, 6.53v6.54

Scarchmg databases, 1.14

Secreted foreign proteins, expression of, 15.30—
15.35

Selectable markers
inactivation as screening tool, 1.10

for X recombinants, 2.2]

uses of, 1.8—1.9

Selection. See also Antibiotics; specific protocols
conditionally lethal genes, 1.12
direct selection of cDNAs, 11.9871 1.106
of mutants in vitro

DpnI destruction of parentals, 1319—1325,
13.84

phosphorothioate analog incorporation,
13.86—13.87

unique restriction site elimination, 13.26—
13.30, 13.85

uracil-DNA glycosylate destruction of
parentals, 1384—1385

of mutants in vivo, 13.87

positive selection vectors, 1.12
Sephacryl equilibration buffer, A1.21
Sephacryl S—400 in DNA purification for DNA

sequencing, 12.106

Sephacryl S—1000, nucleic acid fragment contam1—
nants, removal of, 1.80—1.81

Sephadex
G- 15 for oligonucleotide purification, 10.26

G~25 in IgG radioiodination protocol, 14.5,
14.16

G-SO, A8.29—A8.30

in cDNA probe production, 944—945, 9.49—
9.50

in CDNA synthesis protoco1s, 11.44, 11.47,
11.54

for radiolabeled probe purification, 9.69,
9.71, 9.75

RNA purification, 9.35
poly(U), 7.15, 7.20

preparation of, A8.29
Sepharose

4B for antisera purification, 14.30, 14.51
affinity purification of fusion proteins, 15.6
CL~4B, A831, A926

cDNA size fractionation, 11.55—11.58

in dephosphorylated DNA purification, 9.65
CL—6B for DNA purification for DNA sequenc—

ing, 12.106

Sep—Pak C13 chromatography, 10.11, 10.13, 10.15—
10.16, 10.28—10.29

Sequenase, 12.9
activity of. 12.104
DNA sequencing

annealing primers to templates, 12.29
automated, 12.98
dye—primcr sequencing, 12.96
materials for, 1233-1235
protocol, 12.35—12.36

pyrophosphatase use with, 1234—1236,
12.39

reaction mixtures, table of, 12.33
sequencing range, modifying, 12.37
steps involved, 12.32
troubleshooting, 1238—1239

mosine and, 12.110

Klenow compared, 12.32

in oligonucleotide-directed mutagenesis of sin»
gle—stranded DNA, 13.15—13.17

overview of, 12.104—12.105

properties, table of compared, A4. 11

versions of, 9.5, 12.104
Sequenase dilution buffer, 12.33, A1.9

Sequenase reaction buffer, 1233—1234
Sequencing. See DNA sequencing
Sequencing by hybrldization (SBH), A10.17
Sequencing gels, resolving compressions in, 6.59

Sequin program, A11.3
SequiTherm, 12.46
Serine

codon usage, A7.3

nomenclature, A7.7
properties, table of, A79

Serum separation tubes (SST) for isolation of DNA
from mouse tails, 6.26

71/18 E. coli strain

genotype, A3.6
M13 vectors and, 3.13
phagemids and, 3.42

Sex pili, M13 adsorption to, 3.5
Sfil

fragment size created by,tab1e of, A48
genomic DNA mapping, 5.68-569
site frequency in human genome, 4.16, A63

S gene, A, 215—216
SgrAI

fragment size created by, table of, A4.8
site frequency in human genome, 4.16, A63

Shine—Dalgarno sequence
fortuitous, formation of, 15.12
lch, 15.57

in plasmid expression vectors, 1.13
translation efficiency and, 15.11—15.12, 15.18

Shotgun sequencing, 12.10—12.25
diagram of strategy, 12.12

DNA purification, 12.21—12.24
DNA repair, phosphorylation, and size selection,

12.17—12.18

enzymatic cleavage, 12.10—12.11
fragmentation of target DNA, 12.10—12.1 1,

12. 1.5—12.1 7

growth of recombinants in 96~tube format,
12.19—12.21

hydrodynamic shearing, 12.10

ligation to vector DNA, 1218-1219
materials for, 12.13
number of sequences needed for coverage, 12.20
self-ligation of target DNA, 12.15
test ligations, 12.18, 12.25

Shrimp alkaline phosphatase (SAP), 1.95—1.96,
9.62—9.65, 9.92—9.93, A4.37

inactlvation of, 1.96, 9.62, 9.64, 9.93
properties of. 9.93

RNA dephosphorylation, 9.65

sib-selection, 1168—1169
Sigmacote, 5.44, 12.75

Signal peptidase, 15.30
Silanizing solution, 12.75, 12.77, 12.112

Silica resins for DNA purification, 1.63, 5.26

Siliconizing fluid, 5.44

Siliconizing glassware, plasticware, and glass woo1,
A83

Silver emulsions, A9.9

Silver nitrate, 5.77, A8.48—A8.49
Silver staining, A9.5—A9.7

PFGE gels, 5.77
SDS-polyacrylamide gels, A8.46—A8.48

SilverSequence DNA Sequencing Kit, A9.6
SIM program,A11.5

Single nucleotide polymorphisms (SNPs), A10.3,
A10.17

Single»strand—binding proteins in automated DNA
sequencing protocols, 12.95



Singlc-stmnded conformation polymorphism
(SSCP),l3.49—13.56,13.91,13.93

advantagcs/disadvantages, 13.52
amplifigution, 13.51, 13.53~13.54
dcnnuration, 13.51, 13.54
dctccllon ufmutdnls, 13.52, 13.55, 13.91, 13.93
didemy fingerprinting compared, 13.94
electrophoresis, 13.51, 13.55
materials, 1352—1353
mulation detection, 13.49

protocol, 13.53-1355

restriction enzyme digestion and, 1354—1355
schematic diagram, 13.50
SYBR Gold stain as alternative to, 5.15
troubleshooting, 13.56

Slngle-stranded DNA. See also M13 bacteriophage
alkaline agarose gel electrophoresis, 536—537
binding to DEAE—ce11ulose membranes, 5.19
calculating amount of 5’ ends in a sample, 9.63

chemical mutagenesis of, 13.79
denaturing polyacrylamide gels, 5.40
cnd»labcling, 9.55
ethidium bromide binding, 5.14—515
exonuclease V11 digestion of, 7.86

M13 DNA, preparation of, 3.26~3.29

mung bean digestion of, 7.87
nomogram for, A6.12

nuclease Sl cleavage of, A446
o1igonuclcotide—d1rected mutagenesis. 13.157

13.18

PCR

production of radiolabeled probes, 7.54
SSCP,13.51,13.53—13.54

phagemids. 342—349
precipitation of, 3.29
radiolabeled probe production from M13

of defined length, 919—924
of heterogeneous length, 9.25—928

premature termination, 9.24
separation from double-stranded by hydroxyap-

atite chromatography, A8.32—A8.34

sequencing using Klenow fragment, 1240—1244
SYBR Gold binding, 515

uracil-containing, preparation of, 1311—1314
Single—stranded DNA-binding protein, 12.44
Site~directed mutagenesis. See Mutagenesis, site—

directed
Size markers. See Molecularweight markers

Size-exclusion chromatography, oligonucleotide
purification by, 10.25-10.27

SK promoter, primer sequence for, 8.117
Slot hybridimtion of purified RNA, 7.46—7.50
SM, A1.21
SM buffer recipe, A2.8
SM plus gelatin, A1.21
Smal

7-deaza-dGTP modified DNA. cleavage of, 8.60

fragment size created by, table of, A4.8
genomic DNA mapping, 5.69
linker use of. 1.99, 1.100

site frequency in human genome, 4.16, A6.3
Small RNA database,A11.21
SMRIO E. coli strain

genotype, A39

1» vector propagation, 2.29
SNET solution, 6.24
snoRNA program,A11.15,A11.21
SNPS. See Single nucleotide polymorphisms
SNR6 promoter, 18.15

Soaking solulion in northern hybridization proto~
cols, 7.36—7.37

SOB medium recipe,A2.3
SOC medium recipe,AZ.3
Sodium acetate, 6.26o6.27, A1.28

in ethanol prec1pitation of nucleic acids, A812
in RNA isolation protocols, 7.5, 7.10

Sodium
azide, 14.4, 14.15, 14.23—14.27

blcarbonate, A1.6
butyrate,16.14—16.15,16.17—16.18

in electroporation protocol, 16.36
in transfection, using polybrene protocol,

1644—1645
carbonate, A1.6

chloride (NaCl), A1.27
in chemical sequencing protocols, 12.614

12.65

density gradient for 2. arm purification, 2.71
in ethanol precipitation of nucleic acids,

A8.12
ethanol/NaCl solution, 619—620
in mouse-tail lysis buffers, 6.26
nucleic acid contaminant fragment removal,

1.78—1.79

for protein expression optimization, 15.19
in SNET lysis buffEr, 624—625
in transfection with polybrene, 16.43

in virus particle precipitation, 12.23
dodecyl sulfate (SDS). See SDS

hydroxide (NaOH), A1.6, A1.27
in chemical sequencing protocols, 12.61—

12.65, 12.70—12.71

for DNA denaturation, 12.28, 12.30
iodide solution, 5.32
metabisulfite, 14.5, 14.16
molybdate for protein stability, 17.16
nitrite, A827

phosphate buffer, A1.5
pyrophosphate, 6.56, 7.45

inhibition of murine reverse transcriptase,
11.46

self—priming, inhibition of, 11.46

salicylate scintillant, A9. 12
Software. See also Bioinformatics; specific software

programs
microarray image analysis, A10. 13

Solid-phase radioimmunoassay (RIA), A929

Solution D (denaturing solution), 7.5
Sonication, A8.36—A8.37

calibration of the sonicator, A836
for cell lysis prior to affinity chromatography,

15.38, 1 5.46

ofDNA,12.11,12.14,12.15-—12.16

liposome formation by, 16.7

Sorbitol buffer, 4.70—4.71,A1.21
Sos recruitment system (SRS), 18126—18127
South African National Bioinformatics STACK

database, A10.15
Southern hybridization, 1.28

advances in, 633—634
alkaline agarose gel, 5.38

background, 6.56

CDNA library screening, 11.38

CHEF gels, 5.82
DNA fixation to membranes, 645—646
DNA transfer methods

capillary transfer
downward, 6.35

protocol for, 639—646

to two membranes, 6.35—6.36, 6.47—6.49
upward, 634—635

electrophoretic transfer, 6.36

fixation of DNA to membranes, 6.45—6.46
membranes used for, 637—638
vacuum transfer, 6.37

DNase 1 hypersensitivity mapping, 17.21—17.22
electrophoresis buffer choice for, 5.8

genomic DNA preparation for, 6.3, 6.16,
6.19—6.21, 6.23

hybridization chambers, 6.51, 6.53—6.54
at low stringency, 6.58
nonradioactive labeling and, 976—980

Index 1.39

overview of, 6.334138

radxolabeled probes, use of
low-stringency hybridization, 6.58
nonradioactive probes, 6.50

overview. 6.50
protocol, 6.51—655

hybridization, 6.54
prehybridization, 653—654
washing, 6.54-655

sensitivity, 6.50
stripping from membranes. 6.57

for restriction mapping of recombinant EOSmldS,

4.33
TAFE gels, 5.77~5.78

troubleshooting, 6.56

of YAC clones, 4.63
Southwestern blotting, 1432—1433, 14.36
Spl nuclear factor, 17.8, 17.11, 17.17

SP6 bacteriophage
promoter, 1.11

addition to DNA fragments by PCR, 9.37

for eukaryotic expression vectors, 11.72
in kZipLox vector, 11.25
in P1 vectors, 4.38
primer sequence for, 8.117

sequence, 7.87, 9.87

RNA polymerase, 9.87—9.88, A4.28—A4.29
Spacers for sequencing gels, 1276—1278
SPAD (Signaling pathway database), A10. 15
Specialized transducing bacteriophages, 2.18
Spectrophotometry, A8. 19, A8.20—A8.21
DNA concentration measurement, 6.11, 6.15

quantitative, A9.4
RNA concentration estimation by, 7.8, 7.16

SpeI, A4.9
cleavage at end of DNA fragments, A64

fragment size created by, table of, A4.8
linker sequences, 1.99
site frequency in human genome, 4.16, A63

Spermidine, 5.86, A1.28

in biolistic transfection protocol, 16.38, 16.40
DNA precipitation by, 9.34, 9.36

inhibition of PCR by. 8.13

in tissue homogenization buffer, 17.6, 17.25
in transcription buffer, 7.68, 7.71. 9.32, 9.34

Spermine, 5.86, 17.6, 17.25
SphI, A4.9

cleavage at end of DNA fragments, A64
fragment size created by, table of, A4.8
in homopolymeric tailing protocols, 11.111
site frequency in human genome, 4.16. A63

Spi marker, 2.20—2.22
Spin dialysis, 8.27

Spliceosome, 18.123
Splinkerettes, 4.10, 4.76

Spooling DNA, 6.16—6.18, 6.61
Spotfire Net image analysis program, A10.13
Spreeta chip, 18.96
Spun column chromatography, A8.30—A&31. See

also Chromatography; specific protocols;
specific resins

SRB, 1.15

Srfl

fragment size created by, table of, A4.8
linker sequences, 1.99

site frequency in human genome, 4.16,A6.3
SSC

in dot/slot hybridization, 7.48-7.50

m northern hybridization protocols, 7.36,
7.42-7.44

recipe, A1.14

in Southern hybridization protoco1s, 6.41,
6.44—6.47, 6.49, 651—652, 655—658

SSCP. See Single—stranded conformation polymor-
phism

Ssel fragment size created by, table of, A4.8  
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Ndcplmrmc, 15.6

\.\1’1‘, \1.14

m 1“1mdi/dtion/prchvhrldizat11m solutions,
10.35, 10.38

in Southern hyhndl/dtiun protocols, 6.51, 6.57
5.14. A19

{ragnwm site created by, table of, A48
site frequency in human genome, 4.16, A6.3

SS!“ and gcnomlc DNA mapping, 5.60, 5.69
Stabllny region (NF), 1.146

Staining

glyoxfiated RNA, 7.27
nucleic acids, A9.3~A9.8

cthidium bromide, A9,3—A9.4
mcthy1cne blue, A9.4—A9.5

silver staining, A9.5—A9.7

NYBR dyes, A9.7-A9.8
51)S-pu1yacrylalnide gels for proteins

with Coomassie Brilliant Blue, A846—
A847

during immunoblotting, A854

wnh silver salts, A8.46—A8.49
viability slaining, A8.7—A8.8

51.1nding wave acoustoflyptic modulator (SW-
AOM), 187671877

Mupln'lm‘m‘ms nureus

gcnumic resources for microarrays, A106
protein A. See Protein A

Shlrburst dcndrimers and facilitation of DEAE
tmmfcction, 16.28

STE, A1 22

Slum] regulatory elcmsm-binding proteins
(SREBPs), 17.11

51 E5 1\'sis solutum, 6.31. 18.39
51E'1,.»\1.16

511i1x)‘ finds. bcc Protruding termini
Storage media, A26
Storage of bacterial cultures, A85

Stnrm xystcm, A101 1

51mm 0115. (011. See Esrhertchxa colt strains

Strand-separation gel electrophoresis, 7.51—7.52
StratdScnpl, 7.77, 8.48, 9.39

Strdmbxript RT, 1 1.38
Streptmwdln, 9.76, 9.78, A945

BlMurc chips, 18.99

m direcl selection ochNAs protocol, 11.98—
11.99,11.103

magnetic beads and, 7.20, 11.118-11.119
Strcptawdin bead-binding buffer, 11.100

Slrepmmyws m'idmi, A945
Strfpmmyres hygroscoplcus, 16.49

Streptomycin

mm1esofactlon,A2.7

>10ck1’\\'orking solutions, A26
hlnppmg solution, 6.57

Strumelysin, 18.1 16

Stuffer fragment, 1. See 71. vectors, rep1acement vec—
tors

mlmance 1’, epitope tagging of, 17.92
Suhlilmn, 9.82,12.101,15.8, A415

Subtractcd EDNA probes, 11.29—11.31
sulwlrauwc cloning, 11.10—1 1.11
Subtraclivc 5crcen1ng,9.90-9.91
Sucrose

dmh'xls on bed 01,6.15
d)c mlutiun, 17.14
gel»1m1ding buffer, 257—278, 2.81, 6.41—642

for protein expression optimization, 15.19
Sucrose gradients
(DNA fractionation, 11,9

7. arm purification, 271—275
mRNA fractionation for cDNA preparation, 11.9
preparing, 2.81—2.82
size tractionation of genomic DNA, 2.81—2.82

mummiocvamne 1Cyl dyes, 18.80. See also Cy3 dye;
(IyS dye

Sulfosalicylic acid, A846
Sulfuric acid, A1!)

SUP4, 4.3, 4.59—4170

mpB, A7.6
supC, A7.6
supl), A7.6

SllpE, 11.23w11.24,A7.5,A7.6
71 propagation and, 2287229
M13 vectors and, 3.1 1—3. 13

SuperCos~l, 4.5, 4.12, 4.14, 4.18—4.19, A55

SuperFect, 16.5
Superinfection

frozen cultures, using, 3.47

phagemids/helper virus, 3.47

Supernatants, aspiration of, 1.33, 1.36, 1.45
SuperScript, 8.48, 11.12, 11.38

SuperScript 11, 9.39, 11.38, 11.108

SUPP, 2.23, 2.28—2.29, 11.23—11.24, 11.66,14.37,

14.47, A7.5—-A7.6

Supplemented minima1medium (SMM), A2.9—
A210

Suppressor tRNA gene, 4.3

SURE E. coli strains, 1.15, 1.25
Surface plasmon resonance (SPR), 18.4, 18.96—

18.114

concentration measurement, 18.102
data collection, 18.100—1 8.101
mstruments of, 18.96

kinetic measurements, 18.101—18.102
overview, 1897—1898
protocol, 18103—18114

capture surface preparation, 18.105

data analysis, 18.112—18.114
design, 18.103

kinetic analysis, 18.108—18.114
test binding, 18106—18107

schematic of, 18.97

sensor chips, 18.98—18.100
regeneration of surface, 18.100

SuerAP, A3.3

Suspension cultures, lysis of mammalian cells in,
637

SV40
COS cells and, 11.114

intron and polyadenylation signal in pTet vec—
tors, 17.58

origin of replication, 11.68, 11.114, 17.49

T antlgen, epitope tagging of, 17.92
SV40 promoter

in pB-ga] reporter vectors, 17.49
in pCAT3 vectors, 17.35

in deEGFP vectors, 17.88
in pGL3 vectors, 17.43

in pSPL3, 11.82,11.85, 11.89

in pSVZCAT vector, 17.95

SwaI

fragment size created by, table of, A48

site frequency in human genome, 4.16, A63
Swiss Blue. See Methylene blue
SWISS_PROT. A10.15
SYBR dyes, overview, A9.7—A9.8
SYBR Gold, 1.53, A9.7—A9.8

in agarose gel electrophoresis, 5.11, 5.15—5.16
photography, 5. 16—5. 17

polyacrylamide gel staining, 547—548
in quantitation of DNA, A824
removal from gels, 5.15
resolution of, 5.15

sensitivity of, 5.12
staining solution recipe, A 1.29

SYBR Green, A9.7—A9.8

in real time PCR, 8.94, 8.95

Sybron SIL G/UVzS4 TLC plates, 17.38
Synthetic dextrose minimal medium (SD), A210
Synthetic minimal (SM) recipe, A2.9

SYSTERS database, A11.22

T vectors
cloning PCR products into, 831, 835—836

creating, 8.35

stability of 3' unpaired residues, 836

T2 dam methyluse, A4.7
T3 bacteriophage

promoter, 1.11, 1.13

addition to DNA fragments by PCR, 937
in cosmid vectors, 4.5, 4.33

for eukaryouc expresswn vectors. 1 1.72

in XZAP vectors, 1 1.22

in kZipLox vector, 11.25
primer sequence for, 8.117

in ribonuclease protection assay protocol,
7.69

sequence, 7.87, 9.37, 9.87

RNA polymerase, 987—988

T4 bacteriophage

DNA ligase, 1.157—1.158, 3.37, A4.31—A4.32,
A434

activity of, A4.31

blunt end ligation, A432

cohesive termini/nick 11gation, A432
inactivation, 1.102

inhibition by dATP, 1.85
linker/adaptor attachment to cDNA, 1 1.54

uses, list of, A4.31
DNA polymerase

3'-S’exonuc1ease activity, 11.121

polynucleotide kinase. See Polynucleotide kinase,

bacteriophage T4
RNA ligase, 1.157

T4 dam methylase, A4.7
T5A3 gene, 221

T7 bacteriophage
DNA polymerase in DNA sequencing

automated, 12.98

dye—primer sequencing, 12.96
promoter, 1.11—1.13,A4.28

addition to DNA fragments by PCR, 9.37

m cosmid vectors, 4.5, 4.33

for eukaryotic expression vectors, 11.72
for expression of cloned genes in E. (011, 15.3—

15.4, 15 20—1524
1arge-sca1e expression, 15.24
materials for, 1522
Optimization, 1523—1524
overview, 15.20—1522
protocol, 1523—1524

regulation by lysozyme, 15.24
in AZAP vectors, 11.22

in AZipLox vector, 11.25
in M13—100 vector, 3.10
in P1 vectors, 4.38
primer sequence for,8.117

in ribonuclease protection assay protocol,
7.69

sequence, 7.87, 9.37, 9.87

protein interaction network in, 18.123
RNA polymerase, 987—988

in binary expression systems, 9.88
lysozyme inhibition of, 9.88

T7-Tag, epitope tagging, 17.93
mc promoter, 15.3, 15.40

TAE. See Tris-acetate—EDTA electrophoresis buffer
TAPE. See Transverse alternating field electrophoreSIS
TAFE gel electrophoresis buffer, A118
TAIL PCR, 4.75
Tailing reaction

in 5'—RACE procedure, 858—859

in CDNA cloning, 11.3—11.4, 11.15
digoxygenin labeling of nucleic acids,

A9.38—A9.39

homopolymeric, 11.110—11.111

terminal transferase and, 8.111
Talon, 15,46
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1AP90 E. ml: Strain
genotype. A39

2 vector propagation, 2.28
'1‘.\pc,gel-sc.111ng, 12.76, 12.78
71111dilutionbuffer, 12.48, A1.9

7217] DNA ponmerase, 8.4, 86—87, 8.10, A42“

A423. 569 also AmpliTaq DNA polymerase;
DNA polymerase, thermostable

fur cDNA second-strand synthesis, 11.14
m differential display-PCR, 8.98
digoxygcnin labeling of nucleic acids,

A9.38-A9.39

111 DNA scquencmg, 1245—1250

automated, 12.98

dye-primer sequencmg, 12.96
materials for, 12.48~12.49
method, 1149—1250
overview, 12.45-12.47

reactlon mixtures,tab1e of, 12.48
stepx involved, 1247

version of Taq, 1246—1247
error rate, 8108—8109

In cxon trapping, 11.91—11.93
11C.“ lnlcmme of, 8.8

incorrect base incorporation, 8.77
inhibition by dyes. 1.53

in-housc preparation, 8108—8109
inosine and, 12.109

m megaprimer PCR mutagenesis method, 13.33
m misincorporation mutagenesis, 13.80
nvervnew of. 8108—8109
polymeri'lation rate, 8.9

properties of, 8.10, 8.108, A4.1 1, A423

rapid screening of bacterial colonies or A. plaques
by PCR. 874—875

in RT-PCR, 8.49

sitc-dirccted mutagenesis, o1igonuc1e0tide design
for, 13.82

s!.11)i1ily<>1',8.25, 8.30, 8108

5101161 fragment, 8.109
storage, 819

temperature optimum, 8.9

terminal transferase activity, template~indepen<
dent, 8.30, 8.35

vanallons in preparations of, 8.6
7211] gene. 810841109
1thXPRESS, 12.46

leql, 13.87,A4.3, A4.9
Taql methylase, A45, A47

TarjMfm method of rea1 time PCR, 8.95
Taquus

in circular muragenesis, 13.20
Long PCR System, 8.7, 8.77

TaqStarl, 8.110

'11|quenas€

in cvcle sequencing reactions, 1246—1247
structure of. 12.47

mrgcne,H1\', 11.82

Taurinc in electrophoresis buffers, 12.108, 13.90

TBE. ch Tris-horate-EDTA electrophoresis buffer
Tbr DNA anymerase, 8.7, 8.10, A423
TE (Tris E1)1'A1buffer,A1.7
ThACJ, Ser Tetraethylammonium chloride
Tecan GENESIS sample processor,A10.5

Telcmeric repeat (TEL) sequences in YACs, 4.59
TEMEI) 1N,.\1,N’,N'-tetramethylethylene diamine),

5.41, 5.43, 5.45, 12.75,12.79, 12821353—

1354, A842

'1'cmperatc bacteriophages, 2.9. See also 2»; P1
TEN buffer, A122
Terminal denxynucleotidy1 transferase, A427

activity in DNA polymerases, 8.30, 8.35

in cDNA second-strand synthesis, 11.17
digoxygemn 1abe1mg of nudeic acids,

A9.38—A9.39

in end—labeling, 955-956
for chemical sequencing of DNA, 12.73

homopolymeric tailing, 11.110
inactivation of, 8.59

in 1ymphocytes, 8.112
overview of, 811148112

51RACE protoco1, 854—860
requirements nf, 8.111

Terminal transferase. See Terminal deoxynucleotidy]
transferase

Termmal transferase buffer, A 1 . 11

Terminal transferase (tailing) buffer, A1.11—A1.12
Terminase, X, 2.15, 4.5, 4.30

Temfic Broth recipe, A2.4
TES, A122

TESS (Transcription Element Search System) pro
gram, A1 1.13

TetA, 17.53

tetO, 1753—1758
tefP, 17.57
TetR,17 53—1756, 18.11

Tetracycline, 1.9

electroporation efficiency of tet—resistant trans-
formants, 1.26

entry into cells, 17.53

mechamsm of action, 17.53

mechamsm of resistance to, 1.147
modes of action, A2.7

for protein expression optzmization, 15.19

regulation of inducible gene expression,
1 752—1 7.70

autoregulatory system, 17.56, 17.70
reduced basal activity, 17.56—1759
repression system, 17.54

reversed activator, 17.55—17.56
schematic representation of repression sys-

tem, 17.54

Stage 1: Sable transfection of fibroblasts pTet—
tTAk, 1760—1764

Stage 2: Stab1e trausfection Ufinducible t-TA»
expressiong NIH»3T3 cells with tetracy-

cline-regu1ated target genes, 1765—1769
Stage 31Ana1ysis 10 protein expression in

transfected cells, 1768—1769
trans—activator, 17.54—17.55

in transiently transfected cells using the auto
regulatory tTA system, 17.70

troubleshooting, 17.59
resistance, 17.53

selectingtransformants, 1.110, 1.115, 1.118
structure of, 1146, 17.52—17.53

Tetracycline repressor (TetR), 1753—1756, 18.1]
Tetracydine resistance (tet’), 1.9, 1.147

in KZAP, 14.6

mechanism of resistance, 1.147
in positive selection vectors, 1.12

Tetracycline-responsive e1ement (TRE), 17.32

Tetracycline stock/working solutions, A26
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The principles for extensive syn thesis of the duplexed tRNA genes which emerge from the present

work are the following. The DNA duplex would he denatured to form single strands. This

dermturation step would be carried out in the presence of a sufficiently large excess of the two

appropriate primers. Upon cooling, one would hope to obtain two structures, each containing the

full length of the template strand appropriately complexed with the primer. DNA polymerase will

be added to complete the process of repair replication. Two molecules of the original duplex should

result. The whole cycle could be repeated, there being added every time a fresh dose of the enzyme.

It is, however, possible that upon cooling after denaturation of the DNA duplex, rendturatioh to

form the original duplex would predominate over the template-primer complex formation. If this

tendency could not be circumvented by adjusting the concentrations of the primers, clearly one

would have to resort to the separation of the strands and then carry out repair replication. After

every cycle of repair replication, the process of strand separation would have to be repeated.
Experiments based on these lines of thought are in progress.

K. Kleppe, E. Ohtsuka., R. Kleppe, I. Molineux, and HG. Khorana.

Studies on polynucleotides. XCVI. Repair replications of short synthetic DNA’s

as catalyzed by DNA polymerases (J. Mol. Biol. 56: 341 [1971]).
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Sometimes a good idea comes to you when you are not looking for it. Through an improbable

combination Ofcoincidenees, hat‘ve’te and lucky mistakes, such a revelation came to me one Friday

night in April, 1983, as I gripped the steering wheel of my car and snaked along a moonlit

mountain road into northern California’s redwood country That was how I stumbled across a

process that could make unlimited numbers of copies of genes, a process now known as the

polymerase chain reaction (PCR).

One Friday evening late in the spring I was driving to Mendocino County with a chemist

friend. She was asleep. U.S. 101 was undemanding. I liked night driving; every weekend I went

north to my cabin and sat still for three hours in the car, my hands occupied, my mind free. On

that particular night I was thinking about my proposed DNA-sequencing experiment.

Around Cloverdale, where California 128 branches northwest from US. 101 and winds

upward through the coastal range, I decided the determination would be more definitive ifi instead

ofjust one oligonucleotide, I used two... . By directing one oligonucleotide to each strand of the

sample DNA target, I could get complementary sequencing information about both strands. The

experiment would thereby contain an internal control at no extra inconvenience.

Although I did not realize it at that moment, with the two oligonucleotides poised in my mind,

their three-prime ends pointing at each other on opposite strands of the gene target, I was on the

edge of discovering the polymerase chain reaction. Yet what I most felt on the edge of was the

mountain road.

That night the air was saturated with moisture and the scent offlowering buckeye. The reckless

white stalks poked from the roadside into the glare of my headlights... . Excited, I started running

powers of two in my head: two, four, eight, I 6, 32... . I remembered vaguely that two to the tenth

power was about 1000 and that therefore two to the twentieth was around a million. I stopped the

car at a turnout overlooking Anderson Valley. From the glove compartment I pulled a pencil and

paper ~ I needed to check my calculations. Jennifer, my sleepy passenger, objected groggily to the

delay and the light, but I exclaimed that I had discovered something fantastic. Nonplussed, she

went back to sleep. I confirmed that two to the twentieth power really was over a million and drove

on.

About a mile farther down the road I realized something else about the products of the

reattion. After a few rounds of extending the primers, dis—sociating the extension products,

rehybridizihg new printers and extending them, the length ofthe exponen tially accumulating DNA

strands would be fixed because their ends would be sharply defined by the five-prime ends of the

oligonucleotide primers. I could replicate largerfragments ofthe original DNA sample by designing

primers that hybridized farther apart on it. The fragments would always be discrete entities of a

specified length.

I stopped the car again and started drawing lines of DNA molecules hybridizing and

extending, the products of one cycle becoming the templates for the next in a chain reaction... .

Jennifer protested again from the edge of sleep. “You’re not going to believe this, I crowed. It’s
incredible.”

She refused to wake up. I proceeded to the cabin without further stops. The deep end of

Anderson Valley is where the redwoods start and where the “ne’er-do-wells” have always lived. My

discovery made me feel as though I was about to break out of that old valley tradition. It was

difficultfor me to sleep that night with deoxyribonuclear bombs exploding in my brain.

KB. Mullis
The unusual origin of the polymerase chain reaction (Sci. Am. 262: 56 [l990]).   
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ATRIUMVIRATE OF METHODS — CLONING, DNA SEQUENCING, AND PCR (polymerase chain reac-

tion — underlies almost all of modern molecular biology. Of these three, the PCR is the oldest in

theory and the most versatile in practice. The method was first proposed in the early 19705 by H.

Ghobind Khorana and his colleagues as a strategy to lessen the labor involved in chemical syn-

thesis of genes (Kleppe et al. 1971 ). Their ideas, however, did not seem practicable at a time when

genes had not yet been sequenced, thermostable DNA polymerases had not been described, and

synthesis of oligonucleotide primers was more of an art than a science. Not surprisingly,
Khorana’s ideas were quickly forgotten. The technique was independently conceived 15 years

later, given its present name, and put into practice by Kary Mullis and coworkers at Cetus

Corporation, who described in vitro amplification of single-copy mammalian genes using the

Klenow fragment of Escherichia coli DNA polymerase I (Saiki et al. 1985; Mullis et al. 1986; Mullis

and Faloona 1987). Even so, PCR would probably have remained a clumsy laboratory curiosity

were it not for the discovery of thermostable DNA polymerases (Chien et al. 1976; Kaledin et al.

1980). The use of a thermostable polymerase from Thermus aquaticus (Saiki et al. 1988) greatly

increased the efficiency of PCR and opened the door to automation of the method, By the end of

the 19805, cloning was no longer the only way to isolate genes: DNA sequencing had been revo-

lutionized and PCR had become a fundamental cornerstone of genetic and molecular analyses.

In addition to its simplicity, PCR is robust, speedy, and most of all, flexible. An enormous

number of variations on the method have been described and entire journals and books have
been devoted to the technique. In this chapter, we first discuss the parameters that affect PCR and

then furnish core protocols that can be used to amplify DNA fragments and characterize them.

The first description of PCR —— precise, laconic, and impersonal —~— was published by

Kleppe et al. in 1971; a second —— incarnadine, self—indulgent, and visionary — was published by

Kary Mullis in 1990.

PARAMETERS THAT AFFECT POLYMERASE CHAIN REACTIONS
 

Essential Components of Polymerase Chain Reactions

PCRs contain seven essential components:

a A thermostable DNA polymerase to catalyze template—dependent synthesis ofDNA. A wide
choice of enzymes is now available that vary in their fidelity, efficiency, and ability to synthe-
size large DNA products (for discussion, please see Thermostable DNA Polymerases on p. 86).

For routine PCRs, Taq polymerase (O.5—2.5 units per standard 25—50-11] reaction) remains
the enzyme of choice. The specific activity of most commercial preparations of Taq is ~80,000

units/mg of protein. Standard PCRs therefore contain 2 x 1012 to 10 x 1012 molecules of

enzyme. Since the efficiency of primer extension with Taq polymerase is generally ~0.7 (e.g.,

please see Gelfand and White 1990; Lubin et al. 1991), the enzyme becomes limiting when 1.4

x 1012 to 7 x 1012 molecules of amplified product have accumulated in the reaction.

0 A pair ofsynthetic oligonucleotides to prime DNA synthesis. Of the many factors that influ—
ence the efficiency and specificity of the amplification reaction, none are more crucial than the
design of oligonucleotide primers. Careful design of primers is required to obtain the desired
products in high yield, to suppress amplification of unwanted sequences, and to facilitate sub—
sequent manipulation of the amplified product. Given that primers so heavily influence the
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success or failure of PCR protocols, it is ironic that the guidelines for their design are largely

qualitative and are based more on common sense than on well—understood thermodynamic or

structural principles. Compliance with these empirical rules does not guarantee success.

Disregarding them, however, is likely to lead to failure. For more information, please see

Design of Oligonucleotide Primers for Basic PCR on p. 8.13.

In certain situations, it may be desirable to amplify several segments of target DNA simul~

taneously. In these cases, an amplification reaction termed “multiplex PCR” is used that

includes more than one pair of primers in the reaction mix. For further details on this varia-

tion, please see the information panel on MULTIPLEX PCR at the end of this chapter. Standard

reactions contain nonlimiting amounts of primers, typically 0.1—O.5 pM of each primer (6 x

1012 to 3 x 1013 molecules). This quantity is enough for at least 30 cycles of amplification of a
l-kb segment of DNA. Higher concentrations of primers favor mispriming, which may lead to

nonspecific amplification.

Oligonucleotide primers synthesized on an automated DNA synthesizer can generally be

used in standard PCRs without further purification. However, amplification of single-copy
sequences from mammalian genomic templates is often more efficient if the oligonucleotide
primers are purified by chromatography on commercially available resins (e.g., NENSORB,

NEN Life Science Products) or by denaturing polyacrylamide gel electrophoresis, as described

in Chapter 10, Protocol 1.

Deoxynucleoside triphosphates (dNTPs). Standard PCRs contain equimolar amounts of dATP,
dTTP, dCTP, and dGTP. Concentrations of 200—250 uM of each dNTP are recommended for

Taq polymerase in reactions containing 1.5 mM MgClz. In a 50-ul reaction, these amounts

should allow synthesis of ~6—6.5 ug of DNA, which should be sufficient even for multiplex reac—

tions in which eight or more primer pairs are used at the same time. High concentrations of

dNTPs (>4 mM) are inhibitory, perhaps because of sequestering of Mg”. However, a satisfac—

tory amount of amplified product can be produced with dNTP concentrations as low as 20 Mt

— 0.5—1.0 pmole of an amplified fragment ~1 kb in length.

Several manufacturers (e.g., Boehringer Mannheim) sell stocks of dNTPs that are made

specifically for PCR. These stocks are free of pyrophosphates that may inhibit PCR and are

adjusted with NaOH to a pH of ~8.1, which protects the dNTPs to some extent from damage

during freezing and thawing. To avoid problems, stocks of dNTPs (100—200 mM) — whether
homemade or purchased — should be stored at —20°C in small aliquots that should be dis-

carded after the second cycle of freezing/thawing. During long—term storage at -200C, small

amounts of water evaporate and then freeze on the walls of the vial. To minimize changes in

concentration, vials containing dNTP solutions should be centrifuged, after thawing, for a few

seconds in a microfuge.

Divalent cations. All thermostable DNA polymerases require free divalent cations — usually

Mg2+ — for activity. Some polymerases will also work, albeit less efficiently with buffers con—

taining Mn2+ (please see Thermostable DNA Polymerases below). Calcium ions are quite inef—
fective (Chien et al. 1976). Because dNTPs and oligonucleotides bind Mg“, the molar con—

centration of the cation must exceed the molar concentration of phosphate groups con-

tributed by dNTPs plus primers. It is therefore impossible to recommend a concentration of

Mg2+ that is optimal in all circumstances. Although a concentration of 1.5 mM Mg2+ is rou-
tinely used, increasing the concentration of Mg2+ to 4.5 mM or 6 mM has been reported to
decrease nonspecific priming in some cases (e.g., please see Krawetz et al. 1989; Riedel et al.
1992) and to increase it in others (e.g., please see Harris and Jones 1997). The optimal con-

centration of Mg2+ must therefore be determined empirically for each combination of primers

 

 



8.6 Chapter 8: In Vitro Amplification ofDNA by PCR

and template. Many companies (e.g., Invitrogen, Perkin-Elmer, and Stratagene) sell optimizer

kits containing various buffer formulations that enable investigators to determine optimal

reaction conditions for particular primer-template combinations. Once these conditions have

been identified, the best buffer can then be purchased in volume or assembled in the labora-

tory. Alternatively, optimization can be achieved by comparing the yield obtained from a series

of ten PCRs containing concentrations of Mg2+ ranging from 0.5 mM to 5.0 mM, in 0.5 mM

increments. Sometimes a second round of optimization is necessary using a narrower range of

Mg“, in 0.2 mM increments. If possible, preparations of template DNA should not contain sig—

nificant amounts of chelating agents such as EDTA (ethylenediaminetetraacetic acid) or neg-

atively charged ions, such as PO 2} which can sequester Mg“.

0 Buffer to maintain pH. Tris-Cl, adjusted to a pH between 813 and 8.8 at room temperature, is

included in standard PCRs at a concentration of 10 mM. When incubated at 72°C (the tem—

perature commonly used for the extension phase of PCR), the pH of the reaction mixture

drops by more than a full unit, producing a buffer whose pH is ~7.2.

o Monovalent cations. Standard PCR buffer contains 50 mM KCI and works well for amplifica—

tion of segments of DNA >500 bp in length. Raising the KC] concentration to ~70—100 mM

often improves the yield of shorter DNA segments.

a Template DNA. Template DNA containing target sequences can be added to PCR in single- or

double-stranded form. Closed circular DNA templates are amplified slightly less efficiently

than linear DNAs. Although the size of the template DNA is not critical, amplification of

sequences embedded in high-molecular-weight DNA (>10 kb) can be improved by digesting

the template with a restriction enzyme that does not cleave within the target sequence.
When Working at its best, PCR requires only a single copy of a target sequence as template

(Li et al. 1990). More typically, however, several thousand copies of the target DNA are seeded

into the reaction. In the case of mammalian genomic DNA, up to 1.0 ug of DNA is utilized per

reaction, an amount that contains ~3 x 105 copies of a single-copy autosomal gene. The typi-

cal amounts of yeast, bacterial, and plasmid DNAs used per reaction are 10 ng, 1 ng, and 1 pg,
respectively.

Thermostable DNA Polymerases

Thermostable DNA polymerases are isolated from two classes of organisms: the thermophilic and

hyperthermophilic eubacteria Archaebacteria, whose most abundant DNA polymerases are rem-

iniscent of DNA polymerase I of mesophilic bacteria; and thermophilic Archaea, whose chief

DNA polymerases belong to the polymerase a family. T. aquaticus, an organism from the ther—

mophilic Archaea family (please see Figure 8-1 and Brock 199Sa,b, 1997). Taq ( T aquaticus) DNA

polymerase, the first isolated and best understood of the thermostable DNA polymerases,

remains the workhorse of PCR in most laboratories.

Unfortunately, preparations of Taq polymerase sold by different manufacturers are not

identical: Variations have been reported in the yield, length, and fidelity of the amplified product

generated by different commercial preparations of Taq in standardized PCRs (e.g., please see Linz

et al. 1990). It is therefore important to optimize PCRs every time for each new batch of Taq.

Despite these annoyances, Taq polymerase remains the enzyme of choice for routine amplifica-

tion of small segments of DNA. However, when greater fidelity is required, when the length of the

target amplicon exceeds a few thousand bases, or when cloning mRNA by reverse transcrip-

tase—PCR (RT-PCR), other thermostable enzymes may have significant advantages. The choice
among enzymes should be determined by the purpose of the experiment. For example, if the goal
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H&ébfii 1514 The fluid: Exmflitifln

Thomas D. Brock (a microbial ecologist at the University of Wisconsin, Madison) is standing next to
Mushroom Spring in Yellowstone National Park, June 23, 1967. I aquaticus strain YT-1 was isolated from
a sample taken in the previous year from the outflow channel (visible on the left side of the photo) by Tom
Brock and his undergraduate student, Hudson Freeze. Their work is elegantly and proudly described in
autobiographical memoirs by Tom Brock (Brock 19953,b, 1997). The subsequent impact of
“extremophilic” microorganisms on the biotechnology industry is described by Madigan and Marrs
(1997). (Reprinted, with permission, from Brock 1995b.)

is to make faithful copies of a gene, an enzyme with proofreading function is required, whereas if
the goal is to clone an amplified product, an enzyme that generates blunt ends may be of advan-
tage. Until recently, these choices often involved compromise on the part of the investigator.
However, mixtures of two or more DNA polymerases can significantly increase yield and enhance
amplification, particularly of longer target DNAs (Barnes 1994; Cheng et al. 1994; Cohen 1994).
This improvement is presumed to be due to the capacity of one enzyme to complement the
inability of another to extend a primer through potential obstructions on the template strand.
These obstructions include regions of high secondary structure (Eckert and Kunkel 1993), abasic
gaps that cannot be bridged by polymerases lacking terminal transfera'se activity (Hu 1993), and
mispaired bases that cause nonproofreading polymerases to stall and dissociate from the
primerztemplate (Barnes 1994). Several manufacturers now sell cocktails of thermostable poly-
merases that allow desirable features to be assembled in one reaction mixture. For example, cock—
tails of Tbr and Taq, sold under the trade name DyNAzyme (MJ Research Inc.) exhibit high fideli-
ty because of the proofreading function of Tbr and the high efficiency that is characteristic of Taq.
Similarly, a mixture of Taq and Pfu polymerases sold by Stratagene (Taquus Long PCR System)
and Boehringer Mannheim (Expand Long Template PCR System) generates high yields of long
targets (up to 35 kb).
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The enzymatic properties and applications of the best known of the commercially produced

thermostable DNA polymerases are summarized in Table 8-1. Details of the isolation and physi-

cal properties of the purified enzymes may be found in the many reviews (Erlich 1989; Gelfand

and White 1990; Cha and Thilly 1993; Bej and Mahbubani 1994; Cohen 1994; Perler et al. 1996)

and books on this topic (Innis et al. 1990; Griffin and Griffin 1994; Dieffenbach and Dveksler

1995). In addition, a summary of the error rates for thermostable—resistant DNA polymerases

may be found at http://listeria.nwfsc.noaa.g0v/pr0tocols/taq-errorshtml. However, in some

cases, the only source of information is the indefatigably optimistic material supplied by the man-

ufacturer.

Programming Polymerase Chain Reactions

PCR is an iterative process, consisting of three elements: denaturation of the template by heat,

annealing of the oligonucleotide primers to the single—stranded target sequence(s), and extension

of the annealed primers by a thermostable DNA polymerase.

o Denatumtion. Double-stranded DNA templates denature at a temperature that is determined
in part by their G+C content. The higher the proportion of G+C, the higher the temperature
required to separate the strands of template DNA. The longer the DNA molecules, the greater

the time required at the chosen denaturation temperature to separate the two strands com—

pletely. Ifthe temperature for denaturation is too low or if the time is too short, only AT-rich
regions of the template DNA will be denatured. When the temperature is reduced later in the
PCR cycle, the template DNA will reanneal into a fully native condition.

In PCRs catalyzed by Taq DNA polymerase, denaturation is carried out at 94—950C, which
is the highest temperature that the enzyme can endure for 30 or more cycles without sustain-
ing excessive damage. In the first cycle of PCR‘ denaturation is sometimes carried out for 5
minutes to increase the probability that long molecules of template DNA are fully denatured.
However, in our experience, this extended period of denaturation is unnecessary for linear
DNA molecules and may sometimes be deleterious (Gustafson et al. 1993). We recommend
denaturation for 45 seconds at 94—950C for routine amplification of linear DNA templates
whose contents of G+C is 55% or less.

Higher temperatures may be required to denature template and/or target DNAs that are
rich in G+C (>55%). DNA polymerases isolated from Archaea are more heat-tolerant than Taq

and are therefore preferred for amplification of GC-rich DNAs.

0 Annealing ofprimers to template DNA. The temperature used for the annealing step (TA) is
critical. If the annealing temperature is too high, the oligonucleotide primers anneal poorly,
if at all, to the template and the yield of amplified DNA is very low. If the annealing temper—
ature is too low, nonspecific annealing of primers may occur, resulting in the amplification of
unwanted segments of DNA. Annealing is usually carried out 3—50C lower than the calculat-
ed melting temperature at which the oligonucleotide primers dissociate from their templates.
Many formulas exist to determine the theoretical melting temperature, but none of them are
accurate for oligonucleotide primers of all lengths and sequences (please see Calculating
Melting Temperatures of Hybrids between Oligonucleotide Primers and Their Target
Sequences on p. 8.15). It is best to optimize the annealing conditions by performing a series
of trial PCRs at temperatures ranging from 2°C to 10°C below the lower of the melting tem—
peratures calculated for the two oligonucleotide primers. Alternatively, the thermal cycler can
be programmed to use progressively lower annealing temperatures in consecutive pairs of
cycles (“touchdown” PCR; Don et al. 1991). Instead of surveying a variety of annealing con-
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ditions in separate PCRs, optimization is achieved by exposing a single PCR to a sequential

series of annealing temperatures in successive cycles of the reaction. For many investigators,

touchdown PCR bypasses the need to determine the optimum annealing temperature for

every pair of primers and is used to obtain acceptable yields of amplified products in routine

PCR (Peterson and Tjian 1993; Roux 1995; Hecker and Roux 1996; Roux and Hecker 1997;

please see the information panel on TOUCHDOWN PCR).

0 Extension of oligonucleotide primers is carried out at or near the optimal temperature for

DNA synthesis catalyzed by the thermostable polymerase, which in the case of Taq DNA poly~

merase is 72—780C. In the first two cycles, extension from one primer proceeds beyond the

sequence complementary to the binding site of the other primer. In the next cycle, the first

molecules are produced whose length is equal to the segment of DNA delimited by the bind—

ing sites of the primers. From the third cycle onward, this segment of DNA is amplified geo-

metrically, whereas longer amplification products accumulate arithmetically (Mullis and

Faloona 1987). The polymerization rate of Taq polymerase is ~2000 nucleotides/minute at the

optimal temperature (72—780C) and as a rule of thumb, extension is carried out for 1 minute

for every 1000 bp of product. For the last cycle of PCR, many investigators use an extension

time that is three times longer than in the previous cycles, ostensibly to allow completion of all

amplified products. However, in our experience, the result of the PCR is not significantly

altered by tinkering with the extension time in this way.

0 Number ofcycles. As discussed in the panel on PCR IN THEORY (p. 8.12), the number of cycles

required for amplification depends on the number of copies of template DNA present at the

beginning of the reaction and the efficiency of primer extension and amplification. Once

established in the geometric phase, the reaction proceeds until one of the components
becomes limiting. At this point, the yield of specific amplification products should be maxi—

mal, whereas nonspecific amplification products should be barely detectable, if at all. This is

generally the case after ~30 cycles in PCRS containing ~105 copies of the target sequence and

Tuq DNA polymerase (efficiency ~0.7).At1east25 cycles are required to achieve acceptable lev—

els of amplification of single—copy target sequences in mammalian DNA templates.

Optional Components of Polymerase Chain Reactions

A number of cosoivents and additives have been reported to reduce unacceptably high levels of

mispriming and to increase the efficiency of amplification of G+C—rich templates (Pomp and

Medrano 1991; Newton and Graham 1994; Varadaraj and Skinner 1994). Cosolvents include for-

mamide (1.25—100/0 v/V) (Sarkar et al. 1990), dimethyisulfoxide (up to 15% v/v) (Bookstein et al.

1990), and glycerol (1—100/0 v/v) (Lu and Negre 1993). Additives include tetramethylammonium

chloride (Hung et al. 1990; Chevet et al. 1995), potassium glutamate (10—200 mM), ammonium

sulfate (Schoettlin et al. 1993), nonionic and cationic detergents (Bachmann et al. 1990; Pontius

and Berg 1991), and certain as yet unidentified “Specificity Enhancers” such as Perfect Match

Polymerase Enhancer (Stratagene) and GC-Melt (CLONTECH). Many of these additives and

cosolvents inhibit PCR when used at high concentrations, and the optimum concentration must

be determined empirically for each combination of primers and template DNA. Rather than

reaching for these enhancers at the first sign of trouble, it is far better in our view to optimize the

regular components of the reaction, particularly the concentrations of Mg2+ and K+ ions

(Krawetz et al. 1989; Riedel et al. 1992). The one exception to this general rule concerns the use

of GC—Melt, which in our hands often overcomes problems of low-efficiency amplification with

uncooperative G+C—rich templates.
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PCR IN THEORY

When amplifying a small segment of a larger double-stranded DNA template, the desired blunt-ended frag-
ments first appear in the third cycle of PCR. The amplified products then accumulate exponentially, as
described in Equation 1 (Keohavong et al. 1988):

Nf = N0(1 + Y)" (1)

where Nf is the copy number of the amplified sequence after n cycles of amplification, N0 is the initial copy
number of the target sequence in the DNA template, and Y is the efficiency of amplification per cycle.

This equation only applies to the exponential phase of amplification, which continues until one of the com-
ponents in the reaction becomes limiting. In a standard PCR containing ~1 unit of thermostable DNA poly-

 

merase, the enzyme becomes limiting when the copy number of the target sequence approaches 10”. At this
point, the efficiency of the reaction drops precipitously and the product no longer accumulates in a geometric
fashion. Knowing the final yield of amplified product at the end of the exponential phase, the overall efficien-
q/ of the exponential reaction can be calculated from Equation 2:

N l'n
: __f_ _y M 1 (2)

(J

where Y is the efficiency of amplification per cycle, and N' — NO is the number of amplified molecules produced
in n cycles of exponential amplification.

Knowing the initial copy number and the efficiency of the reaction, the number of cycles required to gen-
erate the desired number of copies (e.g., 1012) of the target DNA can be calculated by substitution in Equation
1. For example, when the initial number of template molecules 2 3 x 105 and the efficiency of the exponential
phase of the reaction is 70%, Equation 1 becomes 1012 : 3 x 105 (1 + 0.7)”. Solving for n yields 28.6. Twenty-
nine cycles of exponential amplification will therefore be needed to generate 1012 molecules of product.

The efficiency of PCR is determined chiefly by the quality of the thermostable DNA polymerase. Because
of the geometric nature of PCR, the penalty for using an inefficient enzyme is severe. For example, Linz et al.
(1990) found that after 20 cycles of exponential amplification, the amount of product varied over a 200-fold
range depending on the polymerase used. This large difference in yield was attributed to a 2-fold difference in
the efficiency of the enzymes during the exponential phase of the reaction.

Table 8-2 shows the theoretical number of cycles required to generate 10 ng of a 200-bp product in PCRs
running at various efficiencies and containing different numbers of initial template DNAs.

 

TABLE 8-2 Theoretical Number of Cycles Required for PCR
 

 

 

TARGETS

Y 1 10 100 1,000 10,000 100,000

1.00 34 30 27 24 20 17

0.95 35 32 28 25 21 18

0.90 36 33 29 26 22 18

0.85 38 34 30 27 23 19

0.60 40 36 32 28 24 20

0.75 42 38 33 29 25 21

0.70 44 40 35 31 27 22

0.65 46 42 37 33 28 23

0.60 49 45 40 35 30 25
0.55 53 48 43 37 32 27

0.50 57 52 46 40 35 29

0.45 62 56 50 44 38 31

0.40 69 62 55 48 42 35
0.35 77 70 62 54 47 39
0.30 88 79 71 62 53 44
0.25 104 93 83 73 62 52
0.20 127 114 102 89 76 64
0.15 165 149 132 116 99 83
0.10 242 218 194 170 145 121
 

Reprinted. with permisslon, from Rameckers et al. (1997 l©Springer—Verlagl).
Number of P(?R cycles (rounded) required to reach 10 ng of DNA lbased on a 200-bp PCR product) at various effi~

cicncy levels (Y) and various target numbers (targets).

."'—-—-—-.—_.—_.. ,,
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Inhibitors

Almost anything will inhibit PCRs if present in excess. The common culprits include proteinase

K (which, if given the opportunity, can degrade thermostable DNA polymerase), phenol, and

EDTA. Other substances that can cause problems are ionic detergents (Weyant et al. 1990),

heparin (Beutler et al. 1990), polyanions such as spermidine (Ahokas and Erkkila 1993), hemo-

globin, and gel—loading dyes such as bromophenol blue and xylene cyanol (Hoppe et al. 1992). In

many cases, the chief cause of low or erratic yields are contaminants in the template DNA, which

is often the only component of the reaction supplied by the investigator. Many problems with

PCR can be cured simply by cleaning up the template by dialysis, ethanol precipitation, extrac-

tion with chloroform, and/or chromatography through a suitable resin.

DESIGN OF OLIGONUCLEOTIDE PRIMERS FOR BASIC PCR
 

The chief goal of primer design is specificity, which is achieved only when each member of a

primer pair anneals in a stable fashion to its target sequence in the template DNA. As a rule of

thumb, the longer an oligonucleotide, the higher its specificity for a particular target. The follow-
ing equations can be used to calculate the probability that a sequence exactly complementary to

a string of nucleotides will occur by chance within a DNA sequence space that consists of a ran-

dom sequence of nucleotides (Nei and Li 1979).

K zlg/21G+Cx{(l—g)/21 A+T

where K is the expected frequency of occurrence within the sequence space, g is the relative G+C

content of the sequence space, and G, C, A, and T are the number of specific nucleotides in the

oligonucleotide. For a double—stranded genome of size N (in nucleotides), the expected number

(n) of sites complementary to the oligonucleotide is n : ZNK.

These equations predict that an oligonucleotide of 15 nucleotides would be represented

only once in a mammalian genome where N is ~3.0 x 109. In the case of a 16-mer, there is only

one chance in ten that a typical mammalian CDNA library (complexity ~107 nucleotides) will for—

tuitously contain a sequence that exactly matches that of the oligonucleotide. However, these cal-

culations are based on the assumption that the distribution of nucleotides in mammalian

genomes is random. This is not the case because of bias in codon usage (Lathe 1985) and because

a significant fraction of the genome is composed of repetitive DNA sequences and gene families

(Bains 1994). To minimize problems of nonspecific annealing, it is advisable to use oligonu-

cleotide primers longer than the statistically indicated minimum. Because of the presence of

repetitive elements, no more than 85% of the mammalian genome can be targeted precisely, even

by primers that are 20 or more nucleotides in length (Bains 1994). Before synthesizing an
oligonucleotide primer, it is prudent to scan DNA databases to check that the proposed sequence

occurs only in the desired gene and not in vectors, undesired genes, or repetitive elements (e.g.,

please see Mitsuhashi et al. 1994).

Table 8—3 presents information on the design of oligonucleotide primers for basic PCR.

Failures will be rare if the advice provided in the table is followed carefully.

Selecting PCR Primers

Listed below are several steps involved in the selection of oligonucleotide primers:

0 Analysis of the target gene for potential priming sites that are free of homopolymeric tracts,

have no obvious tendency to form secondary structures, are not self—complementary, and have

no significant homology with other sequences on either strand of the target genome.
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0 Creation of lists of possible forward and reverse primers based on the criteria listed in the

Table 8-3. Calculate the melting temperatures of the oligonucleotides from the formulae given

in the following section on Calculating Melting Temperatures of Hybrids between Oligonucleotide

Primers and Their Target Sequences.

a Selection of well-matched pairs offorward and reverse primers that are similar in their con-

tent of G+C and will generate an amplified product of the appropriate size and base compo—

sition. The GC content of both primers and the amplified product should be similar and lie

between 40% and 60%.

TABLE 8-3 Primer Design: Properties of Oligonucleotides That Influence the Efficiency of Amplification
 

PROPERTY OPTIMAL DESIGN
 

Base composition

length

Repeated and self-
complementary
sequences

Complementarity
between members

of a primer pair

Melting, temper-

atures l Tm)

} Termini

Adding restriction

sites, bacteriophage

promoters, and
other sequences
to the 5' termini
of primers

Placement of
priming sites

Primers for

degenerate P(IR

 

G+C content should be between 40% and 60%, with an even distribution of all four bases along the length of
the primer (e.g., no polypurine tracts or polypyrimidine tracts and no dinucleotide repeats).

The region of the primer complementary to the template should be 18-25 nucleotides long. Members ofa
primer pair should not differ in length by >3 bp.

No inverted repeat sequences or self—complementary sequences >3 bp in length should be present. Sequences of
this type tend to form hairpin structures, which, if stable under PCR conditions, can effectively prevent the
oligonucleotide from annealing to its target DNA.

The 3” terminal sequences of one primer should not be able to bind to any site on the other primer. Because
primers are present at high concentration in PCR, even weak complementarity between them leads to hybrid
formation and the consequent synthesis and amplification of primer dimers. If primer dimers form early in

PCR, they can compete for DNA polymerase, primers, and nucleotides and so can suppress amplification of the
target DNA. Formation of primer dimers can be reduced by careful primer design, by the use of hot start or
touchdown PCR, and/or by the use of specially formulated DNA polymerases (e,g., AmpliGold, Perkin—Elmer).
When more than one primer pair is used in a single PCR, check that none of the 3’ ends have detectable com-
plementarity to any other primers in the reaction.

Calculated T“‘ values of members of a primer pair should not differ by >5°C. The Tm of the amplified product
should not differ from the Tm values of the primer pairs by >10°C. This property ensures that the amplified
product will be efficiently denatured during each cycle of PCR.

The nature of the 3' end of primers is crucial. If possible, the 3' base of each primer should be G or C. However,
primers with a ....NNCG or .....NNGC sequence at their 3’ termini are not recommended because the unusually
high AG of the terminal GC bases promotes the formation of hairpin structures and may generate primer dimers.

Useful sequences not complementary to the target DNA are commonly added to the 5' end of the primer. In
general, the presence of such sequences does not significantly affect annealing of the oligonucleotide to its target
DNA. These additional sequences include bacteriophage promoters (Kain et al. 1991) and GC clamps (Sheffield
et al. 1989). Restriction sites are a special case. Because the efficiency of cleavage of restriction sites located at the
5’ termini of DNA molecules is poor, the primer should be extended by at least three additional nucleotides
beyond the recognition sequence of the restriction enzyme. New England Biolabs’ catalog contains information
on the efficiency with which different restriction enzymes cleave sites near the termini of DNA molecules.

Depending on the purpose of the experiment, the placement of priming sites may be constrained by the loca—
tion of mutations, restriction sites, coding sequences, microsatellites, or cis—acting elements. When designing
primers for use on cDNA templates, it is best to use forward and reverse primers that bind to sequences in dif-
ferent exons. This allows amplification products derived from cDNA and contaminating genomic DNA to be
easily distinguished.

When a short sequence of amino acids has been obtained by sequencing a purified protein, pools of degenerate
oligonucleotides containing all possible coding combinations can be used to amplify the corresponding genomic
or cDNA sequences. For more details, please see Protocol 11 on MOPAC.
 

.\l.my excellent reviews on primer design are available, including Piechocki and Hines (1994), Sharrocks (1994), Dieffenbach et al. (1995). Rychlik
1995). and Mllhulmrihi (1996).
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o Refining the length and/or placement of the oligonucleotides so that the 3’-terminal

nucleotide is a G or a C. Check that the two oligonucleotides do not display significant com—

plementarity. As a rule of thumb, no more than three consecutive nucleotides on one primer

should be complementary to the other primer.

Computer-assisted Design of Oligonucleotide Primers

To avoid boredom, save time, and minimize problems, use computer programs to optimize the
design, selection, and placement of oligonucleotide primers. Many stand—alone computer pro—
grams can be obtained to search sequences for priming sites that fit a set of user-defined para—
meters. Such programs generate a hierarchy of potentially specific primers whose melting tem-
peratures have been calculated, generally using the nearest-neighbor method, in which the ther—
modynamic stability of the primerztemplate duplex is derived from the sum of the stacking inter—

actions of neighboring bases (e.g., please see Breslauer et al. 1986; Rychlik 1995; Owczarzy et al.
1997).

Most of the programs use graphic tools, employ user—friendly interfaces, and rank potential

primers and primer pairs according to the weight assigned to various parameters. Some of the

programs contain, for example, facile searching of databases for unintentional matches to the

primer, optimization of conditions for the amplification reaction, translation of amino acid

sequences into populations of degenerate oligonucleotides, and elimination of primers capable of
forming stable secondary structures. All of the popular DNA analysis packages contain sophisti—

cated modules for primer design (please see Appendix 11).

Calculating Melting Temperatures of Hybrids between Oligonucleotide Primers
and Their Target Sequences

Several equations are available to calculate the melting temperature of hybrids formed

between an oligonucleotide primer and its complementary target sequence. Since none of

these are perfect, the choice between them is largely a matter ofpersonal preference. The melt—

ing temperatures of each member of a primer pair should obviously be calculated using the

same equation.

0 An empirical and convenient equation, known as “The Wallace rule” (Suggs et al. 1981; Thein

and Wallace 1986), can be used to calculate the melting temperature for perfect duplexes 15—20

nucleotides in length in solvents of high ionic strength (e.g., 1 M NaCl):

T (in 0C) : 2(A+T) + 4(G+C)
111

where (A+T) is the sum of the A and T residues in the oligonucleotide and (G+C) is the sum

of G and C residues in the oligonucleotide.

o The equation derived originally by Bolton and McCarthy (1962) and later modified by Baldino

et al. (1989) predicts reasonably well the melting temperature of oligonucleotides, 14—70

nucleotides in length, in cation concentrations of 0.4 M or less:

T (in 0C) = 815°C + 16.6 (loglo[1<*])+ 0.41(%[G+C]) — (675/11)
[TI

where n is the number of bases in the oligonucleotide. This equation can also be used to cal—

culate the melting temperature of an amplified product whose sequence and size are both

known. When PCR amplification is carried out under standard conditions, the calculated  
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melting temperature of the amplified product should not exceed ~850C, which will ensure

complete separation of its strands during the denaturation step. Note that the denaturation

temperature in PCR is more accurately defined as the temperature of irreversible strand sepa—

ration of a homogeneous population of molecules. The temperature of irreversible strand sep—

aration is several degrees higher than the melting temperature (typically, 920C for DNA whose

content of G+C is 50%) (Wetmur 1991).

None of the above equations take into account the effect of base sequence (as opposed to

base composition) on the melting temperature of oligonucleotides. A more accurate estimate of
melting temperature can be obtained by incorporating nearest—neighbor thermodynamic data

into the equations (Breslauer et al. 1986; Freier et al. 1986; Rychlik et al. 1990; Wetmur 1991;

Rychlik 1994). However, the Wallace rule and the Baldino algorithm are far simpler to apply and
are perfectly adequate for most purposes.

 

CONTAMINATION IN PCR

A problem commonly encountered in PCR is contamination with exogenous DNA sequences that can be
amplified by the oligonucleotide primers. In every case, this contamination is the fault of sloppy work by inves-
tigators or their colleagues, who inadvertently introduce potential target sequences into equipment, solutions,
and enzymes used in PCR. The first sign of trouble is generally the appearance of an amplification product in
the negative controls that lack template DNA. From that moment on, all amplified products obtained in the
reactions containing test DNAs must be regarded as suspect. in our experience, little is gained in searching for
the source(s) of the contamination. Instead, it is simpler, less expensive, and less disruptive for all concerned
to discard all solutions and reagents and all disposables, to decontaminate instruments, and to take steps such
as those described below to reduce the risk of contamination in the future.

Laboratory Space

In an ideal world, PCRs would be assembled in a separate laboratory that has its own set of equipment and
freezers for storing buffers and enzymes. A more practical alternative for most investigators, however, is to
designate a particular section of the laboratory for setting up PCRs. The assembly of PCRs is best carried out
in a laminar flow hood equipped with UV lights. These lights should be turned on whenever the hood is not
in use. Keep in the hood a microfuge, dispOSable gloves, supplies, and sets of pipetting devices used to han-
dle only reagents for PCR. Because the barrels of automatic pipetting devices are common sources of conta-
mination, positive-displacement pipettes equipped with disposable tips and plungers should be used to pre-
pare and handle reagents.

Alternatively, use preplugged, sterile, disposable pipette tips (e,g., Aerosol Resistant Tips, Research
Products international) on automatic air—displacement pipetting devices. Disposable items such as pipette tips
and tubes should be used directly from the manufacturer’s packaging and should not be autoclaved before
use. Thermal cyclers should be located in a separate area of the laboratory, well separated from the hood used
for assembly of PCR and for preparation of reagents.

Rules for Assembling and Performing PCRs
Below is a list of rules for assembling and performing PCRs. investigators who will be setting up PCRs must
have an understanding of these rules and agree to follow them:
0 Keep to a minimum all traffic in and out of the laboratory area designated for assembly of PCRs.
0 Wear gloves when working in the area and change them frequently. Use face masks and head caps to

reduce contamination from facial skin and hair cells.

0 Make up your own set of reagents and disposable items (including PCR tubes, mineral oil, and wax beads).
Use new glassware, plasticware, and pipettes that have not been exposed to DNAs in the laboratory to make   
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up and store solutions. Store buffers and enzymes in small aliquots, in a designated section of a freezer locat-
ed near the flow hood. Discard aliquots of reagents after use. Never use PCR reagents for other purposes.

0 Before opening microfuge tubes containing reagents used in PCRs, centrifuge them briefly (10 seconds) in
the microfuge located in the laminar flow hood. This centrifugation deposits the fluid in the base of the
tube and reduces the possibility of contamination of gloves or pipetting devices.

0 Prepare dilutions of DNA used as templates in PCR at your own laboratory bench and the take only as
much of the dilution as needed into the PCR area.

0 At the end of the PCR, do not take the tubes containing amplified DNA into the PCR area. Instead, open
the tubes and carry out postamplification processing at your laboratory bench.

Decontamination of Solutions and Equipment

Contaminating DNA can be inactivated by irradiating certain reagents (buffers minus dNTPs and H20) with
UV light at 254-nm wavelength. UV light forms dimers between adjacent pyrimidine residues in contaminat-
ing DNAs and renders them inactive as templates in the PCR. Irradiation (200—300 mJ/cm2 for 5—20 minutes)
is most readily accomplished in translucent white microfuge tubes using a commercially available UV cross-
Iinker (e.g., Stratalinker, Stratagene). dNTPs are resistant to UV, but Taq DNA polymerase is not. The sensitiv-
ity of primers to UV is variable and unpredictable (Ou et al. 1991).

UV irradiation can also be used to decontaminate the outer surfaces of small pieces of equipment (racks,
pipettes, etc). Work areas, nonmetallic surfaces of microfuges, and thermal cyclers can be decontaminated
with weak solutions of bleach (e.g., 1000 Clorox; Prince and Andrus 1992).

Preventing Contamination of One PCR by the Products of Another

Uracil N-glycosylase can be used to destroy amplified DNAs that are unintentionally carried from one PCR to
another (Longo et al. 1990; Thornton et al. 1992; for review, please see Hartley and Rashtchian 1993). This
enzyme will cleave uracil-glycosidic bonds in DNA that contains dU residues incorporated in place of dT
residues, but will not cleave RNA or double-stranded DNA that contains rU or dT residues, respectively. The

contamination protocol is initiated by routinely substituting dUTP for dTTP in PCR. This substitution has little
effect on the specificity of the PCR or the analysis of PCR products. However, the yield of amplified products
may be slightly reduced (Persing 1991 ). Nevertheless, when subsequent sets of PCRs are briefly treated with
uracil N-glycosylase, contaminating DNA containing uracil residues is destroyed. The use of dUTP and uracil
N-glycosylase to reduce contamination is most helpful when a small number of DNA fragments are to be
amplified from many hundreds of samples, for example, as part of a large genetic screen. However, it is impor-
tant to realize that decontamination by uracil N-glycosylase is helpful but not completely effective
(Niederhauser et al. 1994): It should therefore be viewed only as a single component of a more comprehen-
sive program to manage and prevent contamination.   
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THIS PROTOCOL OUTLINES A PROTOWPE AMPLIFICATION (please see Figure 8-2). Special reagents

and equipment for typical amplification reactions are described below with general considera—

tions for their preparation and use. For optimization of particular reaction conditions, please see

Parameters That Affect Polymerase Chain Reactions in the introduction to this chapter. Below is

a list of reagents and equipment for the basic PCR.

0 Primers. Each primer should be 20—30 nucleotides in length and contain approximately equal

numbers of the four bases, with a balanced distribution of G and C residues and a low propen-

sity to form stable secondary structures. For further details, please see Design of

Oligonucleotide Primers for Basic PCR in the introduction to this chapter. As discussed below,

restriction sites are always designed into adaptor-primers; however, they can also be incorpo-

rated into the gene—specific oligonucleotides. Amplification using primers of this type gener—

ates amplified cDNAs carrying restriction sites at both ends, which can facilitate cloning.

If necessary) the yield of desired product can be improved by setting up a second round of

amplification using another pair of primers that bind to sequences within the amplified seg-

ment Of target DNA. After this second round of nested amplification, almost all of the prod—

uct detected by ethidium bromide staining contains the desired segment of DNA.
Oligonucleotide primers synthesized on an automated DNA synthesizer can generally be

used in standard PCR without further purification. However, amplification of singIe-copy

sequences from mammalian genomic templates is often more efficient if the oligonucleotide

primers are purified by chromatography on commercially available resins (e.g., NENSORB,

NEN Life Science Products) or by denaturing polyacrylamide gel electrophoresis, as described
in Chapter 10, Protocol 1.

0 Template DNA. The template can be a fragment of DNA, a preparation of genomic DNA, a
recombinant plasmid or bacteriophage 7t, or any other DNA—containing sample. Template

DNA is dissolved in 10 mM Tris-Cl (pH 7.6) containing a low concentration of EDTA (<O.1
mM).

0 Thermostable DNA polymerase. Taq DNA polymerase is the standard and appropriate
enzyme for the amplification stage of most forms of PCR. However, where elongation from 3’—
mismatched primers is suspected, a thermostable DNA polymerase with 3'—>5’ proofreading
activity may be preferred (Chiang et al. 1993). Please see Thermostable DNA Polymerases (p.
8.6) and the information panel on TAQ DNA POLYMERASE.
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FIGURE 8-2 Sequence of Amplification in the PCR

the diagram shows the steps involved in the first few rounds of a PCR. The original template (top line) is double-stranded DNA
and the leftward and rightward oligonucleotide primers are shown as <— and a, respectively. The products of the first few rounds
of the amplification reaction are heterogeneous in size; however, the tract of DNA lying between the two primers is preferen-
tially amplified and quickly becomes the dominant product of the amplification reaction.

Taq DNA polymerase is supplied in a storage buffer containing 50% glycerol. Because this

solution is very viscous and difficult to pipette accurately, the best method is to centrifuge the

tube containing the enzyme at maximum speed for 10 seconds at 4°C in a microfuge and then

to withdraw the required amount of enzyme using a positive—displacement pipette.

0 Automatic pipetting devices. Automatic micropipetting devices equipped with barrier tips

should be used to assemble the components of PCRs. Disposable barrier tips are fitted with a

hydrophobic barrier to prevent the accidental passage of liquids into a micropipetting device.

This arrangement reduces the potential for cross—contamination of PCRs and DNA samples.

Barrier micropipette tips are sold by several commercial companies (e.g., ART Barrier tips

from Molecular Bioproducts, Inc.).

0 Positive—displacementpipette. Positive—displacement pipetting, in which the piston is in direct

contact with the liquid, is used for accurate transfer of high—viscosity liquids.

o Microfuge tubes or microtiter plates. Thin—walled plastic tubes that fit snugly in the block of
the thermal cycler are used for amplification. Their use facilitates heat transfer and greatly

reduces much of the time lag in reaching programmed temperatures.

0 Thermal cycler programmed with desired amplification protocol. A large number of pro—

grammable thermal cyclers marketed by different commercial companies are licensed by

Perkin-Elmer for use in PCR. The choice among these instruments depends on the investiga-
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tor's inclination, the available budget, and the range of uses to which the machine will be put.

Before purchasing a thermal cycler, we recommend soliciting as many opinions as possible to

find out the pros and cons of different machines. If the machine is not licensed for use in PCR,

investigators must negotiate their own financial arrangements with Perkin—Elmer. The Scientist

profiles thermal cyclers every year (www.the-scientist.com).

MATERIALS
 

A IMPORTANT To reduce the chance of contamination with exogenous DNAs, prepare and use a special

set of reagents and solutions for PCR only. Bake aII glassware for 6 hours at 15°C and autoclave all plas-
ticware. For more information, please see the panel on CONTAMINATION IN PCR in the introduction
to this chapter.

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

70x Amplification buffer

Chloroform <!>

dNTP solution (20 mM) containing all four dNTPs (pH 8.0)

Enzymes and Buffers

Thermostable DNA polymerase

Gels

Polyacrylamide <!> or agarose gel
Please see Step 4.

Nucleic Acids and Oligonucleotides

Bystander DNA
Please see the panel to Step 1.

Forward primer (20 pM) in H20 and Reverse primer (20 uM) in HZO
Please see the discussion on Primers in the protocol introduction.

 

Use the following formula to calculate the molecular weight of the oligonucleotides:
Mr = (Cx 289) + (A x 313) + (TX 304) + (C x 329)

where C is the number of C residues in the oligonucleotide, A is the number of A residues, Tis the number
of T residues, and C is the number of G residues. The molecular mass of a ZO-mer will be ~6000 daltons;
100 pmoles of the oligonucleotide will be equivalent to ~O.6 pg.   

Template DNA
Dissolve template DNA in 10 mM Tris—Cl (pH 7.6) containing a low concentration of EDTA (<O.1 mM)
at the following concentrations: mammalian genomic DNA, 100 ug/ml; yeast genomic DNA, 1 ug/ml;
bacterial genomic DNA7 0.1 pg/ml; and plasmid DNA, 1—5 ng/ml.

Special Equipment

Barrier tips for automatic micropipetting device
Microfuge tubes (0.5 ml, thin-waI/ed for amplification reactions) or Microtiter plates
Positive-disp/acement pipette
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Thermal cycler programmed with desired amplification protocol
If the thermal cycler is not equipped with a heated lid, use either mineral oil or paraffin wax to prevent

evaporation of liquid from the reaction mixture during PCR. Paraffin wax not only prevents evapora—
tion, but also maintains separation between components (e.g., primer and template) until the reaction

mixture is heated. This separation prevents nonspecific binding of primers during the initial phase of the
reaction (please see the information panel on HOT START PCR).

Additional Reagents

Step 4 of this protocol may require the reagents listed in Chapter 6, Protocol 70, and/or
Chapter 12, Protocol 6.

METHOD

1. In a sterile 0.5—ml microfuge tube, amplification tube, or the well of a sterile microtiter plate,
mix in the following order:

10x amplification buffer 5 pl

20 mM solution of four dNTPs (pH 8.0) 1 pl

20 pM forward primer 2.5 pl

20 uM reverse primer 2.5 ul

1—5 units/ul thermostable DNA polymerase 1—2 units

HZO 28—33 pl

template DNA 5—10 ul

Total volume 50 pl

The table below provides standard reaction conditions for PCR.

Mg2+ KCl dNTPs Primers DNA polymerase Template DNA
 

1.5 mM 50 mM 200 “M 1 pM l-—5 units 1 pg to 1 ug

The pH of the reaction buffer should be 8.3 when measured at 25°C. Because of the high tempera-

ture dependence ofthe pKa of Tris, the pH ofthe reaction will drop to ~7.2 at 72°C (Good et al. 1966;

Ferguson et al. 1980). The amount of template DNA required varies according to the complexity of
its sequence. In the case of mammalian DNA, up to 1.0 pg is used per reaction. Typical amounts of

yeast, bacterial, and plasmid DNAS used per reaction are 10 ng, 1 ng, and 10 pg, respectively.

 

Each set of PCRS must always include positive and negative controls. Positive controls are required to
monitor the efficiency of the PCR, whereas negative controls are required to detect contamination with
DNAs that contain the target sequence.

Bystander DNAa Template DNAb Target DNA“ Specific Primersd
Positive Controls

1 + — + —
2 — — + +

Negative Controls

3 - _ — +
4 + — — +

dBystander DNA does not contain target sequences. It should resemble the template DNA in all other respects:
complexity. size, and concentration

bTemplate DNA is the DNA under test.
‘Target DNA contains the target sequence. It can be a recombinant DNA clone, a purified DNA fragment, or

a sample of genomic DNA. It should be added to the positive control at concentrations equivalent to those expect-
ed in the template DNA. It is often necessary to set up a series of positive controls containing different amounts
of target DNA spanning the amount predicted in the template DNA. An appropriate dilution of the target sequence
should be prepared ahead of time in an area of the laboratory different from that used for the preparation of other
PCR reagents. This precaution reduces the risk of contaminating equipment and plasticware m the area of the lab-
oratory set aside for PCRs.

dSpecific Primers are oligonucleotide primers specific for the segment of target DNA. 
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2. If the thermal cycler is not fitted with a heated lid, overlay the reaction mixtures with 1 drop

( ~50 ul) of light mineral oil to prevent evaporation of the samples during repeated cycles of

heating and cooling. Alternatively, place a bead of wax into the tube if using a hot start pro-

tocol. Place the tubes or the microtiter plate in the thermal cycler.

3. Amplify the nucleic acids using the denaturation, annealing, and polymerization times and

temperatures listed below.

 

Cycle '

Number Denaturation Annealing Polymerization

30 cycles 30 sec at 94°C 30 sec at 55°C 1 min at 72°C

Last cycle 1 min at 94°C 30 sec at 55°C 1 min at 72°C 
These times are suitable for SO-ul reactions assembled in thin-walled 0.5—ml tubes and incubated

in thermal cyclers such as the Perkin—Elmer 9600 or 9700, Master Cycler (Eppendorf), and PTC 100
(M) Research). Times and temperatures may need to be adapted to suit other types of equipment
and reaction volumes.

Polymerization should be carried out for 1 minute for every 1000 bp of length of the target DNA.

Most thermal cyclers have an end routine in which the amplified samples are incubated at 4°C until
they are removed from the machine. Samples can be left overnight at this temperature, but should
be stored thereafter at —20°C.

4. Withdraw a sample (5—10 pl) from the test reaction mixture and the four control reactions

and analyze them by electrophoresis through an agarose or polyacrylamide gel. Be sure to

include DNA markers of an appropriate size. Stain the gel with ethidium bromide or SYBR

Gold to visualize the DNA.

A successful amplification reaction should yield a readily visible DNA fragment of the expected

size. The identity of the band can be confirmed by DNA sequencing (please see Chapter 12,
Protocol 6), Southern hybridization (please see Chapter 6, Protocol 10), and/or restriction map—
ping.

[fall has gone well, lanes of the gel containing samples ofthe two positive controls (Tubes 1 and 2)
and the template DNA under test should contain a prominent band of DNA of the appropriate
molecular weight. This band should be absent from the lanes containing samples of the negative
controls (Tubes 3 and 4). If, on the other hand, all is not well, please see Tables 8-4 and 8-5.

5. If mineral oil was used to overlay the reaction (Step 2), remove the oil from the sample by

extraction with 150 pl of chloroform.

The aqueous phase, which contains the amplified DNA, will form a micelle near the meniscus. The
micelle can be transferred to a fresh tube with an automatic micropipette.

For many purposes, e.g., purification of the amplified DNA using a Centricon microconcentrator
or cloning amplification products, it is desirable to remove the oil from the sample before pro-
ceedingt

A IMPORTANT Do not attempt chloroform extractions in microtiter p|ates. The plastic
used in these plates is not resistant to organic solvents.
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When setting up PCRs for first time with new template DNA, new primers, or a new prepara-

tion of thermostable DNA polymerase enzyme, amplification will generally be less than opti—

mal. Fine tuning of the reaction is usually required to suppress nonspecific amplification and/or

to enhance the yield of the desired DNA product. Table 8-4 lists some commonly observed

problems and suggests ways in which the reaction can be optimized.

TABLE 8-4 Troubleshooting Amplifications
 

PROBLEM EXPLANATION SUGGESTED REMEDY
 

Bands of the desired product are sharp but
very faint in both positive controls and test
P(IR‘ Bands of the desired product smear
into the portion of the gel containing
lower-molecular-weight DNAs.

Bands of the desired product are very faint

in the test sample and in positive control 2.
The band in positive control 1 is much
stronger.

Bands in the negative controls.

Distinct band(s) of the wrong molecular
weight.

A generalized smear of amplified DNA that
may obscure the desired product.

Inefficient priming or inefficient extension.

Dirty template DNA.

Contamination of solutions or plasticware
with template DNA.

Nonspecific priming by one or both
primers.

Amplification of primer dimers. Too much
template DNA.

Set up a series of PCRs containing different
concentrations ofthe two primers. Find the
optimal concentration and then set up a
series of touchdown PCRS containing dif-
ferent concentrations of Mg2+ to find the
optimal concentration.

Include GC—Meit (CLONTECH) in the

reaction mixture

Use the minimum possible temperature

during the annealing step.

Consider adding adjuvants such as BSA

(02—06 mg/ml), DMSO (5%), or glycerol

(50/0) to the reaction mixture.

Repurify the template DNA by extraction
(twice) with phenolzchloroform and

ethanol precipitation. Dissolve the purified

DNA in Hzo (no EDTA).

Please see the panel on CONTAMINA-
TION IN PCR (Introduction) and then
make up new reagents.

Decrease the annealing time and/or
increase the annealing temperature.

Check that neither primer has homology
with highly repetitive sequences in the tem-

plate DNA. Optimize the concentrations of
each primer independently.

Use touchdown PCR and/or hot start PCR
(please see the information panels).

Reduce the amount of template DNA by
factors of 2.5 and 10.
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TROUBLESHOOTING MAJOR PROBLEMS THAT OCCUR IN PCRs

Table 8—5 describes problems that may be encountered in amplification reactions and provides

guidance for how to address major difficulties.

TABLE 8-5 Troubleshooting PCRs

SYMPTOM Possum CAUSES

Amplification weak or nondetectable. Defective reagent(s); defective thermal
cycler; programming error.

Suboptimal annealing conditions.

Suboptimal extension of annealed
primers.

Ineffective denaturation.

Distance between primers too large.

Multiple amplification products.

Hcessive amounts of primer—dimers.

Possum REMEDIES

Compare the yields obtained from fresh and old
reagents in PCRs incubated in two different thermal
cyclers.

Recalculate Tm of primers.
Use touchdown PCR, preferably in combination with
hot start PCR.
Verify the concentration of primers and, if necessary,
optimize their concentration. If the primers appear to
be the cause of the problem, design and synthesize new
primers.

Optimize the concentration of MgCl7 template DNA,
and dNTPs. -
Test a range of pH values in the PCR. Consider replac—
ing Tris with tricine, bicine, or EPPs which have a lower

temperature coefficient than Tris (Cheng et al. 1994).

Use a fresh preparation of thermostable DNA poly—
merase.
Repurify the template DNA to remove inhibitors.
Increase the number of cycles at constant annealing
temperature (55°C).

[f problems persist, add an enhancer (e.g., 10% DMSO,

5% PEG 6000, or 10% glycerol).

If problems still persist, either reamplify a 1:100 dilution
ofthe PCR in fresh PCR buffer and primers for 30 cycles
at a constant annealing temperature or carry out nested
PCR.

Use GC-Melt (CLONTECH) in the reaction mixture.

Increase the time or temperature of denaturation.

Use preparations of thermostable polymerases capable
of amplifying long segments of DNA.

Use touchdown PCR, preferably in combination with
hot start or booster PCR.
Optimize the concentration of MgClz, template DNA,
thermostable DNA polymerase, and dNTPs.
Test a range of pH values.
Either reamplify a 1:100 dilution of the PCR in fresh
PCR buffer and primers for 30 cycles at a constant
annealing temperature (55°C) or carry out nested PCR

or recover the desired band of DNA from a gel and
reamplify.
Verify the concentration of primers and, if necessary,
optimize their concentration. If the problem persists,
design and synthesize new primers.

Use touchdown PCR, preferably in combination with
hot start or booster PCRt If the problem persists, design
and synthesize new primers, paying particular attention
to the sequences of the 3’ ends.
 

"I ___________
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Purification of PCR Products in
Preparation for Cloning

MATERIALS

TM) POLYMERASE, AND PRESUMABLY OTHER THERMOSTABLE DNA polymerases, survive extraction

with phenol:chlor0f0rm, ethanol precipitation, and other regimens commonly used to purify the

products of PCRs (Crowe et al. 1991; Barnes 1992). The continuing presence of the DNA poly-

merase together with residual dNTPs often thwarts methods to tailor the ends of the amplified

DNA for cloning. For example, the surviving DNA polymerase will fill recessed 3' termini creat-

ed by digestion with restriction enzymes. Undoubtedly, the durability of Taq explains in large part

the difficulties encountered by many laboratories in cloning PCR products after digestion with

restriction enzymes (Bennett and Molenaar 1994).

The following method of purification of amplified DNA is based on procedures described

by Crowe et al. (1991) and Wybranietz and Lauer (1998).

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Ammonium acetate (10 M)

Chloroform <!>

Ethanol

Phenol:chloroform (1:1, v/v) <!>

TE (pH 8.0)

Enzymes and Buffers

Gels

Proteinase K (20 mg/ml)
Please see Appendix 4.

Agarose gel containing 0.5 ug/ml ethidium bromide <!>
Please see Step 8. Be sure to include DNA markers of an appropriate size (please see Protocol ] ).
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Nucleic Acids and Oligonucleotides

Amplified DNA from polymerase Chain reactions

Special Equipment

METHOD

DNA purification resin
Optional, please see note to Step 6.

Water bath preset to 75°C

1. Pool up to eight PCRs (400 pl) containing 1 pg of the desired amplification product.
If nonspecific amplification products are present at significant levels (e.g., are detectable by gel
electrophoresis), purify the desired product by electrophoresis through low—melting—temperature
agarose before proceeding (please see Chapter 5, Protocol 6).

If mineral oil was used to prevent evaporation during PCR, centrifuge the pooled samples briefly
and transfer the lower (aqueous) phase to a fresh microfuge tube.

2. Add 0.2 volume of 5x proteinase K buffer and proteinase K to a final concentration of 50
ug/ml. Incubate the mixture for 60 minutes at 37°C.

3. Inactivate the proteinase K by heating the reaction mixture to 75°C for 20 minutes.

4. Extract the reaction mixture once with phenolzchloroform and once with chloroform.

5. Add 0.2 volume of 10 M ammonium acetate and 2.5 volumes of ethanol. Mix the solution
well and store it for 30 minutes at 4°C.

dNTPs carried over from the PCR are soluble in ethanolic solutions of ammonium acetate and will
not precipitate with the desired product (Okayama and Berg 1983).

6. Recover the precipitated DNA by centrifugation at maximum speed for 5 minutes at 4°C in
a microfuge. Discard the supernatant and then wash the pellet with 70% ethanol. Centrifuge
the solution again, remove the supernatant, and then allow the pellet of DNA to dry in the
am

The DNA may be further purified by chromatography on resins such as Wizard PCR Preps
Purification System (Promega) or QIAquiCk (Qiagen) or by gel electrophoresis. This step is rec—
ommended when primers have been used to add restriction sites to the ends of the amplified DNA.
Unused primers and primer-dimers should be removed before digesting the DNA with the appro—
priate restriction enzymes (please see Protocol 3).

7. Dissolve the pellet in TE (pH 8.0). Assume that the recovery of amplified DNA is 50—80% and
dissolve the DNA in TE (pH 8.0) at an estimated concentration of 25 ug/ml (25 ng/pl).

8. Analyze ~25 ng of the purified DNA by agarose—ethidium bromide gel electrophoresis, using
markers of an appropriate size. Check that the amplified band fluoresces with the intensity
expected of ~25 ng of DNA. If necessary, adjust the estimate of the concentration of the puri-
fied DNA.

.-—-—-—__._..___._ .
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Removal of Oligonucleotides and Excess dNTPs
from Amplified DNA by Ultrafiltration

THERE ARE VERY GOOD REASONS TO REMOVE UNUSED OLIGONUCLEOTIDE primers, primer-dimers,

and excess dNTPs from preparations of amplified DNA. First, residual dNTPs in the continuing

presence of residual thermostable DNA polymerase can compromise many of the methods

designed to tailor the ends of the amplified DNA in preparation for cloning (please see Protocols
4, 5, and 6). Second, the overabundance of the oligonucleotide primers used to generate the

amplified DNA may lower the efficiency of subsequent PCRs in which the amplified DNA is used

as a template. Third, primer-dimers may contribute high concentrations of restriction sites that

may successfully compete with the termini of amplified DNA for cleavage. Several methods are

available to cleanse amplified DNA of unwanted contaminants, including:

0 the traditional extraction with phenolzchloroform (slow, messy, and comparatively inefficient,

but good for simultaneous processing of many samples)

0 chromatography on anionic silica gel resins (such QIAprep or Qiagen PCR Purification kits),

glassmilk (BIOIOI Geneclean II), or chaotropic silica—based resins (Promega’s Wizard PCR

Preps). The strengths and limitations of these chromatographic methods are discussed in

detail in Chapter 1, Protocol 9.

Recently, an additional method — spin dialysis through a porous membrane — has become

widely popular, which is odd because spin dialysis is slower, less efficient, and less able than chro-

matography to deal with many samples simultaneously (e.g., please see Mezei and Storts 1994).

Despite these problems, spin dialysis, if carried out carefully, can reproducibly deliver amplified

DNA in reasonable yield and free of significant amounts of dNTPs and oligonucleotides.

During spin dialysis, the solvent, together with low—molecular-weight solutes, is centrifuged

through an anisotropic, hydrophilic, nonabsorbent, porous membrane. Macromolecules larger

than the membrane pores are retained in the sample reservoir in a small volume of solvent.

Following removal of the solutes, the concentrated sample is reconstituted to the original volume

using the desired solvent. This process is repeated until the concentration of the original solutes
is reduced to acceptable levels. Commercial concentrators are supplied with membranes of sever-
al different porosities that are characterized by a nominal molecular-weight cut-off. For removal

of oligonucleotides, and dNTPs, Centricon-IOO or Microcon—IOO microconcentrators, which

retain proteins with a molecular weight of >100,000, are routinely used. These devices allow
oligonucleotide primers up to 48 bases in length to pass through the filter, and they retain dou-
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MATERIALS

ble-stranded PCR products as small as 125 bp (Krowczynska and Henderson 1992). Longer

oligonucleotides are best removed by purifying the amplified DNA by gel electrophoresis.

This protocol is a modified version of a method supplied by M.B. Henderson that was orig—

inally described by Krowczynska and Henderson (1992).

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Chloroform <!>

Ethanol

Sodium acetate (3 M)

TE (pH 8.0)

Nucleic Acids and Oligonucleotides

Amplification reaction products (20—200 ul)

Centrifuges and Rotors

Preparative centrifuge or microfuge
Centricon—IOO units will fit in any fixed»angle rotor with adaptors capable of supporting 17 x lSO-mm
tubes. The centrifuge must be capable of generating a steady force of IOOOg. Microcon—IOO units require
a variable—speed microfuge.

Special Equipment

METHOD

Concentrators (Centricon-100 or Microcon-100, Amicon,‘

1. Place 2 ml of TE (pH 8.0) in the reservoir chamber of a Centricon-IOO unit. Carefully sepa—
rate the amplification reaction products from the upper mineral oil layer by pipetting or by
extraction with chloroform. Transfer the amplification reaction products to the reservoir
chamber of the Ccntricon—IOO unit.

2. Place the entire unit into an appropriate rotor of a preparative centrifuge (e.g., a fixed—angie
rotor). Insert the microconcentrator into the centrifuge with the filtrate cup (translucent

portion) toward the bottom of the rotor. Use a concentrator filled with an equivalent amount
of fluid or a standard balance tube as a counterbalance.

A IMPORTANT Do not touch the membrane with pipette or pipette tips when loading the micro-
concentrator.

3. Centrifuge the loaded concentrator at 1000g for 30 minutes at a temperature between 4°C
and 25°C.

4. Remove the concentrator from the centrifuge, and discard the filtrate cup. Invert the unit,
and replace it in the centrifuge (i.e., the retentate tube should now be placed toward the bot-
tom of the rotor). Centrifuge at 300—1000g for 2 minutes.

  



Protocol 3: Removal of Oligonucleotides and Excess dNTPs from Amplified DNA by Ultrafiltration

A single centrifugation step through a Centricon-lOO membrane removes ~95% of the primers
and deoxynucleotides from the PCR. This process also inactivates the thermostable DNA poly-
merase (presumably by absorption to the membrane). A single purification step is usually suffi-
cient for most subsequent manipulation steps. If necessary, trace oligonucleotide primers can be
further removed by performing a second 30-minute centrifugation step. At Step 4 above, empty the
translucent filtrate cup, reassemble the device, and add another 2-ml aliquot ofTE (pH 8.0) to the
reservoir chamber. Repeat Steps 2 through 4.

Smaller-scale and faster purification can be carried out using Microcon—IOO units. The overall pro-

cedure is the same as that outlined above except that 400 u] of TE is added to the reservoir cham—

ber in Step 1, followed by 20—100 ul of PCR. Centrifugation is carried out in a variable-speed

microfuge at 3000g for 5—7 minutes. After inversion, the sample is transferred to the retentate cup
by a 1—minute spin at 300—1000g. This procedure removes ~90% of the oligonucleotide primers
and deoxynucleotides and can be repeated as described above to obtain further purification of the
amplified DNA.

8.29

5. Remove the concentrator from the centrifuge; remove the retentate cup and discard the rest

of the device. Transfer the fluid in the retentate cup to a fresh microfuge tube.

6. If necessary, precipitate the sample by adding one—tenth volume of 3 M sodium acetate and

2-3 volumes of ethanol. The amplified sample is now ready for subsequent manipulation

(DNA sequencing and ligation).
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Introduction to Protocols 4—7
 

Cloning PCR Products

CLON|NG AMPUFIED SEGMENTS OF DNA GENERATED BY PCRS into plasmid or phagemid vectors

turns out to be easier said than done. Many products of PCR are recalcitrant to cloning by the

Usual methods because:

Several of the commonly used thermostable DNA polymerases possess a template-indepen-

dent terminal transferase activity (extendase activity) that results in the addition of a single,

unpaired nucleotide at the 3’ ends of amplified DNA fragments (Clark 1988; Mole et al. 1989;
Hu 1993). The nucleotide added to the 3” end depends both on the adjacent base and on the

particular DNA polymerase used during PCR (Hu 1993). For example, when the 3'-terminal

base of the template DNA is cytidine, Taq polymerase will efficiently transfer an adenine

residue to the end of the completed chain (Clark 1988; Hu 1993).

Taq polymerase and presumably other thermostable DNA polymerases survive extraction with

phenolzchloroform, ethanol precipitation, and other regimens commonly used to purify the

products of PCRs (Crowe et al. 1991; Barnes 1992). The continuing presence ofthe DNA poly—

merase together with residual dNTPs often thwarts methods to tailor the ends of the amplified

DNA for cloning. For example, the surviving DNA polymerase will fill recessed 3’ termini cre-

ated by digestion with restriction enzymes. Undoubtedly, this carry-over explains in large part

the difficulties encountered by many laboratories in cloning PCR products after digestion with

restriction enzymes.

Over the years, many methods — some good and some bad — have been devised to cir-
cumvent these difficulties (for review, please see Levis 1995). These include:

0 Using the 3 '—>5' exonuclease activity of bacteriophage T4 DNA polymerase or Pfu DNA

polymerase to polish the termini of PCR products that contain extended bases (Hemsley et al.

1989). The polished DNAs can then be phosphorylated by T4 polynucleotide kinase and

cloned into a blunt-ended dephosphorylated vector.

Cloning blunt—ended DNA fragments generated by thermostable DNA polymerases such as

Pwo and Pfu, which do not exhibit terminal transferase activity and generate blunt-ended

products (Hinnisdaels et al. 1996). Blunt—end cloning is notoriously inefficient. Even in the

presence of large amounts of bacteriophage T4 DNA ligase, the cloning efficiency of blunt—

ended DNA is 10—100-fold lower than the efficiencies attained with DNAs equipped with
cohesive termini. In addition, blunt-end ligation provides no opportunity to direct the orien-
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tation of the amplified fragment of DNA within the vector. For these reasons, blunt—ended

cloning of PCR products has fallen from favor in the last few years and has been largely

replaced by methods that rely on ligation of cohesive ends.

0 Using a linearized plasmid vectorfitted with a protruding 3' thymidylate residue at each of

its 3” termini; These T vectors are used to clone DNA fragments that carry a nontemplated,

unpaired deoxyadenosyl residue at their 3’ termini (Holton and Graham 1991; Hengen 19953).

A single unpaired 3' thymidine residue may not seem like much of a cohesive end, but it is

enough to provide a strong toehold for the unpaired adenine residue on DNAs amplified in

PCRS catalyzed by Taq or any other thermostable DNA poiymerase that adds 3' adenosyl over—

hangs. Cloning into T vectors is reportedly 50 times more efficient than blunt—end cloning of
amplified DNA fragments (Holton and Graham 1991; Marchuk et al. 1991). This is almost

equal to the efficiency of cloning that can be achieved with DNAs whose 3’ protrusions are a

more respectable length.

0 Adding restriction sites to the 5 ' termini of the oligonucleotides used to prime PCR. These
primer-specific restriction sites are transferred to the termini of the target DNA during ampli-

fication (Scharf et al. 1986) and can then be cleaved with appropriate restriction enzymes to

generate amplified segments of DNA with cohesive termini. Because the restriction sites may

be identical or different in the two primers, this modification allows the investigator to tailor

the termini of the amplified DNA fragment to the vectors best suited to the task at hand.

For years, this method of cloning PCR products was plagued with traps that, if not avoid

ed, would ensnare entire experiments and Visit sharp misery upon the investigator. These

included the inability of some restriction enzymes to cleave sites efficiently near the termini of

DNA molecules and the possible presence of internal restriction sites within amplified DNAs

whose internal sequences were unknown (Crouse and Amorese 1986; Jung et al. 1990;

Kaufman and Evans 1990). The problems have largely been solved by improving the design of

oligonucleotide primers; by understanding the strengths and limitations of restriction

enzymes; by converting terminal restriction sites to internal sites by concatemerization of

amplified DNAs; and by devising better methods to eliminate primers, dNTPs, and ther-
mostable DNA polymerase from the amplified product before digestion with restriction

enzyme(s). For a more detailed discussion, please see the introduction to Protocol 6.

In addition to the basic methods discussed so far, a large variety of more esoteric techniques

to clone amplified fragments of DNA have been described in hundreds of papers published over

the years. These techniques include ligation-independent cloning (Aslanidis and de long 1990;

Shuldiner et al. 1991; Haun et al. 1992; Kaluz and Flint 1994; Temesgen and Eschrich 1996;

Shuldiner and Tanner 1997), UDG cloning (Nisson et al. 1991; Rashtchian et al. 1992; Smith et al.

1993; for review, please see Levis 1995), directional cloning using exonuclease III (Kaluz et al.

1992), in vivo cloning (Jones and Howard 1991; Oliner et al. 1993), and turbo cloning (Boyd

1993). Many of these methods require special strains of E. coli,particu1ar vectors, oligonucleotide

primers that contain modified bases, and/or the use of several different enzymes. Although these

methods under special circumstances may have some advantage, it is difficult to think of cloning

predicaments where the use of occult techniques would be obligatory.

The following four protocols describe how to clone amplified fragments of DNA by blunt-
end ligation (Protocol 4), annealing to T vectors (Protocol 5), and addition of terminal restriction
sites (Protocol 6) and by use of the principles of genetic engineering (Protocol 7).

 



Protocol 4
 

BIunt-end Cloning of PCR Products

MATERIALS

THE FOLLOWING ELEGANT AND SIMPLE PROTOCOL FOR POLISHING the termini of amplified DNA,

adapted from Weiner (1993) and Chuang et al. (1995), builds on the earlier work of Liu and

Schwartz (1992), who showed that incubation of a ligation reaction in the presence of an excess

amount of restriction enzyme can dramatically increase the yield of recombinant plasmids. The

role of the restriction enzyme is to cleave circular and linear concatemers at restriction sites that

are regenerated when plasmid molecules ligate to themselves. The method requires that ligation

of the plasmid to a target DNA molecule destroy the restrictiOn site. This prevents the restriction

enzyme from destroying recombinants generated during the ligation reaction. The net effect of

constant reclamation of unit—length linear vector molecules is to drive the equilibrium of the lig-
ation reaction strongly in favor of recombinants between vector and insert.

The method is efficient because regeneration of vector DNA, ligation, and polishing the ter—

mini of PCR—generated fragments of DNA all occur simultaneously in the same reaction mixture.

 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

ATP (70 mM)

dNTP solution (2 mM) containing all four dNTPs

70x Universal KGB buffer
1 M potassium acetate

250 mM Tris-acetate (pH 7.6)
100 mM magnesium acetate tetrahydrate
5 mM B—mercaptoethanol <!>

100 ug/ml bovine serum albumin

Enzymes and Buffers

8.32

Bacteriophage T4 DNA Iigase

Bacteriophage T4 DNA polymerase
Do not use the Klenow fragment of E. coli DNA polymerase as a polishing enzyme because it carries an
endogenous terminal transferase activity.
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Restriction endonuc/ease for cloning
The restriction enzyme should generate blunt ends, cleave the vector once, and not cleave the amplified
DNA (please see Step 1).

Restriction endonucleases
Please see Step 4.

Gels

Agarose gel
Please see Step 5.

Nucleic Acids and Oligonucleotides

Closed circular plasmid DNA (50 ug/ml)
Choose a plasmid vector containing a single site for a restriction enzyme that generates blunt ends (e.g.,
SmaI, Srfl, and EcoRV). The restriction site should not be present in the amplified DNA, and ligation of
the target fragment to the vector should not regenerate the restriction site. Among the plasmid vectors
that are commonly used for cloning of blunt—ended PCR products are the Bluescripttype plasmids and
plasmids containing abbreviated multiple cloning sites (e.g., pCR—Script Direct, Stratagene). The plas-
mid vector and its bacterial host should carry a blue/white screening system.

Target DNA (25 ug/ml)/ amplified by PCR
When the PCR mixture contains more than one or two bands of amplified DNA, purify the target frag—
ment by electrophoresis through low melting/gelling temperature agarose (please see Chapter 5,
Protocol 6). If not purified by gel electrophoresis, PCR-amplified DNA should be prepared for ligation

by extraction with phen01:chloroform and ultrafiltration through a Centricon-lOO filter (please see
Protocol 3 ),

Special Equipment

Water bath preset to 220C

Additional Reagents

Step 3 of this protocol requires the reagents listed in Chapter 1, Protocol 25 or 26 and
Protocol 27.

Step 4 of this protocol may require the reagents listed in Protocol 12 of this chapter.

Step 6 of this protocol requires the reagents listed in Chapter 12, Protocol 6, or Chapter 6,
Protocol 10.

METHOD

1. In a microfuge tube, mix the following in the order shown:

50 ug/ml closed circular plasmid vector 1 pl

25 pg/ml amplified target DNA 8 pl

10x universal KGB buffer 2 pl

HZO (please see note below) 5 pl

10 mM ATP 1 H1

2 mM dNTPs 1 ul

restriction enzyme 2 units

T4 DNA polymerase 1 unit

T4 DNA ligase 3 units

Adjust the amount of H30 added so that the final reaction volume is 20 pl.

Set up a control reaction that contains all of the reagents listed above except the amplified

target DNA.
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2. Incubate the ligation mixture for 4 hours at 22°C.

The restriction enzyme cleaves the plasmid DNA; the 3’-exonuclease activity of T4 DNA poly-
merase polishes the ends of the amplified DNA in the presence of dNTP.

. Dilute 5 pl of each of the two ligation mixtures with 10 u] of H20 and transform a suitable
strain of competent E. coli to antibiotic resistance as described in Chapter 1, Protocol 25 or
26. Plate the transformed cultures on media containing IPTG and X—gal (please see Chapter
1, Protoc0127) and the appropriate antibiotic.

. Calculate the number of colonies obtained from each of the ligation mixtures. Pick a num-
ber of white colonies obtained by transformation With the ligation reaction containing the
target DNA. Confirm the presence of the amplified fragment by (i) isolating the plasmid
DNAs and digesting them with restriction enzymes whose sites flank the insert in the multi-
ple cloning site or (ii) colony PCR (Protocol 12).

. Fractionate the restricted DNA by electrophoresis through an agarose gel using appropriate
DNA size markers. Measure the size of the cloned fragments.

. Confirm the identity of the cloned fragments by DNA sequencing, restriction mapping, or
Southern hybridization.

 



Protocol 5
 

Cloning PCR Products into T Vectors

MATERIALS

THE SINGLE 3’ ADENOSYL EXTENSION GENERATED by Taq DNA polymerase provides a highly effi-

cient method to clone PCR products into a vector (T vector) containing a complementary

unpaired 3' thymidyl residue (Holton and Graham 1991; Marchuk et al. 1991). T vectors may be

created by the following three methods (Mezei and Storts 1994):

o Digest a vector with restriction enzymes such as Xch, thI, and MboII that generate 3’—ter-

minal unpaired deoxythymidine residues (Kovalic et al. 1991; Mead et al. 1991; Chuang et al.

1995; Borovkov and Rivkin 1997).

0 Use terminal transferase and dideoxyTTP to add a single protruding T residue to the 3/ termi-

ni of a linearized vector (Holton and Graham 1991).

0 Use the template-independent terminal transferase activity of Taq DNA polymerase to catalyze

the addition of a T residue to the terminal 3'—hydroxyl groups of a linearized vector (Marchuk

et a]. 1991).

Alternatively, T vectors can be purchased ready-made from many commercial suppliers as

components of cloning kits (e.g., pCR—Script [SK+] from Stratagene; pCRH in the TA Cloning kit
from Invitrogen; pGEM—T from Promega) (Hengen 199521).

 

Enzymes and Buffers

Gels

Bacteriophage T4 DNA ligase

Agarose gel
Please see Step 5.

Nucleic Acids and Oligonucleotides

Target DNA (25 ug/ml), amplified by PCR
When the PCR mixture contains more than one or two bands of amplified DNA, purify the target frag-
ment by electrophoresis through low melting/gelling temperature agarose (please see Chapter 5,

M
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Vectors

Protocol 6). If not purified by gel electrophoresis, PCR—amplified DNA should be prepared for ligation
by extraction with phenolzchloroform and ultrafiltration through a CentriconeIOO filter (please see
Protocol 3).

T vector

Special Equipment

For an outline of the generation of T vectors, please see the introduction to this protocol. T vectors and
target DNAs tend to lose their unpaired 3’ residues when frozen and thawed many times.

Water bath preset to 74°C

Additional Reagents

Step 3 of this protocol requires the reagents listed in Chapter 1, Protocol 25 or 26 and
Protocol 27.

Step 6 of this protocol requires the reagents listed in Chapter 72, Protocol 6/ or Chapter 6,
Protocol 70.

METHOD

1. In a microfuge tube, set up the following ligation mixture:

25 ug/ml amplified target DNA 1 pl

T—tailed plasmid 20 ng

10x ligation buffer 1 pl

bacteriophage T4 DNA ligase 3 units
HZO to 10 pl

If necessary, add ATP to a final concentration of 1 mM. A 1:5 molar ratio of vectorzamplified DNA
fragment is recommended.

Set up a control reaction that contains all the reagents listed above except the amplified tar—
get DNA.

Incubate the ligation mixture for 4 hours at 14°C.

Dilute 5 pl of each of the two ligation mixtures with 10 M1 of 11,0 and transform a suitable
strain of competent E. coli to antibiotic resistance as described in Chapter 1, Protocol 25 or
26. Plate the transformed cultures on media containing IPTG and X-gal (please see Chapter
1, Protocol 27) and the appropriate antibiotic.

Calculate the number of colonies obtained from each of the ligation mixtures. Pick a num-
ber of white colonies obtained by transformation with the ligation reaction containing the
target DNA. Confirm the presence of the amplified fragment by (i) isolating the plasmid
DNAs and digesting them with restriction enzymes whose sites flank the insert in the multi-
ple cloning site or (ii) colony PCR (Protocol 12).

The ratio of bluezwhite colonies varies between 1:5 and 2:1.

Fractionate the restricted DNA by electrophoresis through an agarose gel using appropriate
DNA size markers. Measure the size of the cloned fragments.

Confirm the identity of the cloned fragments by DNA sequencing, restriction mapping, or
Southern hybridization.

 



Protocol 6

Cloning PCR Products by Addition of Restriction
Sites to the Termini of Amplified DNA

 

PAIRS OF OLIGONUCLEOTIDE PRIMERS USED IN PCR are often designed With restriction sites in

their 5’ regions. In many cases, the sites are different in the two primers. In this case, amplifica—

tion generates a target fragment whose termini now carry new restriction sites that can be used

for directional cloning into plasmid vectors (Scharf et al. 1986; Kaufman and Evans 1990). The

purified fragment and the vector are digested with the appropriate restriction enzymes, ligated

together, and transformed into E. coli (please see Figure 8—3).
For years, this method of cloning PCR products was beset with technical difficulties.

Fortunately, most of these problems have been solved, bringing great improvements in both the

efficiency and reproducibility of the technique. However, beware of the following pitfalls.

0 Many restriction enzymes fail to cleave recognition sequences located close to the ends of DNA
fragments, particularly those generated by PCR (e.g., please see Kaufmann and Evans 1990;

Larrick 1992; Jung et al. 1993; Rychlik 1995; Zimmermann et al. 1998).

o The presence of residual polymerase activity and dNTPs after cleavage of the PCR product by

restriction enzymes can regenerate a blunt—ended DNA.

0 The presence in the reaction mixture of residual single—stranded primers or double-stranded

primer-dimers may reduce the efficient cleavage of terminal restriction sites in amplified DNA

molecules.

Solutions to these problems lie in the design of the oligonucleotide primers, the choice of

restriction enzymes, and, as described above, in the elimination of primers, dNTPs, and ther-

mostable DNA polymerase from the amplified product before digestion with restriction

enzyme(s). Listed below are some helpful hints for designing primers.

0 Wherever possible, design primers that create a different restriction site on each end of the

amplified DNA. Directional cloning can then be used to attach the fragment to an appropri—

ately prepared plasmid.

0 Many restriction enzymes fail to cleave recognition sequences located close to the ends Of DNA

fragments, particularly those generated by PCR (e.g.; please see Crouse and Amorese 1986; H0

et al. 1990; Jung et al. 1990, 1993; Kaufman and Evans 1990; Larrick 1992; Rychlik 1995;

Zimmermann et al. 1998). Wherever possible; avoid using restriction enzymes such as HindIII,
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FlGURE 8-3 Cloning PCR Products by Addition of Restriction Sites

Specific PCR primers (represented by arrows) are designed to amplify a region of interest with the desired
recognition sequence for the restriction endonuclease included at the 5’ end of the primer. The sense-
strand primer contains the sense strand of a restriction site, and the antisense primer contains the com-
plementary sequence of a second restriction site. (A) To achieve high efficiency digestion, additional
nucleotides must be included on both sides of the restriction endonuclease sequence. In this example,
proper recognition and cutting requires at least three additional bases on either side of the Hindlll site,
and at least two additional nucleotides on either side of the Kpnl site. (B) Amplification by PCR produces
a specific product with an Hindlll site at the 5 ’ end and a Kpnl site at the 3 ' end. (C) Digestion with Hindlll
and Kpnl produces a PCR product that can be cloned directionally.

Sal], XbaI, XhoI, and Not], which are known to cleave terminal and subterminal recognition

sites inefficiently. The catalogs of many commercial suppliers of enzymes (e.g., New England

Biolabs) contain information about the efficiency of cleavage of these sites by restriction

enzymes (see Appendix 4). Wherever possible, avoid using restriction enzymes that display

“star” activity.

0 Wherever possible, avoid using restriction sites that are known to occur naturally within the

amplified segment of DNA. If the location and type of restriction sites are unknown, use
restriction enzymes that are knewn to cleave the particular species of DNA very rarely.

0 Design a “clamp” sequence at the extreme 5' ends of the oligonucleotide primers to hold

together the ends of the amplified DNA and to provide an adequate toehold for the restriction
enzymes. Unfortunately, there is no agreement about the minimal number of additional bases
required to stabilize the termini of the amplified DNA. Early estimates ranged from 4 (Jung et
al. 1990) to 20 (Ho et al. 1990) additional bases. More recent data (Zimmermann et al. 1998)

suggest that in most cases, only 3 additional bases are required for efficient digestion by a vari—
ety of restriction enzymes. Perhaps the best advice is to add as many bases as reason and bud—
get will allow to the 5’ ends of the oligonucleotide primers.
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MATERIALS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Chloroform <!>

EDTA (0.5 M, pH 8.0)

Ethanol

Phenolsch/oroform (1:1, v/v) <!>

Sodium acetate (3 M, pH 52)

TE (pH 7.5)

Enzymes and Buffers

Bacteriophage T4 DNA Iigase

Restriction endonucleases

Gels

Agarose gel
Please see Step 12.

Nucleic Acids and Oligonucleotides

Forward primer (20 ttM) in H20 and Reverse primer (20 “MJ in HZO
Design forward and reverse primers carrying the appropriate restriction sites. The 3' end of each primer
should be an exact complement of ~15 consecutive bases at a selected site in the target DNA. The 5’ ter—
minus of each primer serves as a clamp to hold together the termini of the amplified DNA and to pro—
vide a landing site for the restriction enzyme. The clamp should be 3—10 nucleotides in length. The mid—
portion of the primer contains the recognition site for the restriction enzyme. Each primer should there—
fore be 24—31 nucleotides in length and contain approximately equal numbers of the four bases, with a
balanced distribution of G and C residues and a low propensity to form stable secondary structures. For
further details, please see the introduction to this protocol and the introduction to this chapter (Design
of Oligonucleotide Primers for Basic PCR).

Oligonucleotide primers synthesized on an automated DNA synthesizer can generally be used in stan—
dard PCR without further purification.

Target DNA

Vectors

Plasmid DNA cleaved With the appropriate restriction enzyme(s) and purified by gel
electrophoresis

If the linearized plasmid DNA carries compatible termini that can be ligated to each other‘ use alkaline phos—
phatase to remove the Siphosphate groups and suppress self—ligation (please see Chapter 1, Protocol 20).

Special Equipment

Water bath preset to 16°C

Water bath preset to optimum temperature for the restriction endonuc/ease digestions
Please see Step 3.

Additional Reagents

Step 1 of this protocol requires the reagents listed in Protocol 1 of this chapter.
Step 10 of this protocol requires the reagents listed in Chapter 1, Protocol 25 or 26 and

Protocol 27.

Step 11 of this protocol may require the reagents listed in Protocol 12 of this chapter.

Step 13 of this protocol requires the reagents listed in Chapter 12, Protocol 6, or Chapter 6,
Protocol 10.
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METHOD

10.

. Use forward and reverse primers designed as outlined in the Materials section of this proto-

col to set up and carry out four identical amplification reactions (50111 volume) to amplify

the target fragment (please see Protocol 1). Combine the four PCRs, which, in aggregate,

should contain 200—500 ng of the desired amplification product.

If the PCR mixture contains more than one or two bands of amplified DNA, purify the tar-

get fragment by electrophoresis through low melting/gelling temperature agarose (please see

Chapter 5, Protocol 6). If not purified by gel electrophoresis, prepare PCR-amplified DNA for

ligation by extraction with phenolxhloroform and ultrafiltration through a Centricon-lOO

filter (please see Protocol 3). Dissolve the purified product in TE (pH 7.5) at a concentration

of 25 ug/ml.

In a reaction volume of 20 pl, digest ~100 rig of purified PCR product with 1.0—2.0 units of

the relevant restriction enzyme(s). Incubate the reactions for 1 hour at the optimum tem-

perature for digestion.

. At the end Of the digestion, adjust the volume of the reaction mixture to 100 pl with H30,

and add 0.5 M EDTA to a final concentration of 5 mM. Extract the reaction mixture once with

phenolzchloroform and once with chloroform.

. Transfer the aqueous phase to a fresh tube and add 3 M sodium acetate (pH 5.2) to achieve a

final concentration of 0.3 M. Add 2 volumes of ethanol. Store the mixture for 30 minutes at

0°C.

Recover the precipitated DNA by centrifugation at maximum speed for 5 minutes at 40C in

a microfuge. Discard the supernatant, and then wash the pellet with 70% ethanol. Centrifuge

the solution again, remove the supernatant, and allow the pellet of DNA to dry in the air for

a few minutes.

. Dissolve the DNA in 10 pl of H20.

In a microfuge tube, set up the following ligation mixture:

25 ug/ml amplified target DNA 1.0 pl

plasmid DNA 20 ng

10x ligation buffer 1.0 pl

T4 DNA ligase 1 unit

HZO to 10 u]

If necessary, add ATP to a final concentration of 1 mM.

When directional cloning is used, the ligation mixture should contain an ~1:1 molar ratio of puri—
fied target DNA to cleaved plasmid vector.

Set up a control reaction that contains all the reagents listed above except the amplified tar-
get DNA.

Incubate the ligation mixtures for 4 hours at 16°C.

Dilute 5 pl of each of the two ligation mixtures with 10 111 of H20 and transform a suitable
strain of competent E. coli to antibiotic resistance as described in Chapter 1, Protocol 25 or
26. Plate the transformed cultures on media containing IPTG and X—gal (please see Chapter
1, Protocol 27) and the appropriate antibiotic.
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11. Calculate the number of colonies obtained from each of the ligation mixtures. Pick a num—
ber of white colonies obtained by transformation with the ligation reaction containing the

target DNA. Confirm the presence of the amplified fragment by (i) isolating the plasmid

DNAs and digesting them with restriction enzymes whose sites flank the insert in the multi-

ple cloning site or (ii) colony PCR (Protocol 12).

In different experiments, the ratio of bluezwhite colonies can vary between 1:5 and 2:1.

12. Fractionate the restricted DNA by electrophoresis through an agarose gel using appropriate

DNA size markers. Measure the size of the cloned fragments.

13. Confirm the identity of the cloned fragments by DNA sequencing, restriction mapping, or

Southern hybridization.

 

TROUBLESHOOTING

The absence of transformed, white colonies containing the PCR product of interest may be due to low

efficiencies of transformation or inefficient ligation. For each experiment, include a positive control to
monitor the efficiency of transformation of the preparation of competent E. coli. Confirm that the con-
centrations of vector and target DNAS are correct by analyzing samples of the ligation mixtures and con-
trols using gel electrophoresis.

A high background of nonrecombinant colonies is most likely due to incomplete cleavage of the vec-
tor by restriction enzymes. 
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THIS PROTOCOL (PROVIDED BY STEFAN ANDERSSON, UNIVERSITY OF TEXAS Southwestern Medical
Center, Dallas) describes a method to introduce simultaneously restriction endonuclease sites at

the 5' and 3’ ends of a cloned mammalian cDNA and to change several codons at the 5' end of

the cDNA to those preferentially utilized in E. coli. These types of end modifications are fre-

quently used in engineering cDNAs, or genes, before cloning in various eukaryotic and prokary-

otic expression vectors (please see Chapters 15 and 16). Additional methods for modifying the

ends of DNA molecules are described in the panel below.

 

MORE STRATEGIES FOR MUTAGENESIS

The variations on end modification of DNA are numerous. Several clever strategies use this type of amplifica-
tion reaction in site-directed mutagenesis. For example, Hemsley et al. (1989) describe a modified form of
inverse PCR in which the starting plasmid vector and the insert to be mutated are amplified at the same time.
The oligonucleotide primers contain the mutations or modifications to be incorporated into the cDNA or gene
and proceed outward from two adjacent nucleotides in the target DNA. The amplification reaction produces
linear products from the circular plasmid DNA. lntramolecular ligation of the products gives rise to circular
molecules, which can be used to transform E. coli, a proportion of which contain the desired changes. This
method works well for repeated mutagenesis of a previously constructed expression vector. The procedure
potentially suffers from two drawbacks: the overall size limit of the PCR (~4 kb) and the tendency of some
thermostable DNA polymerases to add unpaired nucleotide residues to the 3 ' ends of amplified DNA. A long
PCR protocol can overcome the size |imit problem (please see Protocol 13) (Barnes 1994). Several remedies

to the latter problem are discussed in the introduction to Protocol 1.
End modification can be combined with standard bacteriophage M13 site-specific mutagenesis (please

see Chapter 13, Protocol 2) to enact domain swaps between different proteins (Clackson and Winter 1989)
and to create cDNA or gene chimeras via overlap extension (Horton et al. 1990). Finally, a deletion can also

be introduced into a cloned fragment of DNA by use of inverse PCR and two oligonucleotide primers that abut
the desired deletion endpoints (lmai et al. 1991).   
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MATERIALS

A IMPORTANT To reduce the chance of contamination with exogenous DNAs/ prepare and use a special
set of reagents and solutions for PCR only. Bake all glassware for 6 hours at 150°C and autoclave all
plasticware. For more information, please see the panel on CONTAMlNATlON IN PCR in the chapter
introduction.

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions
Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

10x Amplification buffer

dNTP solution (20 mM) containing all four dNTPs (pH 8.0)

Enzymes and Buffers

Appropriate restriction endonucleases
Thermostab/e DNA polymerase

Gels

Agarose or Polyacrylamide gel <! >
Please see Step 5.

Nucleic Acids and Oligonucleotides

Oligonucleotide primer 1 (10 pM) in TE (pH 8.0) and Oligonucleotide primer 2 ( 10 pM)
in TE (pH 8.0)

Positive control DNA

Template DNA
The template DNA could be, for example, a cloned gene or cDNA in a vector or genomic DNA.

Vectors

Vector DNA cleaved with the appropriate restriction enzyme(s) and purified by gel
electrophoresis
If the restricted vector DNA carries compatible termini that can be ligated to each other, use alkaline
phosphatase to remove the 5’-phosphate groups and suppress self-ligation (please see Chapter 1,
Protocol 20).

Special Equipment

Barrier tips for automatic micropipetting device

Microfuge tubes (0.5 ml, thin-wa/led for amplification) or Microtiter plates
Positive-displacement pipette

Thermal cyC/er programmed with desired amplifica tion protocol
If the thermal cycler is not equipped with a heated lid, use either mineral oil or paraffin wax to prevent
evaporation of liquid from the reaction mixture during PCR.

Additional Reagents

Step 5 of this protocol requires the reagents listed in Chapter 5, Protocol 2, Chapter 72,
Protocol 6, or Chapter 6, Protocol 70.

Step 6 of this protocol requires the reagents listed in Protocol 3 of this chapter.
Step 7 of this protocol requires the reagents listed in Protocol 6 of this chapter.
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METHOD

1. Design and synthesize the appropriate oligonucleotide primers for the end modifications

desired.
In this example, two primers derived from the 5’ sequence (5' dATCATATGGQlQTGGATGA

TCAGCTCATGGGAGGCAA 3’) of the starting cDNA template are used to introduce an NdeI

(CATATG) site at the 5’ end of the cDNA and to change several codons to those preferentially used
in E coli. The underlined nucleotides indicate differences between the oligonucleotide primers and
the CDNA template. The number of perfectly matched nucleotides required at the 3' end of the
oligonucleotide primers for a successful amplification has not been rigorously determined; howev—
er, eight to ten generally work well.

2. In a sterile 0.5-ml microfuge tube, amplification tube, or the well of a sterile microtiter plate,

mix in the following order:

100 ng template DNA 10 pl

10x amplification buffer 5 pl

20 mM solution of four dNTPs 5 pl

10 ttM primer I (50 pmoles) 5 pl

10 pM primer 2 (50 pmoles) 5 pl

1—2 units of thermostable DNA polymerase I pl

HZO to 50 pl

Set up two control reactions. In one reaction, include all of the above additions, except the
template DNA. In the other reaction, include a DNA template that has previously yielded a
positive result in the PCR. Carry the controls through all subsequent steps of the protocol.

3. If the thermal cycler is not fitted with a heated lid, overlay the reaction mixtures with 1 drop
(~50 pl) of light mineral oil. This prevents evaporation of the samples during repeated cycles
of heating and cooling. Alternatively, place a head of wax into the tube if using hot start PCR.
Place the tubes or the microtiter plate in the thermal cycler.

4. Amplify the nucleic acids using the denaturation, annealing, and polymerization times and
temperatures listed in the table.

 

Cycle
Number Denaturation Annealing/Polymerization

20 cycles 1 min at 94°C 3 min at 68°C

Last cycle I min at 94°C 15 min at 68°C

These times are suitable for SO—ul reactions assembled in thin—walled 0.5—ml tubes and incubated
in thermal cyclers such as the Perkin—Elmer 9600 or 9700, Master Cycler (Eppendorf), and PTC
100 (Ml Research). Times and temperatures may need to be adapted to suit other types of equip-
ment and reaction volumes.

A small number of cycles are performed to decrease the chance of introducing spurious mutations.

5. Analyze 5—10% of the amplification on an agarose or polyacrylamide gel and estimate the
concentration of the amplified target DNA. Be sure to include DNA markers of an appropri-
ate size. Stain the gel with ethidium bromide or SYBR Gold to Visualize the DNA.

A successful amplification reaction should yield a readin visible DNA fragment of the expected
size. The identity of the band can be confirmed by DNA sequencing (please see Chapter 12),
Southern hybridization (please see Chapter 6), and/or restriction mapping.
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6. If mineral oil was used to overlay the reaction (Step 3), remove the oil from the sample by

extraction with 150 pl of chloroform.

The aqueous phase, which contains the amplified DNA, will form a micelle near the meniscus. The

micelle can be transferred to a fresh tube with an automatic micropipette.

For many purposes, for example, purification of the amplified DNA using a Centricon microcon—

centrator or cloning amplification products, it is desirable to remove the oil from the sample before
proceeding.

A IMPORTANT Do not attempt chloroform extractions in microtiter plates. The plastic used

in these plates is not resistant to organic solvents.

7. For subsequent cloning, cleave the DNA fragment at the restriction sites placed (or located)
at the 5’ ends of the primers (with NdeI and HindIII in the above example). Purify the digest-

ed fragment using gel electrophoresis or ultrafiltration (please see Protocol 3).

8. Set up the appropriate ligation reaction with the desired vector DNA. Use a molar ratio of

insert to vector of 3:1 in the ligation reactions.

Because of the error rate of thermostable DNA polymerases, it is very important to verify the
sequence of the amplified DNA after cloning into the expression vector.

 
TROUBLESHOOTING

The most common result in a failed reaction is the appearance of a smear of bands on the ethidium-bro—
mide-stained gel. This is usually due to the use of too much input template DNA. In this situation, carry
out several pilot PCRs in which the amount of input DNA is varied over at least a 100-fold range (i.e.,
1—100 ng). 
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R EVERSE TRANSCRIPTASE—PCR (RT-PCR) 5 A METHOD used to amplify cDNA copies of RNA.

Sensitive and versatile, RT—PCR is used to retrieve and clone the 5' and 3' termini of mRNAs and

to generate large cDNA libraries from very small amounts of mRNA. In addition, RT—PCR can be

easily adapted to identify mutations and polymorphisms in transcribed sequences and to measure

the strength of gene expression when the amounts of available mRNA are limited and/or when

the RNA of interest is expressed at very low levels.

The literature is abundantly adorned with descriptions of variants of RT-PCR, many of

which have their own acronym. The technical details may vary from one paper to the next, but

the underlying concepts are constant and relatively simple: In every case, the first step is the enzy—

matic conversion of RNA to a single—stranded cDNA template. An oligodeoxynucleotide primer

is hybridized to the mRNA and is then extended by an RNA—dependent DNA polymerase to cre-

ate a cDNA copy that can be amplified by PCR. Depending on the purpose of the experiment, the

primer for first-strand cDNA synthesis can be specifically designed to hybridize to a particular

target gene or it can bind generally to all mRNAs (please see Figure 8-4).

0 Oligo(dT), which binds to the endogenous poly(A)+ tails of mammalian mRNAs, can be used

as a universal primer for conventional first-strand cDNA synthesis. Subsequent amplification by

PCR generally utilizes one or more internal, gene-specific primers and olig0(dT) to generate

copies of the 3'—terminal sequences of a particular mRNA (3’-RACE; please see Protocol 10).

0 cDNA synthesis can be primed by a synthetic antisense oligonucleotide that hybridizes specif—

ically to a chosen region in a particular target RNA or family of mRNAs. Amplification of the

desired portion of cDNA can be achieved in PCRs primed, for example, by sense and antisense

oligonucleotide primers corresponding to specific sequences in particular cDNAs. For maxi—

mum specificity, the antisense primer should be located upstream of the oligonucleotide used
to prime cDNA synthesis.

Wherever possible, oligonucleotides that bind to sequences located in different exons of the

target RNA should be used as sense and antisense primers for amplification of the cDNA prod-

uct. In this way, amplification products derived from cDNA and contaminating genomic DNA
can be easily distinguished. However, transcripts of intronless genes cannot be differentiated
unambiguously from contaminating genomic sequences. In these circumstances, treating the
RNA preparation with RNase-free DNase may be helpful (Grillo and Margoiis 1990; please see
Chapter 9, Protocol 8).
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FIGURE 8-4 Schematic Representation of Various Methods for the Amplification of RNA by PCR
The first-strand synthesis of cDNA may be primed using either a gene-specific primer (GSP), oligo(dT), or a random hexamer
sequence. Second-strand synthesis (amplification cycle 1) is primed with the sense primer. Amplification of cDNA continues in
the presence of both sense and antisense primers. (Modified, with permission, from Dieffenbach and Dveksler 1995.)

0 Random hexanucleotides, which are capable of priming cDNA synthesis at many points along
RNA templates, generate fragmentary copies of the entire population of RNA molecules. They
are useful when the target RNA is extremely long or contains so much secondary structure that
cDNA synthesis cannot be efficiently primed by oligo(dT) or synthetic oligonucleotide(s) (Lee
and Caskey 1990). Because all mRNAs in the population can serve as templates, gene-specific
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amplification is achieved by using sense and antisense primers targeted to sequences in the

cDNA.

In most cases, investigators aim to generate a first strand of cDNA that is as long as possi»

ble and contains a high proportion of molecules complementary to the target RNA. Synthetic

gene—specific oligonucleotides that bind to the 3’—untranslated regions of the target mRNA are

therefore the primers of choice. Oligoth) is the next best option, and random hexamers, which

have no specificity and generate both long and short molecules of cDNA, are used when the other

methods of priming fail.
A second primer and a thermostable DNA polymerase are then added for the subsequent

PCR-driven amplification step. Positive and negative controls should always be included when
setting up RT-PCRs. Negative controls are generated by omitting essential components of the RT

stage of the RT—PCR. Positive controls, however, are much trickier because they require standards

that can be transcribed into cDNA and amplified in parallel with the authentic target sequence.

Ideally, these standards should consist of known amounts of a synthetic RNA transcribed in vitro

 

REVERSE TRANSCRIPTASES USED IN RT-PCR

The discovery of DNA-dependent RNA polymerases in 1970 solved the Iong-standing puzzle of how the RNA
genomes of certain tumor viruses could be copied into DNA in infected and/or transformed cells (Baltimore
1970; Temin and Mizutani 1970). The name reverse transcn'ptase was coined as a joke by John Tooze, who first
used it in an anonymous News and Views article in Nature. Much to the annoyance of purists and the delight
of Tooze, the name stuck and quickly became iconic.

Three forms of RNA-dependent DNA polymerases are now used in vitro to catalyze the synthesis of DNA
complementary to an RNA template:

0 Mesophilic enzymes encoded by avian myeloblastosis virus (AMV) and the Moloney strain of murine
leukemia virus (Mo-MLW. Both enzymes require an RNA or DNAtemplate with an RNA or DNA primer bear-
ing a 3 ’-hydroxyl group. Lacking an editing 3 ’—>5 ’ exonuclease activity, both enzymes are prone to error. The
Km values for their dNTP substrates are very high, in the millimolar range. To ensure complete transcription
of template RNAs, it is essential to include a high concentration of dNTPs in the reaction.

The enzyme encoded by AMV has a powerful RNase H activity that can digest the RNA moiety of RNA-
DNA hybrids and can cleave the template near the 3' terminus of the growing DNA strand if reverse tran-
scriptase pauses during synthesis {Kotewicz et al. 1988). Thus, the high level of RNase H activity associat-
ed with the avian reverse transcriptase tends to suppress the yield of cDNA and restrict its length (for fur-
ther details, please see the information panel on RIBONUCLEASE H).

The murine enzyme is far better suited for RT—PCR because its RNase H activity is comparatively weak
(Gerard et ai. 1997). However, the Mo-MLV enzyme reaches maximum activity at a lower temperature
(3 7"C) than the avian enzyme (42°C), which may be a slight disadvantage if the RNA template has a high
degree of secondary structure.

0 Variants ofMo-MLV reverse transcriptase that lack RNase H activity. Several such enzymes are sold com-
mercially (e.g., Superscript from Life Technologies and StrataScript from Stratagene). The modified reverse
transcriptases transcribe a greater proportion of the template molecules and synthesize longer cDNA mol-
ecules than the wild-type enzyme (Gerard et al. 1988, 1997; Kotewicz et ai. 1988; Telesnitsky and Goff
1993). In addition, they are capable of cDNA synthesis at high temperatures (up to 50°C in some cases),
which is an advantage when the template RNA is rucked into secondary structures.

0 Thermostable Tth DNA polymerase, which is encoded by the thermophilic eubacterium Thermus ther-
mophilus and exhibits reverse transcriptase activity in the presence ofMn2+ (Myers and Gelfand 1991 ). The
chief advantage of using Tth polymerase in RT-PCR is that both phases of the reaction (reverse transcription
and amplification) are carried out in the same reaction tube (Myers et al. 1994). In our view, this increase
in convenience is not sufficient to compensate for the disadvantages of Tth polymerase, which are that the
average size of the cDNA synthesized by Tth is only ~1—2 kb, far less than can be achieved with Mo-MLV
reverse transcriptase (~1O kb); in addition, the use of Mn2+ is a worry because of the lowered fidelity of
DNA synthesis in the presence of this cation. Finaiiy, Tth cannot be used with oIigo(dT) or random hexam-
ers as primers, since the hybrids will be unstable at temperatures at which the thermostable DNA poly-
merase IS active. 
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from a cloned, mutated segment of the target DNA. The perfect standard would differ in sequence

from the target RNA by only one or two bases required to create one or more novel restriction
site(s) in the amplified cDNA products. Both the target RNA and the standard should be able to
be amplified with the same pair of primers (Becker-André and Hahlbrock 1989; Wang et al. 1989;
Gilliland et al. 1990; Siebert and Larrick 1992). After amplification, the two PCR products are dis-
tinguished by digestion with restriction enzyme(s) and agarose gel electrophoresis (for review,
please see Becker-André 1993).

Generating a perfect standard requires detailed planning and considerable labor. Most
investigators therefore settle for internal standards that fall short of perfection, for example, a
cloned segment of cDNA that can be added in varying quantities to the RNA template, or, less
desirably, a completely unrelated, endogenous RNA species that can be amplified only with sep—
arate primers. Such imperfect controls may be malodorous to purists, but they are certainly
preferable to no controls at all. At least they provide a means to measure the overall efficiency of
reverse transcription and amplification and provide some indication of the quality of the RNA
preparation.

A IMPORTANT To reduce the Chance of contamination with exogenous DNAs, prepare and use a special
set of reagents and solutions for PCR only. Bake alI glassware for 6 hours at 150°C and autoclave all
plasticware. For more information, please see the panel on CONTAMINATION IN PCR in the chapter
introduction.

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

70x Amplification buffer
Chloroform <!>

dNTP (20 mM) solution containing all four dNTPs (pH 8.0)
Ethanol

MgCI2 (50 mM)

Phenolrchloroform (1:7, v/v) <!>

Placental RNase inhibitor (20 units/ttl)
Please see the information panel on INHIBITORS OF RNASES in Chapter 7.

Enzymes and Buffers

Gels

Reverse transcriptase (RNA-dependent DNA polymerase)
Please see the panel on REVERSE TRANSCRIPTASES USED IN RT-PCR in the introduction to this protocol.

Thermostable DNA-dependent DNA polymerase
Taq DNA polymerase is the standard and appropriate enzyme for the amplification stage of most forms
of RT—PCR. However, where elongation from 3'-mismatched primers is suspected, a thermostable DNA
polymerase with 3'—>5' proofreading activity may be preferred (Chiang et all 1993).

Agarose or polyacrylamide gel <!>
Please see Step 8.
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Nucleic Acids and Oligonucleotides

Exogenous reference RNA
Please see Step 2.

Oligonucleotide primers for synthesis of cDNA:

Oligo(dT)u_78 (700 pg/ml) in TE (pH 8.0)

Random hexanucleotides (1 mg/ml) in TE (pH 8.0)

Gene-specific oligonucleotide (20 uM) in H20 (20 pmoles/ul)

The gene—specific oligonucleotide should be complementary to a known sequence in the target mRNA.

Depending on the experiment, oligo(dT)12¥]8, random hexanucleotides, or gene-specific antisense
oligonucleotides can be used as primers for synthesis of first-strand cDNA (please see the introduction
to this protocol).

Sense and antisense oligonucleotide primers for amplification of cDNA by PCR
The primer used to generate cDNA may also be used as the antisense primer in the amplification stage of
standard RT—PCR. However, the specificity of amplification can be improved by using an antisense
primer that binds to an upstream sequence in the target transcript. Both sense and antisense primers are
gene—specific synthetic oligonucleotides, which should be 20—30 nucleotides in length and contain
approximately equal numbers of the four bases, with a balanced distribution of G and C residues, and a
low propensity to form stable secondary structures. Wherever possible, use specific oligonucleotides that
bind to sequences located in different exons of the target RNA as sense and antisense primers for ampli—
fication of the cDNA product. In this way, amplification products derived from cDNA and contaminat—
ing genomic DNA can be easily distinguished. For further details, please see Design of Oligonucleotide
Primers for Basic PCR in the introduction to this chapter.

Bases encoding restriction sites can be added to the 5' termini of the sense and antisense primers used in
PCR (please see Protocol 6). This addition greatly facilitates cloning of the amplified product.

Oligonucleotide primers synthesized on an automated DNA synthesizer can generally be used in stan-
dard RT-PCR without further purification. However, amplification of low—abundance mRNAs is often
more efficient if the oligonucleotide primers are purified by chromatography on commercially available
resins (e.g., NENSORB, NEN Life Science Products) or by denaturing polyacrylamide gel electrophore—
sis, as described in Chapter 10, Protocol 1.

 

Use the following formula to calculate the molecular weight of the oligonucleotides:

Mr : (Cx289) + (A x 313) 4- (Tx 304) + (Gx 329)

where C : number of C residues in the oligonucleotide
A = number ofA residues

T = number of T residues

G : number of G residues

The gram molecular weight of a 20-mer will be ~6000; 100 pmoles of the oligonucleotide will be
equivalent to ~0.6 pg.   

Total RNA (100 tig/ml) in HZO or Pon(A)+ RNA (70 ug/ml) in HZO
Total RNA extracted from cells with chaotropic agents is generally the template of choice for RT-PCR
for mRNAs that are expressed at moderate to high abundance (Liedtke et al. 1994). PolytAV is preferred
as a template for all forms of RT-PCR when the target mRNA is expressed at low abundance. RNA suit-
able for use as a template in RT-PCR may be prepared from small numbers of cultured cells as follows:

i. Pellet the cells (10—100 cells) by centrifugation for 5 seconds at 4°C in a microfuge.
ii. Remove the supernatant by aspiration. Add 10—20 pl of an ice-cold lysis solution 0f0.5% Nonidet

P—40 (NP-40), 10 mM Tris-Cl (pH 8.0), 10 mM NaCl, 3 mM MgClz. Vortex the tube very gently to
disperse the cells throughout the lysis solution.

iii. Store the tube for 5 minutes on ice, and then centrifuge at maximum speed for 2 minutes at 4°C in
a microfuge. Use the supernatant directly as the template in a cDNA-driven PCR as described below.

Note that it may be necessary to carry out preliminary experiments to determine the optimum concen—
tration of NP—4O in the lysis buffer. The concentration of 0.5% recommended in the protocol works well
for lymphocytes. Higher concentrations may be required for other types of mammalian cells.
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Barrier tips for automatic micropipettes

Microfuge tubes (0.5 ml, thin—wal/ed for amplification) or Microtiter plates
Positive-displacement pipette
Thermal cycler programmed with desired amplification protocol

Ifthe thermal cycler is not equipped with a heated lid, use either mineral oil or paraffin wax to prevent
evaporation of liquid from the reaction mixture during PCR.

Water baths preset to 75°C and 95°C

Additional Reagents

Step 8 of this protocol requires the reagents listed in Chapter 5, Protocol 2, Chapter 72,
Protocol 6, or Chapter 6, Protocol 10.

Step 10 of this protocol requires the reagents listed in Protocols 3 and 4, 5, or 6 of this

chapter.

METHOD

8.51

 

To the denatured RNA add:

10x amplification buffer 2 pl

20 mM solution of four dNTPs (pH 8.0) 1 ul

primers (optimized, please see below) 1 ul

~20 units/ul placental RNase inhibitor 1 u]

50 mM MgCl2 1 pl

100—200 units/pl reverse transcriptase 1 pl

HZO to 20 pl

Incubate the reaction for 60 minutes at 37°C.

MgCl2 is added to meet the needs of the reverse transcriptase.

The optimum ratio of primer to template should be ascertained empirically for each preparation
of RNA. As a starting point for optimization, we recommend adding varying amounts of primers

to ZO—ul reactions:

synthetic oligonucleotide com-
plementary to the target RNA: 5—20 pmoles

olig0(dT)]2_18: 0.1—0.5 ug

random hexanucleotldes: 1—5 pg

cDNA synthesis can be measured by determining the proportion of radioactivity incorporated in
reactions that have been supplemented with 10—20 uCi Of [SZPldCTP (sp‘ act. 3000 Ci/mmole). The
size of the first—strand cDNA molecules can be estimated by electrophoresis through alkaline
agarose gels (please see Chapter 5, Protocol 8).

Whenever possible, set up positive controls containing varying amounts of an exogenous reference
RNA equipped with a set of primer annealing sites identical to those used in the authentic target

. Transfer 1 pg to 100 ng of poly(A)+ mRNA or 10 pg to 1 pg of total RNA to a fresh microfuge

tube. Adjust the volume to 10 u] with HZO. Denature the RNA by heating at 75°C for 5 min-

utes, followed by rapid chilling on ice.

Set up three negative control reactions. In one reaction, include all of the components of the

first-strand reaction, except the RNA template. In another reaction, include all of the com-

ponents, except the reverse transcriptase. Omit primers from the third reaction. Carry the

controls through all subsequent steps of the protocol. These controls provide reassu rance that

the cDNA product is not due to contamination or self—priming by RNA.
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RNA (Wang et al, 1989). With some foresight, it is often possible to generate an appropriate refer—
ence by cloning synthetic copies of the sense and antisense primer—binding sites on either side of
an exogenous DNA sequence. The recombinant clone may then be transcribed in vitro into an
RNA template that can serve as a positive control in RT—PCR.

Inactivate the reverse transcriptase and denature the template-CDNA complexes by heating

the reaction to 95°C for 5 minutes.

The reverse transcriptase must be inactivated to ensure efficient synthesis during the amplification
phase of RT—PCR (Sellner et al. 1992; Chumakov 1994). Sometimes, inactivation of reverse tran—

scriptase by heat is not sufficient. It is then necessary to purify the first—strand cDNA by extraction
with phenolzchloroform and precipitation with ethanol before setting up the PCRs. Presumably,
contaminants in the reverse transcriptase enzyme lead to a decreased efficiency of the amplifica-
tion reactions.

Adjust the reaction mixture so that it contains 20 pmoles Of the sense and antisense primers.

The 20 pmoles of antisense oligonucleotide primer in the amplification reaction includes any gene-
specific oligonucleotide used to prime the synthesis of the first-strand cDNA. The presence of
excess oligonucleotide primers can lead to amplification of undesirable (nontarget) sequences‘
whereas a dearth of primers reduces the efficiency of amplification. It may be necessary to remove
excess oligonucleotide and random hexamet primers from the cDNA preparation and then to opti-
mize the concentrations of the sense and antisense primers in the amplification reaction (please see
Step 3 of Protocol 9).

Add to the reaction mixture:

1x amplification buffer (or volume

required to bring reaction mixture to 99 pl) 77 01

1—2 units thermostable DNA polymerase I u]

If the thermal cycler is not fitted With a heated lid, overlay the reaction mixtures with 1 drop
(~50 pl) of light mineral oil. Alternatively, place a bead of paraffin wax into the tube if using
a hot start protocol. Place the tubes or the microtiter plate in the thermal cycler.

Amplify the nucleic acids using the denaturation, annealing, and polymerization times and

temperatures listed in the table.

 

 

Cycle

Number Denaturation Annealing Polymerization

35 cycles 45 sec at 94°C 45 sec at 55°C 1 min 15 sec at 72°C

Last cycle 1 min at 94°C 45 sec at 55°C 1 min 15 sec at 72°C 
These times are suitable for 100111 reactions asaembled in thin—walled 0.5-rn1 tubes and incubated
in thermal cyclers such as the Perkin—Elmer 9600 or 9700, Master Cycler (Eppendorf), and PTC 100
(M1 Research). Times and temperatures may need to be adapted to suit other types of equipment
and reaction volumes.

Polymerization should be carried out for 1 minute for every 1000 bp of length of the target DNA.
Most thermal cyclers have an end routine in which the amplified samples are incubated at 4°C until
they are removed from the machine. Samples can be left overnight at this temperature, but should
be stored thereafter at —20°C.

Withdraw a sample (5—10 pl) from the test reaction mixture and the four control reactions
and analyze them by electrophoresis through an agarose or polyacrylamide gel. Be sure to
include DNA markers of an appropriate size. Stain the gel with ethidium bromide or SYBR
Gold to visualize the DNA.

A successful amplification reaction should yield a readily Visible DNA fragment of the expected size.
The identity of the band can be confirmed by DNA sequencing (please see Chapter 12, Protocol 6),
Southern hybridization (please see Chapter 6, Protocol 10), and/or restriction mapping.

 
If no product is visible after 30 cycles of amplification, add fresh Taq polymerase and continue the
amplification reaction for a further 15—20 cycles.
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If mineral oil was used to overlay the reaction (in Step 6), remove the oil from the sample

before cloning by extraction with 150 u] of chloroform.

The aqueous phase, which contains the amplified DNA, will form a micelle near the meniscus. The
micelle can then be transferred to a fresh tube with an automatic micropipette.

A IMPORTANT Do not attempt chloroform extractions in microtiter plates. The plastic used
in these plates is not resistant to organic solvents.

Clone the amplified products into an appropriately prepared vector by any of the methods

described in Protocol 4, 5, or 6. Before cloning, separate the amplified DNA from the resid-

ual thermostable DNA polymerase and dNTPs (please see Protocol 3). The DNA can then be

ligated to a blunt—ended vector or a T vector, or it can digested with restriction enzymes and
ligated to a vector with compatible termini.

 

Poor yields of product in RT-PCR may be due to inefficient cDNA synthesis or, more frequently, to inef-
fective amplification of cDNA. Investigate the latter possibility by setting up a series of reactions in which
variable amounts of cDNA template are added to the PCR. Suboptimal amounts of cDNA template may
generate a number of discrete amplification products, which may be larger or smaller than the authen-
tic target sequence. A more common problem is a nonspecific smear of amplified products, as visual-
ized on a stained gel. This outcome is caused by spurious priming, which occurs when excess cDNA
template is present in the PCR. For this reason, many experimenters use S 10% of the cDNA generated
in the reverse transcriptase reaction as template in the subsequent PCR‘ In this case, additional dNTPs
must be added to the PCR.

Once the best concentration of template has been established, the other parameters of PCR can be
optimized in a systematic fashion by varying the concentration of Mg“, altering annealing conditions,
and so on. If problems still persist:

0 Check the integrity of the RNA preparation by electrophoresis through an agarose gel containing
formaldehyde.

0 Set up test reactions containing a control mRNA, an oIigo(dT) primer, and a radiolabeled tracer to
measure the efficienq/ of cDNA synthesis. The total amounts of first-strand cDNA synthesis can be
measured by determining the proportion of radioactivity incorporated in reactions that have been
supplemented with 10—20 thi of [32P]dCTP (sp. act. 3000 Ci/mmole). The size of the first-strand
cDNA molecules can be estimated by electrophoresis through alkaline agarose gels (see Chapter 5,
Protocol 8).

0 Test for the presence of inhibitors in the preparation of RNA by mixing varying amounts of the prepa-
ration with a control and comparing the yields of cDNA.  o Purify the cDNA as described in the footnote to Step 3 before proceeding to PCR. 
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NOTHINC. IN MOLECULAR CLONING IS MORE FRUSTRATING than to isolate a cDNA clone that lacks

sequences representative of the 5' end of the corresponding mRNA. Partial clones of this type,

which occur commonly in cDNA libraries, arise when reverse transcriptase fails to extend first-

strand cDNA along the full length of the mRNA template. The longer the starting mRNA and the

higher its content of secondary structure, the greater the risk of isolating an incomplete cDNA

clone. Before the advent of PCR, the investigator’s best hope of rectifying the situation was to re-
screen the cDNA library in greater depth in the hope of fastening onto a full—length clone. In

many instances, however, the consequence was further frustration and redoubled disappoint—

ment. The only course then open was to generate and screen additional cDNA libraries. In the late

19805, however, a better solution was found when methods were devised to capture missing seg-

ments of cDNA and to amplify them by PCR. Frohman et al. (1988) described a general proce-

dure for the rapid amplification of cDNA ends (RACE); Loh et al. (1989) designed anchored PCR

to clone the variable 5” regions of mRNAs encoding T—cell receptors; and Ohara et al. (1989) used

essentially the same technique (One-sided PCR) to clone full-length cDNAs corresponding to

mRNAs encoding skeletal muscle a-tropomyosins of the European common frog and zebrafish
(Brachydanio rerio).

These techniques differ from conventional PCR in that they require knowledge of only a

small region of sequence within either the target RNA or a partial clone of cDNA (please see

Figure 8-5). During PCR, the thermostable DNA polymerase is directed to the appropriate target
RNA by a single primer derived from the region of known sequence; the second primer required

for PCR is complementary to a general feature of the target — in the case of 5'-RACE, to a

homopolymeric tail added (via terminal transferase) to the 3’ termini of cDNAs transcribed from

a preparation of mRNA. In effect, this synthetic tail provides a primer-binding site upstream of

the unknown 5' sequence of the target mRNA. The products of the amplification reaction are
cloned into a plasmid vector for sequencing and subsequent manipulation.

5’-RACE is not as easy as its sounds. The technique involves three sequential enzymatic
steps (reverse transcription, addition of homopolymeric tails, and PCR), none of which is fool-
proof. The specificity of amplification depends entirely on the anchoring primer and is generally
low. The population of amplified DNAs is therefore enriched for 5' sequences of the target mRNA
but is by no means pure. In addition, the amplified DNAs are of such variable length that they
usually appear as a smear on an agarose gel. Finally, the fraction of amplified DNAs that extends
to the 5’ terminus of the target RNA is small, perhaps because reverse transcriptase has difficulty
in transcribing RNA templates that have a high degree of secondary structure in their 5' regions.

. W._7_._ thfi”,
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FIGURE 8-5 Determination of the 5’ End of mRNA Using 5’-RACE

(A) A sequence-speciflc primer 1 complementary to a region of known sequence is annealed to the RNA.
First-strand synthesis is achieved using reverse transcriptase and dNTP. The DNA extends to the 5' end
of the mRNA. (B) The primers are removed from the reaction products by spin dialysis, and a homopoly-
meric tail is added to the 3 ’ end of the DNA using terminal transferase. Typically, dATP is used to gener-
ate a poly(dA) tail; however, some investigators prefer to use dCTP to make a poly(dC) tail, particularly if
terminal A5 are already present from reverse transcription of the RNA. (C) The (dT)17 adaptor-primer 1 is
used to prime the synthesis of the second strand. Amplification is continued to generate enough product
for cloning into a plasmid vector and for subsequent sequencing.

Truncated cDNAs generated during 5'-RACE have the same termini as full—length molecules (i.e.,
a primer at their 3' end and a homopolymeric tail at their 5’ end). Both full-length and truncat-
ed molecules are therefore amplified in the PCR phase of 5’-RACE. Many refinements of the orig-
inal techniques have been introduced to alleviate these and other problems (for reviews, please
see Frohman 1995; Schaefer 1995; Chen 1996). The following protocol is based on a modification
by W.]. Chen (Glaxo—Wellcorne) of the original method of Frohman et al. (1988). Further elabo-
rations and modifications drawn from a variety of other sources are described at the end of the
protocol.

 



8.56 Chapter 8: In Vitro Amplification ofDNA by PCR

MMfiATERIALS
 

A IMPORTANT To reduce the chance of contamination with exogenous DNAs, prepare and use a special
set of reagents and solutions for PCR only. Bake all glassware for 6 hours at 150°C and autoclave all

plasticware. For more information, please see the panel on CONTAMINATION IN PCR in the chapter
introduction.

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

70x Amplification buffer
Chloroform <!>

dATP (1 mM) (disodium salt)

dNTP (20 mM) solution containing all four dNTPs (pH 8.0)

Placental RNase inhibitor (20 units/ul)

Please see the information panel on INHIBITORS OF RNASES in Chapter 7.

TE (pH 7.6)

Enzymes and Buffers

5x Reverse transcriptase buffer

Reverse transcriptase (RNA-dependent DNA polymerase)
Please see the panel on REVERSE TRANSCRIPTASES USED IN RT-PCR in Protocol 8.

Terminal deoxynucleotidyl transferase (terminal transferase)
Please see the information panel on TERMINAL TRANSFERASE.

5x Terminal transferase buffer

Thermostab/e DNA polymerase
Taq DNA polymerase is the standard and appropriate enzyme for the amplification stage of most forms

of RT—PCR. However, where elongation from 3'—mismatched primers is suspected, a thermostable DNA

polymerase with 3'—)5' proofreading activity may be preferred (Chiang et al. 1993).

Gels

Agarose or polyacrylamide gel <!>
Please see Step 9.

Nucleic Acids and Oligonucleotides

Adaptor-primer (10 “M (5 ' CACTCCAGTCCACATCG 3 ’) in H20 (10 pmo/es/ul)

The adaptor-primer is used in conjunction with a gene—specific sense primer to amplify a particular tar—
get cDNA. After amplification, the desired product can comprise as little as 10/0 and as much as 100% of
the total yield of DNA. If necessary, the yield of desired product can be improved by setting up a second
round of amplification using the adaptor—primer and a nested gene-specific antisense primer that binds
to a sequence within the amplified segment of target DNA. After this second round of nested amplifica-
tion, almost all of the product detected by ethidium bromide staining contains sequences correspond—
ing to the 5' region of the desired mRNA.

Oligonucleotide primers synthesized on an automated DNA synthesizer can generally be used in stan-

dard RT~PCR without further purification. However, amplification of low—abundance mRNAs is often

more efficient if the oligonucleotide primers are purified by chromatography on commercially available
resins (e.g., NENSORB, NEN Life Science Products) or by denaturing polyacrylamide gel electrophore—
sis, as described in Chapter 10, Protocol 1.

(dT)77-Adaptor-primer (70 HM) {5 ’ GACTCGAGTCCACATCGAU)” 3 ’) in HZO (70 pmoles/ul)
The (dT),7-adaptor—primer binds to the poly(A)+ tract added to the 5’ terminus of cDNAs by terminal
transferase. In the example given in this protocol, one of the termini of the amplified DNAs becomes
equipped with recognition sites for Xhol, 54211, Ach, HincII, and Clal restriction enzymes.
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Gene-specific antisense oligonucleotide primers (70 WW) in HZO (1 O pmoles/ul)
The gene-specific antisense primers should be complementary to the known sequence of the target mRNA,

should be 20—30 nucleotides in length, and should contain approximately equal numbers of the four bases,
with a balanced distribution of G and C residues and a low propensity to form stable secondary structures.
For further details, please see Design of Oligonucleotide Primers for Basic PCR in the introduction to this

chapter. Gene-specific primer 1 is used in the reverse transcriptase reaction (Step 2) to prime synthesis of
gene-specific first-strand cDNA. Gene—specific primer 2 is complementary to a sequence in the target
mRNA that is 5' to primer 1 and is used in the amplification stage of the reaction. As discussed below,

restriction sites are always designed into adaptor-primers. However, they can also be incorporated into the
gene—specific oligonucleotides. The presence of restriction sites simplifies cloning of the amplified CDNAS.

Random hexanucleotides (1 mg/ml) in TE (pH 8.0) (optional)
In an emergency, random hexanucleotides can be used in place of the gene—specific antisense oligonu—
cleotide to prime synthesis of cDNA (Harvey and Darlison 1991). Subsequent use of a gene-specific sense
primer in the PCR phase of the 5'—RACE reaction generates the desired product (Harvey and Darlison

1991; Apte and Siebert 1993). Random oligonucleotides are clearly not the first choice for 5'—RACE since
they do not have the ability to discriminate between the target and any other sequence in the starting pop—
ulation of mRNAs. They may provide a way to leap the hurdle of cDNA synthesis in the absence of a gene—

specific antisense oligonucleotide, but they also delay the introduction into the 5'—RACE protocol ofa cru-
cial selective step. Because only a small fraction of the cDNAs generated by random priming will also con—
tain a binding site for the gene—specific sense primer, the yields of amplified product are typically very low
when random hexanucleotides are used to prime cDNA synthesis in RACE.

Total RNA (100 ug/ml) in HZO or Poly(A)+ RNA (10 ug/ml) in HZO
Total RNA extracted from cells with chaotropic agents is generally the template of choice for RT-PCR for

mRNAs that are expressed at moderate to high abundance (Lledtke et al. 1994). Poly(A)‘ is preferred as
a template for all forms of RT-PCR when the target mRNA is expressed at low abundance. RNA suitable
for use as a template in RT—PCR may be prepared from small numbers of cultured cells according to the
directions in Protocol 8.

Centrifuges and Rotors

Preparative centrifuge
Centricon- 100 devices will fit in any fixed-angle rotor with adaptors capable of supporting 17 x lSO-mm
tubes. The centrifuge must be capable of generating a steady force of lOOOg.

Sorvall 55-34 rotor

Special Equipment

Barrier tips for automatic micropipettes

Concentrators (Centricon-700, Amicon)

Microfuge tubes (0.5 ml, thin-walled for amplification) or Microtiter plates

Positive-displacement pipette

Thermal cyc/er programmed with desired amplification protocol
[fthe thermal cycler is not equipped with a heated lid, use either mineral oil or paraffin wax to prevent
evaporation of liquid from the reaction mixture during PCR.

Rotary vacuum evaporator (Optional)

For example, the Speed-vac from Savant Inc. (Hicksville, New York). Please see Step 3.

Water baths preset to 75°C and 800C

Additional Reagents

METHOD

Step 9 of this protocol requires the reagents listed in Chapter 5, Protocol 2, Chapter 72,
Protocol 6, or Chapter 6, Protocol 10.

Step 17 of this protocol requires the reagents listed in Protocols 3 and 4, 5, or 6 of this chapter.

 

Reverse Transcription

The success or failure of 5’—RACE is determined here, at the beginning of the experiment. If the
reverse transcription step works efficiently, the chance of isolating clones that contain the 5'-termi-
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nal sequences of the target mRNA is high. On the other hand, no amount of work on the later steps

of the protocol can compensate for ineffective reverse transcription. It is therefore worthwhile to take

the time to optimize the reverse transcriptase reaction by determining the optimum ratio of primer

to template for each preparation of RNA and by varying the concentration of Mg2+ in the reaction,

1. Transfer 1 pg to 100 ng of poly(Afr mRNA or 10 pg to 1 ug of total RNA to a fresh microfuge

tube. Adjust the volume to 9 ul with HzO. Denature the RNA by heating for 5 minutes at

75°C, followed by rapid chilling on ice.

2. To the denatured RNA add:

5x reverse transcriptase buffer 4 u]

20 mM solution of four dNTPs (pH 8.0) 1 pl

10 uM gene-specific antisense primer 1 4 ul

~20 units/ul placental RNase inhibitor 1 ul

100-200 units/ul reverse transcriptase 1 ul

HZO to 20 ul

Incubate the reaction for 60 minutes at 37°C. Set up three negative control reactions. In one

reaction, include all of the components of the first—strand reaction, except the RNA template.

In another reaction, include all of the components, except the reverse transcriptase. Omit

primer from the third reaction. Carry the controls through all subsequent steps of the proto—

col. These controls provide reassurance that the cDNA product synthesized in the main reac-

tion is not due to contamination with genomic DNA or oligonucleotide fragments, or self-
priming by template molecules.

Total cDNA synthesis can be estimated from the proportion of trichloroacetic acid (TCA)—precip-
itable radioactivity incorporated in reverse transcription reactions supplemented with 10-20 uCi

of [33P]dCTP (sp. act. 3000 Ci/mmole; please see Appendix 8). Be sure to set up a control reaction
that contains no oligonucleotide primer. Radioactivity incorporated in the absence of primer
results from seIf-priming of RNA molecules. The length of the population of first—strand cDNA
molecules can be estimated by electrophoresis of the radiolabeled products through an alkaline
agarose gel (Chapter 5, Protocol 8), followed by autoradiography.

To monitor the efficiency ofgene—specific DNA synthesis, set up a primer—extension reaction con—
taining the gene—specific antisense oligonucleotide radiolabeled at its 5' end by bacteriophage T4
polynucleotide kinase and [y-“PlATP (please see Chapter 7, Protocol 12). The products of the
reverse transcriptase reaction, which in general will be heterogeneous in length, should be analyzed
by electrophoresis through an alkaline agarose gel (Chapter 5, Protocol 8), followed by autoradi—
ography. Extended exposure times (>24 hours) will most likely be required to detect the primer-
extension product(s) complementary to low—abundance mRNAs.

Purification of the Reverse Transcriptase Products

Unused dNTPs and primers must be removed at the completion of the reverse transcriptase reac-
tion. Otherwise, there is a chance that dNTPs will be incorporated into the tail added to the 3” end
of the cDNA by terminal transferase. This would be a total disaster as the presence of unwanted
bases would compromise the ability of the tail to serve as a primer-binding site. The presence of
unused primers would also be a problem because their 3' termini would compete with cDNA in
the tailing reaction.

3. Remove excess oligonucleotide or random hexanucleotide primer by diluting the reverse
transcriptase reaction to a final volume of 2 ml with H20 and then applying the solution to
a Centricon-IOO microconcentrator (Frohman 1993; for a description of this procedure,
please see Protocol 3). Centrifuge the solution at 500—1100g (2000—3000 rpm in a Sorvall SS-
34 rotor) for 20 minutes at a temperature between 4°C and 25°C. Repeat the dilution step and
centrifuge again. Transfer the retenta’te to a fresh 0.5-ml microfuge tube and reduce the vol—
ume to ~10 ul in a rotary vacuum evaporator.  
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Alternatively, remove the dNTPs and unused primers by precipitating the cDNA twice in 2.5 M
ammonium acetate and 3 volumes of ethanol. Two sequential precipitations of DNA in the pres—
ence of 2.5 M ammonium acetate result in the removal of >99% of dNTPs and oligonucleotides
from preparations of DNA (Okayama and Berg 1983).

4. T0 the CDNA in a volume of 10 ul add:

5x terminal transferase buffer 4 1.11

1 mM dATP 4 pl

terminal transferase 10—25 units

Incubate the reaction for 15 minutes at 37°C.

The tailing reaction can be optimized by setting up mock reactions containing ~50 ng of a control
DNA fragment, 100—200 nucleotides in length. After tailing, the size of the fragment should
increase by 20—100 nucleotides as measured by electrophoresis through a 1% neutral agarose gel.
More accurate estimates of the average number of bases added to 3' termini can be obtained by set-
ting up a control reaction containing ~10 ng ofa synthetic oligonucleotide ~30 bases in length and
labeled at its 5’ terminus with 32P (please see Chapter 10, Protocol 2). The products of the tailing
reaction are separated by electrophoresis through a 100/0 polyacrylamide sequencing gel and ana—
lyzed by autoradiography, The tailed products form a ladder of bands differing in length by a sin-
gle nucleotide. Ideally, the homopolymeric tails should, on average, be ~20 nucleotides in length
and should be attached to the vast majority of the cDNA substrates.

5. Inactivate the terminal transferase by heating the reaction for 3 minutes at 80°C. Dilute the
dA-tailed cDNA to a final volume of 1 ml with TE (pH 7.6).

Amplification

6. In a sterile 0.5-m1microfuge tube, amplification tube, or the well of a sterile microtiter plate,
set up a series of PCRs containing the following:

diluted cDNA 0—20 pl

10x amplification buffer 5 ul

20 mM solution of four dNTPs 5 pl

10 MM (dT)l7-adaptor—primer (16 pmoles) 1.6 u]

10 MM adaptor-primer (32 pmoles) 3.2 p]

10 th gene—specific primer 2 (32 pmoles) 3.2 ul

1—2 units of thermostable DNA polymerase 1 pl

P130 to 50 pl
It is essential to set up a series of amplification reactions to find the amount of tailed cDNA that
generates the largest quantity of amplified 5’ termini. The control reaction containing no cDNA
template serves as a control for contamination.

7. If the thermal cycler is not fitted with a heated lid, overlay the reaction mixtures with 1 drop

(~50 pl) of light mineral oil. Alternatively, place a bead of paraffin wax into the tube if using

a hot start protocol. Place the tubes or the microtiter plate in the thermal cycler.

8. Amplify the nucleic acids using the denaturation, annealing, and polymerization times and

temperatures listed in the table.

 

Cycle

Number Denaturation Annealing Polymerization

First cycle 5 min at 94°C 5 min at 50—580C 40 min at 72°C

Subsequent 40 sec at 94°C 1 min at 50—580C 3 min at 72°C

cycles (30)

Last cycle 40 sec at 94°C 1 min at 50—580C 15 min at 72°C

These times are suitable for SO-ttl reactions assembled in thin—walled 0.5-m1 tubes and incubated
in thermal cyclers such as the Perkin—Elmer 9600 or 9700, Master Cycler (Eppendorf), and PTC 100
(MJ Research). Times and temperatures may need to be adapted to suit other types of equipment
and reaction volumes.
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The polymerization reaction in the first cycle is carried out for an extended period ot‘time (40 min—
utes) to ensure the synthesis of long cDNAs by the thcrmostable DNA polymerase.

The optimum temperature for annealing of the oligonucleotide primers should be determined
empirically. Start at 50°C and gradually work up to the highest temperature that generates the max-
imum yield of specific product.

9. Withdraw a sample (5-40 [JD from the test reaction mixture and the four control reactions

and analyze them by electrophoresis through an agarose or polyacrylamide gel. Be sure to

include DNA markers of an appropriate size. Stain the gel with ethidium bromide or SYBR

Gold to visualize the DNA.

A successful amplification reaction should yield a readily visible DNA fragment of the expected
size. The identity of the band can be confirmed by DNA sequencing (please see Chapter 12,
Protocol 6), Southern hybridization (please see Chapter 6, Protocol 10), and/or restriction map—
ping.

If no product is visible after 30 cycles of amplification, add fresh Taq polymerase and continue the
amplification reaction for a further 15—20 cycles.

If amplification of the tailed cDNA preparation results in a smear of DNA after gel electrophore-
sis, recover the longest products of the amplification reaction from a preparative agarose gel. An
aliquot of this material can then be reamplified for a limited number (15—20) of additional cycles
of PCR.

10. If mineral oil was used to overlay the reaction (in Step 7), remove the oil from the sample

before cloning by extraction with 150 pl of chloroform.

The aqueous phase, which contains the amplified DNA, will form a micelle near the meniscus. The
micelle can be transferred to a fresh tube with an automatic micropipette.

A IMPORTANT Do not attempt chloroform extractions in microtiter plates. The plastic used
in these plates is not resistant to organic solvents.

11. Separate the amplified DNA from the residual thermostable DNA polymerase and dNTPs

(please see Protocol 3).

The DNA can now be ligated to a blunt—ended vector or a T vector, or it can digested with restric-
tion enzymes and ligated to a vector with compatible termini (please see Protocols 4, 5, and 6).

 

LOW YIELDS OF FULl-LENGTH CLONES

Many of the problems with low yields of fuII-Iength clones are due to the inefficiency of the reverse tran-
scription step. If the RNA is degraded or if the 5” end of the target mRNA is rich in CC, reverse tran~
scriptase may have difficulty in traversing the resulting stable secondary structures. The yield of clones
can be enhanced by one of the following methods:

o Carrying out the reverse transcriptase reaction at higher temperatures (up to 55“C with murine
reverse transcriptase), or use a thermostable reverse transcriptase (e.g., Tth polymerase, Retrotherm).

o Fractionating the cDNA products on agarose or polyacrylamide gels before homopolymeric tailing
and amplification.

0 Incorporating modifiedbases, such as 7-deaza-dGTI,’ that reduce secondary structure (McConIogue
et al. 1988). Bear in mind that the incorporation of 7-deaza-dGTP into the first—strand cDNA product
may increase the efficiency of the amplification step, but it may also block subsequent cleavage of the
amplified DNA by some restriction enzymes, including Alul, Ddel, Hinfl, Sau3AI, Acct, BamHI, EcoRl,
Pstl, Sa/I, and Smal. However, DNAs modified with 7-deaza-GTP are cleaved efficiently by Mael,
Hindlll, and Xbal.

o Carrying out five cycles oflinear amplification on the d(A)-tailed cDNA with the gene-specific primer
before adding the d(T) adaptor—primer (Rother 1992).

o Purifying the tailed and amplifiedDNA by electrophoresis through an agarose or polyacrylamide gel.
The longest molecules are then recovered from the gel and subjected to a second round of amplifi-
cation using the adaptor—primer and the gene-specific primer.

For further suggestions, please see the panel at the end of Protocol 8.   
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Rapid Amplification of 3 ’CDNA Ends

 

PARTIAL cDNA CLONES THAT LACK SEQUENCES CORRESPONDING to the 3’ regions of the cognate
mRNA occur infrequently in oligo(dT)—primed cDNA libraries. How and when these rarities

arise during cDNA synthesis and cloning is not known for certain. Possibilities include random

breakage of first-strand cDNA, failure of the DNA polymerase to reach the end of the template

strand during synthesis of the second strand of cDNA, priming on internal adenylate tracts, or

deletion of 3” sequences adjacent to poly(dA:dT) tracts during cloning. Partial cDNAs that lack 3’

regions are common in random hexamer-primed cDNA libraries because these primers anneal at

many positions in the mRNA.

3'—RACE reactions are used to isolate unknown 3’ sequences and to map the 3’ termini of

mRNAs, for example, when investigators are faced with multiple mRNA species transcribed from

a single gene, arising from differential polyadenylation.
3'-RACE like its more illustrious sibling, 5’—RACE, requires knowledge of a small region of

sequence within either the target RNA or a partial clone of cDNA (Figure 8-6). A population of

mRNAs is transcribed into cDNA with an adaptor-primer consisting at its 3’ end of a poly(T)

tract and at its 5” end of an arbitrary sequence of 30—40 nucleotides. Reverse transcription is usu-

ally followed by two successive PCRs. The first is primed by a gene—specific sense oligonucleotide

and the antisense (dT)adaptor-primer. If necessary, the products of the first PCR can be used as

templates for a second, nested PCR, which is primed by a gene-specific sense oligonucleotide
internal to the first, and a second antisense oligonucleotide whose sequence is identical to the cen—
tral region of the (dT)adaptor-primer. The products amplified in the second PCR are isolated

from an agarose gel, cloned, and characterized.

The following protocol is based on a modification by W]. Chen (Glaxo-Wellcome) of the

methods first described by Frohman et al. (1988) and elaborated in later publications (e.g., please

see Frohman 1995; Schaefer 1995; Bespalova et al. 1998)

MATERIALS

A IMPORTANT To reduce the chance of contamination with exogenous DNAs, prepare and use a special
set of reagents and solutions for PCR only» Bake all glassware for 6 hours at 150°C and autoclave aII
plasticware. For more information, please see the panel on CONTAMINATION IN PCR in the chapter

introduction.

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions
Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

10x Amplification buffer
Chloroform <!>
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FIGURE 8-6 Determination of the 3’ End of mRNA Using 3’-RACE

The strategy known as 3 ’-RACE is used to isolate unknown 3’ sequences and to map the 3’ termini of
mRNA. (A) The (dT)17-adaptor-primer (represented by the black arrow) is annealed to the population of
mRNA. First-strand synthesis (primed by (dT)17) is achieved using reverse transcriptase and dNTPs. (B)
Second-strand synthesis is primed by a sequence-specific primer. (C) Amplification is continued in the
presence of the sequence specific primers and a primer complementary to the arbitrary adaptor sequence,
to generate sufficient product for cloning into a plasmid vector and for subsequent sequencing.

dNTP (20 mM) solution containing all four dNTPs (pH 8.0)
Placental RNase inhibitor (20 units/pl)

Please see the information panel on INHIBITORS OF RNASES in Chapter 7.
TE (pH 7.6)

Enzymes and Buffers

Reverse transcriptase (RNA—dependent DNA polymerase)
Please see the panel on REVERSE TRANSCRIPTASES USED IN RT-PCR in Protocol 8.

5x Reverse transcriptase buffer

1. _._______n_____ h
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Thermostab/e DNA polymerase
Taq DNA polymerase is the standard and appropriate enzyme for the amplification stage of most forms
of RT—PCR. However, where elongation from 3'—mismatched primers is suspected, a thermostable DNA
polymerase with 3'—>5' proofreading activity may be preferred (Chiang et al. 1993).

Gels

Agarose or polyacrylamide gel < !>
Please see Step 6.

Nucleic Acids and Oligonucleotides

Adaptor-primer (10 pM) (5 ’ GACTCGAGTCCACATCG 3 ') in H20 (10 pmo/es/pl)
The adaptor—primer is used in conjunction with a gene-specific sense primer to amplify a particular tar-
get cDNA. After amplification, the desired product can comprise as little as l% and as much as 100% of
the total yield of DNA. If necessary, the yield of desired product can be improved by setting up a second
round of amplification using the adaptor-primer and another gene-specific sense primer that binds to a
sequence within the amplified segment of target DNA. After this second round of nested amplification,
almost all of the product detected by ethidium bromide staining contains sequences corresponding to
the 3’ region of the desired mRNA.

Oligonucleotide primers synthesized on an automated DNA synthesizer can generally be used in stan-
dard RT—PCR without further purification. However, amplification of low—abundance mRNAs is often
more efficient if the oligonucleotide primers are purified by chromatography on commercially available
resins (e.g., NENSORB, NEN Life Science Products) or by denaturing polyacrylamide gel electrophore-
sis, as described in Chapter 10, Protocol 1.

(dT),7-Adaptor-primer (10 pM) (5 ’ GACTCGAGTCGACATCGAH)” 3 ’) in H20 (10 pmoles/ul)
The oligo(dT) region of the (dT)17—adaptor antisense primer binds to the poly(A)‘r tract at the 3' end of
mRNA, leaving the adaptor sequences unpaired. During amplification, the adaptor sequences are con-
verted to double-stranded cDNA that, in the example given in this protocol, is equipped with recogni-
tion sites for Xhal, Sall, Accl, Hincll, and Clal restriction enzymes.

Gene-specific sense oligonucleotide primer (70 pM) in HZO (70 pmoles/ul)
The gene—specific sense primer should encode a known region of sequence of the target mRNA, should
be 20—30 nucleotides in length and contain approximately equal numbers of the four bases, with a bal-
anced distribution of G and C residues and a low propensity to form stable secondary structures. For
further details, please see Design of Oligonucleotide Primers for Basic PCR in the introduction to this
chapter. As discussed below, restriction sites are always designed into adaptor-primers. However, they
can also be incorporated into the gene-specific oligonucleotides. This addition generates amplified
cDNAs carrying restriction sites at both ends, which can facilitate cloning.

Total RNA (100 ug/ml) in HZO or Polyo‘t)“r RNA (10 ug/ml) in HZO
Total RNA extracted from cells with chaotropic agents is generally the template of choice for RT-PCR
(Liedtke et al. 1994) for mRNAs that are expressed at moderate to high abundance. Poly(A)+ is preferred
as a template for all forms of RT—PCR when the target mRNA is expressed at low abundance. RNA suit-
able for use as a template in RT-PCR may be prepared from small numbers of cultured cells according
to the directions in Protocol 8.

Special Equipment

Barrier tips for automatic micropipettes

Microfuge tubes (0.5 ml, thin-wal/ed for amplification) or Microtiter plates
Positive-displacement pipette

Thermal cycler programmed with desired amplification protocol
If the thermal cycler is not equipped with a heated lid, use either mineral oil or paraffin wax to prevent
evaporation of liquid from the reaction mixture during PCR.

Water baths preset to 75°C

Additional Reagents

Step 6 of this protocol requires the reagents listed in Chapter 5, Protocol 2, Chapter 12,
Protocol 6, or Chapter 6, Protocol 10.

Step 8 of this protocol requires the reagents listed in Protocols 3 and 4, 5, or 6 of this
chapter.
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METHOD

Reverse Transcription

Amplification

1. Transfer 1 pg to 100 ng of poly(A)* mRNA or 10 pg to 1 pg of total RNA to a fresh microfuge
tube. Adjust the volume to 10 pl with HZO. Denature the RNA by heating at 75°C for 5 min—
utes, followed by rapid chilling on ice.

2. To the denatured RNA add:

5x reverse transcriptase buffer

20 mM solution of four dNTPs

10 pM (dT)l7—adaptor—primer (80 pmoles)

~20 units/ul placental RNase inhibitor

100—200 units/pl reverse transcriptase

H7O

Incubate the reaction for 60 minutes at 37°C. Set up three negative control reactions. In one

reaction, include all of the components of the first—strand reaction, except the RNA template.

In another reaction, include all of the components, except the reverse transcriptase. Omit

primer from the third reaction. Carry the controls through all subsequent steps of the proto—

col. These controls provide reassurance that the cDNA product synthesized in the main reac—

tion is not due to contamination with genomic DNA, oligonucleotide fragments, or self-

priming by template molecules.

Total cDNA synthesis can be estimated from the proportion of TCA-precipitable radioactivity
incorporated in reverse transcriptase reactions supplemented with 10—20 “Ci of [32P]dCTP (sp.
act. 3000 Ci/mmole; please see Appendix 8). Be sure to set up a control reaction that contains no
(dT)I7 adaptor antisense primer. Radioactivity incorporated in the absence of primer results from
self—priming of RNA molecules. The length of the population of first-strand cDNA molecules can
be estimated by electrophoresis of the radiolabeled products through an alkaline agarose gel
(Chapter 5, Protocol 8), followed by autoradiography.

set up a series of PCRS containing the following:

diluted cDNA

10x amplification buffer

20 mM solution of four dNTPs

10 “M (dT)1.—adapt0r—primer (16 pmoles)

10 pm adaptor-primer (32 pmoles)

10 MM gene—specific, sense oligonucleotide primer (32 pmoles)

1—2 units thermostable DNA polymerase
H,O

The success or failure of 3'-RACE is determined here, at the beginning of the experiment. If the

reverse transcription step works efficiently, the chance of isolating clones that contain the 3’-termi-

nal sequences of the target mRNA is high. On the other hand, no amount of work on the later steps

of the protocol can compensate for ineffective reverse transcription. It is therefore worthwhile to take

the time to optimize the reverse transcriptase reaction by determining the optimum ratio of primer

to template for each preparation of RNA and by varying the concentration of Mg2+ in the reaction.

Dilute the reverse transcriptase reaction (cDNA) to a final volume of 1 ml with TE (pH 7.6).

It may be necessary to remove excess oligonucleotide and random hexamer primers from the
cDNA preparation and then to optimize the concentrations of the sense and antisense primers in
the amplification reaction (please see Step 3 of Protocol 9).

In a sterile 0.5-m1 microfuge tube, amplification tube, or the well of a sterile microtiter plate,

0—20 tn
5 u]

5 111

1.6 ul

3.2 ul

3.2 u]

1 p]

to 50 pl
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It is essential to set up a series Of amplification reactions t0 find the amount of (DNA that gener-
ates the largest quantity of amplified 3’ termini. The control containing no cDNA template serves
as a control for contamination.

If the thermal cycler is not fitted with a heated lid, overlay the reaction mixtures with 1 drop

(~50 til) of light mineral oil. Alternatively, place a bead of paraffin wax into the tube if using

a hot start protocol. Place the tubes or the microtiter plate in the thermal cycler. Amplify the

nucleic acids using the denaturation, annealing, and polymerization times and temperatures

listed in the table.

 

Cycle

Number Denaturation Annealing Polymerization

First cycle 5 min at 94°C 5 min at 50—580C 40 min at 72°C

Subsequent 40 sec at 94°C 1 min at 50—580C 3 min at 72°C

cycles (20)

Last cycle 40 sec at 94°C 1 min at 50—580C 15 min at 72°C

These times are suitable for SO-ttl reactions assembled in thin—walled 0.5—ml tubes and incubated
in thermal cyclers such as the Perkin—Elmer 9600 or 9700, Master Cycler (Eppendorf), and PTC 100

(Ml Research). Times and temperatures may need to be adapted to suit other types of equipment
and reaction volumes.

The polymerization reaction in the first cycle is carried out for an extended period of time (40 min—
utes) to ensure the synthesis of long 5’-extended cDNAs by the thermostable DNA polymerase.

Withdraw a sample (5—10 pl) from the test reaction mixture and the four control reactions

and analyze them by electrophoresis through an agarose or polyacrylamide gels Be sure to

include DNA markers of an appropriate size. Stain the gel with ethidium bromide or SYBR
Gold to visualize the DNA.

A successful amplification reaction should yield a readily visible DNA fragment of the expected
size. The identity of the band can be confirmed by DNA sequencing (please see Chapter 12,
Protocol 6), Southern hybridization (please see Chapter 6, Protocol 10), and/or restriction map-
ping.

If no product is visible after 30 cycles of amplification, add fresh Taq polymerase and continue the
amplification reaction for a further 15—20 cycles.

If amplification of the tailed CDNA preparation results in a smear of DNA after gel electrophore—
sis, the longest products of the amplification reaction should be recovered from a preparative

agarose gel. An aliquot of this material can then be reamplified for a limited number (15—20) of
additional cycles of PCR.

If mineral oil was used to overlay the sample, remove the oil from the sample before cloning

by extraction with 150 pl of chloroform.
The aqueous phase, which contains the amplified DNA, will form a micelle near the meniscus. The
micelle can be transferred to a fresh tube with an automatic micropipette.

A IMPORTANT Do not attempt chloroform extractions in microtiter plates. The plastic used
in these plates is not resistant to organic solvents.

Separate the amplified DNA from the residual thermostable DNA polymerase and dNTPs

(please see Protocol 3)t

The DNA can now be ligated to a blunt—ended vector or a T vector, or it can digested with restric-
tion enzymes and ligated to a vector with compatible termini (please see Protocols 4, 5, and 6).

If problems arise, please see the remedies and variations described for the 5'—RACE reaction
(Protocol 9) which apply also to the 3’-RACE procedure.
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THESE DAYS, THE BEST WAY TO CLONE A GENE WHEN ONLY a fragmentary sequence of the protein

is known is to use amino acid sequences to design oligonucleotides that can be used either as

probes to screen libraries or to amplify the target sequence by PCR. An obvious problem with

both methods is the degeneracy of the genetic code. There are 64 possible codons and only 20
amino acids; most amino acids are represented by more than one codon. Because there are no

rules that guarantee selection of the correct codon, a certain sequence of amino acids can be

encoded by a large number of different oligonucleotides. Unless the designer is incredibly lucky

and chooses the correct codon in every single position, the oligonucleotide will not form a per—

fect hybrid with the target gene or cDNA.

Oligonucleotide probes used to screen genomic and cDNA libraries by hybridization usu-

ally correspond to amino acid sequences that are 5—25 amino acids in length. Because of the

degeneracy of the genetic code, there obviously are many thousands of nucleotide sequences that

could code for such a sequence of amino acids. Until the advent of PCR-based methods such as

mixed oligonucleotide-primed amplification of cDNA (MOPAC), investigators simply made

intelligent guesses about the most likely codon used at each position and then synthesized an

oligonucleotide probe — a “guessmer” — that incorporated all of these hunches (Lathe 1985).

The aim was to generate a probe of sufficient length so that the detrimental effects of the

inevitable mismatches were outweighed by the stability of extensive tracts of perfectly matched

bases. Guessmers reached their height of popularity in the mid 19805 when fledgling recombi—

nant DNA companies were desperately trying to clone genes of commercial value. For them,

serendipity was often handsomely rewarded since the cDNA and genomic DNA clones of many

useful and lucrative genes were obtained during this period.

In recent years, however, guessmers have been eclipsed by PCRs primed by degenerate pools

of oligonucleotides. These pools are not random samples of all possible sequences that can

encode a particular peptide. Rather, they are skewed populations of oligonucleotides that, on sta—

tistical grounds, are most likely to correspond to the coding sequence of the authentic gene. In

PCRs containing genomic or cDNA templates, there is a good chance that the degenerate pools
of oligonucleotides will drive amplification of part of the gene of interest with high specificity.

The resulting DNA product is identical in sequence to a segment of the target gene and can be

used under conditions of high stringency to probe cDNA and genomic libraries and to detect
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homologous sequences in Southern and northern blots. Experience indicates that the MOPAC
procedure is more reliable and more sensitive than direct screening of libraries with guessmers.
This advantage is chiefly because PCR-based methods such as MOPAC require far shorter tracts
of amino acid sequence and because PCR methods are more tolerant of redundancy. Pools of
highly degenerate primers (even those consisting of a mixture of 60 or more different oligonu—
cleotides) work well in PCR (Girgis et al. 1988; Knoth et al. 1988; Lee et al. 1988).

In the standard MOPAC procedure, the amin0~termina1 and carboxy-terminal sequences of
a peptide are used to design two redundant families of oligonucleotides encoding the amino- and
carboxy—terminal sequences of the peptide (Lee et al. 1988). The primers are used either to ampli—
fy a segment of cDNA prepared by RT—PCR from a tissue known to express the protein or to
amplify a segment of DNA from an established genomic or cDNA library. Because the length of
the peptide is known, the size of the expected PCR product can be predicted exactly. After gel elec-
trophoresis to resolve the amplification products, DNAs of the correct size are isolated, cloned,
and sequenced. At least some of the clones should contain a DNA segment of the correct length
that specifies the sequence of the starting peptide. Once identified, the entire cloned segment or
the unique sequence lying between the two oligonucleotide primers is used as a probe to screen a
cDNA 1ibrary.Variations on this general protocol involve:

0 Using degenerate oligonucleotide primers derived from two separate peptide sequences, each
at least 6—7 amino acids in length, to amplify the segment of DNA that codes for the tract of
amino acids located between the two peptides. Since in many cases, the relative orientation of
the peptides in the protein will be unknown, pools of degenerate oligonucleotides derived from
both strands of the DNA must be synthesized and used in different combinations. The length
of the amino acid sequence lying between the two peptides may also be unknown, which elim-
inates the possibility of purifying a PCR product of the correct length prior to cloning.

0 Using only one degenerate primer in combination with a unique primer that binds to flank-
ing sequences in the cloning vector or to a synthetic homopolymeric tail attached to first-
strand cDNA. The chief problem with this approach is the high background of clones that
results from using a primer that recognizes every clone in a library. If sufficient amino acid
sequence is available, a second set of oligonucleotides can be used to prime a nested PCR using
DNA templates generated by the original outer primer pair.

The crucial step in MOPAC is the design of degenerate pools of oligonucleotides. Although
no rules exist that guarantee selection of the correct codon at a position of ambiguity, the chance
of success can be increased by following these simple rules.

0 Use the region ofthe available amino acid sequence that has the least degeneracy. If possible,
choose a region that is rich in Met and Trp, each of which has one codon. Cys, Asp, Glu, Phe,
His, Lys, Gln, and Tyr are also desirable amino acids because they each have only two codons.
Avoid regions rich in Leu, Arg, and Ser (each specified by six codons).

0 Design the longest primers possible without allowing the number of oligonucleotides in the
degenerate pool to exceed 64. The specificity of primers reduces markedly when their length is
<17 nucleotides. Both the efficiency and specificity of priming by degenerate pools of oligonu-
cleotides decrease as a function of their complexity.

o Consult tables ofcodon usage (Wada et al. 1992; please see Appendix 7). For amino acids spec—
ified by three or more codons, use the two codons that are most prevalent in genes of the
organism under study.
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0 When necessary, limit the degeneracy ofprimers by using a universal nucleotide such as ino-

sine, whose neutral base, hypoxanthine, forms stable base pairs with cytosine, thymine, and

adenine (please see the information panel on the USE OF INOSINE IN DEGENERATE POOLS OF

OUGONUCLEOTIDES USED FOR PCR).

0 Wherever possible, end the oliganucleotides at a Met or Trp residue. This strategy guarantees

that the three nucleotides at the 3/ ends of all of the oligonucleotides in the degenerate pool

will form an exact match with the target sequence precisely. Alternatively, end the oligonu—

cleotides at the second position of a codon specifying Cys, Asp, Glu, Phe, His, Lys, Gln, or Tyr.

This strategy guarantees that the two bases at the 3’ ends of all of the oligonucleotides will
match the target sequence. Do not use inosine at the 3” end of the degenerate oligonucleotides

(Sommer and Tautz 1989). As with other types of PCR, the 5’ end of the degenerate oligonu—

cleotides may be designed to carry restriction sites and other useful features.

The DNA template for MOPAC reactions can consist of cDNA prepared from a source that

expresses the target protein, genomic DNA, or total DNA from a cDNA or genomic library (rep-

resenting at least 105 to 10" clones) that is thought to contain the cDNA or gene of interest. If

there is uncertainty regarding the tissue specificity of a particular mRNA, start with cDNA pre-

pared from a tissue with a high complexity of transcribed genes, such as the mammalian brain

(Sutcliffe 1988) or from a source of germ cells (e.g., mammalian testes; Strathmann et al. 1989).

In the case of cDNA libraries cloned in bacteriophage 7L vectors, an aliquot of the bacteriophage

preparation itself can sometimes be amplified without purification of the DNA. However, in gen-

eral, the cleaner the input template, the more efficient the MOPAC reaction. It is essential to

remove any primers used to generate the cDNA template by centrifugation through CentriconA

100 microconcentrators (Protocol 3) before carrying out the MOPAC reaction.

Finally, pools of highly degenerate primers can be used for purposes other than to clone

genes from fragmentary protein sequences, including isolation of members of multigene families

from a particular species (e.g., please see Buck and Axel 1991) and isolation of the homologous

genes from diverse species (please see the section below, Screening of Libraries for Related Genes

Using MOPAC; for reviews, please see Preston 1993; Peterson and Tjian 1993). Highly degenerate

primers may also be used for rapid amplification of cDNA ends (5’— and 3'-RACE) (please see

Protocols 9 and 10) (Frohman et al. 1988).

_SACREENING OF LIBRARlES FOR RELATED GENES USING MOPAC
 

Variations on the MOPAC theme can be used to isolate members of a multigene family (c.g.,

please see Buck and Axel 1991), homologs from evolutionarily distant species (e.g., please see

Lewis and Pelham 1990), or isozymes (e.g., please see Strathmann et al. 1989). For such purpos-

es, oligonucleotides representing amino acid sequences conserved between members of protein

families are used as primers to screen cDNA or genomic libraries. The exact size Of the desired
product cannot be predicted with confidence because insertions and deletions may have occurred

during evolution of the target gene. However, amplified products that fall within a chosen size

range can be isolated and analyzed. In the design of the oligonucleotide primers and the choice

of starting template, reasonable assumptions can be made concerning the positions of introns if

a gene structure of a family member or homolog is known.
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MATERIALS

A IMPORTANT To reduce the chance of contamination with exogenous DNAs, prepare and use a special
set of reagents and solutions for PCR only. Bake all glassware for 6 hours at 150°C and autoclave all
plasticware. For more information, please see the panel on CONTAMINATION IN PCR in the chapter

introduction.

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

70x Amplification buffer

dNTP solution (20 mM) containing all four dNTPs (pH 8.0)

Enzymes and Buffers

Thermostable DNA polymerase
Taq DNA polymerase is the standard and appropriate enzyme for the amplification stage of most forms
of RT-PCR. However, where elongation from 3'—mismatched primers is suspected, a thermostable DNA
polymerase with 3/—>5' proofreading activity may be preferred (Chiang et al. 1993).

Gels

Polyacrylamide gel <!>
Please see Step 4.

Nucleic Acids and Oligonucleotides

DNA template (100 ug/ml) (CDNA, genomic DNA, or CDNA library) in TE (pH 8.0)
Any DNA that contains the target sequence(s) can be used as a template in MOPAC reactions. Genomic

DNA, uncloned preparations of CDNA, or cDNAs extracted from established libraries have all been used
successfully. However, the chance of success increases as a function of the concentration of target
sequences in the preparation. Thus, CDNAS prepared from mRNAs that contain the target sequence in

abundance are more likely to succeed than the corresponding genomic DNAs. As in all forms of PCR,
the cleaner the template DNA, the more efficient the amplification. Nevertheless, in the case of cDNA

libraries cloned in bacteriophage A vectors, an aliquot of the bacteriophage preparation itself can some-
times be used as a template without further purification of the DNA. Before carrying out the MOPAC,
it is essential to remove any primers (such as oligoldTD that were used to prime synthesis of cDNA tem-
plates (for details, please see Protocol 3).

Family of antisense oligonucleotide primers ( 10 pM) in TE (pH 8.0)
Oligonucleotide primers synthesized on an automated DNA synthesizer can generally be used in stan—

dard RT—PCR without further purification. However, amplification of low-abundance mRNAs is often
more efficient if the oligonucleotide primers are purified by chromatography on commercially available
resins (e.g., NENSORB, NEN Life Science Products) or by denaturing polyacrylamide gel electrophoref
sis, as described in Chapter 10, Protocol 1.

For details on the use of primers containing inosine, please see the information panel on USE OF |NO-
SINE IN DEGENERATE POOLS OF OLIGONUCLEOTIDES USED FOR PCR.

Family of sense oligonucleotide primers (10 pM) in TE (pH 8.0)

Special Equipment

Barrier tips for automatic micropipettes

Microfuge tubes (0.5 ml, thin-walled for amplification) or Microtiter plates
Positive-disp/acement pipette

Thermal cycler programmed with desired amplification protocol
If the thermal cycler is not equipped with a heated lid, use either mineral oil or paraffin wax to prevent
evaporation of liquid from the reaction mixture during PCR.

Additional Reagents

Step 4 of this protocol requires the reagents listed in Chapter 5, Protocol 2, and Chapter 12,
Protocol 6.
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METHOD

1 . In a sterile 0.5-m1 microfuge tube, amplification tube, or the well of a sterile microtiter plate,

mix in the following order:

0.5 pg of template DNA 5 pl

10x amplification buffer 5 pl

20 mM solution of four dNTPs 5 pl

10 uM sense primer family (70 pmoles) 7 pl

10 pM antisense primer family (70 pmoles) 7 111

1-2 units thermostable DNA polymerase 1 pl

HlO to 50 pl

Set up several control reactions. In one reaction, include all of the above components, except
the template DNA. In two other reactions, include all the components minus one or the other

of the oligonucleotide primers.

These controls show whether amplified DNAs arise from a single primer, information that is
remarkably useful if the desired product is not detected and new families of degenerate primers are
required (Bernasconi et al. 1989).

2. If the thermal cycler is not fitted with a heated lid, overlay the reaction mixtures with 1 drop
(~50 pl) of light mineral oi1.Alternatively, place a head of paraffin wax into the tube if using
a hot start protocol. Place the tubes or the microtiter plate in the thermal cycler.

3. Amplify the nucleic acids using the denaturation, annealing, and polymerization times and
temperatures listed in the table.

 

Cycle
Number Denaturation Annealing Polymerization

First cycle 5 min at 94°C 2.5 min at 40°C 5 min at 50°C

Subsequent 1.5 min at 94°C 2.5 min at 40°C 5 min at 50°C
cycles (35)

These times are suitable for 50-u1 reactions assembled in thin—walled 0.5—m1 tubes and incubated in
thermal cyclers such as the Perkin-Elmer 9600 or 9700, Master Cycler (Eppendorf), and PTC 100
(M) Research). Times and temperatures may need to be adapted to suit other types of equipment
and reaction volumes.

The amplification conditions described above are based on 32—member degenerate families of
oligonucleotide primers that are 17—20 bases in length. Higher annealing and polymerization tem—
peratures can be used with longer and/or less complex mixtures of oligonucleotides. However, if too
many amplification products are obtained, or if no specific products are synthesized, optimum
annealing and polymerization temperatures, as well as cycle number and ionic conditions, should
be determined in a series of test reactions.

The specificity of MOPAC can be increased (i) by using a thermal cycler program that includes a
temperature ramping protocol (Kolodkin et al. 1993), (ii) by using touchdown PCR (Don et al.
1991; please see the information panel on TOUCHDOWN PCR), or (iii) by incorporating cosol-
vents into the amplification reactions.

4. Withdraw a sample (5—10 pl) from the test reaction mixture and the control reactions and
analyze them by electrophoresis through a neutral polyacrylamide gel. Be sure to include
DNA markers of an appropriate size. Stain the gel with ethidium bromide or SYBR Gold to
visualize the DNA.

A successful amplification reaction should yield a readin visible DNA fragm ent of the expected size.
The identity of the band can be confirmed by DNA sequencing (please see Chapter 12, Protocol 6).
If the band of interest is only one of a number of amplified fragments, please see the panel on
BAND-STAB PCR.
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If a single contiguous amino acid sequence was used to design both sense and antisense primers
for the MOPAC reaction, the exact size of the desired product will be known. in most cases, thin

polyacrylamide gels (S6%) should allow size fractionation at nucleotide resolution and unam-
biguous identification of the desired product. Once identified, the product can be end—labeled
(Chapter 9, Protocol 14) and subjected to chemical sequencing (Chapter 12, Protocol 7) to deter—
mine a unique sequence linking the two families of oligonucleotide probes. This unique sequence
can in turn be synthesized and used as a probe to isolate longer cDNAs. Alternatively, the MOPAC
product itself can be radiolabeled during a second round of PCR and used as a probe. If restriction

sites are incorporated at the 5’ ends of the starting oligonucleotide primers, then the amplified

product can easily be cloned after digestion with the appropriate enzyme into appropriate plasmid
or bacteriophage vectors. Blunt-ended fragments can be cloned as indicated in Protocol 4.

5. If mineral oil was used to overlay the reaction (Step 2), remove the oil from the sample by

extraction with 150 pl of chloroform.

The aqueous phase, which contains the amplified DNA, will form a micelle near the meniscus. The
miceile can be transferred to a fresh tube with an automatic micropipette.

For many purposes, e.g., purification of the amplified DNA using a Centricon microconcentrator
or cloning amplification products, it is desirable to remove the oil from the sample before pro-
ceeding.

A IMPORTANT Do not attempt chloroform extractions in microtiter plates. The plastic
used in these plates is not resistant to organic solvents.

 

BAND-STAB PCR

Amplification of DNA using MOPAC often generates a number of products of differing molecular
weights. Many of these DNAs are irrelevant and unwanted since they are generated by nonspecific prim-
ing; others may contain the desired target sequences. In some cases, when a suitable probe is available,
the desired fragment(s) can be located by Southern hybridization; in others, all of the amplified bands
must be recovered and tested individually. This sampling is best achieved by Band-Stab PCR (Bjourson
and Cooper 1992) as described below.

After the agarose gel has been stained with ethidium bromide and analyzed by UV illumination,
remove excess fluid by placing a piece of Whatman 3MM paper on the surface for a few seconds
Remove the damp paper and sample each band of interest by stabbing perpendicularly into the gel with
the beveled tip of a 21 -gauge hypodermic needle. Be careful to avoid parallax errors and use a fresh nee-
dle for each band. Withdraw the needle from the gel and then wash the tip in a fresh PCR mixture and
reamplify the band of DNA. Whenever possible, reamplification should be carried out using nested PCR.

When recovering bands from polyacrylamide gels by band-stab PCR, do not use Whatman 3MM
paper to dry the surface of the gel. instead, carefully remove as much fluid as possible by gentle wiping
with a gloved hand. Then use a needle to transfer a small fragment of polyacrylamide containing the band
of interest to the fresh PCR. Allow the template DNA to diffuse into the reaction mixture for an hour or
two before beginning the amplification.   
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THE POLYMERASE CHAIN REACTION curs THE TIME REQUIRED to characterize segments of cDNA

cloned in bacteriophage k and plasmid vectors from several days to a few hours, with a commen-

surate reduction in effort (Giissow and Ciackson 1989; Dorfman 1993; Costa and Weiner 1995).

Transformed bacterial cells or bacteriophage k particles can be picked from colonies or plaques

and transferred directly into the PCR mixtures lacking thermostabie DNA polymerase but con—

taining primers targeted to vector sequences immediately flanking the putative segment of cloned

DNA. The reaction mixtures are heated to boiling to liberate template DNA and to inactivate

nucleases and proteases. A thermostable DNA polymerase is then added and ~30 cycles of stan-

dard PCR are performed. A successful amplification reaction yields a DNA fragment whose size
can be estimated by agarose gel electrophoresis and whose identity can be confirmed by DNA

sequencing (Chapter 12)) Southern hybridization (Chapter 6), and/or restriction mapping.

Many colonies or plaques can be assayed simultaneously and, because the technique is so

rapid, there is usually no need to store large numbers of candidate clones for extended periods of
time. The method can easily be adapted to screen cDNA libraries in a stepwise fashion (please see

Chapter 11), to work out the orientation of foreign segments of DNA within individual recom—

binant clones, and to generate templates for DNA sequencing (Krishnan et al. 1991). Finally, the

technique can be extended to eukaryotic cells and used, for example, to analyze gene disruptions

in yeasts (please see the additional protocols at the end of this protocol) and to identify clones of

murine ES cells that have undergone modification by homologous recombination (Loukianov et

al. 1997). For further details, please see the additional protocols at the end of this protocol.

The following protocol, modified from Saiki et al. (1988), Giissow and Clackson (1989), and

Sandhu et al. (1993), was provided by Diane F. Ielinek (Mayo Clinic, Rochester, Minnesota).  
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MATERIALS

A IMPORTANT To reduce the chance of contamination with exogenous DNAs, prepare and use a special
set of reagents and solutions for PCR only. Bake all glassware for 6 hours at 150°C and autoclave aII
plasticware. For more information, please see the panel on CONTAMINATION IN PCR in the chapter
introduction.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

10x Amplification buffer

dNTP solution (20 mM) containing all four dNTPs (pH 8.0)

Tris-CI (70 mM, pH 7.6)

Enzymes and Buffers

Thermostab/e DNA polymerase

Gels

Agarose gel
Please see Step 9.

Nucleic Acids and Oligonucleotides

Forward primers (20 pM) in H20 and Reverse primers (20 pM) in HZO (20 pmoles/ul)
Oligonucleotide primers used for sequencing DNA segments cloned into most common prokaryotic and
eukaryotic vectors may be purchased commercially or synthesized locally. For details, please see the
information panel on UNIVERSAL PRIMERS and the accompanying tables of primer sequences.

Oligonucleotide primers synthesized on an automated DNA synthesizer can generally be used to screen
bacteriophage k plaques or lysed bacterial colonies in PCR without further purification.

Template DNAs
This method uses unpurified templates obtained by cracking bacteriophage 7» particles or transformed
bacterial cells. Essentially the same methods can be used to analyze viral DNAs in productively infected
mammalian or yeast cells transformed by multicopy vectors. For further details, please see the panels on
ADDITIONAL PROTOCOL: SCREENING YEAST COLONIES BY PCR and ADDITIONAL PROTO-
COL: SCREENING BACTERIOPHAGE k LIBRARIES.

Special Equipment

Barrier tips for automatic micropipettes

Boiling water bath

Microfuge tubes (0.5 ml) or Microtiter plates
Positive-disp/acement pipette
Thermal cycler programmed with desired amplification protocol

If the thermal cycler is not equipped with a heated lid, use either mineral oil or paraffin wax to prevent
evaporation of liquid from the reaction mixture during PCR.

Additional Reagents

Step 9 of this protocol may require the reagents listed in Chapter 5, Protocol 2, and Chapter
6, Protocol 10.
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METHOD

Screening Individual Bacterial Colonies or Bacteriophage It Plaques

1. Calculate the number of bacterial colonies or bacteriophage A plaques that are to be screened.

Prepare the appropriate amount of master mix; analysis of each colony or plaque requires 25

pl of master mix; 1 ml of master mix contains:

10x amplification buffer 100 pl

20 mM solution of four dNTPs 50 ul

forward primer 1 nmole

reverse primer 1 nmole

H20 to 1 ml

Dispense 25-pl aliquots of the master mix into the appropriate number of amplification tubes.

Use a sterile 200-111 pipette tip (NOT a toothpick) to touch each bacterial colony or bacterio-

phage X plaque. Working quickly, wash the pipette tip in 25 pl of master mix.

Please see the panel on TROUBLESHOOTING following Step 9,

Close the caps of the tubes. Incubate the closed tubes in a boiling water bath for IO minutes

(bacterial colonies) or 2 minutes (bacteriophage l plaques).

When screening bacterial colonies, it is important not to skimp on this step, which is required to
liberate and denature the DNA templates and to inactivate proteases and nucleases. Bacteriophage

7» plaques, by contrast, do not always require boiling. In some protocols (e.g., please see Dorfman

1993), individual plaques are transferred directly into complete reaction mixtures, which are then
used immediately in conventional PCR. In our hands, however, boiling for a short time before the

addition of Taq DNA polymerase improves the consistency of the method and enhances the yield
of amplified product.

. While the tubes are incubating, dilute the required amount of Taq DNA polymerase to a con-

centration of I unit/pl in 10 mM Tris (pH 7.6). Store the diluted enzyme on ice until needed.

Allow the samples (from Step 4) to cool to room temperature. Centrifuge the tubes briefly to

deposit all of the fluid in the bottom and then add 1 pl of the diluted Taq DNA polymerase
to each tube.

Set up two control reactions. In one reaction, include all of the components, except the tem-

plate DNA. In the other reaction, include a recombinant bacteriophage 7» plaque or trans—
formed bacterial lysate that has previously produced a positive result in this assay. The frag—
ment amplified in the positive control reaction should be larger than the fragment expected
in the test reactions. Successful amplification of the larger, control fragment provides some
assurance that the thermostable DNA polymerase is capable of amplifying fragments of the
appropriate length.

If the thermal cycler does not have a heated lid, overlay the reaction mixtures with I drop (~50
ul) of light mineral oil. Place the tubes in the thermal cycler. Amplify the nucleic acids using
the denaturation, annealing, and polymerization times and temperatures listed in the table.

 
 

Cycle

Number Denaturation Annealing Polymerization

30 cycles 1 min at 94°C 2 min at 50°C 2 min at 72°C 
These times are suitable for reactions assembled in thin—walled 0.5-ml tubes and incubated in ther—
mal cyclers such as the Perkin-Elmer 9600 or 9700, Master Cycler (Eppendorf), and PTC 100 (Ml
Research) Times and temperatures may need to be adapted to suit other types of equipment and
reaction volumes.
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9. Withdraw a sample (5—10 pl) from the test reaction mixture and the control reactions and

analyze them by electrophoresis through an agarose gel. Be sure to include DNA markers of

an appropriate size. Stain the gel with ethidium bromide or SYBR Gold to visualize the DNA.

A successful amplification reaction should yield a readily visible DNA fragment. Nonrecombinant
PCR products will be equal to the length of DNA between the locations ofthe 5’ termini ofthe two
primers in the cloning vector. Recombinant PCR products will be the sum of (i) the length of the
insert and (ii) the distance between the 5” termini of two primers in the vector. If necessary, the
identity of the band can be confirmed by restriction mapping and Southern hybridization

The tech nique can be easily adapted to screen large numbers of bacterial colonies or bacteriophage
M13 clones by setting up PCRs in 967well microtitcr dishes (Trower 1996).

 

 

l
TROUBLESHOOTING ‘l

lThe chief causes of failure with this method are (i) the addition of too much bacterial lysate, which may alter
the ionic balance of the reaction and (ii) the accidental inclusion of agar fragments in the reaction mixture,

which may inhibit amplification by the thermostable DNA polymerase. Because only a few hundred molecules
of template DNA are required, avoid overloading the reaction with template when sampling plaques and
colonies.

The absence of a PCR product in the control and test reactions may indicate that the insert is Simply too
large to amplify efficiently. In this case, a preparation of thermostable DNA polymerase capable of amplifying
longer templates can be used instead of conventional Téq DNA polymerase. Alternatively, a primer specific to
the insert can be used in place of one of the vector-specific primers. The orientation of the Cloned segment
within the vector can be ascertained by using an insert-specific primer with primers from each of the flanking
regions of the vector.

 

 

 

 

ADDITIONAL PROTOCOL: SCREENING YEAST COLONIES BY PCR

Additional Materials

Boiling water bath
Yeast colonies

Method

1. Use a sterile ZOO-ul pipette tip to transfer a small amount of a yeast colony that has been growing for 2—4
days to an amplification tube containing 50 ul of PCR master mix (please see Step 1 of the main protocol).
Resuspend the cells by pipetting up and down five times.

2. Boil the suspension of yeast cells for 5 minutes.

3. Proceed with Steps 5—9 of the main protocol.

Some investigators (e.g., please see Huxley et al. 1990; Sathe et al. 1991) omit the boiling step and proceed direct-
ly to PCR after suspending the cells in master mix containing a thermostable DNA polymerase. Other investigators
(Ling et al. 1995) lyse the cells with zymolyase before setting up the PCR. In our experience, the boiling step increas-
es the efficiency of PCR, whereas converting cells to spheroplasts with zymolyase is unnecessary and, in our hands,
gives erratic results.   

 

 



8. 76 Chapter 8: In Vitro Amplification ofDNA by PCR

 

 

ADDITIONAL PROTOCOL: SCREENING BACTERIOPHAGE l LIBRARIES

Screening bacteriOphage x libraries for clones of interest is usually carried out according to the Benton-Davis
method of hybridization (Benton and Davis 1977). However, PCR can also be used to find out whether a given
library contains a desired clone and to screen cDNA libraries in a stepwise fashion for one or more targets (e.g.,
please see Griffin et al. 1993; Israel 1993; M(‘Alinden and Krawetz 1994; Watanabe et al. 1997; for review,
please see Yu and Bloem 1996). The technique is particularly useful when screening cDNA libraries for clones
that contain sequences from the 5 ’ or 3 ’ ends of cDNA

Additional Materials

Bacteriophage A library
Boiling water'bath
Nitrocellulose filters (132 mm)
Petri dishes (750 mm)

SM

Method

1. Plate the bacteriophage 1 library in top agarose on 150-mm plates as described in Chapter 2, Protocol 1.
Incubate the plates and transfer the colonies onto numbered nitrocellulose filters as described in Steps 4—6
of Protocol 21 (Chapter 2). There is no need to key the filters to the plates.

Nitrocellulose filters are preferred to nylon filters since they are less expensive. Charged nylon filters should not be
used because the bacteriophage A particles stick so tightly that they cannot easily be washed free.

2. Use biunt—ended forceps to remove the filters carefully one by one. Place each filter in a separate 1 SO-mm
dish containing 3—5 ml of SM. Jiggle the filter to encourage the bacteriophage particles to float into the fluid
phase. Remove the filter and hold it over the dish until no more bacteriophage suspension drips from the
filter. Discard the filter.

Wrap the numbered agar plates in Saran Wrap. Store the plates at 4°C.

3. Transfer the bacteriophage suspension to a sterile, labeled tube. Use a separate tube for each plate.
These tubes provide a source of material that can be screened many times without further plating of the library.

1“ Transfer 25 p| of each of the bacteriophage suspensions to an amplification tube. Close the tube and heat
it in a boiling water bath for 5 minutes.

5" Chill the boiled suspension in ice and then use 5 ul of the supernatant as a template in PCRs primed by
oligonucleotides that are specific for the target sequence.

When screening libraries for clones containing the 5’ or 3 ’ sequences of cDNAs, one of the primers should anneal
to the appropriate flanking vector sequences and the other should anneal to the desired region of the target gene.
Wherever possible, include both positive and negative controls with each batch of PCRs. For example, each of the
bacteriophage suspensions can be spiked with a known amount of a purified clone. Sets of primers specific for the
known clone and the target clone can then be used simultaneously in the same PCR.

9“ After a desired recombinant has been identified, repiate the appropriate bacteriophage suspension(s). Plate
enough bacteriophages to obtain fivefold coverage of the subpopulation of the library. Transfer the bacte-
riophages to a nitrocellulose filter that has been previously marked into 12 or more sectors. Before remov-
ing the filter from the plate, orient the filter to the plate and mark the locations of the sectors on the bot-
tom of the plate.

Wrap the sectored agar plate in Saran Wrap. Store the plate at 4°C.

7. Transfer the nitrocellulose filter (bacteriophage side uppermost) to a sterile Petri dish. Working quickly, cut
the filter into sectors and recover the bacteriophage particles from each segment in ~0.5 ml of SM.

9° Using ~25 ul of each of the secondary suspensions (Step 7), repeat Steps 4 and 5 to detect the desired
recombinant by PCR.

Continue this step-wise analysis for one or two more rounds, until the calculated complexity of the last suspension
is <104 recombinant bacteriophages. At this stage, the suspension should be plated onto 10—20 plates at a density
of ~2500 pfu/plate. The resulting plaques should be screened by conventional Benton-Davis hybridization to identi-
fy and isolate the clone of interest (please see Chapter 2, Protocol 22). If necessary, the sectored agar plates (Step 6)
can be used as an additional source of bacteriophages.
A similar stepwise procedure can be used to screen cDNA libraries constructed in plasmid vectors (Trower 1996;
Takumi 1997).
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Protocol 13

Long PCR

 

UNDER STANDARD REACTION CONDITIONS, PCR IS EASILY CAPABLE of amplifying segments of

DNA 1—2 kb in length. This capacity is sufficient for many routine manipulations of DNA (e.g.,

sequencing and mutagenesis), but it is not enough to amplify an entire mammalian gene —— even

one of modest size — nor a cDNA of average dimensions. Explanations proposed for the inabili-

ty of standard PCR to amplify long segments of DNA include:

o Damage to the template and product DNAs during exposure to high temperature in buffers

that may not adequately maintain control over pH.

0 The presence of stray divalent cations (Mn2+ is always the prime suspect) that may promote

cleavage of DNA at high temperature.

0 Dificulties in denaturing very long DNA molecules during the heating step of the PCR cycle.

0 The inability of DNA polymerases to remain attached to the template DNA, particularly in

regions of secondary structure.

0 The high rate of incorporation of incorrect bases by thermostable polymerases such as Taq

that lack an editing function. The incorporation of a mismatched base at the 3’ end of a grow-

ing strand may cause the enzyme to seize up and may limit the size of the PCR product.

Four of these problems were fixed (at least in part) by simple adjustments to the reaction

conditions ( for review, please see Foord and Rose 1994). The fifth, however, required an original

thought. Wayne Barnes (1994) realized that the obstacles created by mismatched 3' termini could

be eliminated by using two different thermostable DNA polymerases to catalyze the amplification

reaction. One of the polymerases would be an efficient but error-prone workhorse (Klentaql, in

Barnes’ case), whereas the second, used in much smaller amounts, would provide a 3'—>5' exonu—

clease function that would resect mismatched ends (e.g., Pfu). These improvements have become

embodied in cocktails, sold by a number of manufacturers (e.g., Taquus Long PCR System,

Stratagen; Expand Long Template PCR System, Boehringer Mannheim), that generate high yields

from long targets.

The following protocol, supplied by Rob Rawson (University of Texas Southwestern

Medical Center, Dallas) can be used to amplify DNA over the entire length (up to 25 kb) of

genomic DNA segments cloned in bacteriophage l vectors or smaller segments (10—12 kb) of

preparations of total mammalian DNA.

8.77
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MATERIALS
 

A |MPORTANT To reduce the chance of contamination with exogenous DNAs, prepare and use a special

set of reagents and solutions for PCR only. Bake all glassware for 6 hours at 150°C and autoclave all
plasticware. For more information, please see the panel on CONTAMINATION IN PCR in the chapter
introduction.

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Chloroform <!>

dNTP solution (20 mM) containing all four dNTPs (pH 8.0)
70x Long PCR buffer

500 mM Tris—Cl (pH 9.0 at room temperature)

160 mM ammonium sulfate

25 mM MgCl2
1.5 mg/ml bovine serum albumin

Sterilize the 10x buffer by filtration through an 0.22—um membrane. Divide the sterile buffer into
aliquots and store the aliquots at —20°C.

Higher concentrations of Tris are used to maintain correct pH during the long extension times required
for amplification oflong templates (Ohler and Rose 1992). The pH of the stock solution is also increased
to 9.0 (at room temperature) to compensate for the large downward shift in pKa that occurs when Tris
buffers are heated (Good et al. 1966; Ferguson et al. 1980); for further details, please see Appendix 1.
Alternatively, Tris can be replaced by Tricine (pH 8.4 at room temperature; final concentration 30 mM)
(Ponce and Micol 1991). The temperature dependence of the pKa of Trieine buffers is far less than that
of Tris (Good and Izawa 1972).

KG! (100 mM) can be used in place of ammonium sulfate in the 10x long PCR buffer, and gelatin can be
used at a concentration of 0.01% in the final reaction in place of bovine serum albumin.

Additional components reported by Foord and Rose (1994) to improve the efficiency of long PCR
include glycerol at a concentration of 50/0 (v/v) in the final reaction mixture to promote separation of
DNA strands at lower temperatures, and EDTA at a concentration of 0.75 mM in the final reaction mix—

ture to chelate divalent cations such as Mn2+ that might promote scission of DNA strands.

Enzymes and Buffers

Thermostable DNA polymerase mix
Klentaq] can be Obtained from AB Peptides (St. Louis, Missouri), and Pfu polymerase can be obtained

from Stratagene. A typical mixture contains 0.187 unit of Pfu and 33.7 units of Klentaql in a total vol—
ume of 1.2 pl (Foord and Rose 1994).

Gels

Agarose gel
Please see Step 4.

Nucleic Acids and Oligonucleotides

Template DNA
Long PCR works well on a variety of templates including recombinant PACs, BACs, cosmids, and bacte—
riophage A clones, as well as high—molecular—weight genomic DNAs. However, the quality of the DNA is
paramount. The average length of the template DNAs (assayed by agarose gel or pulsed~field gel elec—
trophoresis) should be at least three times greater than the length of the desired PCR product. The DNAs
should also be extensively purified to reduce the concentration of inhibitors. It may seem to be out?
moded, slow, and expensive, but in our hands, the best way to prepare genomic DNAS for long PCR is
by equilibrium density centrifugation in (ISO gradients, followed by dialysis against TE (pH 8.0) (please
see Chapter 1, Protocol 10).
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Forward primers (20 pM) in H20 and Reverse primers (20 nM) in H20 (20 pmoles/ul)
The rules for the design of primers (please see Design of Oligonucleotide Primers for Basic PCR in the
introduction to this chapter) must be followed closely. However‘ primers used for long PCR are general-
ly slightly longer (25—30 nucleotides) than those used for standard PCR. It is particularly important to
strive for equality between the melting temperatures of the two primers. [f the difference in melting tem—

peratures exceeds one centigrade degree, mispriming and preferential amplification of one strand may
become a problem.
Oligonucleotide primers synthesized on an automated DNA synthesizer can sometimes be used suc—

cessfully in long PCR without further purification. However, amplification is usually more efficient if the
oligonucleotide primers are purified by chromatography on commercially available resins (e.g., NEN—
SORB, NEN Life Science Products) or by denaturing polyacrylamide gel electrophoresis, as described in
Chapter 10, Protocol 1.

Special Equipment

Barrier tips for automatic micropipettes

Microfuge tubes (0.5 ml, thin-walled for amplification)
Positive—displacement pipette

Thermal cycler programmed with desired amplification protocol
If the thermal cycler is not equipped with a heated lid, use either mineral oil or paraffin wax to prevent
evaporation of liquid from the reaction mixture during PCR.

Additional Reagents

Step 4 of this protocol requires the reagents listed in Chapter 5, Protocol 2, and Chapter 6,
Protocol 10.

METHOD

1. In a thin—walled amplification tube, add and mix in the following order:

10x long PCR buffer 5 pl

20 mM solution of four dNTPs 5 pl

20 mM forward primer 1 pl

20 mM reverse primer 1 pl

thermostable DNA polymerase mix 0.2 141

template DNA 100 pg to 2 ug

HZO to 50 pl

Templates purified from individual recombinant clones constructed in bacteriophage 7», cosmid,
bacteriophage P1, PAC, and BAC vectors should be used in amounts ranging from 100 pg to 300
ng. Larger amounts of total genomic DNAs are required, usually between 100 ng and 1 pg per reac—

tion. In long PCR, there is little flexibility in the amount of template used in the reaction. Too lit—
tle and no product is detectable; too much and the loss of specificity can be dramatic. The opti—
mum amount of template and the optimum ratio of primersztemplate should be ascertained

empirically for each new preparation of DNA.

2. If the thermal cycler is not fitted with a heated lid, overlay the reaction mixtures with 1 drop

(~50 pl) of light mineral oil. Alternatively, place a bead of paraffin wax into the tube if using

a hot start PCR. Place the tubes or the microtiter plate in the thermal cycler. Amplify the

nucleic acids using the denaturation, annealing, and polymerization times and temperatures

listed in the table.

 

Cycle

Number Denaturation Annealing Polymerization

24 cycles I 1 min at 94°C 1 min at 60—670C 5—20 min at 68°C

These times are suitable for 50—01 reactions assembled in thin-walled 0.5—ml tubes and incubated

in thermal cyclers such as the Perkin—Elmer 9600 or 9700, Master Cycler (Eppendorf), and PTC 100
(Ml Research), Times and temperatures may need to be adapted to suit other types of equipment
and reaction volumes.
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The temperature used for the annealing step depends on the melting temperature of the oligonu-
cleotide primers. Because the primers used in long PCR are generally 27—30 nucleotides in length,
the annealing temperatures used in long PCR can be considerably higher than those used in stan-
dard PCR.

Polymerization should be carried out for 1 minute for every 1000 bp of length of the target DNA.
Foord and Rose (1994) recommend increasing the polymerization time by 30 seconds in each cycle
of PCR. However, in our hands, extension of the polymerization time has not led to any improve-
ments in specificity or yield.

3. If mineral oil was used to overlay the reaction (Step 2), remove the oil from the sample by

extraction with 150 Lil of chloroform.

The aqueous phase, which contains the amplified DNA, will form a micelle near the meniscusi The
micelle can be transferred to a fresh tube with an automatic micropipette.

A IMPORTANT Do not attempt chloroform extractions in microtiter plates. The plastic used
in these plates is not resistant to organic solvents.

4. Analyze an aliquot of the aqueous phase by electrophoresis through an agarose gel using

markers of an appropriate size. In many cases, the amount of amplified product may be too

small to be detected by conventional staining with ethidium bromide. In this case, stain the

DNA in the gel with SYBR Gold or transfer to a nylon or nitrocellulose filter and probe by

Southern hybridization (please see Chapter 6, Protocol 10).

Although long PCR is more demanding than standard PCR, it does not differ in any essential prin-
ciple. The problems with long PCR and standard PCR are similar and almost always involve speci—
ficity and yield. In the vast majority of cases, these can be solved by careful optimization of all phas—
es of the reaction (please see Tables 8-4 and 8-5 in Protocol 1).

 



Protocol 14
 

Inverse PCR

STANDARD PCR AMPLIFIES SEGMENTS OF DNA that lie between two inward-pointing primers. By

contrast, inverse (also known as inverted or inside-out) PCR is used to amplify and clone

unknown DNA that flanks one end of a known DNA sequence and for which no primers are

available. The technique, developed independently by several groups (Ochman et al. 1988; Triglia

et al. 1988; Silver and Keerikatte 1989), involves digestion by a restriction enzyme of a prepara-

tion of DNA containing the known sequence and its flanking region (please see Figure 8—7). The

individual restriction fragments (many thousands in the case of total mammalian genomic DNA)

are converted into circles by intramolecular ligation, and the circularized DNA is then used as a

template in PCR. The unknown sequence is amplified by two primers that bind specifically to the

known sequence and point in opposite directions.

The product of the amplification reaction is a linear DNA fragment containing a single site

for the restriction enzyme originally used to digest the DNA. This site marks the junction between

the previously cloned sequence and the flanking sequences. The size of the amplified fragment

depends on the distribution of restriction sites within known and flanking DNA sequences. By

setting up reactions with template DNA that has been cleaved by different restriction enzymes, as

much as 4 kb of flanking DNA can be recovered by inverse PCR (Jones and Winistorfer 1993).

Both upsteam and downstream flanking regions can be obtained in a single inverse PCR by using

a restriction enzyme that does not cleave within the known DNA sequence.

Inverse PCR has been used chiefly to generate end-specific probes for chromosome walking

(Garza et al. 1989; Silverman et al. 1989; Silverman 1993, 1996), to clone unknown cDNA

sequences from total RNA (Huang et al 1990, 1993), and to recover integration sites used by virus-

es, transgenes, and transposons (Ochman et al. 1988, 1990, 1993; Triglia et al. 1988; Silver and

Keerikatte 1989). However, inverse PCR remains one of the more problematic techniques in mol—

ecular cloning and success is not guaranteed. Because the method works best with DNA templates

whose sequence complexity is <109 bp, it is unlikely that inverse PCR will work when total mam—

malian genomic DNA is used as a template. To increase the chance of success, genomic DNA can

be fractionated according to size after digestion with a restriction enzyme, or genomic DNA

libraries can be subdivided into aliquots whose sequence complexity is <109 bp. The use of nest-

ed sets of primers in sequential reactions can also help (Takagi et al. 1992).

The following protocol, an amalgam of several reported in the literature, was provided by

Dennis McKearin (University of Texas Southwestern Medical Center, Dallas).
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FIGURE 8-7 Schematic Regresentation of Inverse PCR

Inverse PCR is used to amplify DNA of unknown sequence (dark shading) that is adjacent to known DNA
sequence (light shading). Genomic DNA is digested with an enzyme that produces a fragment (among
others) carrying the known DNA, as determined by Southern blotting. The DNA fragments are circular-
ized by ligation, and specific sequence primers, designed to extend outward from the known sequence,
are used to amplify unknown sequences adjacent to the region of known sequence.

MATERIALS

A IMPORTANT To reduce the chance of contamination with exogenous DNAs, prepare and use a special
set of reagents and solutions for PCR only, Bake all glassware for 6 hours at 150°C and autoclave all
plasticware. For more information, please see the panel on CONTAMlNATION IN PCR in the Chapter
introduction.

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions
Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

70x Amplification buffer

ATP (70 mM)
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Chloroform <!>

dNTP solution (20 mM) containing all four dNTPs (pH 8.0)

Ethanol

Phenolrchloroform (1:1, v/v) <!>

Sodium acetate (3 M)

TE (pH 8.0)
Tris-CI (70 mM, pH 7.6)

Enzymes and Buffers

Bacteriophage T4 Iigase (1 unit/pl)

Restriction endonucleases
Thermostab/e DNA polymerase

Gels

Agarose or Polyacrylamide gel <!>
Please see Step 7.

Nucleic Acids and Oligonucleotides
Oligonucleotide primer 1 (20 “W in H20 and Oligonucleotide primer 2 (20 pM) in HZO

There is nothing unusual about the primers used in inverse PCR except their placement on the template
molecule (please see Figure 8—7). The standard rules for design of primers therefore apply. Each primer
should be 20—30 nucleotides in length and should contain approximately equal numbers of the four
bases, with a balanced distribution of G and C residues and a low propensity to form stable secondary
structures. Restriction sites can be added to the 5' ends of the primers to facilitate subsequent cloning
and manipulation of the amplified products. For further details, please see Design of Oligonucleotide
Primers for Basic PCR in the introduction to this chapter.

Oligonucleotide primers synthesized on an automated DNA synthesizer can generally be used in stan-

dard PCR without further purification. However, amplification Of single‘copy sequences from mam-

malian genomic templates is often more efficient if the oligonucleotide primers are purified by chro—

matography on commercially available resins (e.g., NENSORB, NEN Life Science Products) or by dena-
turing polyacrylamide gel electrophoresis, as described in Chapter 10, Protocol 1,

Template DNA in 10 mM Tris—Cl (pH 7.6) containing <0.1 mM EDTA
Inverse PCR requires a circular DNA as template. Steps 1—4 of this protocol describe how such templates
can be generated from conventional preparations of linear DNAs, which can be a purified fragment of
DNA; a preparation of total genomic DNA, fractionated according to size; a bacteriophage k CDNA
library; an aliquot of a cosmid or bacteriophage Pl genomic library; or any other DNA whose sequence
complexity is <109 bp. Use at least 1 0g of each linear DNA template to allow circularization and PCR to

be carried out at several DNA concentrations.

Special Equipment

Barrier tips for automatic micropipettes

Microfuge tubes (0.5 ml, thin-walled for amplification) or Microtiter plates

Positive-displacement pipette
Thermal cycler programmed with desired amplification protocol

If the thermal cycler is not equipped with a heated lid, use either mineral oil or paraffin wax to prevent

evaporation of liquid from the reaction mixture during PCR.

Water bath preset to 16°C

Additional Reagents

Step 7 of this protocol requires the reagents listed in chapter 5, Protocol 2, Chapter 6,
Protocol 10, or Chapter 12, Protocol 6.
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_METHOD

1. Design and synthesize oligonucleotide primers 1 and 2 based on the known sequence of

DNA.

2. Digest 2—5 pg of DNA template (sequence complexity <109 bp) with an appropriate restric—

tion enzyme (please see note below). Extract the digested DNA with phenolzchloroform, and

then with chloroform alone. Precipitate the DNA with 0.1 volume of 3 M sodium acetate and

2.5 volumes of ethanol. Recover the precipitated DNA by centrifugation and dissolve it in TE

(pH 8.0) at a concentration of 100 ug/ml.

Alternatively, heat the digested DNA to 65°C for 15—20 minutes to inactivate the restriction
enzyme.

Southern hybridization (Chapter 6, Protocol 10) may be used to identify a restriction enzyme that
generates a fragment of the appropriate size (1—4 kb)‘ Wherever possible, choose an enzyme that

yields complementary cohesive termini. This choice increases the efficiency of circularization of
the template DNA during ligation. Enzymes that generate blunt ends can be used as a last resort.
In this case, however, polyethylene glycol should be added to the ligation buffer (please see Chapter
1, Protocol 19 and the information panel on POLYETHYLENE GLYCOL in Chapter 1) to promote
circularization.

3. In sterile 0.5-ml microfuge tubes, amplification tubes, or the wells of a sterile microtiter plate,

set up a series of ligation reactions containing cleaved template DNA at concentrations rang—

ing from 0.1 to 1 ug/ml.

template DNA 10 rig to 100 ng

10x ligation buffer 10 ul

1 unit/pl bacteriophage T4 DNA ligase 4 pl

10 mrvl ATP 10 u]

HZO to 100 pl

Incubate the reactions for 12—16 hours at 16°C.

Some commercial ligase buffers contain ATP. When using such buffers, the addition of ATP to the
ligation reaction is no longer required.

Conditions that favor the formation of monomeric circles during ligation are well understood in
theory (Collins and Weissman 1984) but are difficult to achieve in practice. The molar concentra-
tion of DNA ends must obviously be low in order to favor the formation of intramolecular circles
over concatenates. However, it is difficult to calculate an appropriate concentration when the DNA

molecules in the population differ in size and when the proportion of damaged termini is
unknown. Under these circumstances, it is best to set up a series of ligation reactions with DNA
concentrations ranging from 1 to 10 ug/ml and to carry the products of these reactions through
the subsequent steps of the protocol.

4. Extract the ligated DNA with phenolzchloroform, and then with chloroform alone.
Precipitate the DNA with 0.1 volume of 3 M sodium acetate and 2.5 volumes of ethanol.

Recover the precipitated DNA by centrifugation and dissolve it in 10 mM Tris (pH 7.6) or

HZO at a concentration of 100 ug/ml.

5. In a sterile 0.5-m1 thin-walled amplification tube, add and mix in the following order:

10x amplification buffer 5 u]

20 mM solution of four dNTPs (pH 8.0) 1 pl

20 MM oligonucleotide primer 1 2.5 pl

20 pM oligonucleotide primer 2 2.5 pl

1—5 units/pl thermostable DNA polymerase 1.0 pl

HZO 28—33 ul

ligated template DNA 5—10 ul

Total volume 50 111

 
"l x mm—
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The efficiency of inverse PCR is sometimes improved by amplification of linear, rather than circu—
lar, DNA templates. Linearization of the template can be achieved by digesting the circularized
molecules with a restriction enzyme that cleaves in the region of known DNA, between the S' ter-
mini of the two primers. Ideally, the enzyme should not cleave the unknown sequences.
Alternatively, the Circular molecules can be linearized, albeit less efficiently, by heating the samples
to 100°C for 15 minutes before setting up the amplification reactions (Triglia et all 1988; Ochman
et al. 1993).

Set up two control reactions. In one reaction, include all of the above reagents, except the

template DNA. In the other reaction, replace the template with a plasmid of known size, con—

taining the DNA insert from which the oligonucleotide primers were derived. The first con-

trol ensures that any product Visualized is not due to the presence of extraneous DNA. The

second tests the fidelity of the PCR reagents. Carry each control reaction through all subse—

quent steps of the protocol.

6. If the thermal cycler is not fitted with a heated lid, overlay the reaction mixtures with I drop

(~50 pl) of light mineral oil. This prevents evaporation of the samples during repeated cycles

of heating and cooling. Alternatively, place a bead of wax into the tube if using hot start PCR.

Place the tubes or the microtiter plate in the thermal cycler. Amplify the nucleic acids using

the denaturation, annealing, and polymerization times and temperatures listed in the table.

 
 

Cycle

Number Denaturation Annealing Polymerization

30 cycles 30 sec at 94°C 30 sec at 60°C 2.5 min at 72°C

Last cycle 30 sec at 94°C 30 sec at 60°C 10 min at 72°C 
These times are suitable for SO-ttl reactions assembled in thin-walled 0.5—ml tubes and incubated
in thermal cyclers such as the Perkin—Elmer 9600 or 9700, Master Cycler (Eppendorf), and PTC 100
(Ml Research). Times and temperatures may need to be adapted to suit other types of equipment
and reaction volumes.

Most thermal cyclers have an end routine in which the amplified samples are incubated at 4°C until
they are removed from the machine. Samples can be left overnight at this temperature, but should
be stored thereafter at —20°C.

The exact annealing temperature should be established empirically for the primer pairs ueed in a
given amplification reaction. An extended polymerization time (up to 10 minutes per cycle) should
be tried if the target DNA is long (>4 kh). Alternatively, the use of mutant thermostable DNA poly—
merases that lack exonuclease activity (e.g., Klentaql enzyme, AB Peptides, St. Louis, Missouri)
and/or that contain a low level of 3’-exonuclease activity (e.g., Pfu, Vent, or DeepVent enzymes from
Stratagene and New England Biolabs, respectively) may produce longer templates. Also, please see
the note on long PCR in Protocol 13, Step 2.

7. Withdraw a sample (5—10 til) from the test reactions and the control reactions and analyze

them by electrophoresis through an agarose or polyacrylamide gel. Be sure to include DNA

markers of an appropriate size. Stain the gel with ethidium bromide or SYBR Gold.

A successful amplification reaction should yield a readily visible DNA. The identity of the band can
be confirmed by DNA sequencing (please see Chapter 12, Protocol 6), and/or restriction mapping
and/or Southern hybridization using probes homologous to the known DNA sequence (please see
Chapter 6, Protocol 10).

 

If low yields are a problem, the desired fragment can be purified by gel electrophoresis, isolated by band-
stab (please see the panel on BAND-STAB PCR in Protocol 11), and reamplified using oligonucleotide
primers 1 and 2.

If nonspecific amplification is a problem, nested primers should be used in the second round of PCR
(Takagi et al. 1992).   
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PCR CAN BE USED TO ESTIMATE THE CONCENTRATION of a particular target DNA or RNA relative
to a standard (for reviews, please see Ferre 1992; Foley et al. 1993; Raeymaekers 1993, 1995; Gause

and Adamovicz 1994; Cross 1995; Reischi and Kochanowski 1995; Freeman et al. 1999; Halford

1999) (please see the panel on REAL TIME PCR at the end of this protocol). However, quantitative

PCR, more than any other form of PCR, is littered with booby traps and is not for the technical—

ly challenged. Many of the difficulties stem from the nature of PCR itself. Because PCR is an expo-

nential process, small differences in efficiency at each cycle of the reaction can lead to large dif—

ferences in the yie1d of the amplified product. Anything that can affect exponential amplification

can compromise quantitation of target sequences. For example, the presence of different amounts
of inhibitors in a series of samples containing the same amount of template DNA could lead to

differences in the final yield of amplified product, as could small differences in efficiency between

primer pairs used to amplify standard and target sequences. 80 sensitive are PCRs to minor dif-
ferences in conditions that the coefficient of variability of yield of amplified product is typically

10—20% in replicate samples (e.g., please see Wiesner et al. 1992; Hill et al. 1996; Halford et al.

1999). For this reason, methods that simply quantify the amount of amplified DNA that accu-

mulates over the course of a PCR (so—called end-point methods) are generally regarded as unre—

liable. In recent years, more sophisticated methods have been developed in which amplified DNA

is quantified during the exponential phase of the PCR. These methods, some of which have been

automated (please see the panel on REAL TIME PCR), have eliminated much of the variation asso—

ciated with end-point measurement.

An early method of quantitative PCR involved comparing the amount of specific product

generated in different samples from a particular target sequence. In this technique, the amounts
of amplified product were measured at several time points during the exponential phase of the

reaction and were then analyzed by linear regression (Wiesner et a1. 1992; Clifford et al. 1994).

When working at its best, this method could be used to detect picomolar concentrations of tar-

get sequence and was accurate enough to distinguish twofold differences in concentration of tar-

get sequence in different samples. However, the method often fell prey to tube—to-tube variabili-

ty and, for this reason, is no longer in common use.

Two types of controls described below can be used to monitor tube—to-tube variabihty:

endogenous standards and externally added references.

0 Endogenous standards are control sequences (usually housekeeping genes or their mRNAs)
that are present in the same preparation of DNA or RNA as the target sequences.
Quantification is achieved by comparing the amount of amplified product generated by the

M~WV > _
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endogenous standard and the target sequence (Chelly et al. 1990). The method works well if
the amplified products are measured during the exponential phase of the reaction, if the ref-

erence and target sequences are amplified with equal efficiency, and if they are present in the

sample at approximately equal concentrations. However, these conditions are rarely fulfilled

because the amplified products are almost always different from the endogenous reference in

size, sequence, and abundance. These imbalances between reference and target become mani—

fest as systematic differences in amplification efficiency between the two nucleic acids. In addi~
tion, there is no guarantee that the housekeeping genes chosen as endogenous standards are

invariant in their levels of expression from one sample to the next. The levels of expression of

these genes are not constant from one mammalian tissue to another nor from one cell line to

another (e.g., please see Mansur et al. 1993; Spanakis 1993; Bhatia et a1. 1994). Differences in

the amount of amplified product generated by the reference and the target may therefore result

from differential amplification or from changes in the level of transcription of the target gene

and/or the standard gene, or from both.

Externally added reference molecules are DNAs or RNAs that are added in known amounts to
a series of amplification reactions (Wang et al. 1989; Gilliland et al. 1990). Because the reference

templates and target sequences are present in the same amplification reaction and use the same

primers (please see below), the effect of the variables mentioned earlier is nullified.

Quantification is achieved by comparing the amount of amplified products generated by the

reference and target sequences. The purpose of the experiment — to find out the ratio of refer-

ence sequences to target sequences in the reaction mixture at cycle zero — can be achieved in

two ways. A series of reactions can be set up containing different ratios of reference and target
molecules. A curve is constructed showing the relationship between the amount of amplified

product and the amount of reference added to the reaction. The target sequence can then be

quantified by interpolation (please see Figure 8—8). Thus, in a reaction that yields equal amounts

of the two amplified products, the ratio of target molecules to reference molecules at the begin-

ning of the PCR is said to be unity. However, this conclusion is true only if amplification effi-

ciencies of target and reference molecules are equal throughout the course of the PCR.

0.1 0.2 0.4 0.8 1.6 3.2 6.4 12.8 25.6
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FIGURE 8-8 Quantitation of mRNA by Amplifying

Varying Amounts of a Standard (Native) DNA g 1-0 — .
Fragment with a Constant Amount of Competitor DNA 5 ,

In this example, a fragment of native bovine FP receptor 2 05 ‘ 0
cDNA (bPGF1) is amplified in the presence of a competitor 3?
fragment of bovine FP receptor DNA carrying an internal 5 0.0 _
deletion of 55 bp (bPGF1A55). (A) Resulting amplification E
products from reactions containing different ratios of bPGF1 g
to bPGF1A55 are shown as ethidium-bromide-stained bands 3 “0 5 “
after separation by electrophoresis through 5% polyacry- g
lamide. (3) Composite standard curve is derived from four " -1.0 L a
independent experiments. The log ratio of native to com-
petitor product was plotted against the log amount of initial 1.5 # | 1 A 1 1

4.5 —1.0 -0.5 0.0 0.5 1.0 1.5native added to the RT-PCR. (Modified, with permission,

from Tsai and Wiltbank 1996.)

 

Log(bPGF1),attomoIes

 



8. 88
P
r
o
d
u
c
t
co
nc
en
tr
at
io
n

[m
oI

/u
l]

1e'

_.
.

m
y w

.
.

m. t
o

1840

Chapter 8: In Vitro Amplification ofDNA by PCR

To eliminate this source of doubt, a more sophisticated method is available. This approach

involves quantifying the amounts of reference and target sequences in consecutive cycles within

the exponential phase of PCR. Amplified products accumulate during this phase according to the

following equation (please see the panel on PCR lN TH EORY in the chapter introduction):

long : n log (1 + Y) + logN0

where Nf is the copy number of the amplified sequence after n cycles of amplification, NO is the

initial copy number of the target sequence in the DNA template, and Yis the efficiency of ampli—

fication per cycle.

A semilogarithmic graphical plot of log concentration of a particular amplified product

against cycle number yields a straight line (please see Figure 8-9) (Tsai and Wiltbank 1996;

Harting and Wiesner 1997). The equation describing the accumulation of the product can then

be derived using regression analysis. If, as is most desirable, the target sequences and the reference

sequences are amplified with equal efficiency, the regression lines will be parallel to each other.

The ratio between the target and reference molecules can be calculated from the intersection of

the regression lines with a single, midexponential cycle (Harting and Wiesner 1997).

DNAS encoding reference templates are constructed and cloned into vectors equipped with

a promoter for bacteriophage-encoded DNA-dependent RNA polymerases. In most cases, the ref—

erence templates are constructed by modifying a clone of the target sequence in a way that allows

the coamplified products to be distinguished from one another. For example, the reference and

the target might differ slightly in size by insertion or deletion of a small fragment of DNA or in

sequence by alteration of one or two bases that are required to create a new restriction site or

remove a naturally occurring site. In general, references and targets that differ slightly in size are

preferred because they can be easily distinguished by gel electrophoresis. In the case of RT-PCR,

reference templates are transcribed from the engineered plasmid using a bacteriophage—encoded

RNA polymerase, purified, and quantified by absorbance at 260 nm. Measured amounts of refer—

ence template are added to test RNAs prepared from a known number of cells expressing the

genes of interest, and the mixture is converted into cDNA by reverse transcription. Because the

reference and the target RNAs are both present throughout all phases of RT—PCR, they are copied

 

 
 

FIGURE 8-9 Quantitation by Accumulation of Products in

RT-PCR vs. Cycle Number

In this example, product accumulation is shown for amplification
(RT—PCR) of three samples: 125 rRNA (Circles), cytochrome C oxi-
dase (COX l) mRNA (squares), and a reference template sequence
from the D-loop region of mitochondrial DNA (triangles). The data
are shown as product concentration vs. cycle number in a semi-
Iogarithmic plot with respective linear regression lines. In this

 

  . , . f I I I experiment, the ratios for 1ZSzD-ioop and COX IzD-Ioop are 5.77
10 11 12 13 ‘4 15 15 17 and 1.1, respectively. (Adapted, with permission, from Harting and

Cycle Wiesner 1997.)
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simultaneously into DNA by reverse transcription and are then coamplified using the same
primers (Becker—Andre’ and Hahlbrock 1989; Wang et al. 1989; Gilliland et al. 1990; Siebert and
Larrick 1992). For this reason, reference molecules of this type are sometimes called “competitors.”

RNA references are not for the faint-hearted; They are the mark of investigators with a
strong commitment to esthetic values and a high level of technical skill. A much easier alternative
is to use DNA references, which are more durable and much easier to handle (e.g., please see
Siebert and Larrick 1992). DNA references are entirely suitable for quantitative PCR of DNA tem—
plates, but they are clearly less appropriate for quantification of RNAs.

In summary, before attempting quantitative PCR, it is essential to address the following
issues. First, rigorously optimize the reagents and conditions used in the amplification reaction
(please see Parameters That Affect Polymerase Chain Reactions in the chapter introduction).
Second, suppress the competing reactions that occur in the amplification reaction due to mis-
priming. This goal is best accomplished using a hot start PCR or touchdown PCR protocol. Third,
carry out calibration experiments in which progressively smaller amounts of standard templates
are amplified. Fourth, establish the reproducibility of the methods by performing a statistically sig-
nificant number of multiple assays on the same sets of templates and, finally, on independently
processed samples. Finally, perform control experiments showing that the efficiency of amplifica-
tion of target and reference molecules are equal during the course of the PCR. With this ground—
work in place, it becomes possible to draw confident conclusions about the relative or absolute
concentration of the target sequence from the yield Of amplified product in a standard PCR.

In its most basic form, quantitative RT—PCR involves coamplification of two templates: a
constant amount of an RNA preparation containing the desired target sequence and serial dilu—
tions of a reference template that is added in known amounts to a series of amplification reac—
tions. The concentration of the target sequence is determined by simple interpolation into a stan-
dard curve (Gilliland et al. 1990; Freeman et al. 1999; please see Figure 8—9 and accompanying
text). Once this basic technique is established in the laboratory, the method can easily be extend—
ed to include the more accurate regression analysis of the accumulation of the amplification
products during successive cycles of PCR (Harting and Wiesner 1997). For a variation of this pro-
cedure, please see the panel on MEASURING MULTIPLE GENE PRODUCTS BY RT-PCR.

Because of the amount ofwork involved in setting up competitive quantitative PCR in a fash—
ion that will satisfy sceptics, alternative methods (semiquantitative PCR) have been developed that
do not include externally added standards. In some hands, these semiquantitative methods yield
results that are identical to those obtained by more stringent experimentation (for review, please
see Halford 1999). However, because the value of semiquantitative PCR remains controversial, it
seems more prudent at the moment to include the full range of standards and reference templates.

In recent years, commercial systems have been developed to quantify specific sequences in
preparations of DNA or RNA by measuring the intensity of signals emitted by DNAs generated in
successive cycles of a PCR. Because these systems allow the simultaneous amplification and quan—
tification of specific nucleic acid sequences in real time, they eliminate the need to withdraw aliquots
at different stages during the PCR. Real time PCR and the commercial instruments needed to carry
out the method are discussed in detail in the panel on REAL TIME PCR at the end of this protocol.

 

MEASURING MULTIPLE GENE PRODUCTS BY RT-PCR

A clever improvement of the method presented in this protocol is described by Wang et al. (1989). A plasmid
vector is first engineered that contains a bacteriophage T7 RNA polymerase promoter and pairs of 5 ' and 3 ’
oligonucleotide primer sequences derived from genes whose mRNA concentrations are to be measured. The
pairs of oligonucleotide primers are derived from as many as 12 different genes and are spaced variable, but
known, distances apart in the vector. The distance separating a gene-specific pair of oligonucleotide primers
in the standard template plasmid is similar to, but slightly different from, the distance separating the primer
sequences in the natural mRNA. This difference allows the amplification products from the cDNA and plas-
mid DNA templates to be distinguished. 
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MATERIALS
A IMPORTANT To reduce the chance of contamination with exogenous DNAs, prepare and use a special

set of reagents and solutions for PCR only. Bake all glassware for 6 hours at 150°C and autoclave al|
plasticware. For more information, please see the panel on CONTAMINATION IN PCR in the chapter

introduction.

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

10x Amplification buffer

dNTP solution (20 mM) containing all four dNTPs (pH 8.0)

MgC/Z (50 mM)
Placental RNase inhibitor (20 units/pl)

Please see the information panel on INHIBITORS OF RNASES in Chapter 7.

Enzymes and Buffers

Appropriate restriction endonuclease
Please see Step 7.

Reverse transcriptase (100—200 units/ul)

Thermostab/e DNA polymerase
Taq DNA polymerase is the standard and appropriate enzyme for the amplification stage of most forms
of quantitative PCR.

Radioactive Compounds

[a-fldeCTP (5p. act. 3000 Ci/mmole) at 10 mCi/ml <!>

Gels

Agarose or Polyacrylamide gels <!>
Please see Steps 1 and 7.

Nucleic Acids and Oligonucleotides
Externally added reference (either DNA or RNA) of known concentration

For a discussion of the design of this template, please see the introduction to this protocol. Use a DNA
reference to measure the concentration of DNA sequences by conventional PCR and, whenever possible,

an RNA reference to measure the concentration of a target RNA by quantitative RT—PCR. The basic
method for the construction of reference RNAs is described in Chapter 15, Protocol 2. For details on
plasmid construction for synthesis of reference RNAS, please see Diviacco et aL ( 1992), Schneeberger et
al. (1995), and Schneeberger and Zeillinger (1996).

Sense primer (20 pM) in H20 and Antisense primer (20 uM) in HZO
Fach primer should be 20—30 nucleotides in length and contain approximately equal numbers of the

four bases, with a balanced distribution of G and C residues and a low propensity to form stable sec—
ondary structures. For further details, please see Design of Oligonucleotide Primers for Basic PCR in the
introduction to this chapter.

Oligonucleotide primers synthesized on an automated DNA synthesizer can generally be used in quan-
titative PCR without further purification.

Target nucleic acid
The target can be a preparation of DNA or RNA, either total or poly(A)+. Dissolve preparations of total
RNA at a concentration of 0.5—1 mg/ml and preparations of poly(A)’ RNA at a concentration of 10—100
ug/ml. Dissolve DNA targets in 10 mM Tris-Cl (pH 7.6) at the following concentrations: mammalian
genomic DNA. 100 ug/ml; yeast genomic DNA, 1 ug/ml; bacterial genomic DNA, 0.1 ug/ml; and plasmid
DNA, 1—5 ng/ml.
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Special Equipment

Barrier tips for automatic micropipettes

Microfuge tubes (05 ml/ thin-walled for amplification) or Microtiter plates
Positive—displacement pipette

Thermal cyc/er programmed with desired amplification protocol
If the thermal cycler is not equipped with a heated lid, use either mineral oil or paraffin wax to prevent
evaporation of liquid from the reaction mixture during PCR.

Water baths, preset to 940C and to 75°C and 95°C (for template RNA only)

METHOD

Preparation of the Reference Template

1. Use the guidelines given in the introduction to design and prepare a reference template suit-

able for the task at hand. Measure the concentration of the reference template as carefully as

possible, preferably by fluorometry (please see Appendix 6). Alternatively, estimate the

amount of reference template after gel electrophoresis and ethidium bromide staining.

2. Make a series of tenfold dilutions (in HZO) containing concentrations of the reference tem—

plate ranging from 10“6 to 10‘12 M. After using the dilutions in Step 3, they should be stored
at —70°C for use in Step 8.

It is important to use HZO rather than TE as the diluent to avoid altering the concentration of Mg“
in the PCR.

Preparation of cDNA

3. If starting from RNA, denature the target RNA by incubating aliquots for 5 minutes at 75°C,

followed by rapid chilling in ice water. Then, without delay, set up a series of reverse tran4

scription reactions containing increasing amounts of reference template in sterile 0.5-ml

microfuge tubes. For each reaction in the series, prepare the following:

10x amplification buffer 2 pl

20 mM solution of four dNTPs (pH 8.0) 1 pl

20 uM antisense primer 2.5 p]

~20 units/ul placental RNase inhibitor 1 ul

50 mM MgCl2 1 pl

denatured target RNA 10 pg to 1.0 pg

100—200 units/p] reverse transcriptase 1 pl

tenfold dilution of reference template 1 pl

HZO to 20 pl

MgCl2 is added to meet the needs of the reverse transcriptase.

For advice on setting up reverse transcriptase reactions, please see the panel on REVERSE TRAN-

SCRIPTASES USED IN RT-PCR in Protocol 8.

Incubate the reaction for 60 minutes at 37°C and then denature the reverse transcriptase by

heating to 95°C for 20 minutes.
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Amplification of Reference and Target Nucleic Acids

4. In sterile 0.5—ml microfuge tubes, amplification tubes, or the wells of a sterile microtiter plate,

set up amplification reactions with each reaction in the series from Step 3:

reverse transcriptase reaction (Step 3)

or target DNA 5 pl

20 pM sense primer 1.5 u]

20 pM antisense primer 1.25 pl

10x amplification buffer 5 pl

[a—‘ZPMCTP (3000 Ci/mmole) 10 uCi

20 mM solution of four dNTPs 1 pl

Taq DNA polymerase 2 units

Hzo to 50 pl

A IMPORTANT Do not reduce the concentration of unlabeled dCTP in the reaction mixture to
increase the specific activity of the precursor pool. There is a danger that the amount of the
nucleotide could become limiting at late stages in the amplification reaction.

5. If the thermal cycler is not fitted with a heated lid, overlay the reaction mixtures with 1 drop
(~50 pl) of light mineral oil. This prevents evaporation of the samples during repeated cycles
of heating and cooling. Alternatively, place a bead of wax into the tube if using hot start PCR.
Place the tubes or the microtiter plate in the thermal cycler.

6. Amplify the nucleic acids using the denaturation, annealing, and polymerization times and
temperatures listed in the table.

 

 

Cycle
Number Dcnaturation Annealing Polymerization

30 cycles ‘ 30 sec at 95°C 30 sec at 55°C 1 min at 72°C

Last cycle 1 min at 94°C 30 sec at 55°C 1 min at 72°C

These times are suitable for 50—111 reactions assembled in thin—walled 0.5—ml tubes and incubated
in thermal cyclers such as the Perkin—Elmer 9600 or 9700, Master Cycler (Eppendorf), and PTC 100
(M1 Research). Times and temperatures may need to be adapted to suit other types of equipment
and reaction volumes.

Detection and Quantification of PCR Products

A variety of different methods have been used to detect and quantify amplified products. These
include solid-phase assays, anion-exchange high—performance liquid chromatography (HPLC),
and fluorescence labeling of amplified nucleic acids (please see Reischl and Kochanowski 1995).
However, such recondite techniques are neither widely available nor strictly necessary. Excellent
results can be obtained by gel electrophoresis followed by more standard methods> such as the use
of fluorescently labeled primers quantified with an automated DNA sequencer (Porcher et al.
1992), fluorometry (please see Appendix 9), computer analysis of images of gels stained with
ethidium bromide or other intercalating dyes (Schneeberger et al. 1995; Tsai and Wiltbank 1996),
or measurement of radioactivity incorporated during amplification (as is done in this protocol).

7. Analyze and quantitate the amplified products.

WHEN USING A REFERENCE TEMPLATE THAT DIFFERS FROM THE

TARGET SEQUENCE IN SIZE

a. Analyze the sizes of the amplified products in a 20-ul aliquot of each of the reactions by
gel electrophoresis and autoradiography.
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b. Excise the amplified bands of the control template and target sequences from the gel, and

measure the amount of radioactivity in each band in a liquid scintillation counter.
Alternatively, scan the gel with the appropriate detector (e.g., Ambis scanner or phos-
phorimager).

(2. Calculate the relative amounts of the two radiolabeled DNAs in each of the PCRs.
Remember to correct the amount of radioactivity to allow for differences in the molecular
weights of the two radiolabeled DNAs.

WHEN USING A REFERENCE TEMPLATE THAT CONTAINS A NOVEL RESTRICTION

SITE OR LACKS A NATURALLY OCCURRING SITE

a. Heat the samples to 94°C for 5 minutes following the final round of amplification.

b. Allow the samples to cool gradually to room temperature and then digest a ZO-ul aliquot
of each of the reactions with the appropriate restriction enzyme.

c. Analyze the sizes of the amplified DNA fragments by gel electrophoresis and autoradiog-
raphy.

d. Excise the amplified bands of the control template and target sequences from the gel, and
measure the amount of radioactivity in each band in a liquid scintillation counter.
Alternatively, scan the gel with the appropriate detector (eg, Ambis scanner or phosphor-
imager).

. Calculate the relative amounts of the two radiolabeled DNAs in each of the PCRs.

Remember to correct the amount of radioactivity to allow for differences in the molecular
weights of the two radiolabeled DNAs.

The aim of this denaturation and reannealing step is to allow efficient formation of het—
eroduplexes consisting of one strand of reference template and one strand of target sequence.
When equal concentrations of the two templates are present in the original reaction mixture,
the reannealed products will consist of 50% heteroduplexes and 25% of each type of homo—
duplex. Only one of the two types of homoduplexes will be susceptible to digestion with the
appropriate restriction enzyme. Thus, when the amplified products consist of equal quanti—
ties of target and reference templates, one quarter of the reannealed molecules will be sus—
ceptible to cleavage by a restriction enzyme. Which of the two types of homoduplexes will be
susceptible to cleavage depends on whether the reference template carries an extra restriction
site or lacks a site that is present in the target sequence.

Heteroduplex formation is far less efficient when the target and reference templates differ sig—
nificantly in size. For example, very little heteroduplex formation can be observed between a
target sequence of 300 nucleotides and a reference template of 250 nucleotides. Under these
circumstances, the ratio of cleaved to uncleaved products can approach unity. If the fragments
differ significantly in size, they can be directly separated by gel electrophoresis and quantified.

. Examine the results to determine the concentration of reference template that yields approx—
imately the same amount of amplified product as the target sequence. Set up a second series
of amplification reactions (please see Step 4) containing a narrower range of concentrations
of reference template.

It is best to generate this series of dilutions from the appropriate tenfold dilution of the reference
template (Step 2).

. Repeat Steps 5, 6, and 7. For each amplification reaction, measure the ratio of the yield of
amplified reference template to the yield of amplified target sequence. Plot this ratio against
the amount of reference template added to each amplification reaction. From the resulting
straight line, determine the equivalence point (i.e., the amount of reference template that
gives exactly the same quantity of amplified product as the target sequence in the reaction).
Calculate the concentration of the target sequence in the original sample.
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REAL TIME PCR

Real time PCR (sometimes called kinetic PCR) is used in research laboratories to quantify gene expression and
to confirm differential expression of genes detected by array technology. In analytical laboratories, real time
PCR is used to measure the abundance of particular DNA or RNA sequences in clinical and industrial samples
and, in both types of laboratories, to screen for mutations and single nucleotide polymorphisms. Real time
PCR uses commercially available fluorescence-detecting thermocyclers to amplify specific nucleic acid
sequences and measure their concentration simultaneously. Because the target sequences are amplified and
detected in the same instrument, there is no need to withdraw aliquots during the reaction or to process them.
Instead, the instrument plots the rate of accumulation of amplified DNA over the course of an entire PCR. The

greater the initial concentration of target sequences in the reaction mixture, the fewer the number of cycles
required to achieve a particular yield of amplified product (Becker et al. 1996; Gibson et al. 1996; Heid et al.
1996; Freeman et al. 1999). The initial concentration of target sequences can therefore be expressed as the
fractional cycle number (CT) required to achieve a present threshold of amplification. A plot of CT against the
log10 of the initial copy number of a set of standard DNAs yields a straight line (Higuchi et al. 1993). The tar-
get sequences in an unknown sample may be easily quantified by interpolation into this standard curve. Unlike
other forms of quantitative PCR (please see the introduction to Protocol 15), internal standards are not
required in real time PCR.

The ability to quantify the amplified DNA during the exponential phase of the PCR, when none of the com-
ponents of the reaction are limiting, results in an improved precision in the quantitation of target sequences.
By contrast to methods that measure the amount of product at the end of the reaction, real time PCR is not
affected to a significant extent by slight variations in the components of the reaction and is less sensitive to dif-
ferences in the efficiency of amplification.

The earliest of the real time PCR instruments used a fluorometer coupled to a thermal cycler to measure
the enhanced fluorescence by dyes that intercalate into, or bind to the grooves of, double-stranded DNA.
During the “exponential" phase of a PCR, the amount of amplified product synthesized in each cycle increas-
es in a quasi-geometric fashion (please see the panel on PCR IN THEORY in the introduction to this chapter).
The yield of amplified DNA may therefore be estimated at any point from the amount of fluorescence emit-
ted by dyes such as ethidium bromide (Higuchi et al. 1992, 1993), SYBR Green I (Wittwer et al. 1997a), or
certain oxazole yellow derivatives (lshiguro et al. 1995).

Because of the high sensitivity of fluorometric detection, real time PCR is capable of measuring the initial
concentration of target DNA over a range of five or six orders of magnitude (Heid et al. 1996; Vthwer et al.
1997a). Currently, the limit of detection when fluorescent dyes such as SYBR Green I are used is ~10—100
copies of template DNA in the starting specimen (Higuchi et al. 1993; Vtfittwer et al. 1997a).

Generic DNA-binding dyes such as ethidium bromide and SYBR Green I are universal probes that detect
any double-stranded DNA generated during PCR, independent of the template and primers used in the reac-
tion. Because many molecules of the dyes can bind to each DNA product, the intensity of signal generated is
high and is proportional to the total mass of DNA generated during the PCR and is independent of the num-
ber of types of molecules produced. High levels of sensitivity are achieved only in real time PCRs that gener-
ate a single amplification product. Nonspecific amplification or the formation of primer-dimers can generate
significant errors in quantifying small numbers of target molecules when universal dyes are used as reporters.
In the worst cases, the emitted fluorescence may bear little or no relationship to the amount of starting target
DNA or to the amount of fuII-iength product produced. Several methods have been developed to confirm the
specificity of the amplified products of real time PCRs:

o Melting temperatures. At the end of the PCR, the thermocycler/fluorometer can be programmed to gen-
erate a thermal denaturation curve of the amplified DNA and to measure the melting temperature (Tm) of
the PCR product(s). The shape of the melting curve indicates whether the amplified products are homo-
geneous and the Tm provides reassurance that the correct product has been specifically amplified. Primer—
dimers, which generate much of the background noise in real time PCR, because of their short length, gen-
erally denature at much lower temperatures and can easily be distinguished from the amplified target DNA
(Ririe et al. 1997).

o Fluorescently labeled oligonucleotide probes. Two methods have been developed in which fluorescently
labeled oligonucleotide probes are used to quantify the amount of the target sequences generated by real
time PCR. In each case, the fluorescent signal is generated after extension of the oligonucleotide by Taq
polymerase. The strength of the signal is therefore proportional to the amount of the target DNA and is not
influenced by the accumulation of nonspecific products such as primer-dimers, which do not hybridize to
the labeled oligonucleotide probe.
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o The TaqMan method ofreal time PCR (Holland et al. 1991 ; Livak et al. 1995), uses an oligonucleotide that
anneals to an internal sequence within the amplified DNA fragment. The oligonucleotide, usually 20—24
bases in length, is labeled at one end with a fluorescent group (Fam< Hex or Tet) at its 5’ end and a quench-
ing group (usually Tamra) at its 3’ end, which is blocked with P04, NH2, or a blocked base. The labeled
oligonucleotide is added to the PCR together with primers required to drive the amplification of the target
sequence. When both the fluorescent and quenching groups are present in close apposition on the intact
hybridization probe, any emission from the reporter dye during the course of real time PCR is absorbed by
the quenching dye, and the fluorescent emission is low. As the reaction progresses, and the amount of tar-
get DNA increases, progressively greater quantities of oligonucleotide probe hybridize to the denatured tar-
get DNA. However, during the extension phase of the PCR cycle, the 5'—>3’ exonuclease activity of the ther- ‘
mosmble polymerase cleaves the fluorophore from the probe. Because the fluorophore is no longer in
close proximity to the quencher, it begins to fluoresce. The intensity of fluorescence is in direct proportion
to the amount of target DNA synthesized during the course of the PCR. Both the LightCycIer and the Prism
system can use fluorogenic hydrolysis to detect multiple PCR products. The number of targets that can be
detected simultaneously in a single PCR has increased recently through the use of Dabcyl, a universal
quencher that can replace Tamra at the 3' end of TaqMan probes (Nasarabadi et al. 1999).

o Binary hybridization probes labeled with different fluorescent dyes can also be used to differentiate the
products of real time PCB (Lee et al. 1993; \Mttwer et al. 1997a,b). By themselves, these probes emit only
low levels of fluorescence. However, when brought into close proximity by hybridization to adjacent
sequences in a target DNA during the course of real time PCR, the fluorescent dyes act in synergy to gen-
erate a powerful fluorescent emission. Binary oligonucleotide probes labeled with different fluorescent
groups can also be used in conjunction with a multicolor detection system in the LightCycler to scan ampli-
fied segments of DNA for mutations of polymorphisms. Oligonucleotides that form a mismatched hybrid
with the target DNA melt at a lower temperature than the corresponding perfectly matched hybrid. The
resulting differences in melting temperature are sufficient to distinguish between target DNAs carrying
wild-type or mutant sequences (Lay and Wittwer 1997; Bernard et al. 1998).

 

INSTRUMENTS FOR REAL TIME PCR

The three most popular real time PCR instruments are the GeneAmp 5700 Sequence Detection System and the ABI Prism
7700 Sequence Detection system (both marketed by Perkin-Elmer Biosystems) and the LightCycIer (marketed by Roche).

The GeneAmp 5700 System consists of two instruments — an optical detector and a GeneAmp PCR System 9600 —-
whose activities are coordinated by software. Up to 96 PCRs can be run simultaneously, and the accumulation of amplified
DNA at each O/Cle of the reaction is measured from the intensity of fluorescence emitted by SYBR I Green or TaqMan
probes. Up to 96 reactions may be irradiated simulateously, and the image is captured on a CCD array) Software provides

spacial resolution of the 96 wells. The system is basically a singIe-color detector but is capable of using an internal reference
dye (ROX) to eliminate well-to-well variation in base-Iine fluorescence,

The ABI Prism 7700 has a built—in thermal cycler and a laser whose beam is directed by fiber—optic cables to each of
the 96 reactions. The wells are irradiated in sequence and the signals are captured and resolved on a CCD array Unlike the
Gean 5700, the Prism system can detect signals across the entire fluorescent spectrum and is therefore capable of
quantitating the signals from different fluorophores used in the same reaction. Like the 5700, the Prism system uses ROX
as an internal reference dye. Fluorescent output from ROX is measured during the denaturing step of each cycle of PCR,
thus providing a base line against which non-PCR-related, well-to-well variations can be normalized.

In the LightCycler (Roche), the amplification reactions are set up in small sealed glass capillaries that are heated and
cooled in an airstream, which greatly reduces the time required for each cycle of PCR. The capillaries are rotated through a
sensing station with a built-in three-channel fluorometer (Vlfittwer et al. 1997b). The data stream from the fluorometer is
converted by software into an amplification plot for each of the reactions. Like the Prism system, the UghtCycIer is capable
of distinguishing between fluorophores, so that probes labeled with different reporter groups can be used in the same PCR.   
The chief advantages of real time PCR are its ability to measure the concentrations of nucleic acids over a

vast dynamic range, its high sensitivity, and its capacity to process many samples simultaneously. Unlike the
traditional ”endpoint” measurement of PCR products, real time PCR provides immediate information about
the kinetics of the PCR. Compensation for differences in efficiency of amplification between different samples
can therefore be calculated as described by Hartling and Wiesner (1997) (please see Protocol 15) or embed-
ded in the software used to calculate the concentration of target sequences in the initial reaction mixture.

The chief disadvantage of real time PCR is cost. The machines are expensive to purchase and the main-
tenance and running costs are considerable. For this reason, the chief beneficiaries of real time PCR have so
far been laboratories with an extremely high throughput of samples of a similar type. However, we can hope
that the costs of real time PCR will drop in the next few years to the point where the technology becomes
readily accessible to individual research laboratories.    
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l N 1992, LIANG AND PARDEE, AND INDEPENDENTLY, WELSH ET AL, described a method for using PCR

to amplify and display many cDNAs derived from the mRNAs of a given cell or tissue type, The

method relies on two different types of synthetic oligonucleotides: anchored antisense primers

and arbitrary sense primers. A typical anchored primer is complementary to ~12 nucleotides of

the poly(A) tail of mRNA and the adjacent two nucleotides of the transcribed sequence (please

see the discussion on Primers Used in DD-PCR, p. 8.99). Anchored primers therefore anneal to

the junction between the poly(A) tail and the 3'-untranslated region of mRNA templates, from
where they can prime synthesis of first—strand cDNA. A second primer, an arbitrary sequence of

~ 10 nucleotides, is then added to the reaction mixture and double-stranded cDNAs are produced

by conventional PCR, carried out at low stringency. The products of the amplification reaction
are separated by electrophoresis through a denaturing polyacrylamide gel and visualized by

autoradiography. By comparing the banding patterns of cDNA products derived from two differ—

ent cell types, or from the same cell type grown under different conditions, it is sometimes pos-

sible to identify the products of differentially expressed genes. Bands of interest can then be recov—
ered from the gel, amplified further, and cloned, and/or used as probes to screen, for example,

northern blots and cDNA libraries (please see Figure 8—10).

Differential display offers several theoretical advantages over older methods, such as differ—

ential hybridization and differential cDNA cloning, that have been used to identify tissue- and

cell—specific mRNAs. First, minimal amounts (O.1—O.5 pg) of poly(AYr RNA are required. Second,

because differential display—PCR (DD—PCR) involves an amplification step, it can in theory be

used to detect differential expression of mRNAs that are expressed in very low abundance. Third,

because the amplification products from two or more sources are displayed on the same gel, it

should be possible to identify both quantitative and qualitative changes in transcription. Finally,

differential display can detect changes in expression of closely related RNAs that might be lost

from the target population during construction of subtracted cDNA libraries.

Examples of the successful uses of differential display include comparisons of (1) normal

and tumor cells (Liang and Pardee 1992), (2) normal and senescent cells (Linskens et al. 1995),

(3) stages in developing Xenopus and mouse embryos (Zimmermann and Schultz 1994; Adati et

al. 1995), (4) cells treated and untreated with hormones (Nitsche et al. 1996), and (5) genes

expressed in response to dietary metal ions (Blanchard and Cousins 1996; Wang et al. 1996). The

use of differential display has led to the identification of several genes involved in cancer (Liang

et al. 1992; Sager et al. 1993), diabetes (Nishio et al. 1994), and heart disease (Utans et al. 1994).

Despite these successes, differential display remains a problematic method. It is susceptible to a
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FIGURE 8-10 Schematic Representation of Differential Display
(A) Principle of the reactions underlying DDRT—PCR analysis. N represents any of the four nucleotides G, A, T, or C. V can be any
nucleotide except T. B can be any nucleotide except A. (8) Flow chart of DDRT—PCR analysis with subsequent confirmation of dif-ferential regulation and characterization of differentially expressed genes. (Reprinted, with permission, from Warthoe et al. 1995.)

large number of technical difficulties and artifacts, only some of which can be eliminated by con-
trol experiments. Although a very large number of projects have been initiated using differential
display, the harvest of novel genes has been rather disappointing, and many groups have aban-
doned the technique in frustration.

Differential display, as presently practiced, is quite incapable of detecting all cDNAs synthe—
sized in cells. First, only a fraction of the mRNA species in a cell fulfills the conditions required
for amplification. For an mRNA to be amplified by differential display, it must be able to form a
hybrid with a particular anchored 3’ primer and with the arbitrary 5' primer. Furthermore, this
5'—priming site must lie within 500 bases of the poly(A) tail in order for the amplified product to
be displayed on a conventional denaturing polyacrylamide gel. In consequence, only a subset of
the mRNAs in a cell will be amplified by a particular pair of primers. With most pairs of primers,
between 10 and 100 bands of amplified cDNAs, 100—500 nucleotides in length, are visible on the
gel (Bauer et al. 1993; Liang et al. 1993).

Second, the amplification process in DD-PCR is essentially Darwinian in nature. Thus, only
those mRNAs that are well—fitted for reverse transcription will be copied efficiently into CDNA.
During the subsequent PCR, some of the resulting cDNAs will be more efficiently amplified than
others. Over the course of 30 or more cycles of amplification, the population of CDNAS can be  
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expected to reduce in complexity as Darwinian selection works its will. The strength of selection

will depend partly on the conditions used for PCR, partly on the degree of secondary structure in

the mRNA, and its degree of complementarity to the arbitrary primer. An abundant mRNA that

is poorly amplified may be underrepresented in the final population of cDNAs, whereas a minor

RNA that is efficiently amplified may become vastly overrepresented. The population of ampli-

fied cDNAs may therefore bear little relationship to the population of mRNAs that engendered it.

Third, DD-PCR is both labor-intensive and expensive to perform. A typical screen using the

original Liang and Pardee (1992) method involves setting up individual PCRs with all possible

pairwise combinations of 16 5’-01ig0nucleotide primers and 12 3'—oligonucleotide primers,

which works out to 192 separate PCRs (i.e., 12 x 16 = 192) for each mRNA population analyzed.

If just two populations of mRNA are compared, then the number of PCRs doubles to 384, and

since the reactions should be carried out in duplicate or triplicate to ensure reproducibility (Luce

and Burrows 1998), the total number of PCRs increases to 768. Because each PCR is analyzed by

electrophoresis on a single lane of a sequencing gel, at least 768 lanes are required to analyze all

the reactions. A typical sequencing gel has 40 lanes, meaning that ~20 gels must be poured, run,

dried, and subjected to autoradiography to generate the raw data for comparison. Finally, char—

acterization of a cDNA product that exhibits differential expression is no small task. The cDNA

band must be eluted from the sequencing gel, reamplified by PCR,subc10ned into a plasmid, sub-
jected to DNA sequencing, radiolabeled for use as a probe on an RNA blot to confirm the initial

observation of differential expression, and eventually isolated as a full—length cDNA. Thereafter,

the really hard work of identifying the physiological function of the encoded product begins. In

addition to these concerns, DD—PCR has many other problems, some Of which are listed below:

0 More than half of the cDNAs that are identified as differentially expressed turn out to be false

positives that cannot be confirmed by northern blotting or slot-blotting (e.g., please see Liang

et al. 1993; Sager et al. 1993; Aiello et al. 1994; Li et al. 1994; Sun et al. 1994; Utans et al. 1994).

It is possible that some of these phantom cDNAs may be derived from mRNAs that are

expressed at very low levels in mammalian cells. However, this seems unlikely since differential

display shows a strong overall bias toward abundant transcripts (Bertioli et al. 1995).

o The pattern of amplified bands changes when different preparations of RNA or different

sources of Taq DNA polymerases are used (Haag and Raman 1994; Sompayrac et al; 1995;

Sung and Denman 1997).

0 Many repetitive sequences are identified as differentially expressed in most screens, and these
are of little use in studying the biology of the system at hand.

0 At least a portion of the mRNAs in the target cells is not amplified to high levels and is thus
missed. These problems arise because of differences in the efficiency with which a given mRNA
template is transcribed into cDNA and thereafter amplified. In addition, very short cDNA
products and very long cDNA products are not well resolved on the sequencing gels and are
thus overlooked;

0 Many of the bands are doublets or closely spaced sets of three or four bands of equal intensi-
ty. Further analysis suggests that these families of bands correspond to the two complementary
strands of the same fragment with or without dA, which is added by Taq polymerase at the 3’
ends of completed DNA chains.

0 About 25% of the bands can be reamplified solely by the arbitrary primer and not by the
anchored primer (Welsh et al. 1992; Mon et al. 1994; McClelland et al. 1995; Iurecic et al. 1996;
Graf et al. 1997; Guimaraes et al. 1997). These bands most likely arise as a consequence of
amplification of internal sequences of the first—strand cDNA by the arbitrary primer.
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0 Some of the bands detected in DD—PCR are derived from introns or from sites far removed

from the 3'-untranslated region of mRNAs. These problems are thought to arise from anneal—

ing of the anchoring primer to regions of the primary transcript that contain tracts of A

residues (Luce and Burrows 1998).

o Cloning and sequencing show that many of the bands recovered from the gel contain a mix—

ture Of DNA fragments (Callard et al. 1994; Li et al. 1994). This result suggests that amplifica—

tion by arbitrary primers may be promiscuous (Welsh et al. 1992) and may generate a back—

ground of DNA fragments that permeates the gel. Some investigators therefore recommend

cloning the DNA eluted from gel and screening individual clones by northern, dot-blot, or

slot-blot hybridization (Callard et al. 1994; Li et al. 1994).

PRIMERS USED IN DD-PCR
 

Anchored Primers

In the original description of this technique (Liang and Pardee 1992), the anchored (antisense)

primer (T)l HzXY was designed to be complementary to the poly(A) tail of mRNA and the last

two nucleotides of the transcribed sequence. X may therefore be dG, dA, or dC and Y may be any

one of the four deoxynucleotides. Because dT is not used in the penultimate position, there are

12 possible anchoring primers of this type, each having a different dinucleotide at the 3' end.

Anchored primers with at least one G residue generate the largest number of amplified bands,

whereas those ending in A or T are the least efficient (Mou et al. 1994).

A number of protocols have been published in which one (Wang et al. 1998), four (Liang

and Pardee 1992), or three (Liang et al. 1994) anchored antisense primers have been used for DD-

PCR instead of the original 12 (Liang and Pardee 1992; Bauer et al. 1994). In theory, reducing the

number of anchored primers reduces the number of reactions that are required to achieve full

coverage of the repertoire of mRNAs of a cell. However, reduction in the number of anchored

primers also leads to an increase in the number of DD—PCR products generated in the reaction.

Resolution of DNA bands sometimes deteriorates to the point where the bands cannot be ade-

quately resolved.

Liang and Pardee (1992) calculate that 20 arbitrary decanucleotide 5’ primers used in all

possible pair—wise combinations with 12 anchoring primers of the sequence (TIHZXY) would

amplify the 3’ termini of 10,000 different mRNA species. These estimates are based on the

assumption that mRNAs are only copied into cDNAs when they form perfect hybrids with the

anchoring 3’ primer. However, there are strong indications that the penultimate 3' base of TIZXY

primers can mispair with an mRNA template without greatly affecting the efficiency of reverse

transcription (Liang et al. 1993). These results are depressing because the lack of specificity in the

penultimate position effectively reduces the number of available anchoring primers. Since each of

these primers generates between 10 and 100 resolvable bands on a gel when paired with any given

5’ primer of arbitrary sequence, a “complete” display of the 3’ termini of 10,000 mRNAs would

require, as an absolute minimum, 60 different arbitrary 5” primers. Using a single “universal”

anchoring primer (Wang et al. 1998) makes the problem even worse. In this case, a calculation

suggests that a minimum of 200 arbitrary 5’ primers would be required to obtain decent cover-

age of the mRNA population.

These calculations are only valid if each primer pair samples the same number of mRNAs
with equal efficiency, if different cDNAs are amplified with equal efficiency, and if estimates of the

number of mRNAs in a eukaryotic cell are accurate. The last of these assumptions is shaky, where—
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as the first two are certainly wrong. Theoretical calculations therefore tend to overestimate — per—

haps to a great extent — the depth of coverage that can be achieved by DD-PCR. In a given screen,

the same differentially expressed mRNA can sometimes be identified with more than one primer

pair. This could be interpreted to mean that the coverage of the mRNA population is deep enough

to generate multiple hits on the same RNA molecule. However, we and others (Bertioli et al. 1995)

find that clones identified by multiple hits tend to be derived from abundant mRNAs, suggesting

that abundance can blur the already dubious specificity of primer pairs. The bands generated in

DD—PCR may therefore reflect abundance, nucleotide sequence, or some amalgam of the two.

Arbitrary Primers

Arbitrarily defined primers are at least ten nucleotides in length. They should be composed of

equal numbers of AT and GC base pairs and should be predicted not to self-anneal or to form

stem-loop structures. Arbitrary primers whose 5' dinucleotide is GC or CG generate the highest

number of amplification products, and a G residue at the 3’ terminus is also advantageous (Mou

et al. 1994).

Longer Arbitrary Primers

SUMMARY

Longer arbitrary sense primers (25,28 mers) greatly increase the reproducibility of DD—PCR

(Zhao et al. 1995). However, they also decrease the number of amplified bands detected by gel

electrophoresis (Zhao et al. 1998). As the annealing temperature is increased, the stringency of

primer annealing is also increased, leading to more specific and reproducible amplification of a
smaller subset of cDNAs (Malhotra et al. 1998). The gain in specificity is achieved by reducing the

number of cDNAs eligible for amplification.

 

The goal of DD—PCR is to display all of the mRNAs of a cell. In addition to the difficulties dis-

cussed elsewhere in this protocol, there are doubts about the power and specificity of the primer

pairs. Until the problems that presently haunt differential display are solved, the future of the

method will remain uncertain. Fortunately, new technologies are coming into use that offer alter-

native ways to trace the patterns of gene expression in cells. DNA arrays, for example, may be able

to bypass many of the difficulties that have held up progress in this area for so long.

Differential display is a technique with high theoretical promise and many practical prob-
lems. The nature and dimensions of these problems are still not fully defined. Nevertheless,

numerous improvements to the original technique have been reported over the years that have

increased the efficiency with which differentially expressed genes can be identified and have
decreased the amount of work required to identify these genes (e.g., please see Sompayrac et al.

1995; Zhao et al. 1995; Liang and Pardee 1997). This protocol, which incorporates some of these

improvements, was provided by Charles P. Landrum (University of Texas Southwestern Medical

Center, Dallas).

 



Protocol 16: Difierential Display-PCR 8.101

MATERIALS

A IMPORTANT To reduce the chance of contamination with exogenous DNAs, prepare and use a special

set of reagents and solutions for PCR only. Bake all glassware for 6 hours at 750°C and autoclave all
plasticware. For more information, please see the panel on CONTAMINATION IN PCR in the chapter
introduction. For an alternative approach to reagents, please see the panel on DIFFERENTIAL DISPLAY

KITS.

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

70x Amplification buffer

5x DD-PCR reverse transcriptase buffer
250 mM Tris—Cl (pH 8.3)

375 mM KCI

15 mM MgCl2
Autoclave the 5x buffer for 10 minutes at 15 psi (1.05 kg/cmz) on liquid cycle. Divide the sterile buffer
into aliquots. Store the aliquots at —20°C.

Dithiothreitol (DTT) (700 mM)
dNTP solution (20 mM) containing all four dNTPs (pH 8.0)

Placental RNase inhibitor (20 units/ml)
Please see the information panel on INHIBITORS OF RNASES in Chapter 7.

5x Sequencing geI-loading buffer

Enzymes and Buffers

Reverse transcriptase (RNA—dependent DNA polymerase)
Please see the panel on REVERSE TRANSCRIPTASES USED IN RT—PCR in Protocol 8. For DD-PCR, a
reverse transcriptase that is deficient in RNase H is required (e.g., Superscript from Life Technologies or
StrataScript from Stratagene).

Thermostab/e DNA polymerase
Taq DNA polymerase is the standard and appropriate enzyme for the amplification stage of most forms
of DD—PCR.

Nucleic Acids and Oligonucleotides

Anchoring 3 ’ oligonucleotide primers (300 pg/ml) in 10 mM Tris-Cl (pH 7.6), 0.1 mM EDTA

The anchoring 3” oligonucleotides are a family of 12 primers with the general structure 5’—d(T)ll\/N»3’,

where V is either C, A, or G, and N is C, T, A, or G. For example, one primer in the series is 5’-d(T),1(ZC—
3’, the next is 5'—d(T)12CT—3’, etc.

Purify each oligonucleotide primer by chromatography on commercially available resins (e.g., NENSORB,

NEN Life Science Products) or by denaturing polyacrylamide gel electrophoresis, as described in Chapter
10, Protocol 1.

Arbitrary 5 ' oligodeoxynuc/eotide primers (50 pg/ml) in 70 mM Tris—Cl (pH 7.6), 0.7 mM EDTA

Sixteen arbitrary 5' oligonucleotide primers are required, each ten nucleotides in length. The sequence
of each primer is chosen at random, but it should contain approximately equal numbers of the four
bases, with a balanced distribution of G and C residues, and a low propensity to form stable secondary

structures.

Purify each oligonucleotide primer by chromatography on commercially available resins (e.g., NENSORB.
NEN Life Science Products) or by denaturing polyacrylamide gel electrophoresis, as described in Chapter
10, Protocol 1.

Total RNA (700 ug/ml)
Total RNA extracted from cells with chaotropic agents is generally the template of choice for DD—PCR.

RNAs to be compared by DD—PCR should be prepared in an identical fashion. Poly(A)+ RNA is not ideal
as a template in differential display because the methods used for isolation of Poly(A)* RNA often con-
taminate the preparation with significant amounts of 01ig0(dT) that can prime DNA synthesis at vari-

ous points along the poly(A) tail, resulting in smearing of bands on the gel (Liang et al. 1995)‘
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Gels

Agarose gel (1%)
Please see Step 20.

Electrolyte gradient sequencing gel
For details on setting up this gel, please see Chapter 12, Protocol 10. Please see Steps 10 and 13.

Radioactive Compounds

Radiolabeled dATP (10 uCi/ul, Sp. act. 3000 Ci/mmole) <!>
DNA labeled with 0t—3SS or 01—33? generates sharper bands on autoradiographs than does DNA labeled
with 01-321).

Special Equipment

Barrier tips for automatic micropipettes

Microfuge tubes (0.5 ml, thin-walied for amplification) or Microtiter plates
Use 96—well plates designed for use in a thermal cycler.

Positive-displacement pipette
Thermal cycler programmed with desired amplification protocol

If the thermal cycler is not equipped with a heated lid, use either mineral oil or paraffin wax to prevent
evaporation of liquid from the reaction mixture during PCR.

Water baths preset to 65°C and 94°C

Additional Reagents

METHOD

Steps 70 and 13 of this protocol require the reagents listed in Chapter 12, Protocols 10 and

71.

Step 22 of this protocol requires the reagents listed in Protocol 5 of this chapter.

Step 23 of this protocol requires the reagents listed in Protocol 12 of this chapter.

Step 24 of this protocol requires the reagents listed in Chapter 7, Protocol 8 or 11, and

Protocol 15 of this Chapter.

 

DI FFERENTIAL DISPLAY KlTS

Several companies sell DD-PCR kits that contain control mRNAs, purified o|igonucle0tide primers, and appro-

priate instructions for programming a thermal cycler. The kits differ mainly in the sequences of the primers

used in the PCRS, with some being similar to those described in the original Liang and Pardee study (1992).

Other kits contain oligonucleotides that (1) reduce the complexity of the banding pattern, (2) increase the

length of the PCR products obtained, and (3) facilitate subsequent analysis of the differential display products.

Given the capricious nature of DD-PCR, this may be one of the few occasions when the purchase of a kit actu-

ally makes sense. 
 

 
 

 

Optimizing RNA Concentrations: Preparation of First-strand cDNAs

1. In sterile 0.5—ml microfuge tubes, set up a series of trial reactions to establish the optimum
concentrations of “control” and “test” RNAs required to produce a pattern of 100—300 ampli—
fied cDNA bands after gel electrophoresis and autoradiography. Make fivefold serial dilutions

in HZO of the RNA preparations to produce concentrations of between 1 ug/ml and 100

ug/ml.
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2. Choose one or more primers from the collection of anchored 3’ oligonucleotides and set up

a series of annealing reactions that contain different amounts of diluted RNA templates:

template RNA

anchored 3' oligonucleotide primer

8.0 u]

2.0 u]

Incubate the reactions for 10 minutes at 65°C and then place them in a 37°C water bath.

The total amount of RNA in the annealing reactions should vary between 8 ng and 800 mg.

3. Add the following to the annealing reactions:

5x DD-PCR reverse transcriptase buffer

100 mM dithiothreitol

200 “M solution of four dNTPs

~25 units/ul placental RNase inhibitor

200 units/pl reverse transcriptase

HZO

Incubate the tubes at 37°C for 1 hour.

4 pl

2 pl

2 ul

0.25 ul

0.25 pl

to 20 pl

A reverse transcriptase that is deficient in RNase H is required for DD—PCR (e.g,, Superscript from
Life Technologies or StrataScript from Stratagene).

To test for contaminating genomic DNA, set up one or more control reactions that contain no

reverse transcriptase enzyme and carry these through Step 10 of the protocol. Contamination with
genomic DNA is not usually a problem unless the RNA has been prepared from cells that are
undergoing apoptosis or from tissue that is necrotic. If necessary, the RNA preparation can be
treated with RNase-free DNase I either as a separate step during purification or in the same reac-
tion tube that will later be used to synthesize cDNA (Dilworth and McCarrey 1992; Huang et al.
1996; please see the entry on DNase I in Appendix 4).

4. Inactivate the reverse transcriptase by incubating the reaction mixtures for 10 minutes at

94°C.

Steps 3 and 4 can be carried out in a thermal cycler programmed with a single cycle of 37°C for 1
hour/940C for 10 minutes, followed by a 4°C hold.

5. Set up two series of eight 0.5-m1 amplification tubes. Each tube should contain:

10x amplification buffer

anchored 3' oligonucleotide primer

20 mM solution of four dNTPs (pH 8.0)

[a—“PldATP or (a—3551dATP (3000 Ci/mmole)

HZO

5 units/ul thermostable DNA polymerase

2 pl

2 u]

1 pl

1 pl

9 ul

1 unit

Optimizing RNA Concentrations: Preparation and Amplification of DoubIe-stranded cDNAs

To each tube, add 2 pl of a different arbitrary 5’ primer. Mix the contents by tapping the sides
of the tubes.

Wherever possible. use the 10x amplification buffer supplied by the manufacturer of the Taq DNA
polymerase.

6. Into one series of eight tubes, dispense ~3-t11 aliquots of the reverse transcriptase reaction
containing the test RNA. Into the other series of eight tubes dispense ~3-pl aliquots of the

reverse transcriptase reaction containing the preparation of control RNA. Close the tubes and
mix the contents gently.

7. If the thermal cycler is not fitted with a heated lid, overlay the reaction mixtures with 1 drop

(~50 pl) of light mineral oil. Place the tubes in the thermal cycler.
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8.

9.

10.

11.

Amplify the nucleic acids using the denaturation, annealing, and polymerization times and
temperatures listed in the table.

 

Cycle

Number Denaturation Annealing Polymerization

30 cycles 15 sec at 94°C 30 sec at 42°C 15 sec at 72°C

Last cycle 15 sec at 94°C 30 sec at 42°C 2 min at 72°C

 

These times are suitable for ZO-ul reactions assembled in thin—walled 0.5—m1 tubes and incubated
in thermal cyclers such as the Perkin—Elmer 9600 or 9700, Master Cycler (Eppendorf), and PTC 100
(MJ Research). Times and temperatures may need to be adapted to suit other types of equipment
and reaction volumes.

Most thermal cyclers have an end routine in which the amplified samples are incubated at 4°C until
they are removed from the machine. Samples can be left overnight at this temperature, but should
be stored thereafter at —20°C.

At the end of the program, remove the tubes from the thermal cycler and add 5 ul of 5x
sequencing gel-loading buffer to each.

Separate the radiolabeled products of the reactions by electrophoresis through an electrolyte
gradient polyacrylamide gel of the type used for DNA sequencing. Electrophoresis is carried
at constant electrical power until the xylene cyanol tracking dye has migrated about two—
thirds of the length of the gel (please see Chapter 12, Protocols 10 and 11). Dry the gel and
expose it to autoradiographic film.

Examine the pattern of DNA bands arising from reactions containing different concentra-
tions of control and test RNAs. A good differential display contains between 100 and 250
well-resolved bands. The optimum amount of template RNA varies from preparation to
preparation and from one pair of primers to another. Select the concentration of test and
control RNAs that work well with the largest number of primer pairs.

Preparation of Amplified cDNAs for Differential Display

12.

13.

14.

Repeat the annealing, reverse transcriptase, and amplification reactions using all combina-
tions of primer pairs and the optimum amount of RNA templates. Set up the reactions in 96-
well microtiter plates designed for use in a thermal cycler.

Separate the products of the amplification reactions by electrophoresis through polyacry-
lamide sequencing gels, as in Steps 9 and 10.

Load the reactions generated with each primer pair in adjacent lanes on the gel, i.e., load the reac-
tion obtained with primer pair A + B from one RNA preparation next to the reaction obtained with
primer pair A + B from the other RNA preparation. Ordering samples in this way greatly simpli—
fies comparison of the autoradiographic patterns.

Compare the patterns of bands obtained with each primer pair from the different RNA pop-
ulations.

When a differentially expressed band is identified, it is advisable to repeat the experiment to make
sure that the initial finding is reproducible. Ideally, different batches of the two RNAs should be
used,a1though this precaution may not always be practicable.

Recovery and Reamplification of the Differentially Displayed cDNAs

15. Recover target bands from the dried polyacrylamide gel. Lay the autoradiogram on top of the
gel and use a soft pencil to lightly mark the position of the desired band on the autoradi—
ogram. Cutting through the autoradiogram with a clean razor blade, excise each target band
and the attached Whatman 3MM paper. Soak each sliver of dried gel/paper overnight at
room temperature in a separate 0.5-ml microfuge tube containing 50 pl of sterile HzO.



16.

17.

18.

19.

20 n

21.

22.

23.

24
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Puncture the bottom of each 0.5-ml tube with a small-gauge needle. Place each punctured

tube inside a 1.5—ml microfuge tube. Centrifuge the tubes for 20 seconds to transfer the elu-
ate to the larger tube. Discard the amplification tube containing the residue of the Whatman

SMM paper and polyacrylamide.

Amplify the eluted fragment in a reaction containing the following:

10x amplification buffer 2 pl

DNA eluted from polyacrylamide gel 3 ul

arbitrary 5' oligonucleotide primer 2 ul

anchoring 3’ oligonucleotide primer 2 [ii

20 mM solution of four dNTPs (pH 7.0) 1 pl

HJO 9.5 ul

5 units/pl Taq thermostable DNA polymerase 2 units

To facilitate cloning of the DNA fragment, use a thermostable DNA polymerase such as Taq that

places a dA residue at the 3' end of the amplified DNA. Wherever possible, use the 10x amplificaf
tion buffer supplied by the manufacturer of the Taq DNA polymerase.

If the thermal cycler is not fitted with a heated lid, overlay the reaction mixtures with 1 drop

(~50 pl) of light mineral oil. Place the tubes in a thermal cycler.

Amplify the nucleic acids using the denaturation, annealing, and polymerization times and

temperatures listed in the table.

 
 

Cycle

Number Denaturation Annealing Polymerization

30 cycles 15 sec at 94°C 30 sec at 42°C 15 sec at 72°C

Last cycle 15 sec at 94°C 30 sec at 42°C 2 min at 72°C

 

Polymerization should be carried out for 1 minute for every 1000 bp of length of the target DNA.

Most thermal cyclers have an end routine in which the amplified samples are incubated at 4°C until
they are removed from the machine. Samples can be left overnight at this temperature, but should

be stored thereafter at —20°C

Estimate the concentration of the reamplified DNA fragment by electrophoresis of 57100/0 of

the reaction through a 1% (w/V) agarose gel.

If mineral oil was used to overlay the reaction (Step 18), remove the oil from the sample by

extraction with 150 pl of chloroform.

The aqueous phase, which contains the amplified DNA, will form a micelle near the meniscus. The
micelle can be transferred to a fresh tube with an automatic micropipette.

A IMPORTANT Do not attempt chloroform extractions in microtiter plates. The plastic
used in these plates is not resistant to organic solvents.

Ligate the DNA into a vector that has been tailed with dT (e.g., pGEM T vector from

Promega) (please see Protocol 5) and transform E. coli with aliquots of the ligation reaction.

Isolate plasmid DNA from six or more recombinants and compare the sizes of the inserts

released by restriction enzyme digestion.

The sequence of the insert DNA can be established by using universal primers that bind to the

flanking regions of the vector. These oligonucleotides can also be used as primers to check the size

of the inserts by PCR (please see Protocol 12).

It is important to isolate and sequence more than one plasmid recombinant from the ligation reac-
tion because there may have been more than one DNA fragment in the slice excised from the gel.
Compare the cDNA sizes and sequences to each other and to those in the various databases.

Confirm the differential expression of a candidate cDNA/mRNA in as many ways as possible,
including northern hybridization (Chapter 7, Protocol 8), RNase protection (Chapter 7,
Protocol 11), or quantitative PCR (Protocol 15 of this chapter). In situ mRNA hybridization

can be used to localize the transcript to a diseased or developing tissue.
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To increase the chances of success with DD-PCR:

0 Focus on CDNA products that show alI-or-none differences in their expression patterns in the mRNA
populations being compared. Apparent quantitative differences in expression are frequently the result
of artifacts and vagaries of PCR or idiosyncrasies of sampling. Many aII-or-none differences, however,
turn out to be real, i.e., they can be confirmed by independent methods such as northern hybridiza-
tion.

Wherever possible, isolate the RNA used for DD-PCR from pure cell populations. Consistent patterns
of differential gene expression can be obtained by comparing RNAs isolated from cultured mam-
malian cells derived from a single cell type (e.g., epithelia). Most tissues are dynamic and complex
and may respond to physiological changes by altering the ratio of one cell type to another. This
response may appear in DD-PCR as a change in the apparent abundance of mRNAs, but in reality, it
is not. The same caveat holds when comparing normal and cancerous tissues because most tumori-
genesis i nvolves transformation of a single cell type, followed by expansion and rapid evolution of the
population.

0 Just about any insult to cells leads to differential expression of repetitive sequences in the genome,
including transposable elements, SINE and LINE sequences, endogenous retroviruses, and other
assorted repetitive DNAs. In most instances, it will prove extremely difficult to relate the expression
of such sequences to the biology or pathology being studied. Amplification of repetitive DNA
sequences can also be substantially reduced by ensuring that the starting mRNA sample is free from
contamination by trace amounts of genomic DNA (please see the entry on DNase I in Appendix 4).

Ignore/discard all cDNAs identified by DD-PCR that do not produce a signal on a northern blot or in
an RNase protection assay. The origin(s) of these DNAs is unknown. Perhaps they come from low
abundance mRNAs, from introns, or from fragments of genomic DNA that contaminate the prepara-
tions of RNA. Whatever their provenance, the differential expression of these RNAS cannot be con-
firmed and there is no reason to study them further.
 

 

 

By the glare offalse science hetray’d,

That leads to bewilder, and dazzles to blind.

James Beattie 1735—1803. The Hermit

 

 

 

I can forgiveAlfred Nobelfor having invented dynamite, but only a fiend in humanform could have
invented the Nobel Prize.

George Bernard Shaw
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MULTIPLEX PCR
 

Multiplex PCR is the term used when more than one pair of primers is used in a polymerase chain reaction.

The goal of multiplex PCR is to amplify several segments of target DNA simultaneously and thereby to con-

serve template DNA, save time, and minimize expense. The yield of each amplified product is reduced in

proportion to the number of primer pairs included in the reaction. However, as a general rule, up to eight

primer pairs can be used simultaneously in a standard PCR before the yield of each amplified product is

reduced to the point of invisibility on an agarose gel.

Unfortunately, multiplex PCR is very tricky to set up. Great care must be taken to ensure that all of the

primers in the reaction have approximately the same melting temperature, that the primers are unlikely to

interact with one another, and that the amplified products are of approximately the same size but can be

unambiguously distinguished from one another by gel electrophoresis. The multiplex reaction must then be
optimized as follows.

Check that all target loci can be amplified efficiently in separate reactions using the same PCR program.

Titrate the amount of each primer pair to achieve maximum amplification in separate reactions using

the same PCR program and reaction conditions.

0 Balance the amount of each primer pair in the multiplex reaction to achieve acceptable amplification of

all target regions.

The last requirement usually causes the most problems. Frequently, one or two regions of the target DNA

yield little or no amplified product, whereas all other primer pairs behave perfectly. The best option is to

increase progressively the concentration of the recalcitrant primer pairs while reducing the concentration of

the well-behaved primer pairs. Consider adjusting the reaction conditions only if this strategy fails; for

example, alter the concentrations of Mg2+ or KCl in the reaction mixture. However, if the yields of the mul-

tiplex reaction are systematically biased in favor of longer PCR products, the best option is to reoptimize the

amount of each primer pair in a series of multiplex reactions containing increased concentrations of KCl

(1.0—2.0-fold) and a constant concentration of Mg2+ (1.5 mM). Conversely, if the yields are biased in favor

of smaller PCR products, increase the concentration of Mg progressively (up to 4.5 mM) while maintaining

a constant concentration of KCl.

If all of the products are poorly amplified, try increasing the concentration of template and ther-

mostable DNA polymerase. If no improvement is noted, increase the concentration of all primer pairs by a

factor of 2 and use a touchdown program in which the annealing and extension temperatures are decreased

in 2°C intervals (please see the information panel on TOUCHDOWN PCR).

If nonspecific amplification is a problem, try to identify the guilty primer pairs by setting up another

series of amplification reactions each containing only one primer pair. If a particular primer pair can be

identified, redesign both primers. Alternatively, if no particular primer pair can be identified, consider the

possibility that nonspecific amplification may be the result from synthesis primed with the forward primer

of one pair and the reverse primer of another. The best way to unravel this situation is to set up a series of

multiplex PCRs, each lacking one primer pair. By a process of elimination, it is usually possible to find out

which combinations of primer pairs are responsible for nonspecific amplification.

mqwfl ,_.._-—-————~——’f
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TAQ DNA POLYMERASE

o Taq, a thermostable DNA-dependent DNA polymerase, was first isolated from the thermophilic eukary-
ote Thermus aquaticus in 1976 (Chien et al. 1976; Kaledin et al. 1980). Some years later, the enzyme

became famous for its use in PCR (Saiki et al. 1988) and was designated in 1989 as Molecule of the Year
(Koshland l989), for whatever that may mean.

The gene for Taq (Lawyer et al. 1989) encodes an 832—amino—acid protein (Mr = 93.9 kD) consisting of
two domains. The amino-terminal region (residues 1—290) is similar in sequence and structure to the
5’—>3’ exonuclease domain of members of the polymerase I family of DNA polymerases (including E.
coli DNA polymerase I and related bacteriophage-encoded polymerases) (Gutman and Minton 1993).
The properties of the 5’—>3’ exonuclease are described by Longley et al. (1990). The carboxy—terminal
domain contains a catalytically inactive 3'—95’ exonuclease (residues 294—422) and a polymerase subdo-
main of Taq (residues 424—831), whose structure is very similar to that of the Klenow fragment of E. coli
DNA polymerase I. The residues critical for catalytic activity are conserved in both polymerases (for
reviews, please see Joyce and Steitz 1994, 1995; Pelletier 1994; Perler et al. 1996).
The thermal stability of Taq DNA polymerase is thought to result from increased hydrophobicity of the
core of the enzyme, improved stabilization of electrostatic forces, and enhanced interaction with solvent
molecules, due to the presence of additional proline residues on the surface of the enzyme (Kim et al.
1995; Korolev et al. 1995).

The enzyme originally isolated by Chien et al. (1976) was smaller than the full-length Taq protein, had
slightly different catalytic properties, and in all probability was a proteolytic fragment that lacked part of
the amino-terminal domain. In T aquaticus, Taq polymerase is expressed at such low levels (0.01—0.02%
of the cellular protein) that commercial production is not a viable proposition. These days, the enzyme
is produced from versions of the Taq gene that have been engineered so as to obtain high levels of expres~
sion in E. coli. Most of these alterations involve modification of the DNA sequences that precede and
immediately follow the initiating ATG codon (e.g., please see Engelke et al. 1990; Lawyer et al. 1993;
Ishino et al. 1994; Desai and Pfaffle 1995). Since the clones used by various commercial manufacturers
may have been engineered in different ways and since the protocols used for purification of the enzyme
may also be different, preparations obtained from different manufacturers do not necessarily deliver
identical results. However, homemade Taq polymerase, which is simple to prepare (Engelke et al. 1990;
Pluthero 1993; Desai and Pfaffle 1995), is consistently of high quality and shows little batch to batch vari—
ation. Preparations of Tuq DNA polymerase typically display the following properties:

Optimal reaction temperature: 75—80°C

Optimal reaction conditions: 1.5 mM MgClz, 50—55 mM KCl (pH 7.8—9.0)

Km dNTPs: 10—15 uM

Km DNA: 1.5 nM

Extension rates (dNTPs/sec/enzyme molecule):

75°C 150

70°C <60

55°C 24

37°C 1.25

22°C 0.25

Processivity (dNTPs/sec/enzyme molecule): 42

Half-life of enzyme:

975°C 5—6 minutes

95°C 40 minutes

925°C 130 minutes

Error rates: Error rates ranging from 8.9 x 10‘5 to 1.1 x 10‘4 have been reported by various groups over
the years. For more details, please see posting by Paul Hengen (1995b) on the newsgroup
bionet.molbio.methds-reagnts.
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0 T0 initiate DNA synthesis, Taq polymerase, like other DNA polymerases, requires a primer that is

annealed to the template strand and carries a hydroxyl group at its 3’ end (please see Primers in the

introduction to Protocol 1). During the extension reaction in vitro, Taq polymerase removes oligonu-

cleotides carrying a 5’-hydroxyl group that are annealed to the template strand ahead of the growing

strand. However, 5’-phosphorylated oligonucleotides cannot be displaced from the template strand of

DNA by Taq polymerase. The enzyme is not able to continue synthesis when it encounters a depurinat-

ed base in the template. Depurination occurs at a significant rate when DNA is incubated at high tem—

peratures, which may place limits on the length ofDNA that can be amplified by Taq polymerase (Barnes

1994).

All essential metal-binding sites in the amino-terminal 3’-—->5’ exonuclease subdomain of Taq have been

eliminated by mutation (Kim et al. 1995; Korolev et al. 1995). Because of the lack of a proofreading func-

tion, the rate of misincorporation of dNTPs is high in PCRs catalyzed by Taq (or by other thermostable

DNA polymerases that also lack an editing function) (Tindall and Kunkel 1988). More than 50% of the

DNA molecules produced after 25 cycles of Taq-driven amplification of a 200-bp fragment can be

expected to carry mutations ofbne sort or another.

 

0 During the past years, the enzymatic and physical properties of Taq have been summarized by many
reviewers, including Cha and Thilly (1993), Bej and Mahbubani (1994), Perler et al. (1996), and
Farming and Gibbs (1997). These reviews provide comprehensive lists of primary references from
which the data in this information panel are derived.

o A number of commercial preparations of Taq are available that lack 5 ’—>3 ’ exonuclease activity. These
include the Stoffel fragment (Perkin-Elmer), a number of deletion variants, and a number of site-direct-
ed mutants (Merkens et al. 1 995). In general, these enzymes are less efficient and less processive than
Taq.

o The cloned gene for Taq DNA polymerase I of I aquaticus strain YT-1 is available from ATCC (40336).
The pros and cons of isolating and purifying Taq polymerase for in-house use are discussed in intelli-
gent articles by Sederoff(1993) and Hengen (1995b). Hoffman-La Roche Inc. currently has legal rights
over PCR and Taq (U.S. Patents #05352600 and #4889818). However, this position may change in
the future because Hoffman-La Roche’s claims are under challenge. Many investigators have in the
past been wary of purifying their own Taq because of the uncertainty about what they can and can-
not do without running afoul of the patent law. However, there are several Internet sites that offer use-
fui information on this topic, e.g., http://www.promegacom. The history of the patent disputes between
Hoffman-La-Roche, Cetus Inc., and Promega is recounted in News and Views articles by Dickson
(1994, 1996) and Abbott (1996).   
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HOT START PCR
 

Hot start is a method to optimize the yield of the desired amplified product in polymerase chain reactions

and, simultaneously, to suppress nonspecific amplification, This is done by withholding an essential com-

ponent of the PCR — the DNA polymerase or Mg“, for example — until the reaction mixture has been

heated to a temperature that inhibits nonspecific priming and primer oligomerization.

In the first description of hot start PCR (D’Aquila et al. 1991; Erlich et al. 1991; Mullis 1991), template

DNA and primers were mixed together and held at a temperature above the threshold of nonspecific bind-

ing of primer to template. All of the components necessary for the extension phase of the PCR were then

added except the thermostable polymerase. Thermal cycling was initiated after the final addition of the

DNA polymerase to the preheated reaction mixture. The elimination of the warm-up phase preceding the

first cycle of PCR reduced the opportunities for nonspecific annealing of oligonucleotide primers, whereas

the absence of DNA polymerase activity prevented extension of mismatched primers.

The original method was difficult because the reaction mixtures were assembled in tubes whose tem—

perature was maintained by a heating block. These days, hot start PCR is more easily accomplished. The

most popular method involves creating a physical barrier of wax between components of the reaction. For

example, the primers, Mg“, dNTPs, and buffer can be mixed at room temperature in the bottom of the

reaction tube and then covered with melted wax (e.g., Ampliwax PCR Gems from Perkin~Elmer or a com-

mercial wax that melts at low temperature [melting point z 53—550C]). The wax solidifies on cooling and

confines the reagents to the bottom of the tube. The remaining components of the reaction are then mixed

on top of the wax barrier. During the denaturation step of the first cycle of PCR, the wax barrier melts,

allowing the components of the reaction to merge. The melted wax floats to the top of the reaction mixture

where it now acts as a barrier to evaporation.

More esoteric variants of hot start PCR include the use of neutralizing monoclonal antibodies to inhib-
it polymerase activity during the assembly and warm-up phase of the reactions. When the temperature

increases, the antibody dissociates from the enzyme and is inactivated during the denaturation step of the
first cycle of PCR (Kellogg et al. 1994). Polymerase-antibody complexes are sold by several companies

including CLONTECH (TaqStart and tThStart) and Life Technologies (Platinum Taq Polymerase). A simi-

lar idea is used by Perkin-Elmer, whose enzyme, AmpliTaq Gold, requires heating to ~93°C for ~10 minutes

during a specially programmed first cycle of PCR to become fully active (Birch et al. 1996; Kebelmann‘

Betzing et al. 1998). In another variation, Mg2+ embedded in wax beads (HotWax Beads) is released into the

reaction mixture as the wax melts. The manufacturer, Invitrogen, claims that the absence of Mg2+ during

the initial warm-up phase of the reaction significantly reduces nonspecific priming. HotWax Beads are sold
in several formulations that provide predetermined concentrations of Mg2+ for PCRs of standard volume.

Hot start PCR is not essential in optimized simple PCRs that contain a single pair of well-designed

oligonucleotide primers and generate high yields of a specific amplified product. However, the method
comes into its own when nonspecific amplification is a problem — for example, when fewer than 104 copies

of template DNA are present in the reaction, when the template DNA is highly complex (e.g., mammalian

genomic DNA), or when PCRs contain several pairs of oligonucleotides (multiplex PCR). In all of these

cases, hot start PCR is best used in conjunction with a “touchdown” protocol (please see the information

panel on TOUCHDOWN PCR).
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RIBONUCLEASE H

Ribonuclease H (RNase H) catalyzes the endonucleolytic degradation of the RNA moiety of DNA-RNA

hybrids, generating oligoribonucleotides, of varying chain lengths with 3'-hydroxyl and 5'-phosphate ter—

mini. It was first recognized and isolated from calf thymus (Stein and Hansen 1969; Hansen and Stein 1970),

but it is now known to be present in a wide variety of mammalian tissues, yeasts, prokaryotes, and virus par-

ticles. Many types of cells contain more than one RNase H.

In many retroviruses, RNase H is associated with the multifunctional enzyme reverse transcriptase and

carries out important functions at several stages during the transcription of the viral genome into DNA. In

eubacteria, it is believed to be required for the removal of RNA primers from Okazaki fragments, for pro-

cessing of transcripts into primers used by DNA polymerase I to initiate DNA synthesis, and to remove R-

loops that provide sites for opportunistic initiation of unregulated DNA synthesis at the chromosomal ori-

gin of replication in E. coli. RNase H is presumed to carry out similar functions in eukaryotic cells.

RNase H has been reported to increase markedly the inhibition of gene expression by antisense

oligodeoxynucleotides. Hybrids between these oligonucleotides and specific sequences in mRNAs are sen-

sitive to degradation by the enzyme. RNase H is required for initiation of replication at the origin (on) of

colicin E1 (colE1)-type plasmids in vitro. The enzyme also seems to suppress initiation of DNA synthesis at

sites other than ori.

X-ray crystallographic analysis shows that E. coli RNase H consists of two domains, one of which con-

tains an Mg2+-binding site enmeshed in B-strands — a fold previously recognized in DNase I. For further
information and references, please see Crouch (1990), Wintersberger (1990), Hostomsky et al. (1993), Jung

and Lee ( 1995), Kanaya and Ikehara (1995), Rice et al. (1996), and Crooke (1998).

 

TERMINAL TRANSFERASE
 

Terminal deoxyribonucleotidyl transferase, Tdt, a monomeric enzyme of ~510 amino acids, catalyzes the

addition of dNTPs to the 3’ termini of DNA molecules (for review, please see Bollum et al. 1974). Of the

several enzymes that are capable of this type of template-independent DNA synthesis, terminal transferase
is by far the most efficient: Whereas DNA polymerases such as the Klenow fragment of E. coli DNA poly-
merase and Taq have the ability to add single nucleotides to DNA substrates, terminal transferase can, under

the right conditions, catalyze the addition of hundreds of nucleotides.

In molecular cloning, terminal transferase is now used chiefly to catalyze the addition of homopoly-

meric tails to single-stranded DNAs generated in 5'-RACE and 3’-RACE reactions. The enzyme was in con-

siderably greater demand a few years ago when cDNAs were routinely equipped with dG tails and cloned

into dC-tailed plasmid vectors. This tailing was always a messy reaction, difficult to control, since the kinet—

ics of the tailing reaction are wonderfully odd, and often disastrous, and since the early commercial prepa—
rations of the enzyme were often contaminated with both endo- and exonucleases.

Homopolymeric tailing follows entirely predictable kinetics when all substrates are present in the reac-

tion at high concentrations and when all termini are identical. However, when faced with a set of heteroge-

neous 3' termini, the enzyme will first catalyze the rapid tailing of molecules carrying 3'-unpaired exten-

sions, then blunt—ended molecules, and finally, with great reluctance, molecules with recessed 3’ termini. In

the case ofblunt-ended molecules, the crucial rate-limiting step is the addition of the first nucleotide: Blunt
ends that are clamped shut by G:C base pairs are poor substrates, whereas blunt ends rich in A:T are more

permissive and are tailed more rapidly and synchronously. If the enzyme finds a blunt-ended molecule with

a frayed 3’ terminus and catalyzes the addition of a single nucleotide, subsequent elongation of the

homopolymeric tail will proceed rapidly. The more heterogeneous the population of termini, the more
quirky and asynchronous the kinetics of the tailing reaction.

Terminal transferase has strange requirements. It is inhibited by many of the cations routinely includ-

ed in reaction buffers, including ammonium, chloride, and phosphate ions (for review, please see Bollum

1974). Most reactions are carried out in cacodylate (dimethyl arsenic acid) buffers (Kato et al. 1967),

although 100 mM Trisacetate (pH 7.2) is almost as good. Homopolymeric tailing reactions that use dTTP

or dCTP as substrates are carried out in the presence of Co“; Mn2+ is the preferred cofactor for homopoly-

meric tailing reactions involving polymerization of purine residues.
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Terminal transferase is expressed in pre-B and pre-T lymphocytes and is routinely used as a marker for
certain types of leukemia arising from these cells. During maturation of the immune system, TdT mediates the

expansion and diversification of the T—cell receptor repertoire by adding template-independent nucleotides

and disrupting homology-directed recombination (for review, please see Gilfillan et al. 1995). For reviews of

the molecular biology and enzymology of terminal transferase, please see Chang and Bollum (1986).

 

TOUCHDOWN PCR

Touchdown PCR is a simple method to optimize yields of amplified DNA when the melting temperature of
hybrids between the oligonucleotide primers and their target sequences is not known with certainty, for

example:

0 when the primers have been designed from amino acid sequences

0 when amplifying members of a multigene family

0 when the template DNA is extremely complex and occupies a large sequence space

a when amplifying DNA from a species other than that for which the primers were designed

0 when using primers containing “universal” bases such as inosine.

In all of these circumstances, mismatches between the oligonucleotide primers and the template DNA

can be anticipated, with the potential to generate undesirable nonspecific amplification products. Because

neither the number, the location, nor the type of these mismatches is known, it is not possible to calculate

from first principles an annealing temperature that will maximize the yield of the desired amplification

product while minimizing nonspecific priming. Instead, the optimum annealing temperature must be
determined empirically.

One method of optimization involves setting up a series of PCRs that are annealed at different tem-

peratures but are identical in all other respects. However, this type of experiment is both laborious and inef-

ficient unless a special type of thermal cycler (e.g., Stratagene’s Robocycler) is available. For most investiga—
tors, a better alternative is touchdown PCR (Don et al. 1991; Peterson and Tjian 1993; Roux 1995; Hecker

and Roux 1996; Roux and Hecker 1997), in which a range of annealing temperatures are utilized in a single

PCR. In touchdown PCR, the annealing temperature during the first two cycles of amplification is set ~3°C
above the calculated melting temperature of a perfect hybrid formed between the most GC-rich oligonu-
cleotide primer in the reaction and its target DNA. The annealing temperature is then reduced by one cen—
trigrade degree for each pair of subsequent cycles. At some point, a temperature permissive for specific
priming will be reached and amplification of the target sequence will begin. The onset of nonspecific ampli-
fication will be delayed for several additional cycles until the annealing temperature has been lowered to the
point where nonspecific priming can occur. However, by this time, the specific amplification product will
have hegemony over the reaction and will effectively suppress the accumulation of nonspecific amplifica-
tion products. In theory, a perfectly matched primer-target hybrid will have a 1024-fold advantage over mis-
matched hybrids whose melting temperature is 5°C lower. Touchdown PCR therefore gives a selective
advantage to amplification products generated from correctly primed reactions. In our laboratory, touch—
down PCR is the quickest method to optimize PCRs when using new combinations of oligonucleotides and
templates, and it, together with hot start PCR or the addition of GC-Melt, is a remedy of first resort when
faced with problems such as inefficient priming, mispriming, and formation of primer-dimers.

Modern thermal cyclers such as M] Research model PTC 100, Perkin-Elmer model 9600, and Master
Cycler (Eppendorf) are easily programmed to accommodate touchdown PCR. However, in some types of
basic thermal cyclers, programming of a progressive reduction of annealing temperature becomes a night-
mare. Individual files for each pair of cycles must be serially linked into a series using extensive commands,
a process that is laborious and utilizes large amounts of programming space. A possible compromise is to
use fewer but steeper temperature steps to link the initial and final annealing temperatures (Roux 1995;
Hecker and Roux 1996). In either case, touchdown PCR works best in conjunction with techniques such as
hot start PCR or booster PCR which limit the opportunities for both nonspecific binding between oligonu-
cleotide primers and the template DNA and for formation of primer dimers (please see the information
panel on HOT START PCR).
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USE OF INOSlNE IN DEGENERATE POOLS OF OLIGONUCLEOTIDES USED FOR PCR
 

Below is a list of recommended codons for designing oligonucleotides that are to be used for screening pri-

mate cDNA or mammalian cDNA libraries and that contain inosine at positions of ambiguity. The recom—

mendations take into account the natural usage of codons in human genes and the fact that the sequence

CpG is underrepresented in human DNA.

 

Amino Acid Codon

A (Ala) GCI

C (Cys) TGG“

D (Asp) GAT

E (Glu) GAI

F (Phe) TTCa

G (Gly) GGI

H (His) CACa

1 (ISO) ATI

K (Lys) AAI

L (Leu) CTIc

M (Met) ATG

N (Asn) AACa

P (Pro) CCI

Q (Gln) CAI

R (Arg) CGIC

5 (Ser) TGG“c
T (Thr) ACI

V (Val) GTI

W (Trp) TGG

Y (Tyr) TACa
 

“If the first nucleotide of the succeeding codon

is G, use T in the third position.

be the first nucleotide of the succeeding codon

is G, use I in the third position.

“Try to avoid amino acids with six codons if at all

possible.

 

UNIVERSAL PRIMERS
 

Universal primers are synthetic oligonucleotides that anneal to one side or the other of cloning sites in plas-

mid, phagemid, bacteriophage 7», and bacteriophage M13 vectors. These primers may be used to amplify by

PCR or to sequence by the dideoxy method any segment of foreign DNA that has been cloned into these
sites. In addition to conventional single-stranded templates, universal primers can be used in sequencing

protocols that have been optimized for double-stranded DNA templates.

Universal primers are commercially available for a great variety of vectors. The lists of primers provid-

ed in the following tables, which are by no means comprehensive, cover only the most popular standard vec-

tors. We recommend that investigators who wish to amplify or to sequence inserts cloned into more esoteric

vectors, particularly commercial expression vectors, to read the relevant catalogs. Most responsible compa-
nies now sell universal primers for use with their own specialized vectors.
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Primers for Cloning Sites in pBR322

Table 86 provides a list of primers that can be used for amplifying or for sequencing target DNAs cloned

into pBR322. The accompanying figure (Figure 8-11) illustrates the locations of the sites corresponding to

these primer sequences on the plasmid. These primers, which were originally developed in Bruce Wallace’s

laboratory (Wallace et al. 1981) are sold by New England Biolabs, from whose catalog the figure is repro-

duced.

TABLE 8-6 Primers for pBR322
 

 

DIRECTION
CLONING SITE CODE or PRIMING SEQUENCE or PRIMER

EcoRI 1 clockwise 5'd(GTATACGAGGCCCT)3'

EcoRI 2 clockwise 5'd(CCTATAAAAATAGGCGTATCACGAGGCCCT)3’

EcoRI 3 counterclockwise 5'd(GATAAGCTGTCAAAC)3’

EcoRI 4 counterclockwise 5'd(TTAAAGCTTATCGATGATAAGCTGTCAAAC)3’

BamHI 5 clockwise 5'd(CACTATCGACTACGCGATCA)3'

BamHl 6 clockwise 5'd(TACTTGGAGCCACTATCGACTACGCGATCA)3'

BamHI 7 counterclockwise 5’d(ATGCGTCCGGCGTAGA)3’

HindIII 8 clockwise 5'd(GACAGCTTATCATCG)3’

HindIII 9 clockwise 5'd(AGAATTCTCATGTTTGACAGCTTATCATCG)3'

HindIII 10 counterclockwise 5’d(GCAATTTAACTGTGAT)3'

HindIH 1 1 counterclockwise 5’d(GCCTGACTGCGTTAGCAATTTAACTGTGAT)3'

PstI 12 clockwise 5'd(GCTAGAGTAAGTAGTT)3’

PstI 13 clockwise 5'd(ATTGTTGCCGGGAAGCTAGAGTAAGTAGTT)3’

PstI 14 counterclockwise 5’d(AACGACGAGCGTGAC)3'

Pstl 1 5 counterclockwise 5’d(AATGAAGCCATACCAAACGACGAGCGTGAC)3 ’

SaII 16 clockwise 5'd(ATGCAGGAGTCGCAT)3'

Sail 17 clockwise 5'd(CTGGGCTGCTTCCTAATGCAGGAGTCGCAT)3’

Sal! 18 counterclockwise 5'd(AGTCATGCCCGCGC)3'

Sspl 19 clockwise 5’d(GGAAATGTTGAATACTC)3‘

Sly] 20 counterclockwise 5'd(GCTGGAGATGGCGGACGC)3'
 

For primer map positions, please see the corresponding codes in Figure 8-11.

Modified, with permission, from New England Biolabs, Inc. (©1998/99 New England Biolabs Catalog, pp. 118—119).

PSI!

pBR322
4361 bp

FIGURE 8-11 Positions of Synthetic Primers Used to

Determine the Sequence of DNA Cloned into Various
Sites of pBR322

For specific primer sequences, please see Table 8-6. (Modified,
with permission, from New England Biolabs [©1998/99 New
England Biolabs Catalog, p. 1181.)
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Primers for Cloning Sites in Bacteriophage M13/pUC Vectors

Table 8-7 provides a list of primers that can be used for amplifying or for sequencing target DNAs cloned

into M13/pUC vectors. The accompanying figure (Figure 8-12) illustrates the alignments of the these

primer sequences along the bacteriophage or plasmid sequence. These primers are sold by New England

Biolabs, from whose catalog the figure is reproduced.

 

A report published in Nucleic Acids Research describes a pUC18 variant that is present in many laboratories
(Lobet et al. 1989). The mutation consists of a deletion of the cytosine nucleotide from the second codon of

the [ad gene, just upstream of the polylinker region. Difficulties arise when sequencing with primers that over-
lap this mutation. DNA sequencing with this pUC18 mutant with New England Biolabs' reverse sequencing
primer1201, a 16-mer Whose 3 ' end overlaps the mutation, has been difficult even when using conditions of
low stringency. To avoid any problems, NEB recommends using the reverse sequencing primer 1233, a 24-
mer located immediately upstream (5 ') of the position of primer 1201. Primer 1201 can still be used with all
similar IacZ vectors, including M13 vectors and other pUC vectors for which this deletion has not been found.

A forward primer (S’GGTITI'CCCAGTCACGACG) that binds to bacteriophage M13/pUC vectors at a
region ~4O nucleotides upstream of the polylinker has been reported to prime spuriously from a site in the
vector sequences (Steffens et al. 1993). This problem can be avoided by using a primer (5 ’CACGACG'ITG-
TAAAACGAC) that binds to a region ~29 nucleotides upstream of the polylinker.  
 

TABLE 8-7 Primers for M13/pUC
 

 

forward

DIRECTION

VECTOR CODE or- PRIMING SEQUENCE or PRIMER

M13/pUC universal primer 1 forward 5’d(GTAAAACGACGGCCAGT)3’

M13/pUC 2 forward d(GTTTTCCCAGTCACGAC)3'

M 13/pUC 3 forward d(CGCCAGGGTTTTCCCAGTCACGAC)3'

M 13/pUC 4 reverse 5’d(AACAGCTATGACCATG)3’

M13/pUC 5 reverse d(AGCGGATAACAATTTCACACAGGA)3 ’

mp19 RDZO primer 6 forward d(CGACGGCCAGTGAATTCCCC)3’

7 (mp18 RD29 primer d CGACGGCCAGTGCCAAGCTTTTTTTTTTT)3'
 

For primer map positions, please see the corresponding codes in Figure 8-12.
Modified, with permission, from New England Biolabs, Inc. (© 1998/99 New England Biolabs Catalog, p. 116)

 

3
sequencing pvimev MT)

5 CAGCACTGACCCW'I'TGGGACCGC
mp18/pUC18 reverse sequencing prime! 4

AGGGGATAACAATI’TCACACAGGA 1
reverse sequencing primer Smal sequencing primer 1-20) sequencing puma 140)
_—__—’ Sacl Xmal Xbai Pstl Sphl Hindtll
AACAGCTATGACCATG I I | | I TGACCGGCAGCAMATG CAGCACTGACCCTI'ITG

TOGTATGTTGT%TG&MTTGTGAGCGGATMCAATWCACACAGGAMCAGC'TATGACCATGATTACGAAYTCGAGCTCGGTACCCGGGGATCCYCTAGAGTCGACCTGCAGGCATGCMGC'l'l'GGOACTGSCCGTCGTYTTACMOGTOGTGACTGGGMAACCCTGGOG
g] L___I |__I TmGAAcceTGAccGGCAGc
Eco RI Kpnl Barn HI Sail

hybridization probe primer Acc‘ RD 29 primer

Hincll 7

3
sequencing mime! (~47)

5 , CAGCACTGACCCTTTTGGGACOGC
reverse sequencing prlmev

Sail
mF” 9/pUC19 AGCGGATAACMTTI'CACACAGGA 4 MC, . 1 2

reverse sequencing primer Sphl Hincll BamHI Kpnl Sacl EcoRI sequencmg pnmed20) sequenclng prIM(~40)

MCAGCTATGACCATG | | | j I If H HGACCGGCAGCAMATG CAGCACTGACC
TCGTATGTTG'TG1GGMTI‘GTGAGCGGATAACAATITCACAGAGGAAAGAGCTATGACOATGAWAGGGCMGCTFGCATGCCTGCAGGTCGAGTCTAGAGGTAOCCOGGGTACCGAGOTCGMTTCACTGGOCGTOGTHTACMOGTOGTGACTGGGAAAACOgTGGCG

CMCACACCTTMCAC | .__ | I l | | i ' CTTAAGTGACCGGCAGC

4———— Hmdlll Psn Xbal Smal <5? _
hytmdizahon probe pnmev Xmal RD 20 anSf

6

FIGURE 8-12 Positions of Synthetic Primers Used to Determine the Sequence of DNA Cloned into Various Sites
of mp18 and mp19
 

For specific primer sequences, please see Table 8-7. (Modified, with permission, from New England Biolabs, Inc. [©1998/99
New England Biolabs Catalog, p. 116].)
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Primers for Cloning in Bacteriophage Agt10 and kgfll Vectors

Table 8-8 provides a list of primers that can be used for amplifying or for sequencing target DNAs cloned

into bacteriophage kgtl 0 and kgtll vectors. The accompanying figure (Figure 8-13) illustrates the locations

of the sites corresponding to these primer sequences on the bacteriophage genome. These primers are sold

by New England Biolabs, from whose catalog the figure is reproduced.

TABLE 8-8 Primer Sequences for Bacteriophage Lgt10 and hgtfl
 

 

DIRECTION
VECTOR CODE or PRIMING SEQUENCE or PRIMER

kglO left arm 1 forward 5’d(AGCAAGTTCAGCCTGGTTAAG)3’

th10 right arm 2 reverse 5’d(CTTATGAGTATTTCTTCCAGGGTA)3'

kgtll left arm 3 forward 5’d(GGTGGCGACGACTCCTGGAGCCCG)3’

th11 right arm 4 reverse 5’d(TTGACACCAGACCAACTGGTAATG)3’
 

For primer map positions, please see the corresponding codes in Figure 8-13.
Modified, with permission, from New England Biolabs (©1998!99 New England Biolabs Catalog, p. 117).

A xgt1o x A
left b527 N ECOR' cII right

1

19:10 prlmer (forward)

EcoRI
AGCAAGTTCAGCCTGG‘I'I’AAG r——|

CT'I'TTGAGCAAGTI'CAGCCTGGTTAAGTCCAAGCTGAATI'CH'I'TGCTTI'TTACCCTGGAAGAAATACTCATAAGCCACCTCT
TGGGACCTTCT‘I'I’ATGAGTATI’C

Agt10 primer (reverse)

B kgtfi
A

left 50°F“ cl857 8100 right

reverse fowvard

3
A91” primer (forward)

EcoRI
GGTGGCGACGACTCCTGGAGCGGG n—fi
GGTGGCGACGACTCCTGGAGCCCGTCAGTATCGGCGGAATTCCAGCTGAGCGCCGGTCGCTACCATTACCAGTTGGTCTGGTGTCAAA

m GTMTGGTCAACCAGACCACAGTT

L9H 1 primer (reverse)

FIGURE 8-13 Positions of Synthetic Primers Used to Determine the Sequence of DNA Cloned
into Various Sites of xgt10 and th11

For specific primer sequences, please see Table 8-8. (Modified, with permission, from New England
Biolabs, Inc. [©1998/99 New England Biolabs Catalog, p. 1171.)
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Table 8-9 provides a list of primers that can be used for amplifying or for sequencing target DNAs cloned

into plasmids containing T7, T3, or SP6 RNA polymerase promoter sequences. These primers are sold by

New England Biolabs and Stratagene, from whose catalogs the following table is adapted.

TABLE 8-9 Transcription Promoter Primer Sequences
 

SEQUENCE or PRIMER
 

PROMOTER DIRECTION OF PRIMING

SP6 forward

T7

T3

P,” forward

SK forward

KS forward

5'd(CATACGATTTAGGTGACACTATAG)3'

5‘d(TAATACGACTCACTATAGGGAGA)3’

5'd(ATTAACCCTCACTAAAGGGA)3’

5”d(GAGCGGATAACAATTTCACACAGGB’

5’d(CGCTCCTAGAACTAGTGGATC)3'

5'd(TCGAGGTCGACGGTATC) 3'

Modified, with permission, from New England Biolabs (©1998/99 New England Biolabs Catalog, p. 121).

 

 

The BamHI cloning site in sCOS1 vectors is flanked by promoters derived from bacteriophages T3 and T7.
Primers that are complementary to sequences within these promoters and that work well for cycle sequenc-
ing of linearized cosmid DNA are given in Dugaiczyk et aL (1992).  
 

 

 



8.118 Chapter 8: In Vitro Amplification ofDNA by PCR

REFERENCES
 

Abbott A. 1996. Roche faces charges over Taq patent claim. Nature
382: 660.

Adati N.. 11011, Koga C.,1<it() K.. Sakaki Y., and Shiokawa K. 1995.
Differential display analysis of gene expression in developing
embryos of Xenopus laevis. Biochim. Biophys. Acta 1262:
43—51.

Ahokas H. and Erkkila MJ. 1993. Interference of PCR amplifica-
tion by the polyamines, spermine and spermidine. PCR
Methods Appl. 3: 65—68.

Ait‘llo LP.) Robinson G.S., Lin Y.W., Nishio Y., and King G.L.

1994. Identification of multiple genes in bovine retinal peri—
cytes altered by exposure 10 elevated levels of glucose by

using mRNA differential display. Proc. Natl. Acad. Sci. 91:
6231-6235.

Aptc AN. and Siebert RD. 1993. Anchorfligated cDNA libraries:
A technique for generating a CDNA library for the immedi—
ate cloning of the 5’ ends of mRNAs. BioTechniques 15: 890—
893.

Aslanidis (3. and de long R]. 1990. Ligation-independent cloning
of PCR products (LIC—PCR). Nucleic Acids Res. 18: 6069—
6074.

Bachmann B., Luke W., and Hunsmann G. 1990. Improvement of
PCR amplified DNA sequencing with the aid of detergents.
Nm‘lt’ic Acids Res. 18: 1309.

Rains W. 1994. Selection of oligonucleotide probes and experi-
mental conditions for multiplex hybridization experiments.
Gazer. Anal. Tech. App]. 11: 49—62.

Baldino lr.. F.. Chesselet M.F., and Lewis M.E. 1989. High—resolu-
tion in situ hybridization histochemistry. Methods Enzymol.
168: 761—777.

Baltimore D. 1970. RNA-dependent DNA polymerase in virions

of RNA tumour viruses. Nature 226: 1209—1211.
Barnes W.M. 1992. The fidelity of Taq polymerase catalyzing PCR

is improved by an N-terminal deletion. Gene 112: 29—35.

. 1994. PCR—amplification of up to 35—kb DNA with high
fidelity and high yield from lambda bacteriophage templates.
Prat". Natl. Amd. Sci. 91: 2216—2220.

Bauer 11, Warthoe P., Rohde M., and Strauss M. 1994. Detection

and differential display of expressed genes by DDRT—PCR.
PCR Methods App]. 4: 597—5108.

Bauer D.. Muller H.. Reich I.. Riedel H., Ahrenkiel V., Warthoe P.,
and Strauss M. 1993. Identification of differentially expressed
mRNA species by an improved display technique (DDRT—
PCR). Nucleic Acids Res. 21: 4272—4280.

Becker A., Reith A.. Napiwotzki I., and Kadenbach B. 1996. A

quantitative method of determining initial amounts of DNA
by polymerase chain reaction cycle titration using digital
imaging and a novel DNA stain. Anal. Biochem. 237: 204—
207.

Becker~André M. 1993. Absolute levels of mRNA by polymerase
chain reaction-aided transcript titration assay. Methods
Enzymol. 218: 420—445.

Becker-Andre’ M. and Hahlbrock K. 1989. Absolute mRNA quan-
tification using the polymerase chain reaction (PCR). A
novel approach by a PCR-aided transcript titration assay
(PATTY). Nufleic Acids Res. 17: 9437—9446.

Bci A.1(. and Mahbubani M.H. 1994. Thermostable DNA poly-
mcruscs for in vitro DNA amplifications. In PCR technology
current innovations (ed. H.G. Griffin and A.M. Griffin), pp.
219—238. CRC Press, Boca Raton, Florida.

Bennett 15.1. and Molenaar A.]. 1994. Cloning of PCR products

can be inhibited by Taq polymerase carryover. Bio Techniques
16: 32, 37.

Benton W.D. and Davis R.W. 1977. Screening lambdagt recombi—
nant clones by hybridization to single plaques in situ. St‘ience
196: 180-482.

Bernard P.S., Lay M.I., and Wittwer CT. 1998. Integrated ampli-
fication and detection of the C677T point mutation in the
methylenetetrahydrofolate reductase gene by fluorescence
resonance energy transfer and probe melting curves. Anal.
Biochem. 255: 101—107.

Bernasconi P., Rausch T., Gogarten I.P., and Taiz L. 1989. The H+
ATPase regulatory subunit of Methanovoccus thermo—

lithotrophicus: Amplification of an 800 bp fragment by poly-
merase chain reaction. FEBS Lett. 251: 132—136.

Bertioli D.I., Schlichter U.II., Adams M.I.. Burrows RR, Steinbiss

H.H., and Antoniw ].F. 1995. An analysis of differential dis—

play shows a strong bias towards high copy number mRNAs.
Nucleic Acids Res. 23: 4520—4523.

Bespalova ].N., Adkins S., and Burmeister M. 1998. 3'—RACE:

Skewed ratio of specific to general PCR primers improves
yield and specificity. BioTechniques 24: 575—577.

Beutler E., Gelbart T., and Kuhl W. 1990. Interference of heparin
with the polymerase chain reaction. BioTechniques 9: 166.

Bhatia R, Taylor W.R., Geenberg A.H., and Wright ].A. 1994.
Comparison of glyceraldehyde—3-phosphate dehydrogenase
and 288-ribosomal RNA gene expression as RNA loading
controls for northern blot analysis of cell lines of varying
malignant potential. Anal. Biochem. 216: 223—226.

Birch D.E., Kolmodin L., Laird W.]., McKinney N., Wong I., Young

K.K.Y., Zangenberg G.A., and Zoccoli MA. 1996. Simplified
hot start PCR. Nature 381: 445—446.

Bjourson A.I. and Cooper I.E. 1992. Band—stab PCR: A simple

technique for the purification of individual PCR products.
Nucleic Acids Res. 20: 4675.

Blanchard R.K. and Cousins RJ. 1996. Differential display of
intestinal mRNAs regulated by dietary zinc. Proc. Natl. Acad.
Sci. 93: 6863—6868.

Bollum FJ. 1974. Terminal deoxynucleotidyl transferase. In The
enzymes (ed. P.D. Boyer), vol. 10, pp. 37—61.Academic Press,

New York.

Bollum F.I., Chang L.M., Tsiapalis C.M., and Dorson I.W. 1974.

Nucleotide polymerizing enzymes from calf thymus gland.
Methods Enzymol. 29: 70—81.

Bolton ET. and McCarthy BJ. 1962. A general method for isola—
tion of RNA complementary to DNA. Proc. Natl. Acad. Sci.
48: 1390—1396.

Bookstein R., Lai C.—C., T0 H., and Lee W.—1-1. 1990. PCR—based
detection of a polymorphic BamHI site in intron 1 of the
human retinoblastoma (RB) gene. Nucleic Acids Res. 18: 1666.

Borovkov A.Y. and Rivkin MI. 1997. Xch—containing vector for
direct cloning of PCR products. BiaTechniques 22: 812—814.

Boyd AC. 1993. Turbo cloning: A fast, efficient method for
cloning PCR products and other blunt—ended DNA frag—
ments into plasmids. Nucleic Acids Res. 21: 817—821.

Breslauer K.]., Frank R., Blécker H., and Marky LA. 1986.
Predicting DNA duplex stability from the base sequence.
Proc. Natl. Acad. Sci. 83: 3746—3750.

Brock T.D. 1995a. The road to Yellowstone — and beyond. Annu
Rev. Microbiol. 49: 1—28.

———-l——. 1995b. Photographic supplement to “The road to
Yellowstone a and beyond”. Available from T.D. Brock,



Madison, Wisconsin.

. 1997, The value of basic research: Discovery of Thermus

aqzmtims and other extreme thermophiles. Genetics 146:
1207—1210.

Buck L. and Axel R. 1991. A novel multigene family may encode

odorant receptors: A molecular basis for odor recognition.
Cc” 65: 175—187.

(Zallard I)., Lescure B., and Mazzolini L. 1994. A method for the

elimination of false positives generated by the mRNA differ—

ential display technique. BioTechniques 16: 1096—1103.
(?ha R.S. and Thilly W.G. 1993. Specificity, efficiency and fidelity

of PCR. PCR Methods App]. 3: 818—829.

Chang L.M. and Bollum E]. 1986. Molecular biology of terminal
transferase. CRC Crit. Rev. Biochem. 21: 27—52.

(fihelly 1., Montarras D., Pinset C., Berwald—Netter Y., Kaplan LC,
and Kahn A. 1990. Quantitative estimation of minor mRNAs

by cDNA-polymerase chain reaction. Application to dys—
trophin mRNA in cultured myogenic and brain cells. Eur. J.
Biochem. 187: 691—698.

(Ihen Z. 1996. Simple modifications to increase specificity of the

5’-RA(IE procedure. Trends Genet. 12: 87—88.

(Iheng S., Fockler C., Barnes W.M., and Higuchi R. 1994. Effective
amplification of long targets from cloned inserts and human
genome DNA. Proc. Natl. Acad. Sci. 91: 5695—5699.

(Ihevet E., Lemaitre G., and Katinka D.K. 1995. Low concentra-
tions of tetramethylammonium chloride increase yield and
specificity of PCR. Nucleic Acids Res. 23: 3343—3344.

(Zhiang C.M., Chow L.T., and Broker TR. 1993. Identification of
alternatively spliced mRNAs and localization of 5’ ends by
polymerase chain reaction amplification. Methods Mol. Biol.
15: 189-498.

(Ihien A., Edgar D.B., and Tre1a1.M. 1976. Deoxyribonucleic acid
polymerase from the extreme thermophile Thermus aquati-
cus. ]. Bacteriol. 127: 1550—1557.

(Ihuang S.E., Wang KC, and Cheng AL. 1995. Single—step direct
cloning of PDC products. Trends Genet. 11: 7—8.

(Ihumakov KM. 1994. Reverse transcriptase can inhibit PCR and
stimulate primer—dimer formation. PCR Methods App]. 4:
62—64.

(Ilackson T. and Winter G. 1989. ‘Sticky feet’-directed mutagene—
sis and its application to swapping antibody domains.
NurleicAcids Res. 17: 10163—10170.

Clark 1.M. 1988. Novel non—templated nucleotide addition reac—
tions catalyzed by prokaryotic and eucaryotic DNA poly—

merases. Nucleic Acids Res. 16: 9677—9686.
Clifford S.C., Thomas D.1., Neal DE, and Lunec 1. 1994.

Increased mdrl gene transcript levels in high grade carcino—

ma of the bladder determined by quantitative PCR-based

assay. Br. 1. Cancer 69: 680—686:

(Iline1., Braman 1.C., and Hogrefe I-I.H. 1996. PCR fidelity of pfu

DNA polymerase and other thermostable DNA polymerases.
Nucleic Acids Res. 24: 3546—3551.

(Iohen 1. 1994. ‘Long PCR’ leaps into larger DNA sequences.

Science 263: 1564—1565.

(Iollins ES. and Weissman S.M. 1984. Directional cloning of DNA
fragments at a large distance from an initial probe: A circu—
larization method. Proc. Natl. Acad. Sci. 81: 6812—6816.

Costa (LL. and Weiner MP. 1995. Cloning and analysis of PCR—
generatcd DNA fragments. In PCR primer: A laboratory
manual (ed. C.W. Dieffenbach and G.S. Dveksler), pp. 555—

580. Cold Spring Harbor Laboratory Press, Cold Spring
Harbor, New York.

(Zmoke SII‘. 1998. Molecular mechanisms of antisense drugs:

References 8. 1 1 9

RNase H. Antisense Nucleic Acid Drug Dev. 8: 133—134.
Cross NC. 1995. Quantitative PCR techniques and applications.

]. Haematol. 89: 693—697.

Crouch R. 1990. Ribonuclease I-I: From discovery to 3D structure.
New Biol. 2: 771—777.

Crouse 1: and Amorese D. 1986. Double digestions of the multi—
ple cloning site. Focus (Life Technologies) 8: 9.

Crowe 1.S., Cooper H.S., Smith M.A., Parker D., and Gewert D.

1991. Improved cloning efficiency of polymerase cham reac»

tion (PCR) products after proteinase K digestion. Nucleic
Acids Res. 19; 184.

D’Aquila R.T., Bechtel L.1.,Videler1.A., Eron 1.11, Gorczyca P., and

Kaplan 1.C. 1991. Maximizing sensitivity and specificity of
PCR by pre—amplification heating. Nucleic Acids Res. 19:
3749.

Desai U.1. and Pfaffle P.K. 1995. SingIe-step purification of a ther-
mostable DNA polymerase expressed in Escherichia colt.
BioTechniques 19: 780—782.

Dickson D. 1994. Promega files court challenge to Roche’s Taq
enzyme patent. Nature 372: 714

. 1996: Roche claims victory in bid for European Taq
patent. Nature 384: 100.

Dieffenbach C.W. and Dveksler G.S., eds. 1995. PCR primer: A
laboratory manual. Cold Spring Harbor Laboratory Press.
Cold Spring Harbor, New York

Dieffenbach C.W., Lowe T.M.1., and Dveksler G.S. 1995. General
concepts for PCR primer design. In PCR primer: A laborato-
ry manual (ed. CW. Dieffenbach and GS. Dveksler), pp.
133— 142. Cold Spring Harbor Laboratory Press,C01d Spring
Harbor, New York.

Dilworth DD. and McCarrey1.R. 1992. Single—step elimination of

contaminating DNA prior to reverse transcriptase PCR. PCR
Methods Appl. 1: 279—282.

Diviacco S., Norio R, Zentilin L., Menzo S., Clementi M.,

Biamonti G., Riva S., Falaschi A1, and Giacca M. 1992. A
novel procedure for quantitative polymerase chain reaction
by coamplification of competitive templates. Gene 122: 313—
320.

Don R.H., Cox P.T., Wainwright B.1., Baker K., and Mattick 1.5.

1991. “Touchdown” PCR to circumvent spurious priming
during gene amplification. Nucleic Acids Res. 19: 4008.

Dorfman D.M. 1993. Amplification of bacteriophage library
inserts using polymerase chain reaction. Methods Enzymol.
218: 336—340.

Dugaiczyk A., Goold R., diSibio G,, and Myers R.M. 1992.

Improved sequencing of cosmids using new primers and lin-
earized DNA. Nucleic Acids Res. 20: 6421—6422.

Eckert K.A. and Kunkel T.A. 1993. Effect of reaction pH on the
fidelity and processivity of exonudease—deficient Klenow

polymerase. ]. Biol. Chem. 268: 13462—13471.

Engelke D.R., Krikos A., Bruck M.E., and Ginsburg D. 1990.
Purification of Thermus aquaticus DNA polymerase
expressed in Escherichia coli. Anal. Biochem. 191: 396—400

Erlich HA. 1989. Polymerase chain reaction. ]. Clin. Immunol. 9:

437—447.

Erlich H.A., Gelfand D., and Sninsky 1.1. 1991. Recent advances in

the polymerase chain reaction. Science 252: 1643—1651.
Fanning S. and Gibbs RA. 1997: PCR in genome analysis. In

Genome analysis:A laboratory manual, vol. 1: Analyzing DNA
(ed. B. Birren et al.), pp. 249—299. Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, New York.

Ferguson W.1., Braunschweiger K.1., Braunschweiger W.R., Smith
1.R., McCormick 1.1., Wasmann C.C., Jarvis N.P., Bell D.1—1.,

 



8.120 Chapter 8: In Vitro Amplification ofDNA by PCR

and Good NE. 1980. Hydrogen ion buffers for biological
research. Anal. Biorhem. 104: 300—310.

Fcrrc F. 1992, Quantitative or semi-quantitative PCR: Reality ver—
sus myth. PCR Methods Appl. 2: 1—9.

Foley K.P., Leonard MW, and Engel ].D. 1993. Quantitation of
RNA using the polymerase chain reaction. Trends Genet, 9:
380—385.

Foord 0.5. and Rose EA. 1994. Long-distance PCR. PCR Methods
Appl. 3:5149—161.

Freeman W.M., Walker 5.1, and Vrana K.E. 1999. Quantitative

RTPCR: Pitfalls and potential. BioTechniques 26: 112—125.
Frcier S.M., KierLek R.,1aegerI.A.,Sugimoto N., Caruthers M.H.,

Neilson T., and Turner DH. 1986. Improved free—energy

parameters for predictions of RNA duplex stability. Proc.
Natl. Acad. St‘i. 83: 9373—9377.

Frohman MA. 1993. Rapid amplification of complementary
DNA ends for generation of full-length complementary
DNAs: Thermal RACE. Methods Enzymol. 218: 340456.

- w . 1995. Rapid amplification of cDNA ends. In PCR primer:
A laboratory manual (ed. CW. Deiffenbach and GS.
Dveksler), pp. 381—409. Cold Spring Harbor Laboratory

Press, (Zold Spring Harbor, New York.
Frohmzm M.A., Dush M.K., and Martin G.R. 1988. Rapid pro—

duction of full-length cDNAs from rare transcripts:
Amplification using a single gene-specific oligonucleotide
primer. Prov. Natl. Acad. Sci. 85: 8998—9002.

Garza 11, Ajioka 1.W., Burke D.T., and Hart! D.L. 1989. Mapping
the Drosophila genome with yeast artificial chromosomes.
Science 246: 641—646.

Gauss W.(Z. and Adamovicz I. 1994. The use of PCR to quantitate
gene expression. PCR Methods Appl. 3: 5123—135.

Gelfand DH. and White T.]. 1990. Thermostable DNA p01y<
merases. In PCR protocols: A guide to methods and applica-
tions(ed.M.A.1nnis et al.), pp. 129—141.Academic Press, San

Diego, California.

Gerard G.F., Fox D.1(., Nathan M., and D'Alessio I.M. 1997.

Reverse transcriptase. The use of cloned Moloney murine

leukemia virus reverse transcriptase to synthesize DNA from

RNA. M01. Biotechnol. 8: 61—77.
Gerard (LE. Schmidt B.]., Kotewicz M.L., and Campbell LH.

1988. cDNA synthesis by Moloney murine leukemia virus

RNAse H—minus reverse transcriptase possessing full DNA

polymerase activity. Focus (Life Technologies) 14: 91—93.
Gibson U.E.. Heid C.A., and Williams RM. 1996. A novel method

for real time quantitative RT—PCR. Genome Res. 6: 995—1001.

Gilfillan S., Benoist C., and Mathis D. 1995. Mice lacking termi—
nal deoxynucleotidyl transferase: Adult mice with a fetal
antigen receptor repertoire. Immunol. Rev. 148: 201—219.

Gilliland G., Perrin S., Blanchard K., and Bunn HF. 1990.

Analysis of cytokine mRNA and DNA: Detection and quan—
titation by competitive polymerase chain reaction. Proc. Natl.
A(‘ad. Sci. 87: 2725-2529.

Girgis 5.1, A1evizakiM., Denny P., Perrier G.I., and Legon S. 1988.

Generation of DNA probes for peptides with highly degener-
ate codons using mixed primer PCR. Nucleic Acids Res. 16:
1037].

Good NE. and Izawa S. 1972. Hydrogen ion buffers. Methods
Enzymol. 24: 53—68.

Good N.E., Winget G.D., Winter W.,C0nn011y T.N., Izawa S., and
Singh RM. 1966. Hydrogen ion buffers for biological
resca rch. Biochemistry 5: 467-177.

Gmf 11, Fisher A.G., and Merkenschlager M. 1997. Rational
primer design greatly improves differential display-PCR

(DD—PCR). Nucleic Acids Res. 25: 2239—2240.
Griffin HG. and Griffin A.M. 1994. PCR technology; Current

innovations. CRC Press, Boca Raton, Florida.
Griffin H.G., l’Anson K.I., and Gasson MJ. 1993. Rapid isolation

of genes from bacterial lambda libraries by direct polymerase
chain reaction screening. FEMS Microbiol. Lett. 112: 49—53.

Grille M. and Margolis EL. 1990. Use of reverse transcriptase
polymerase chain reaction to monitor expression of intron-
1ess genes. BioTechniques 9: 262—268.

Guimaraes M.].,McC1anahan T., and Bazan J.F. 1997. Application
of differential display in studying developmental processes.
Methods Mol. Biol. 85: 175—194.

Gtissow D. and Clackson T. 1989. Direct clone characterization
from plaques and colonies by the polymerase chain reaction.
Nucleic Acids Res. 17: 4000.

Gustafson C.E., Alm R.A., and Trust TJ. 1993. Effect of heat
denaturation of target DNA on the PCR amplification. Gene
123: 241—244.

Gutman RD. and Minton K.W. 1993. Conserved sites in the 5'-3’
exonuclease domain of Escherichia coli DNA polymerase.
Nucleic Acids Res. 21: 4406—4407.

Haag E. and Raman V. 1994. Effects of primer choice and source
of Taq DNA polymerase on the banding patterns of differen-
tial display RT—PCR. BioTechniques 17: 226—228.

Halford WP. 1999. The essential prerequisites for quantitative
PCR. Nat. Biotechnol. 17: 835.

Halford W.P., Falco V.C., Gebhardt B.M., and Carr DJ. 1999. The
inherent quantitative capacity of the reverse transcription-
polymerase chain reaction. Anal. Biochem. 266: 181—191.

Harris S. and Jones DB. 1997. Optimisation of the polymerase
chain reaction. Br. ]. Biomed. Sci. 54: 166—173.

Harting 1. and Wiesner R.I. 1997. Quantification of transcript-to-

transcript ratios as a measure of gene expression using RT-
PCR. BioTechniques 23: 450—455.

Hartley I.L and Rashtchian A. 1993. Dealing with contamination:
Enzymatic control of carryover contamination in PCR. PCR
Methods Appl. 3: 510—514.

Harvey RJ. and Darlison M.G. 1991. Random-primed cDNA
synthesis facilitates the isolation of multiple 5'—cDNA ends
by RACE. Nucleic Acids Res. 19: 4002.

Haun R.S., Serventi 1.M., and Moss 1. 1992. Rapid, reliable liga-

tion-independent cloning of PCR products using modified
plasmid vectors. BioTechniques 13: 515—518.

Hansen P. and Stein H. 1970. Ribonuclease H. An enzyme degrad—
ing the RNA moiety of DNA-RNA hybrids. Bar. 1. Biochem.
14: 278—283.

Hecker K.H. and Roux K.H. 1996. High and low annealing tem—
peratures increase both specificity and yield in touchdown
and stepdown PCR. BioTechniques 20: 478—485.

Heid C.A., Stevens L, Livak K.J., and Williams PM. 1996. Real

time quantitative PCR, Genome Res. 6: 986—994.
Hemsley A., Arnheim N., Toney M.D., Cortopassi G., and Galas

DJ. 1989. A simple method for site-directed mutagenesis
using the polymerase chain reaction. Nucleic Acids Res. 17:
6545—6551.

Hengen RN. 199531. Methods and reagents. Cloning PCR prod—
ucts using T—vectors. Trends Biochem. Sci. 20: 85—86.

. 1995b. Fidelity of DNA polymerases for PCR. Trends
Biochem. Sci. 20: 324—325.

Higuchi R., Dollinger G., Walsh RS., and Griffith R. 1992.
Simultaneous amplification and detection of specific DNA
sequences. Bio/Technology 10: 413—417.

Higuchi R., Fockler C., Dollinger G., and Watson R. 1993. Kinetic

 

 

 



PCR analysis: Real—time monitoring of DNA amplification
reactions. Bio/chhnology 11: 1026—1030.

Hill I.M., Halford W.P., Wen R., Engel L.S., Green LC, and

(lebhardt B.M. 1996. Quantitative analysis of polymerase
chain reaction products by dot blot. Anal. Biochem. 235:
44-48.

Hinnisdael: S., Del-Favero I., and Vauterin M. 1996. Direct

cloning of PCR products amplified with Pwo DNA poly-
merase. BioTec/miques 20: 186—188.

H0 S.N., Pullen ].K., Horton R.M., Hunt 1—1.D., and Pease L.R.

1990. DNA and protein engineering using the polymerase
chain reaction: Splicing by overlap extension. DNA Protein
Eng. Tech. 2: 50—55.

Holland P.M., Abramson R.D., Watson R., and Gelfand DH.

1991. Detection of specific polymerase chain reaction prod-
uct by utilizing the 5'—3’ exonuclease activity of Thermus
aquatit‘us DNA polymerase. Proc. Natl. Acad. Sci. 88: 7276—
7280.

Holton TA and Graham M.W. 1991. A simple and efficient
method for direct cloning of PCR products using ddT-tailed
vectors. Nucleic Acids Res. 19: 1156.

Hoppe 13.1... Conti-Tronconi B.M., and Horton RM. 1992. Gel-
loading dyes compatible with PCR. BioTechniques 12: 679—
680.

Horton R.M., Cai Z.L., Ho S.N., and Pease L.R. 1990. Gene splicA

ing by overlap extension: Tailor-made genes using the poly—
merase chain reaction. BioTechrziques 8: 528—535.

Hostomsky Z., Hostomska Z., and Matthews DA. 1993.
Ribonucleases H. In Nucleases, 2nd edition (ed. S.M. Linn et
31), pp. 341—376. Cold Spring Harbor Laboratory Press,
Cold Spring Harbor, New York.

Hu G. 1993. DNA polymerase—catalyzed addition of non—tem—
plated extra nucleotides to the 3' end of a DNA fragment.
DNA Cell Biol, 12: 763—770.

Huang S.H., Hu Y.Y., Wu C.H., and Holcenberg 1. 1990. A simple
method for direct cloning cDNA sequence that flanks a
region of known sequence from total RNA by applying the
inverse polymerase Chain reaction. Nucleic Acids Res. 18:
1922.

Huang S.1-1., Wu C.1-1., Cai B., and Holcenberg I. 1993. cDNA
cloning by inverse polymerase chain reaction. Methods Mol.
Biol. 15: 349—356.

Huang Z., Fasco M.J., and Kaminsky LS. 1996. Optimization of

Dnase 1 removal of contaminating DNA from RNA for use in

quantitative RNA-PCR. BioTechniques 20: 1012—1020.
Hung T., Mak K., and Fong K. 1990. A specificity enhancer for

polymerase chain reaction. Nucleic Acids Res 18: 4953.
Huxley C., Green ED, and Dunham I. 1990. Rapid assessment of

S. cerevisiae mating type by PCR. Trends Genet. 6: 236.
lmai Y., Matsushima Y., Sugimura T., and Terada M. 1991. A sim-

ple and rapid method for generating a deletion by PCR.
Nucleic Acids Res. 19: 2785.

Innis MA, Gelfand D.H., Sninsky 1.1, and White T.]. 1990. PCR
protocols. A guide to methods and applications. Academic
Press, New York.

lshiguro T., Saitoh I., Yawata H., Yamagishi H., Iwasaki S., and

Mitoma Y. 1995. Homogeneous quantitative assay of hepati—
tis (3 virus RNA by polymerase chain reaction in the presence
of a fluorescent intercalator. Anal. Biochem. 229: 207—213.

Ishino Y., Ueno T., Miyagi M., Uemori T., Imamura M.,

Tsunasawa S., and Kate 1. 1994. Overproduction of Thermus

aquaticus DNA polymerase and its structural analysis by ion-
spray mass spectrometry. ]. Biochem. 116: 1019—1024.

References 8.121

Israel D.1. 1993. A PCR—based method for high stringency screen—
ing of DNA 1ibraries. Nucleic Acids Res. 21: 2627—2631.

Jones DH. and Howard EH. 1991. A rapid method for recombi—
nation and site—specific mutagenesis by placing homologous
ends on DNA using polymerase chain reaction.
BioTechm’ques 10: 62—66.

Jones DH. and Winistorfer SC. 1993. A method for the amplifi—
cation of unknown flanking DNA: Targeted inverted repeat

amplification. BioTechniques 15: 894—904.
once C.M. and Steitz TA. 1994. Function and structure relation-

ships in DNA polymerases. Annu. Rev. Biochem. 63: 777—822.
. 1995. Polymerase structures and function: Variations on a

theme? ]. Bacteriol. 177: 6321—6329.

lung V., Pestka S.B., and Pestka S. 1990. Efficient cloning of PCR
generated DNA containing terminal restriction endonucle—

ase recognition sites. Nucleic Acids Res. 18: 6156.
. 1993. Cloning of polymerase chain reaction—generated

DNA containing terminal restriction endonuclease recogni—

tion sites. Methods Enzymol. 218: 357—362.
lung Y.H. and Lee Y. 1995. RNases in ColEl DNA metabolism.

Mol. Biol. Rep. 22: 195—200.
Iurecic R., Nguyen T., and Belmont ].W. 1996. Differential mRNA

display using anchored oligo—dT and long sequence-speciflc
primers as arbitrary primers. Trends Genet. 12: 502—504.

Kain K.C., Orlandi P.A., and Lanar DE. 1991. Universal promot-

er for gene expression without cloning: Expression PCR.
Bio/Technology 10: 366—374.

Kaledin A.S., Sliusarenko AG, and Gorodetskii 3.1. 1980.

Isolation and properties of DNA polymerase from extreme
thermophylic bacteria Thermus aquaticus YT-1. Biokhimiya
45: 6447651.

Kaluz S. and Flint AP. 1994. Ligation—independent cloning of
PCR products with primers containing nonbase residues.
Nucleic Acids Res. 22: 4845.

Kaluz S., Kolble K., and Reid KB. 1992. Directional cloning of
PCR products using exonuclease 111. Nucleic Acids Res. 20:
4369—4370.

Kanaya S. and Ikehara M. 1995. Functions and structures of
ribonuclease H enzymes. Subcell. Biochem. 24: 377—422.

Kato K.I., Gonealves ].M., Houts GE, and Bollum E]. 1967.
Deoxynucleotide—polymerizing enzymes of calf thymus
gland. II. Properties of the terminal deoxynucleotidyltrans-
ferase. I. Biol. Chem. 242: 2780—2789.

Kaufman D.L. and Evans GA. 1990. Restriction endonuclease
cleavage at the termini of PCR products (erratum BioTech—

niques [1990] 9: 720). BioTechniques 9: 304—306.
Kebelmarm—Betzing C., Seeger K., Dragon S., Schmitt G., Moricke

A., Schild T.A., Henze G., and Beyermann B. 1998.

Advantages of a new Taq DNA polymerase in multiplex PCR
and time-release PCR. BioTechniques 24: 154—158.

Kellogg D.E., Rybalkin L, Chen S., Mukhamedova N., Vlasik T.,
Siebert RD, and Chenchik A. 1994. TaqStart antibody: “Hot
start” PCR facilitated by a neutralizing monoclonal antibody
directed against Taq DNA polymerase. BioTechniques 16:
1134—1137.

Keohavong R, Wang CC, Cha R.S., and Thilly W.G. 1988.
Enzymatic amplification and characterization of large DNA
fragments of genomic DNA. Gene 71: 211—216.

Kim Y., Eom S.H., Wang ]., Lee D.-S., Suh S.W., and Steitz TA.

1995. Crystal structure of Thermus aquaticus DNA polymer—
ase. Nature 376: 612—616.

Kleppe K., Ohtsuka E., Kleppe R., Molineux I., and Khorana H.G.
1971. Studies on polynucleotides. XCVI. Repair replications

 

 

 



8.122 (flmpter 8: In Vitro Amplification ofDNA by PCR

01511011 synthetic DNA’S as catalyzed by DNA polymerases. ].
A101. Biol. 56: 341—361.

Knuth K., Roherds S., Poteet C., and Tamkun M. 1988. Highly
degenerate, inosine—containing primers specifically amplify

rare cDNA using the polymerase chain reaction. Nucleic
Adds Res. 16: 10932.

Kolodkin A.L., Matthes D.I., and Goodman CS. 1993. The sema—

phorin genes encode a family of transmembrane and secret-
ed growth cone guidance molecules. Cell 75: 1389—1399.

Korolev S., Nayal M., Barnes W.M., Di Cera E., and Waksman G.

1995. Crystal structure of the large fragment of Thermus
(ZIIIltlfit’llS DNA polymerase I at 2.5-A resolution: Structural

basis for thermostability. Proc. Natl. Acad. Sci. 92: 9264—9268.
Kmhland ]r., 1).E. 1989. The molecule of the year. Science 246:

1541.

Kotewic'l M.1.., Sampson C.M., D’Alessio 1.M., and Gerard G.F.
1988. Isolation of a cloned Moloney murine leukemia virus
reverse transcriptase lacking ribonuclease H activity. Nucleic
Adds Res. 16: 265—277.

Km alic 1)., Kwak 1.H., and Weisblum B. 1991. General method for
direct cloning of DNA fragments generated by the poly-
merase chain reaction. Nucleic Acids Res. 19: 4560.

Krawetz S.A., Pon R.T., and Dixon G11. 1989. Increased efficien—
cy of the Taq polymerase catalyzed polymerase chain reac-
tion. Nm‘leit' Acids Res. 17: 819.

Krishnan B.R., Blakesley R.W., and Berg DE. 1991. Linear ampli-
fication DNA sequencing directly from single phage plaques
and bacterial colonies. Nucleic Acids Res. 19: 1153.

Krowczynsku AM. and Henderson MB. 1992. Efficient purifica»
tion of PCR products using ultrafiltration. BioTechniques 13:
286~289.

1..irrick 1.W. 1992. Message amplification phenotyping
(MAPPing)—Principles, practice and potential. Trends
Biatct‘hnol. 10: 146—152.

1.1th R. 1985. Synthetic oligonucleotide probes deduced from
amino acid sequence data. 1. Mol. Biol. 183: 1—12.

Lawyer 13.0, Stoffel S., Saiki R.K., Myambo K., Drummond R..
and Gelfand DH. 1989. Isolation, characterization and
expression in Escherichia coli of the DNA polymerase gene
from Thermus aquatirus. l. Biol. Chem. 264: 6427—6437.

Lawyer 1&(1, Stoffel S., Saiki R.K., Chang, S.Y., Landre, RA.,

Abramson, RD, and Gelfand, DH. 1993. High—level expres—
sion, purification and enzymatic characterization of full—
length Thermus aquaticus DNA polymerase and a truncated
form deficient in 5’ to 3' exonuclease activity. PCR Methods
App]. 2: 275—287.

Lay M.]. and Wittwer CT. 1997. Real-time fluorescence genotyp-

ing of factor V Leiden during rapid-cycle PCR. Clin. Chem.
43: 2262—2267. '

Lee (LC. and Caskey CT. 1990. cDNA cloning using degenerate
primers. In PCR protocols: A guide to methods and applica-
tions (ed. M.A. Innis et al.), pp. 46—53. Academic Press, San
1)iego,(falifomia.

Lee (LC. Wu X.W., Gibbs R.A., Cook R.G., Muzny D.M., and

(Zubkey (?.T. 1988. Generation of cDNA probes directed by

amino acid sequence: Cloning of urate oxidase. Science 239:
1288—1291.

Lee 1..(}.. (?onnell (2.1L, and Bloch W. 1993. Allelic discrimination
by nick-translation PCR with fluorogenic probes. Nucleic
Acids R05. Zl: 3761-3766.

levis R. 1995. Strategies for cloning PCR products. In PCR
primer: A laboratory manual (ed. CW. Dieffenbach and G.S.
Dveksler), pp. 539—554. Cold Spring Harbor Laboratory

vm—

Press, Cold Spring Harbor, New York.
Lewis MJ. and Pelham H.R. 1990. The sequence of the

Kluyveromyces lactis BiP gene. Nucleic Acids Res. 18: 6438.
Li B, Barnathan E.S., and Kariko K. 1994. Rapid method for

screening and cloning cDNAs generated in differential
mRNA display: Application ofnorthern blot for affinity cap—
turing of cDNAs. Nucleic Acids Res. 22: 1764—1765.

Li H., Cui X., and Arnheim N. 1990. Direct electrophoretic detec-
tion of the allelic state of single DNA molecules in human
sperm by using polymerase chain reaction. Proc. Natl. Acad.
Sci. 87: 4580—4584.

Liang P. and Pardee A.B. 1992. Differential display of eukaryotic
messenger RNA by means of the polymerase chain reaction.
Science 257: 967—971.

. 1997. Differential display. A general protocol. Methods

Mol. Biol. 85: 3—1 1.
Liang P., Averboukh L., and Pardee A.B. 1993. Distribution and

cloning of eukaryotic mRNAs by means of differential dis—
play: Refinements and optimization. Nucleic Acids Res. 21:
3269—3275.

Liang P., Averboukh L., Keyomarsi K., Sager R., and Pardee A.B.
1992. Differential display and cloning of messenger RNAs
from human breast cancer versus mammary epithelial cells.
Cancer Res. 52: 6966—6968.

Liang P., Bauer D., Averboukh L., Warthoe P., Rohrwild M.,
Muller H., Strauss M., and Pardee A.B. 1995. Analysis of
altered gene expression by differential display. Methods
Enzymol. 254: 304—321.

Liang P., Zhu W., Zhang X., Guo Z., O’Connell R.P., Averboukh
L., Wang F., and Pardee A.B. 1994. Differential display using
one—base anchored oligo—dT primers. Nucleic Acids Res. 22:
5763—5764.

Liedtke W., Battistini L.. Brosnan C.F., and Raine CS. 1994. A
comparison of methods for RNA extraction from lymphoA

cytes for RT—PCR. PCR Methods Appl. 4: 185—187.
Ling M., Merante E, and Robinson BH. 1995. A rapid and reli-

able DNA preparation method for screening a large number
Of yeast clones by polymerase chain reaction. Nucleic Acids
Res. 23: 4924—4925.

Linskens M.H., Feng ]., Andrews W.H., Enlow B.E., Saati S.M.,

Tonkin L.A., Funk W.D., and Villeponteau B. 1995.
Cataloging altered gene expression in young and senescent
cells using enhanced differential display. Nucleic Acids Res.
23: 3244—3251.

Linz U., Delling U., and Rfibsamen—Waigmann H. 1990.
Systematic studies on parameters influencing the perfor-

mance of the polymerase chain reaction. 1. Clin. Chem. Clin.
Biochem. 28: 5—13.

Liu Z.G. and Schwartz L.M. 1992. An efficient method for blunt—
end ligation of PCR products. BioTechniques 12: 28—30.

Livak K1, Flood S.]., Marmaro ]., Giusti W., and Deetz K. 1995.

Oligonucleotides with fluorescent dyes at opposite ends pro—
vide a quenched probe system useful for detecting PCR
product and nucleic acid hybridization. PCR Methods Appl.
4: 357—362.

Lobet Y., Peacock M., and Cieplak In, W. 1989. Frame—shift muta-

tion in the lacZ gene of certain commercially available
pUClS plasmids. NucleicAcids Res. 17: 4897.

Loh E.Y., Elliott ].F., Cwirla S., Lanier L.L., and Davis M.M. 1989.
Polymerase chain reaction with single—sided specificity:
Analysis of T cell receptor delta chain. Science 243: 217—220.

Longley M.I., Bennett S.E., and Mosbaugh D.W. 1990.
Characterization of the 5' to 3’ exonuclease associated with

 



ernms zlqmlrit'us DNA polymerase. Nucleic Adds Res. 18:
7317~7321

l ongo M,(L., Bcrningcr M.S., and Hartley ].L. 1990. Use of uracil
DNA glycosylase to control carry-over contamination in
polymerase chain reactions. Gene 93: 125—128.

Loukianov E.V., Loukianova T., and Periasamy M. 1997.

Identification Of targeted embryonic stem cells using long—
distance PCR. BiaTeL‘hniques 23: 376—3787 380.

Lu Y.H. and Négre S. 1993. Use of glycerol for enhanced efficien—

cy and specificity of PCR amplification. Trends Genet. 9: 297.
Luhin M.B.. Elashoff 1.11, Wang S.I., Rotter J.I., and Toyoda H.

1991. Precise gene dosage determination by polymerase
chain reaction: Theory, methodology, and statistical
approach. Mol. Cell. Probes 5: 307—317.

Lute MJ. and Burrows RD. 1998. Minimizing false positives in

differential display. BioTechniques 24: 766-768, 770.
Madigan MT. and Marrs B.L. 1997. Extremophiles. Sci. Am. 276:

82—87.

Malhotra K., Foltz L, Mahoney WC, and Schueler RA: 1998.
Interaction and effect of annealing temperature on primers
used in differential display RT—PCR. Nucleic Acids Res. 26:
854—856.

Mamur N.R., Meyer—Siegler K., Wurzer I.C., and Sirover M.A.
1993. (1611 cycle regulation of the glyceraldehyde—3~phos-
phate dchydrogen ase/uracil DNA glycosylase gene in normal
human cells. Nucleic Acids Res. 21: 993—998.

Mdrchuk 11, Drumm M., Saulino A., and Collins ES. 1991.
Construction of T—vcctors, a rapid and general system for
direct cloning of unmodified PCR products. Nucleic Acids
Res. 19: 1154.

McAlinden TR and Krawetz SA. 1994. A practical method to
screen libraries of cloned DNA. Anal. Biochem. 218: 237—238.

McClelland .\/I., Mathieu—Daude F., and Welsh I. 1995. RNA fin-

gerprinting and differential display using arbitrarily primed

P(IR. Trends Genet. 11: 242—246.
McConlogue L, Brow M.A., and Innis M.A. 1988. Structure-

independent DNA amplification by PCR using 7—deaza—2'-
deoxyguanosine. Nucleic Acids Res. 16: 9869.

Mead 1).A., Pey N.1(., Herrnstadt C., Marci] R.A., and Smith L.M.
1991. A universal method for the direct cloning of PCR
amplified nucleic acid. BioTechnology 9: 657—663.

Merkens L.S., Bryan S.K., and Moses RE. 1995. Inactivation of

the 5'-3' exonuclease of Thermus aquaticus DNA poly—
merase. Biochim. Biophys. Acta 1264: 243—248.

Mezei L.M. and Storts DR. 1994. Cloning PCR products. In PCR
technology: Current innovations (ed. H.G. Griffin and A.M.
Griffin), pp. 21—28. CRC Press, Boca Raton, Florida.

Mitsuhashi M. 1996. Technical report: Part 2. Basic requirements
for designing optimal PCR primers. ]. Clin. Lab. Anal. 10:
285—293.

.\11tsuhashi M., Cooper A., Ogura M., Shinagawa T” Yano K., and

Hosokawa T. 1994. Oligonucleotide probe design—A new
approach. Nature 367: 759—761.

Mole S.E., Iggo RD, and Lane DP. 1989. Using the polymerase
chain reaction to modify expression plasmids for epitope
mapping. Nucleic Acids Res. 17: 3319.

Mon L, Miller H., Li I., Wang E., and Chalifour L. 1994.

Improvements to the differential display method for gene
analysis. Biochem. Biophys. Res. Commun. 199: 564—569.

Mullis KB. 1990. The unusual origin of the polymerase chain

reaction. Sci. Am. 262: 56—65.

. 1991. The polymerase chain reaction in an anemic mode:
How to avoid cold oligodeoxyribonuclear fusion. PCR

Refbrences 8.123

Methods Appl. 1: 1—4.
Mullis KB. and Faloona EA. 1987. Specific synthesis of DNA in

vitro via a polymerase—catalyzed reaction. Methods Enzymol.
155: 335—350.

Mullis K., Faloona F., Scharf S., Saiki R., Horn G., and Erhch H.

1986. Specific enzymatic amplification of DNA in vitro: The
polymerase chain reaction. Cold Spring Harbor Syrup. Quant.
Biol. 51: 263—273.

Myers T.W. and Gelfand DH. 1991. Reverse transcription and
DNA amplification by a Thermus thermophilus DNA poly—
merase. Biochemistry 30: 7661—7666.

Myers T.W., Sigua G.L., and Gelfand DH. 1994. High tempera—
ture reverse transcription and PCR with a Thermus ther—
mophilus DNA polymerase. Nucleic Acids Symp. Ser. 30: 87.

Nasarabadi S., Milanovich E, Richards J., and Belgrader P. 1999.
Simultaneous detection ofTaqMan probes containing Fam and
Tamra reporter fluorophores. BioTechniques 27: 1 116—1118.

Nei M. and Li W.H. 1979. Mathematical model for studying
genetic variation in terms of restriction endonucleases. Proc.
Natl. Acad. Sci. 76: 5269—5273.

Newton CR. and Graham A. 1994. PCR. BIOS Scientific, Oxford,
United Kingdom.

Niederhauser C., Hofelein C., Wegmuller B., Luthy I., and
Candrian U. 1994. Reliability of PCR decontamination sys-
tems. PCR Methods App]. 4: 117—123.

Nishio Y., Aiello L.P., and King G.L. 1994. Glucose induced genes
in bovine aortic smooth muscle cells identified by mRNA
differential display. FASEB J. 8: 103—106.

Nisson P.E., Rashtchian A., and Watkins RC. 1991. Rapid and effi—
cient cloning of Alu—PCR products using uracil DNA glyco-
sylase. PCR Methods Appl. 1: 120—123.

Nitsche E.M., Moquin A., Adams P.S., Guenette R.S., Lakins I.N.,
Sinnecker G.H., Kruse K., and Tenniswood MP. 1996.
Differential display RT PCR of total RNA from human fore—
skin fibroblasts for investigation of androgen-dependent
gene expression. Am. 1. Med. Genet. 63: 231—238.

Ochman H., Ayala F.J., and Hart] D.L. 1993. Use of polymerase
chain reaction to amplify segments outside boundaries of
known sequences. Methods Enzymol. 218: 309—321.

Ochman H., Gerber A.S., and Hart] D.L. 1988. Genetic applica—
tions of an inverse polymerase chain reaction. Genetics 120:
621—623.

Ochman H., Ajioka I.W., Garza D., and Hart] D.L. 1990. Inverse

polymerase chain reaction. BioTechnology 8: 759—760.
Ohara O., Dorit R.L., and Gilbert W. 1989. One-sided polymerase

chain reaction: The amplification of cDNA. Proc. Natl. Acad.
Sci. 86: 5673—5677.

Ohler LB. and Rose EA. 1992. Optimization of long—distance
PCR using a transposon—based model system. PCR Methods
App]. 2: 51—59

Okayama H. and Berg P. 1983. A cDNA cloning vector that per—
mits expression of cDNA inserts in mammalian cells. Mol.
Cell. Biol. 3: 280—289.

Oliner J.D., Kinzler K.W., and Vogelstein B. 1993. In vivo

cloning of PCR products in E. coli. Nucleic Acids Res. 21:
5192—5197.

Ou C.Y., Moore I.L., and Schochetman G. 1991. Use of UV irra-
diation to reduce false positivity in polymerase chain reac-
tion. BioTechniques 10: 442—446.

Owczarzy R., Vallone RM., Gallo F.]., Paner T.M., Lane M.J., and
Benight A.S. 1997. Predicting sequence—dependent melting
stability of short duplex DNA oligomers. Biopolymers 44:
217—239.

  



8.124 Chapter 8: In Vitro Amplification ofDNA by PCR

Pcllcticr H. 1994. Polymerase structures and mechanism. Science
266: 2025—2026.

Pcrlcr F.B., Kumar S., and Kong H. 1996. Thermostable DNA

polymerases. Adv. Protein Chem. 48: 377—435.

Pcrsing 1).H: 1991. Polymerase chain reaction: Trenches to bench—
es. 1. Clin. Microbiol. 29: 1281—1285.

Peterson M.G. and Tjian R. 1993. Cross-species polymerase chain
reaction: Clotting of TATA box—binding proteins. Methods
Enzymol. 218: 493—507.

Piechocki M.P. and Hines RN. 1994. Oligonucleotide design and
optimized protocol for site-directed mutagenesis. BioTech—
riiqlws 16: 702—707

Pluthero EG. 1993. Rapid purification of high-activity Taq DNA
polymerase. Nucleic Acids Res. 21: 4850—4851.

Pomp D. and Mcdrano ].F. 1991. Organic solvents as facilitators

of polymerase chain reaction. BioTechniques 10: 58—59.
Ponce MR. and Mice] IL. 1991. PCR amplification oflong DNA

fragments. Nucleic Acids Res. 20: 623.

Pontius B.W. and Berg P. 1991. Rapid renaturation of comple—
mentary DNA strands mediated by cationic detergents: A
role for high-probability binding domains in enhancing the
kinetics of molecular assembly processes. Proc. Natl. Acad.
Sci. 88: 8237—8241.

Porcher C., Malinge M.C., Picat C., and Grandchamp B. 1992. A
simplified method for determination of specific DNA or
RNA copy number using quantitative PCR and an automat~
ed DNA sequencer. BioTechniques 13: 106-114.

Preaton GM. 1993. Use of degenerate oligonucleotide primers
and polymerase chain reaction to clone gene family mem-
bers. Methods Mol. Biol. 15: 317—337.

Prince A.M. and Andrus L. 1992. PCR: How to kill unwanted

DNA. BioTevhniques 12: 358—360.
Raeymdekers L. 1993. Quantitative PCR: Theoretical considera—

tions with practical implications. Anal. Biochem. 214:
582—585.

- -- . 1995. A commentary on the practical applications Ofcom—
petitive PCR. Genome Res. 5: 91—94.

Rameckers L, Hummel S., and Herrmann B. 1997. How many
cycles does a PCR need? Determinations of cycle numbers
depending on the number of targets and the reaction effi—
ciency factor. Naturwissenschaften 84: 259—262.

Rashtchian A., Buchman G.W., Schuster D.M., and Berninger
M.S. 1992. Uracil DNA glycosylase-mediated cloning of
polymerase chain reaction-amplified DNA application to
genomic and cDNA cloning. Anal. Biochem. 206: 91—97.

Reischl U. and Kochanowski B. 1995. Quantitative PCR. A survey
of the present technology. Mal. Biatechnal. 3: 55—71.

Rice P., Craigie R., and Davies DR. 1996. Retroviral integrases
and their cousins. Curr. Opin. Struct. Biol. 6: 76—83.

Riedel K.H., Wingfied B.D., and Britz T.]. 1992. Combined influf

encc of magnesium concentration and polymerase chain
reaction specificity enhancers. FEMS Microbiol. Lett. 92: 69—
72.

Ririe K.M., Rasmussen R.P., and Wittwer CT. 1997. Product dif—
ferentiation by analysis of DNA melting curves during the
polymerase chain reaction. Anal. Biochem. 245: 154—160.

Rothcr RP. 1992. Increasing the specificity of oligo(dT)-primed
PCR. BioTec/miques 13: 524—527.

Roux K.H. 1995. Optimization and troubleshooting in PCR. In

PCR primer: A laboratory manual (ed. C.W. Dieffenbach and
(LS. Dveksler), pp. 53—62. Cold Spring Harbor Laboratory
Press, Cold Spring Harbor, New York,

Roux K.H, and Hecker K.H. 1997. One—step optimization using

touchdown and stepdown PCR. Methods Mol. Biol. 67: 39—45
Rychlik W. 1994. New algorithm for determining primer efficien-

cy in PCR and sequencing. ]. NIH Res. 6: 78.

. 1995. Selection of primers for polymerase chain reaction.
Mal. Biotechnol. 3: 129—134.

Rychlik W., Spencer W.]., and Rhoads RE. 1990. Optimization of
the annealing temperature for DNA amplification in vitro
(erratum Nucleic Acids Res. [1991] 19: 698). NucleicAcids Res.
18: 6409—6412.

Sager R., Anisowicz A., Neveu M., Liang R, and Sotiropoulou G.

1993. Identification by differential display of alpha 6 integrin
as a candidate tumor suppressor gene. FASEB ]. 7: 964—970.

Saiki R.K., Scharf S., Faloona F., Mullis K.B., Horn G.T., Erlich

H.A., and Arnheim N. 1985. Enzymatic amplification of
beta-globin genomic sequences and restriction site analysis
for diagnosis of sickle cell anemia. Science 230: 1350—1354.

Saiki R.K., Gelfand D.H., Stoffel S., Scharf S.]., Higuchi R., Horn
G.T., Mullis K.B., and Erlich H.A. 1988. Primer-directed
enzymatic amplification of DNA with a thermostable DNA
polymerase. Science 239: 487—49 1 .

Sandhu G.S., Precup HM, and Kline B.C. 1993: Characterization
of recombinant DNA vectors by polymerase chain reaction
analysis of whole cells. Methods Enzymol. 218: 363—368.

Sarkar G., Kapelner S., and Sommer 5.5. 1990. Formamide can
dramatically improve the specificity of PCR. Nucleic Aczds
Res. 18: 7465.

Sathe G.M., O’Brien S., McLaughlin M.M., Watson F., and Livi
GP. 1991: Use of polymerase chain reaction for rapid detec—
tion of gene insertions in whole yeast cells. Nucleic Acids Res.
19: 4775.

Schaefer B.C. 1995. Revolutions in rapid amplification of cDNA

ends: New strategies for polymerase chain reaction cloning
of full—length cDNA ends. Anal. Biochem. 227: 255—273.

Scharf S.J., Horn GT, and Erlich HA. 1986. Direct cloning and

sequence analysis of enzymatically amplified genomic
sequences. Science 233: 1076—1078.

Schneeberger C. and Zeillinger R. 1996. PCR—mediated synthesis

of exogenous competitors for quantitative RT-PCR.
BioTechniques 20: 360—362.

Schneeberger C., Speiser R, Kury F., and Zeillinger R. 1995.
Quantitative detection of reverse transcriptase—PCR prod—
ucts by means of a novel and sensitive DNA stain. PCR
Methods Appl. 4: 234—238.

Schoettlin W., Nielson K.B., and Mathur E. 1993. Optimization of

PCR using the opti—prime kit. Strategies Newsletter 6: 43—44.
Stratagene, La Jolla, California.

Sederoff R. 1993. Availability of Taq polymerase. Science 259:
1521-1522.

Sellner L.N., Coelen R.I., and Mackenzie LS. 1992. Reverse tran-
scriptase inhibits Taq polymerase activity. Nucleic Acids Res.
20: 1487—1490.

Sharrocks AD. 1994. The design of primers for PCR. In PCR tech—
nology: Current innovations (ed. H.G. Griffin and A.M.
Griffin), pp. 5—11. CRC Press, Boca Raton, Florida.

Sheffield V.C., Cox D.R., Lerman L.S., and Myers RM. 1989.
Attachment of a 40-base pair G + C—rich sequence (GC—
clamp) to genomic DNA fragments by polymerase chain
reaction results in an improved detection of single base
changes. Proc. Natl. Acad. Sci. 86: 232—236.

Shuldiner AR. and Tanner K. 1997. Rapid (ligase—free) sub-
cloning of PCR products. Methods Mol. Biol. 67: 69—78.

Shuldiner A.R., Tanner K,, Scott L.A., Moore C.A., and Roth 1.
1991. Ligase—free subcloning: A versatile method to subclone

 

 



polymerase chain reaction (PCR) products in a single day.

Anal. Bindwm. 194: 9415.

Sicbcrt PD. and Larrick I.W. 1992. Competitive PCR. Nature 359:

557—553.

Silver ]. and Keerikatte V. 1989. Novel use of polymerase chain
reaction to amplify cellular DNA adjacent to an integrated
provirus (erratum 1, Virol. [1990] 64: 3150). I. Virol. 63:

1924—1928.

Silverman (LA. 1993. Isolating vector-insert junctions from yeast

artificial chromosomes. PCR Methods App]. 3: 141—150.
~ 1996. End—rescue of YAC clone inserts by inverse PCR.

Methods M01. Biol. 54: 145—155.

Silverman G.A., Ye R.D., Pollock K.M., Sadler ].E., and Korsmeyer

SJ. 1989. Use of yeast artificial chromosome clones for map-

ping and walking within human chromosome segment
18qu.3. Proc. Natl. Acad. Sci. 86: 7485—7489.

Smith C.. Day P.]., and Walker MR. 1993. Generation of cohesive

ends on PCR products by UDG—mediated excision of dU,
and application for cloning into restriction digest-linearized
vectors. PCR Methods Appl. 2: 328—332.

Summer R. and Tautz D. 1989. Minimal homology requirements
for PCR primers. Nucleic Acids Res. 17: 6749.

Sompayrac L.. lane S., Bum T.C1, Tenen D.G., and Danna K.].
1995. Overcoming limitations of the mRNA differential dis—
play technique. Nufleic Acids Res. 23: 4738—4739.

Spflnakis E. 1993. Problems related to the interpretation of
autoradiographic data on gene expression using common
constitutive transcripts as controls. Nucleic Acids Res. 21:

3809—3819.

Steffens D.L., Sutter S.L., and Roemer S.C. 1993. An alternate uni—
versal forward primer for improved automated DNA

sequencing of M13. BioTechniques 15: 580—581.
Stein H. and Hausen P. 1969. Enzyme from calf thymus degrad—

ing the RNA moiety of DNA—RNA hybrids: Effect on DNA-
dependcnt RNA polymerase. Science 166: 393—395.

Strathmann M., Wilkie T.M., and Simon M.1. 1989. Diversity of
the G-protein family: Sequences from five additional alpha
subunits in the mouse. Proc. Natl. Acad, Sci. 86: 7407—7409.

Suggs S.V., Hirose T., Miyake T., Kawashima E.H., Johnson M.I.,
ltakura K., and Wallace RB. 1981. Use of synthetic
oligodeoxyribonucleotides for the isolation of specific
cloned DNA sequences. In Developmental biology using puri—
fied genes (ed. DD. Brown), pp. 683—693. Academic Press,
New York.

Sun Y., Hegamyer G., and Colburn NH. 1994. Molecular cloning
of five messenger RNAs differentially expressed in preneo—
plastic or neoplastic IB6 mouse epidermal cells: One is

homologous to human tissue inhibitor of metalloproteinas-
es-3. Cancer Res. 54: 1139—1144.

Sung Y]. and Denman RB. 1997. Use of two reverse transcrip»

tases eliminates false-positive results in differential display.
Biochhniques 23: 462—468.

Sutcliffe LG. 1988. mRNA in the mammalian central nervous sys—
tem. Amm. Rev. Neurosci. 11: 157—198.

'1'akagi S., Kimura M., and Katsuki M. 1992. A rapid and efficient
protocol of the inverted PCR using two primer pairs.
Biofl’chniques 13: 176—178.

’1'akumi T. 1997. Use of PCR for cDNA library screening. Methods
M01. Biol. 67: 339—344.

‘1'e1esnitsky A. and Goff SP. 1993. RNase H domain mutations

affect the interaction between Moloney murine leukemia
virus reverse transcriptase and its primer—template. Proc.
Natl. Amu’. Sci. 90: 1276—1280.

References 8.125

Temesgen B. and Eschrich K. 1996. Simplified method for ligase—
free cloning of PCR products. BioTerhniques 2: 828—832.

Temin HM. and Mizutani S. 1970. RNA-dependent DNA poly~
merase in virions of Rous sarcoma virus. Nature 226: 1211—

1213

Thein S.L. and Wallace R.B. 1986. The use of synthetic oligonu-
cleotides as specific hybridization probes in the diagnosis of
genetic disorders. In Human genetic diseases: A practical
approach (ed. K.E. Davies), pp. 33—50. IRL Press, Oxford.
United Kingdom.

Thornton C.G., Hartley J.L., and Rashtchian A. 1992. Utilizing

uracil DNA glycosylase to control carryover contamination
in PCR: Characterization of residual UDG activity following
thermal cycling. BiaTechniques 13: 180—184.

Tindall K.R. and Kunkcl TA. 1988. Fidelity of DNA synthesis by
the Thermus aquaticus DNA polymerase. Biochemistry 27:
6008—6013.

Triglia T., Peterson M.G., and Kemp DJ. 1988. A procedure for in

vitro amplification of DNA segments that lie outside the
boundaries of known sequences. Nucleic Acids Res. 16: 8186.

Trower MK. 1996. A rapid PCR—based colony screening protocol

for cloned inserts. Methods Mol. Biol. 58: 329—333.
Tsai 5.1. and Wiltbank MC. 1996. Quantification of mRNA using

competitive RT-PCR with standard-curve methodology.
BioTechniques 21: 862—866.

Utans U., Liang P., Wyner L.R., Karnovsky M.]., and Russell ME.
1994. Chronic cardiac rejection: Identification of five upreg—
ulated genes in transplanted hearts by differential mRNA

display. Proc. Natl. Acad. Sci. 91: 6463—6467.
Varadaraj K and Skinner BM. 1994. Denaturants or cosolvents

improve the specificity of PCR amplification ofa G + C-rich
DNA using genetically engineered DNA polymerases. Gene
140: 1—5.

Wada K., Wada Y., Ishibashi F., Gojobori T., and Ikemura T. 1992.

Codon usage tabulated form the GenBank genetic sequence
data. Nucleic Acids Res. 20: 21 11—21 18.

Wallace R.B., Johnson M.]., Suggs S.V., Miyoshi K., Bhatt R., and
Itakura K. 1981. A set of synthetic oligodeoxyribonucleotide
primers for DNA sequencing in the plasmid vector pBR322.
Gene 16: 21—26.

Wang A.M., Doyle M.V., and Mark DP. 1989. Quantitation of

mRNA by the polymerase chain reaction (erratum Proc.
Natl. Acad. Sci. [1990] 87: 2865). Proc. Natl. Acad. Sci. 86:
9717—9721.

Wang X., Li X., and Feuerstein G.Z. 1998. Use of novel down—

stream primers for differential display RT—PCR.
BioTechniques 24: 382—386.

Wang Y.R., Wu I.Y., Reaves S.K., and Lei KY. 1996. Enhanced

expression of hepatic genes in copper-deficient rats detected
by the messenger RNA differential display method. ]. Nutr.

126: 1772—1781.

Warthoe P., Bauer D., Rohde M., and Strauss M. 1995. Detection
and identification of expressed genes by differential display.
In PCR primer: A laboratory manual (ed. C.W. Dieffenbach
and GS. Dveksler), pp. 421—438. Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, New York.

Watanabe K., Sakai F., and Orii H. 1997. Stepwise dilution screen—
ing of a cDNA library by polymerase chain reaction. Anal.
Biochem. 252: 213—214.

Weiner MP. 1993. Directional cloning of blunt—ended PCR prod—
ucts. BioTechniques 15: 502—505.

Welsh ]., Chada K., Dalal S.S., Cheng R., Ralph D., and
McClelland M. 1992. Arbitrarily primed PCR fingerprinting

  



8.126 Chapter 8: In Vitro Amplification ofDNA by PCR

01 RNA. Nm‘lcicAcids Res. 20: 4965—4970.

Wetmur LG. 1991. DNA probes: Applications ofthe principles of

nucleic acid hybridization. Crit. Rev. Biochem. Mol. Biol. 26:
227—259.

“hymn R.S., Edmonds P., and Swaminathan B. 1990. Effect of

ionic and nonionic detergents on the Taq polymerase.
Bio'lbdmiths 9: 308—309.

\\’icsner R.}., Rflegg ).C., and Morano I. 1992. Counting target

molecules by exponential polymerase chain reaction: Copy

number of mitochondrial DNA in rat tissues. Biochem.

Biophys. Res, Commun. 183: 553—559.
\\’intcrsberger U. 1990. Ribonucleases H of retroviral and cellular

origin. Pharmacol. Ther. 48: 259—280.
Winwer (1.11, Herrmann M.G., Moss A.A., and Rasmussen R.P.

1997a. Continuous fluorescence monitoring of rapid cycle
DNA amplification. BioTechniques 22: 130—138.

Wittwcr C.T., Ririe K.M., Andrew R.V., David D.A., Gundry R.A.,

and Balis 11.1. 199717. The LightCycler: A microvolume multi—
samplc fluorimeter with rapid temperature control.

BioTechniques 22: 176—181.

Wybranietz WA. and Lauer U. 1998. Distinct combination of
purification methods dramatically improves cohesive-end
subcloning of PCR products. BioTechniques 24: 578—580.

Yu L. and Bloem L.]. 1996. Use of polymerase chain reaction to
screen phage libraries. Methods Mol. Biol. 58: 335—339.

Zhao S., Ooi S.L., and Pardee AB. 1995. New primer strategy
improves precision of differential display. BioTechniques 18:
842—850.

Zhao S., Molnar G., Zhang ]., Zheng L., Averboukh L., and Pardee

AB. 1998. 3’—end cDNA pool suitable for differential display
from a small number of cells. Bio Techniques 24: 842—852.

Zimmermann I.W. and Schultz RM. 1994. Analysis of gene
expression in the preimplantation mouse embryo: Use of
mRNA differential display. Proc. Natl. Acad. Sci. 91: 5456—
5460.

Zimmermann K., Sch‘dgl D., and Mannhalter I.W. 1998. Digestion
of terminal restriction endonuclease recognition sites on
PCR products. BioTechniques 24: 582—584.

  



Chapter 9
 

Preparation of Radiolabeled
DNA and RNA Probes

INTRODUCTION

PROTOCOLS

1

11

12

13

14

15

16

Random Priming: Radiolabeling of Purified DNA Fragments by Extension of Random
Oligonucleotides

Random Priming: Radiolabeling of DNA by Extension of Random Oligonucleotides in

the Presence of Melted Agarose

0 Nick Translation: An Historical Note

Radiolabeling of DNA Probes by the Polymerase Chain Reaction

0 Additional Protocol: Asymmetric Probes

Synthesis of SingIe-stranded DNA Probes of Defined Length from Bacteriophage
M13 Templates

Synthesis of SingIe-stranded DNA Probes of Heterogeneous Length from
Bacteriophage M13 Templates

Synthesis of Single-stranded RNA Probes by In Vitro Transcription

0 Additional Protocol: Using PCR to Add Promoters for Bacteriophage-encoded
RNA Polymerases to Fragments of DNA

Synthesis of cDNA Probes from mRNA Using Random Oligonucleotide Primers

Synthesis of Radiolabeled, Subtracted cDNA Probes Using OIigo(dT) as a Primer

Radiolabeling of Subtracted cDNA Probes by Random Oligonucleotide Extension
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DNA Polymerase I
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End Labeling Protruding 3' Termini of Double-stranded DNA with [a-32P]C0rdycepin

5 ’-Triphosphate or [a-32P]dideoxyATP

Dephosphorylation of DNA Fragments with Alkaline Phosphatase

Phosphorylation of DNA Molecules with Protruding 5 ‘-Hydroxyl Termini
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LABELED NUCLEIC ACIDS ARE USED IN MOLECULAR CLONING either as reagents or as probes:

0 Labeled fragments of cloned DNA and oligonucleotides of defined size are used as reagents in

chemical and enzymatic sequencing, nuclease Sl analysis of RNA, and band—shift experiments.

In these cases, the labeled reagent is converted to products of different sizes, which can be

detected by a variety of methods, gel electrophoresis being the most common.

0 Labeled DNA, RNA, and oligonucleotide probes are used in hybridization-based techniques to
locate and bind DNAs and RNAs of complementary sequence. These techniques include

colony and plaque screening, Southern and northern analyses, in situ hybridization, and

sequencing by hybridization.

In both cases, success depends on the facile introduction of labels into DNA or RNA by methods

such as end-labeling, random priming, nick translation, in Vitro transcription, and variations of

the polymerase chain reaction (PCR). Some of these methods place the label in specific locations

within the nucleic acid (e.g., at the 5’ or 3” terminus); others generate molecules that are labeled

internally at multiple sites. Some methods yield labeled single—stranded products, whereas others
generate double—stranded nucleic acids. Finally, some generate probes of defined length, and oth-

ers yield a heterogeneous population of labeled molecules. Table 9-1 summarizes the options

available for radiolabeling nucleic acids and guides investigators to a method of labeling that suits

the task at hand.

 

Basic research may seem very expensive. I am a well—paid scientist. My hourly wage is equal to that

ofa plumber, but sometimes my research remains barren of results for weeks, months or years and

my conscience begins to bother me for wasting the taxpayer’s money But in reviewing my life’s

work, I have to think that the expense was not wasted. Basic research, to which we owe everything,

is relatively very cheap when compared with other outlays ofmodern society. The other day I made

a rough calculation which led me to the conclusion that if one were to add up all the money ever

spent by man on basic research, one wouldfind it to bejust about equal to the money spent by the
Pentagon this past year.

Albert Szent-Gyérgyi, The Crazy Ape 
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Protocol 1
 

Random Priming: Radiolabeling of Purified
DNA Fragments by Extension of Random
Oligonucleotides

OLIGONUCLEOTIDES CAN SERVE AS PRIMERS for initiation of DNA synthesis on single-stranded

templates by DNA polymerases (Goulian 1969). If the oligonucleotides are heterogeneous in

sequence, they will form hybrids at many positions, so that the complement of every nucleotide

of the template (except those at the extreme 5' terminus) will be incorporated at equal frequency

into the product. These products of DNA synthesis can be radiolabeled by using one
[a-32P]dNTP and three unlabeled dNTPs as precursors, generating probes with specific activities
0f5 x 108 to 5 ><109 dpm/ug.

Taylor et al. (1976) reported the first use of random priming to generate radiolabeled probes
for hybridization. However, the method did not find wide acceptance until the mid 1980s, when
the ready availability of commercial DNA polymerases and oligonucleotide primers allowed
Feinberg and Vogelstein (1983, 1984) to develop a set of standardized and hardy reaction condi-
tions. These conditions have since been incorporated into labeling kits, which are marketed by
several commercial manufacturers. However, random priming reactions are so robust and simple
that kits are an unnecessary luxury. Labeling can be carried out with equal efficiency and greater
economy using components purchased individually.

Random priming is inherently simpler than nick translation because the requirements for
two nuclease activities (DNase I and 5’——>3’ exonuclease) are eliminated. The radiolabeled prod-
ucts of random priming reactions are therefore more homogeneous in size and behave more
reproducibly in hybridization reactions. In nick translation, the average size of the radiolabeled
products cannot be controlled with great accuracy. In random priming, however, the average size
of the probe DNA is under the control of the investigator since probe length is an inverse func-
tion of the primer concentration (Hodgson and Fisk 1987). These advantages have proven to be
so decisive that random priming has almost completely replaced nick translation as the standard
method of labeling of double—stranded DNA probes.

9.4  



Protocol 1: Random Priming: Radiolabeling ofPurified DNA Fragments 9.5

COMPONENTS OF RANDOM PRIMING REACTIONS

DNA Polymerase

Radiolabel

Primers

Random priming reactions may be catalyzed by any of several DNA polymerases including, for

example, Taq (Sayavedra-Soto and Gresshoff 1992). However, by virtue of its efficiency and tol-

erance of a wide range of conditions, the enzyme of choice is the Klenow fragment of Escherichia

coli DNA polymerase I. As discussed in the information panel on E. COLI DNA POLYMERASE I AND

THE KLENOW FRAGMENT, the Klenow fragment lacks 5’—>3’ exonuclease activity, so that the

radioactive product is synthesized exclusively by primer extension rather than by nick translation

and is not subject to exonuclease degradation. The reaction can be carried out at pH 6.6, where

the 3’—>5’ exonuclease activity of the standard Klenow enzyme is much reduced (Lehman and

Richardson 1964). Alternatively, Sequenase version 2.0 (USB Specialty Biochemicals) or variants

of the Klenow fragment that lack 3’—>5’ exonuclease activity (Stratagene or New England Biolabs)

can be used. Both of these enzymes lack the 3’—>5' exonuclease activity of the Klenow fragment.

Random priming reactions typically contain one radiolabeled [0c—“P]dNTP (sp. act. 3000
Ci/mmole) and three unlabeled dNTPs as precursors. Under the reaction conditions described in

this protocol, 40—80% of the [a-32P]dNTP is incorporated into DNA and the specific activity of
the radiolabeled product varies from 1 x 109 to 4 x 109 dpm/iig, depending on the amount of tem-

plate DNA in the reaction. Although higher specific activities can be generated using two

[a—32P]dNTPs as precursors, the resulting probes degrade very rapidly due to radiochemical

decay (Stent and Fuerst 1960) and must therefore be used without delay. When [a—32P]dNTP of

lower specific activity is used as a precursor (e.g., 800 Ci/mmole), the yield of DNA is increased

fourfold and its specific activity is reduced to <109 dpm/pg. Such probes are more than adequate

for most purposes and can be stored frozen for several days before radiolytic degradation becomes

a problem.

Deoxynucleotide triphosphates that carry reporter groups such as digoxigenin can be sub—

stituted for radioactive nucleotides. Approximately one modified base is incorporated per 25—35

nucleotides of DNA synthesized during a standard random priming reaction (Kessler et al. 1990).
For further information, please see Appendix 9.

Oligonucleotide primers can be generated by DNase I digestion of calf thymus DNA, by synthe-

sis on an automated DNA synthesizer, or, far more easily, by purchase from a commercial source.
The length of the primers is crucial. Oligonucleotides shorter than six bases in length are very
poor primers, whereas those longer than seven bases in length have progressively greater tenden—
cy to self-anneal and self-prime (Suganuma and Gupta 1995). Ideally, therefore, populations of
oligonucleotides used in random priming should be either six or seven nucleotides in length. All
possible sequences should be represented in the population at equal frequencies.

The average size of the probe generated during random priming reactions is an inverse
function of the concentration of primer (Hodgson and Fisk 1987): The length of radioiabeled
product : Mm, where PC is the concentration of primer.

The standard priming reaction described in this protocol contains between 60 ng and 125
ng of random hexamers or heptarners and generates radiolabeled products that are ~400—600



9.6 Chapter 9: Preparation ofRadiolabeled DNA and RNA Probes

Template DNA

MATERIALS

nucleotides in length, as determined by electrophoresis through either an alkaline agarose gel or
a denaturing polyacrylamide gel. Higher concentrations of primer lead to steric hindrance or to

exhaustion of the [oc-32P]dNTP precursor with a concomitant depression of yield; lower concen—

trations of primer generate populations of radiolabeled products that are so heterogeneous in

length (0.4—4 kb; Hodgson and Fisk 1987) that they would be expected to hybridize with anom—

alous kinetics.

The reaction conditions given in this protocol, adapted from Feinberg and Vogelstein (1983,
1984), are optimized for labeling of linear double-stranded DNA templates up to 1 kb in length.

Shorter DNA templates generate probes of low specific activity that do not hybridize well under

stringent conditions. Closed circular, double-stranded DNAs are inefficient templates and should

be converted to linear molecules by digestion with a restriction enzyme before use in a random

priming reaction. Wherever practicable, a purified segment of target DNA should be used as a

template, rather than an entire plasmid. This greatly suppresses the level of background when the
radiolabeled DNA is used as a hybridization probe (Feinberg and Vogelstein 1983, 1984).

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Ammonium acetate (10 M)

Optiona1,please see Step 5.

Ethanol

Optional, please see Step 5.

NA stop/storage buffer
50 mM Tris—Cl (pH 7.5)

50 mM NaCl

5 mM EDTA (pH 8.0)

0.50/0 (w/v) SDS

5x Random priming buffer
250 mM Tris (pH 8.0)

25 mM MgC11
100 mM NaCl

10 mM dithiothreitol

1 M HEPES (adjusted to pH 6.6 with 4 M NaOH)

Use a fresh dilution in HZO of 1 M dithiothreitol stock, stored at —20"C. Discard the diluted dithiothreitol
after use.

Enzymes and Buffers

Gels

Klenow fragment of E. coli DNA polymerase I

Alkaline agarose gel or denaturing polyacrylamide gel <!>
Please see Step 4.
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Nucleic Acids and OIigonucIeotides

dNTP solution containing three unlabeled dNTPs, each at 5 mM
The composition of this solution depends on the [a-jZPMNTP to be used. If radiolabeled dATP is used,
the mix should contain dCTP, dTTP, and dGTP each at a concentration of 5 mM. If two radiolabeled

dNTPs are used, this solution should contain the other two dNTPs each at a concentration of 5 mM. For
advice on making and storing stock solutions of dNTPs, please see the information panel on PREPARA-
TION OF STOCK SOLUTIONS OF dNTPs AND ddNPTs FOR DNA SEQUENCING in Chapter 12.

Random deoxynucleotide primers six or seven bases in length (725 ng/pl in TE, pH 7.6)
Because of their uniform length and lack of sequence bias, synthetic oligonucleotides of random
sequence are the primers of choice. Oligonucleotides of optimal length (hexamcrs and heptamers;

Suganuma and Gupta 1995) can be purchased from a commercial source (e.g., Pharmacia or Boehringer
Mannheim) or synthesized locally on an automated DNA synthesizer. Store the solution of primers at
—20°C in small aliquots.

Template DNA (5—25 ng/pl) in TE (pH 7.6)
Purify the DNA to be radiolabeled by one of the methods described in Chapter 5.

This protocol works best when 25 ng of template DNA is used in a standard 5011] reaction. Larger
amounts of DNA generate probes of lower specific activity; smaller amounts of DNA require longer
reaction times. Please see note to Step 4.

Radioactive Compounds

[ot-32PIdNTP (70 mCi/ml, 5p. act. >3000 Ci/mmole) <!>

To minimize problems caused by radiolysis of the precursor, it is best, whenever possible, to prepare radi-
olabeled probes on the day the [32P]dNTP arrives in the laboratory.

Special Equipment

Boiling water bath or heating block preset to 95°C
Microfuge tubes (0.5 m1)

Sephadex G-50 spun column, equilibrated in TE (pH 7.6)
Optional, please see Step 5.

METHOD

1. In a 0.5-ml microfuge tube, combine template DNA (25 ng) in 30 ul of H20 with 1 pl of ran-

dom deoxynucleotide primers (~125 ng). Close the top of the tube tightly and place the tube

in a boiling water bath for 2 minutes.

2. Remove the tube and place it on ice for 1 minute. Centrifuge the tube for 10 seconds at 4°C

in a microfuge to concentrate the mixture of primer and template at the bottom of the tube.

Return the tube to the ice bath.

3. To the mixture of primer and template, add:

5 mM dNTP solution 1 pl

5x random priming buffer 10 ul

10 mCi/ml [a—32P]dNTP 5 pl

(Sp. act. 3000 Ci/mmole)

HzO to 50 pl

4. Add 5 units (~1 pl) of the Klenow fragment. Mix the components by gently tapping the out-
side of the tube. Centrifuge the tube at maximum speed for 1—2 seconds in a microfuge to
transfer all the liquid to the bottom of the tube. Incubate the reaction mixture for 60 minutes
at room temperature.  



9.8 Chapter 9: Preparation ofRadiolabeled DNA and RNA Probes

To label larger amounts of DNA, assemble reaction mixtures as described in Steps 3 and 4 and then

incubate the reaction for 60 minutes. To label smaller amounts of DNA, incubate the reactions for

times that are in inverse proportion to the amount oftemplate added. For example, random prim-

ing reactions containing 10 ng of template DNA should be incubated for 2.5 hours.

To monitor the course of the reaction, measure the proportion of radiolabeled dNTPs that either
is incorporated into material precipitated by trichloroacetic acid (TCA) or adheres to a DE—81 fil—
ter (please see Appendix 8).

Under these reaction conditions, the length of the radiolabeled product is ~400—600 nucleotides,

as determined by electrophoresis through an alkaline agarose gel (Chapter 5, Protocol 8) or a dena-
turing polyacrylamide gel (Chapter 12, Protocol 8).

5. Add 10 pl of NA stop/storage buffer to the reaction, and proceed with one of the following
options as appropriate.

0 Store the radiolabeled probe at ~20°C until it is needed for hybridization.

or

0 Separate the radiolabeled probe from unincorporated dNTPs by either spun—column

chromatography (please see Appendix 8) or selective precipitation of the radiolabeled

DNA with ammonium acetate and ethanol (please see Appendix 8). This step is general—

ly not required if >50% of the radiolabeled dNTP has been incorporated during the reac—

tlon.

Assuming that 50% of the radioactivity has been incorporated into TCA~precipitable material dur—
ing the random priming reaction and that 90% of this material has been generated by random
priming events on the template DNA (rather than self—priming of oligonucleotides), then the
probe DNA would contain a total of ~4.5 x 107 dpm (enough for two to five Southern hybridiza-
tions of mammalian genomic DNA). The specific activity of the probe would be ~ 1.8 x 10" dpm/ug
and the weight of DNA synthesized during the reaction would be 9.7 ng, which is enough to detect
single-copy sequences in mammalian DNA by Southern analysis.

___ _ ,

 



Protocol 2
 

Random Priming: Radiolabeling of DNA by
Extension of Random Oligonucleotides in
the Presence of Melted Agarose

A VARIATION OF THE METHOD DESCRIBED IN PROTOCOL 1 can be used to radiolabel DNA in slices
cut from gels cast with low-melting—temperature agarose (Feinberg and Vogelstein 1983, 1984).
Most of the materials required for this protocol are the same as those used in Protocol 1. However,

the labeling buffer has been slightly modified to include unlabeled dNTPs and random oligonu—

cleotide primers. According to the investigator’s needs, the labeling reaction can be assembled

from its individual components, as described in Protocol 1, or from the composite buffer, as

described here. For further details concerning materials required for the method and on the spe-

cific activity and length of the generated probe, please see the introduction to Protocol 1.

MATERIALS
 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Ammonium acetate (10 M)
Optional, please see Step 5.

Bovine serum albumin (10 mg/ml)
Ethanol

Optional, please see Step 5.

Ethidium bromide <!> (10 mg/ml) or SYBR Gold staining solution <!>
NA stop/storage buffer

50 mM Tris—Cl (pH 7.5)

50 mM NaCl

5 mM EDTA (pH 8.0)
0.5% (w/v) SDS

9.9
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5x OIigonuc/eotide labeling buffer
250 mM Tris-Cl (pH 8.0)

25 mM MgC11
20 mM dithiothreitol
2 mM each of the unlabeled dNTPs

1 M HEPES (adjusted to pH 6.6 with 4 N NaOH)

1 mg/ml random deoxynucleotide primers, six bases in length

Store the buffer in small aliquots at —20°C. The buffer may be frozen and thawed several times without
harm.

The composition of the 5x oligonucleotide labeling buffer depends on the [a-azPMNTP to be used. If

radiolabeled dATP is to be used, the buffer should contain dCTP, dTTP, and dGTP. If two radiolabeled

dNTPs are used, the buffer should contain two unlabeled dNTPs. For advice on making and storing stock
solutions odeTPs, please see the information panel on PREPARATION OF STOCK SOLUTIONS OF
dNTPs AND ddNTPs FOR DNA SEQUENCING in Chapter 12.

Enzymes and Buffers

Klenow fragment of E. coli DNA polymerase
The Klenow fragment (5 units) is required in each random priming reaction.

Gels

Alkaline agarose gel or Denaturing polyacrylamide gel <!>
Please see Step 4.

Nucleic Acids and Oligonucleotides

Random deoxynucleotide primers six or seven bases in length (725 ng/ul in TE, pH 7.6)
Because of their uniform length and lack of sequence bias, synthetic oligonucleotides of random
sequence are the primers of choice. Oligonucleotides of optimal length (hexamers or heptamers;
Suganuma and Gupta 1995) can be purchased from a commercial source (e.g., Pharmacia or Boehringer
Mannheim), or synthesized locally on an automated DNA synthesizer. Store the solution of primers at
~20°C in small aliquots. Primers are incorporated into the 5x oligonucleotide labeling buffer.

Template DNA
The DNA to be labeled is recovered after electrophoresis through a low—melting— temperature agarose gel
(egi, FMC SeaPlaque LMT Agarose) (please see Steps 1—3 of this protocol). The gel should be cast and
run in 1x Tris-acetate electrophoresis buffer (TAE). For details on casting and running low—melting-tem—
perature gels, please see Chapter 5.

This protocol works best when 25 ng of template DNA is used in a standard 50111 reaction. Larger
amounts of DNA generate probes of lower specific activity; smaller amounts of DNA require longer
reaction times. Please see note to Step 4.

Radioactive Compounds

[a-32PldNTP (10 mCi/ml, sp. act. >3000 Ci/mmo/e) <!>
To minimize problems caused by radiolysis of the precursor, it is best, whenever possible, to prepare
radiolabeled probes on the day the [32P]dNTP arrives in the laboratory.

Special Equipment

Boiling water bath

Sephadex (7-50 spun column, equilibrated in TE (pH 7.6
Optional, please see Step 5.
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1. After electrophoresis, stain the gel with ethidium bromide (final concentration 0.5 ug/ml) or

SYBR Gold, and excise the desired band, eliminating as much extraneous agarose as possible.

2. Place the band in a preweighed microfuge tube and measure its weight. Add 3 ml of H20 for

every gram of agarose gel.

3. Place the microfuge tube in a boiling water bath for 7 minutes to melt the gel and denature

the DNA.

lf radiolabeling is to be carried out immediately, store the tube at 37°C until the template is
required. Otherwise, store the tube at —20°C. After each removal from storage, reheat the DNA/gel

slurry to 100°C for 3—5 minutes and then store at 37°C until the radiolabeling reaction is initiated.

4. To a fresh microfuge tube in a 37°C water bath or heating block, add in the following order:

5x oligonucleotide labeling buffer 10 pl

10 mg/ml bovine serum albumin solution 2 ul

DNA in a volume no greater than 32 ul 20—50 ng

10 mCi/ml [u—32PldNTP 5 pl

(sp. act. >3000 Ci/mmole)

Klenow fragment (5 units) 1 ul

HZO to 50 pl

Mix the components completely with a micropipettor. Incubate the reaction for 2—3 hours at

room temperature or for 60 minutes at 37°C.

To label larger amounts of DNA, adjust the volume of the reaction mixture proportionately and
incubate the reaction for 60 minutes. To label smaller amounts of DNA, incubate the reactions for
times that are in inverse proportion to the amount of template added. For example, random prim—
ing reactions containing 10 ng of template DNA should be incubated for 2.5 hours.

To monitor the course of the reaction, measure the proportion of radiolabeled dNTPs that either
are incorporated into material precipitated by TCA or that adhere to a DE-8l filter (please see
Appendix 8).

Under these reaction conditions, the length of the radiolabeled product is ~400—600 nucleotides,
as determined by electrophoresis through an alkaline agarose gel (Chapter 5, Protocol 8) or a dena-
turing polyacrylamide gel (Chapter 5, Protocol 9).

5. Add 50 ul of NA stop/storage buffer to the reaction, and proceed with one of the following

options as appropriate:

0 Store the radiolabeled probe at —20°C until it is needed for hybridization.

or

0 Separate the radiolabeled probe from unincorporated dNTPs by either spun—column

chromatography (please see Appendix 8) or selective precipitation of the radiolabeled

DNA with ammonium acetate and ethanol (please see Appendix 8). This step is not

required if >50% of the radiolabeled dNTP has been incorporated during the reaction.

Assuming that 50% of the radioactivity has been incorporated into TCA-precipitable mater-

ial during the random priming reaction and that 90% of this material has been generated by

random priming events on the template DNA (rather than self—priming of oligonucleotides),
then the probe DNA would contain a total of ~4.5 x 107 dpm (enough for two to five
Southern hybridizations of mammalian genomic DNA). The specific activity of the probe
would be ~1.8 x 109 dpm/ug and the weight of DNA synthesized during the reaction would
be 9.7 ng, which is enough to detect single-copy sequences.
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NICK TRANSLATION: AN HISTORICAL NOTE

Until the early 19705, radioactivity could be incorporated into nucleic acids only by metabolic labeling, in
which radioactive precursors (usually in the form of H332PO4) were introduced into cells that were synthesiz-

ing the DNA of interest. This procedure required amounts of radioactivity that would be unthinkable in today’s
more conservative climate; it involved laborious purification of the radiolabeled nucleic acids, and it could be

applied only to a small number of DNAs (e.g., viral genomes). Salvation came in the mid 19705 when nick
translation was developed as a method to radiolabel DNAs to high specific activity in vitro (Maniatis et al.
1975; Rigby et al. 1977).

Nick translation requires the activity of two different enzymes (please see Figure 9-1). DNase I is used to
cleave (nick) phosphodiester bonds at random sites in both strands of a doubIe-stranded target DNA E. coli
DNA polymerase I is used to add deoxynucleotides to the 3 '-hydroxyl termini created by DNase I. In addition
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FIGURE 9-1 Nick Translation Using E. coli DNA Poljmerase

Single-stranded nicks are introduced into the DNA by treatment with DNase I. E. coli DNA polymerase
(Pol I) binds to the nick or short gap in duplex DNA, and the 5 ’—>3 ’ exonuclease activity of Pol I then
removes nucleotides from one strand of the DNA, creating a template for simultaneous synthesis of
the growing strand of DNA. The original nick is therefore translated along the DNA molecule by the
combined action of the 5293 ’ exonuclease and the 5’—>3’ polymerase. In the reaction represented
here, the nick in the upper strand of duplex DNA is translated from left to right by E. coli DNA poly-
merase in the presence of dNTPs. In the lower strand of duplex DNA, nick translation occurs from

right to left. The stretches of newly synthesized DNA are represented by the colored wavy arrows.
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to its polymerizing activity, DNA polymerase I carries a 5 ’—>3 ' exonucleolytic activity that removes nucleotides
from the 5 ’ side of the nick. The simultaneous elimination of nucleotides from the 5 ’ side and the addition of
radiolabeled nucleotides to the 3 ‘ side result in movement of the nick (nick translation) along the DNA, which
becomes labeled to high specific activity (Kelly et al. 1970). The reaction requires IOO-fold less radioactive pre-
cursor than metabolic labeling while producing double-stranded probes whose specific activity is up to 200-
fold higher. Such probes can be used for a variety of purposes including screening genomic and cDNA libraries
and Southern and northern hybridizations.

After occupying a dominant position for many years, nick translation has been largely displaced by ran-
dom oligonucleotide priming, which requires only one enzyme, as the method of choice for radiolabeling dou-
ble-stranded DNA. A major problem with nick translation has always been the difficulty in balancing the activ—
ities of DNA polymerase I and DNase I used in the procedure. With the advent of nick translation kits (e.g.,
NlK-IT, Worthington Biochemical Inc.), this difficulty has been solved, although not in time to blunt the advance

of random priming. Nevertheless, in a few laboratories, nick translation is still practiced — chiefly by those
who remember its place in the history of cloning‘

Optimizing Nick Translation Reactions

The amount of tadiolabel incorporated during nick translation depends on the number of 3 ’-hydroxyl termi-
ni created in the template DNA by DNase I. Too much nicking creates an excess of initiation sites, which leads
to maximal incorporation of radiolabel but yields DNA fragments that are too short to be useful as hybridiza-
tion probes. Too little nicking, on the other hand, restricts the number of sites available for initiation of nick
translation, resulting in a product of low specific activity. (For additional details on DNase I, please see
Appendix 4.) The activity of DNase I varies between preparations, and the amount of DNase contaminating
preparations of E. coli DNA polymerase I can also differ. It is therefore necessary to titrate each new batch of
DNase I to find a concentration that yields probes with the desired specific activity and length. The nicking and
polymerization reactions can be carried out simultaneously; in which case, a slight lag is observed before
incorporation of nucleotides begins (Rigby et al. 1977), reflecting the time required for DNase I to generate
nicks in the template. This lag, which is usually of little practical significance, can be eliminated by carrying out
the nicking and polymerization reactions sequentially, rather than simultaneously (Koch et al. 1986).

The aim is to establish empirically a concentration of DNase I that results in incorporation of ~40% of
the [a-32P1dNTFf A standard nick translation reaction carried out under these conditions yields a product
whose specific activity exceeds 108 cpm/pg and whose radiolabeled DNA strands are ~400—750 nucleotides
in length. It is thus necessary to determine empirically the optimum amounts of each enzyme required to
obtain both high specific activity and appropriate probe length. This optimization is best accomplished by
keeping the amount of DNA polymerase added constant (e.g., at 2.5 units) and varying the concentration of
input DNase I.

Although E. coli DNA polymerase I works adequately with concentrations of dNTPs as low as 2 ”M, the
enzyme catalyzes DNA synthesis much more efficiently when supplied with higher concentrations of sub-
strates. For reasons of cost, nick translation reactions usually contain minimal concentrations of radiola-

beled dNTPs (0.5—5 pM) and much greater concentrations of unlabeled dNTPs (1 mM). The specific activi-
ty of the final product depends in large part on the specific activity of the radiolabeled dNTP used in the
reaction. By diluting the radiolabeled dNTP with the homologous unlabeled dNTB it is possible to prepare
DNA labeled to different specific activities. If high specific activities (>5 x 108 dpm/ug) are required (e.g.,
for screening recombinant DNA libraries or for detecting single-copy sequences in Southern hybridizations
of complex mammalian genomes), the nick translation reaction should contain all four radiolabeled dNTPs
(sp. act. >800 Ci/mmole) and no unlabeled dNTPs. For most other purposes, it is adequate to use one dNTP
labeled with u-32P (800 Ci/mmole) and three unlabeled dNTPs, or to dilute each [a—32P1dNTP with an appro-
priate amount of the unlabeled dNTP! The amount of radiolabeled dNTP in a solution of specific activity 800
Ci/mmole (~12 pmoles/ul) is ~3.75-fold higher than that in a solution of specific activity 3000 Ci/mmole
(~3.3 pmoles/ul).   
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Radiolabeling of DNA Probes by the
Polymerase Chain Reaction
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I HE POLYMERASE CHAIN REACTION (PCR) (PLEASE SEE CHAPTER 8) can be used to produce DNA

probes with high specific activity. Listed below are the advantages of the method.

0 Defined segments of the target DNA can be amplified and labeled independently of the loca—

tion or type of restriction sites.

0 There is no need to isolate fragments ofDNA or to subclone them into vectors containing bac-

teriophage promoters.

0 Only small amounts of template DNA are required (2—10 ng or ~1 fmole).

o The specific activity of the radiolabeled amplified DNA can exceed 109 dpm/ug.

Four different methods have been described for simultaneous amplification and radiola-

beling of DNA. The first three methods require some information about the sequence of the tar-
get DNA, but the fourth method does not.

0 Double-stranded DNA probes can be produced in conventional PCRs containing equal con—

centrations of two primers, three unlabeled dNTPs at concentrations exceeding the Km, and

one [a-32PldNTP at a concentration at or slightly above the Km (2—3 uM) (Jansen and Ledley

1989; Schowalter and Sommer 1989).

o Radiolabeled probes biased heavily in favor of one strand ofDNA can be produced in PCRs

in which the concentration of one primer exceeds the other by a factor of 20—200. During the

initial cycles of the PCR, double-stranded DNA is synthesized in a conventional exponential

fashion. However, when the concentration of one primer becomes limiting, the reaction gen-

erates single—stranded DNA that accumulates at an arithmetic rate. By the end of the reaction,

the concentration of one strand of DNA is three to five times greater than the concentration
of the other (Scully et al. 1990). (For more information, please see the panel on ADDITIONAL

PROTOCOL: ASYMMETRIC PROBES at the end of this protocol.)

0 Radiolabeled probes consisting entirely of one strand ofDNA can be synthesized in thermal

cycling reactions that contain a double-stranded DNA template but only one primer. Double—

stranded template DNA (20 ng) generates ~200 ng of single-stranded probe over the course of

40 cycles. The length of the probe can be defined by cleaving the template DNA at a restriction

site downstream from the binding site of the primer (e.g., please see Stiirzl and Roth 1990;
Finckh et al. 1991 ).
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o The target DNA may be digested with CviII, a restriction enzyme that uses ATP as a cofactor

to cleave the recognition sequence GC (except YGCR, Where Yis a pyrimidine and R a purine)

(Swaminathan et al. 1996). Because the dinucleotide GC occurs frequently in most DNAs, the

modal size of the resulting blunt—ended DNA fragments is small — between 20 and 60

nucleotides. These fragments can be used as sequence—specific primers in PCRs in which an

aliquot of the target DNA is used as template. The product is a heterogeneous population of

double-stranded molecules whose size ranges from a minimum of ~60 bp to a maximum that

exceeds the size of the target (Swaminathan et al. 1994). These larger molecules are thought to

be complex scrambled versions of the target DNA that are generated from chimeric templates

and/or primers. Investigators who feel uneasy about using a probe whose sequence is not co-

linear with the original template DNA may wish to avoid this method; others wanting to use a

PCR-based technique in the absence of DNA sequence information may embrace it.

The following protocol, provided by Mala Mahendroo and Galvin Swift (University of Texas

Southwestern Medical Center, Dallas), remains close to the original procedure of Schowalter and

Sommer (1989) for the generation of doubIe-stranded radiolabeled probes. A modification that

describes how to generate asymmetric probes by PCR is presented in the panel on ADDITIONAL

PROTOCOL: ASYMMETRIC PROBES at the end of this protocol.

MATERIALS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Ammonium acetate (10 M)

70x Amplification buffer

Carriers used during ethanol precipitation of radiolabeled probe (please see Step 5)
Use either glycogen (stock solution : 50 mg/ml in HZO) or yeast tRNA (stock solution 10 mg/ml in
HZO). For more information, please see Appendix 8.

Chloroform <!>

Ethanol

TE (pH 76)

Enzymes and Buffers

Thermostable DNA polymerase (e.g., Taq DNA polymerase)
Thermostable DNA polymerase (2.5 units) is required for each amplification/labeling reaction.

Nucleic Acids and Oligonucleotides

dCTP (0.1 mM)
Dilute 1 volume ofa stock solution of 10 mM dCTP with 99 volumes of 10 mM Tris-Cl (pH 8.0). Store

the diluted solution at —20°C in SO-pl aliquots.

dNTP solution containing dATB dCTP, and dTTP, each at 70 mM

For advice on making and storing stock solutions of dNTPs, please see the information panel on PREPA-
RATION OF STOCK SOLUTIONS OF dNTP AND ddNTPS FOR DNA SEQUENCING in Chapter 12.

Forward primer (20 pM) in HZO and Reverse primer (20 pM) in HZO

Each primer should be 20—30 nucleotides in length and contain approximately equal numbers of the
Four bases, with a balanced distribution of G and C residues and a low propensity to form stable sec—
ondary structures. Store the stock solutions of primers at —20°C.
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Oligonucleotide primers synthesized on an automated DNA synthesizer can generally be used in stan—
dard PCR without further purification. However, amplification and radiolabeling of single—copy
sequences from mammalian genomic templates is often more efficient if the oligonucleotide primers are
purified by chromatography on commercially available resins (e.g., NENSORB, NEN Life Science prod—

ucts) or by denaturing polyacrylamide gel electrophoresis, as described in Chapter 10, Protocol 1.

Template DNA (2—70 ng)

A variety of templates can be used in this protocol, including crude minipreparations of plasmid DNAS
(please see Chapter 1, Protocol 1), purified bacteriophage A DNA or plaque eluates (please see Chapter
2, Protocol 23), bacteriophage M13 single—stranded or double—stranded DNAs (please see Chapter 3,
Protocol 5), purified DNA fragments isolated from agarose or polyacrylamide gels (please see Chapter 5,
Protocol 1), and genomic DNAs from organisms with low complexity (e.g., bacteria and yeast).

When using the DNAs of recombinant bacteriophage k or plasmids as templates, a small proportion of
the radiolabeled probe may be derived from the vector sequences. This contamination arises if the
oligonucleotide primers are complementary to flanking vector sequences or because the PCR will gen—

erate long “read—through” strands on the starting template DNA. For most hybridization applications,
the presence of low levels of vector sequences will not interfere with the experiment. However, when
screening libraries made in bacteriophage X vectors or high—copy—number plasmid vectors (e.g., pUC,
pBluescript, and pGEM vectors), the presence of vector sequences in the probe can lead to a substantial

background. To manage this problem (1) use forward and reverse primers that are located within the tar—

get region, (2) use a gel—purified DNA fragment as a starting template for the amplification, and (3)
cleave the template DNA with restriction enzyme(s) to prevent the synthesis of read—through strands.

Radioactive Compounds

[oc—“PldCTP (70 mCi/ml, sp. act. 3000 Ci/mmole) <!>
To minimize problems caused by radiolysis of the precursor, it is best, whenever possible, to prepare
radiolabeled probes on the day the [32P]dNTP arrives in the laboratory.

Special Equipment

Barrier tips for automatic micropipettes

Microfuge tubes (0.5 ml, thin-walled tubes designed for PCR)
Positive-displacement pipette

Sephadex G-75 spun column, equilibrated in TE (pH 7.6)

Thermal cyc/er programmed with desired amplification protocol
[f the thermal cycler is not equipped with a heated lid, use either mineral oil or a bead of paraffin wax
to prevent evaporation of liquid from the reaction mixture during PCR.

METHOD

1. In a 0.5—ml thin-walled microfuge tube, set up an amplification/radiolabeling reaction con—

taining:

10x amplification buffer 5.0 u]

10 mM dNTP solution 1.0 ul

0.1 mM dCTP 1.0 u]

20 (AM forward oligonucleotide primer 2.5 ul

20 pM reverse oligonucleotide primer 2.5 ul

template DNA (2—10 ng or ~1 fmole) 5—10 pl

10 mCi/ml [a-32PJdCTP

(sp. act 3000 Ci/mmole) 5.0 u]

HZO to 48 111

Add 2.5 units of thermostable DNA polymerase to the reaction mixture. Gently tap the side
of the tube to mix the ingredients.

If more than one DNA fragment is to be radiolabeled using a single pair of primers, make up and
dispense a master mix consisting of all the reaction components except the DNA templates to the
PCR tubes. Individual DNA templates can then be added to each tube just before addition of
enzyme and initiation of the reactions

 



Protocol 3: Radiolabeling ofDNA Probes by the Polymerase Chain Reaction 9.17

. If the thermal cycler is not fitted with a heated lid, overlay the reaction mixture with 1 drop

(50 pl) of light mineral oil or a bead of paraffin wax to prevent evaporation of the samples

during repeated cycles of heating and cooling. Place the tubes in a thermal cycler.

. Amplify the samples using the denaturation, annealing, and polymerization times listed in

the table.

 

Cycle

Number ‘ Denaturation Annea1ing Polymerization

30 cycles 30—45 sec at 94°C 30—45 sec at 55—60°C 1—2 min at 72°C

Last cycle 1 min at 94°C 30 sec at 55°C 1 min at 72°C

 

These times are suitable for 50-ul reactions assembled in thin-walled 0.5—m] tubes and incubated
in thermal cyclers such as the Perkin-Elmer 9600 or 9700, Master Cycler (Eppendorf), and PTC 100
(Ml Research). Times and temperatures may need to be adapted to suit other types of equipment
and reaction volumes.

Polymerization should be carried out for 1 minute for every 1000 bp of length of the target DNA.

Most thermal cyclers have an end routine in which the amplified samples are incubated at 4°C until
they are removed from the machine. Samples can be left overnight at this temperature, but should
be stored thereafter at —20°C.

. Remove the tubes from the therma1 cycler. Use a micropipettor to remove as much mineral

oil from the top of the reaction mixture as possible. Extract the reaction mix With 50 pl of

chloroform to remove the remaining mineral oil. Separate the aqueous and organic layers by

centrifugation for 1 minute at room temperature in a microfuge.

. Remove the upper, aqueous layer to a fresh microfuge tube, add carrier tRNA (10—100 pg) or

glycogen (5 11g), and precipitate the DNA with an equal volume of 4 M ammonium acetate

and 2.5 volumes of ethanol. Store the tube for 1—2 hours at —20°C or for 10—20 minutes at

—70°C. Collect the precipitated DNA by centrifugation at maximum speed for 5—10 minutes

at 4°C.

. Dissolve the DNA in 20 pl of TE (pH 7.6) and remove remaining unincorporated dNTPs and

the oligonucleotide primers by spun-column chromatography through Sephadex G-75 as

described in Appendix 8.

Approximately 60% of the radioactivity should have been incorporated into DNA that elutes in the

void volume during spun-column chromatography.

. Use a liquid scintillation counter to measure the amount of radioactivity in 1.0 ul of the void

volume of the spun column. Store the remainder of the radiolabeled DNA at —20°C until

required.

The yield of radiolabeled DNA ranges from 20 mg to 50 ng, and its specific activity is 1 x 109 to 2.5

x 109 dpm/ug.  
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ADDITIONAL PROTOCOL: ASYMMETRIC PROBES

By limiting the amount of one primer in the amplification reaction, a preponderance of one strand of the dou-
bIe-stranded DNA template will be synthesized during the amplification reaction (Gyllensten and Erlich 1988;
Innis et al. 1988; Shyamala and Ames 1989, 1993; McCabe 1990; Scully et al. 1990). The resulting asymmet-
ric probes can be used in northern hybridization to determine which strand of an unknown DNA represents
the sense strand of a gene and which represents the antisense strand of a gene.

To synthesize an asymmetric probe in the above reaction, substitute a 0.4 M solution of either the for-
ward oligonucleotide primer or the reverse primer for one of the standard 20 “M primer solutions (please see
Step 1 of the main protocol). Carry out the remainder of the protocol exactly as described.

Keep in mind that asymmetric amplification initially proceeds at an exponential rate and then slows to an
arithmetic rate when the amount of one oligonucleotide primer becomes limiting. The specific activity of the
asymmetric probe is the same as that produced in the normal PCR, but the amount of DNA synthesized in the
reaction will be much less. Setting up multiple reactions at Step 1 can help compensate for the decrease in total
yield of probe.

Also keep in mind that the bias in favor of one radiolabeled strand over the other is usually not more than
a factor of 5. If necessary, this ratio can be improved (1) by separating the single- and double-stranded DNA
products of the PCR by gel electrophoresis or anion-exchange chromatography (please see Appendix 8) or (2)
by using a more complex, two-stage amplification procedure that enables a single-stranded probe to be pro—
duced in >20-fold excess (Finckh et al. 1991 ).
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Synthesis of SingIe-stranded DNA Probes
of Defined Length from Bacteriophage M13
Templates

 

I N THIS PROTOCOL AND IN PROTOCOL 5, A SYNTHETIC OLIGONUCLEOTIDE annealed to Single-strand—

ed DNA derived from a recombinant bacteriophage M13 or phagemid template is used to prime

the synthesis of complementary radiolabeled DNA (Ley et al. 1982). Synthesis is catalyzed by the

Klenow fragment of E. coli DNA polymerase I, which extends the annealed primer for various dis—

tances along the single—stranded template DNA. The products of the reaction, which are hetero—

geneous both in length and in the amount of incorporated radiolabeled dNTPs, are digested with

a restriction enzyme to create double-stranded DNA fragments of uniform length, which are sub-

sequently purified by agarose gel electrophoresis. These probes are ideal for nuclease $1 or mung
bean nuclease mapping of the 5' ends of mRNAs, for determining the positions of exons in a gene,

for use in solution hybridization to quantitate mRNA, or for producing a probe that lacks vector

sequences or represents only a small region of a cDNA or gene.

The oligonucleotide primer is usually complementary to a region of the lac gene immedi—

ately 3' to the polycloning site in the mp series of bacteriophage M13 vectors (Yanisch—Perron et

al. 1985). This “universal” primer, which is sold by several companies, has the advantage that it

can be used to prepare probes complementary to any segment of DNA that has been cloned into

any restriction site in the polylinker of the vector (for further details, please see the information

panel on UNlVERSAL PRIMERS in Chapter 8). However, custom-made oligonucleotides comple—

mentary to specific sequences within the cloned DNA can also be used to prepare probes that rep-

resent only a portion of the cloned sequence.

The size, specific activity, and yield of the probe synthesized by the Klenow fragment are

affected by the relative concentrations of primer, template, and dNTPs. When the concentration

of each of the four dNTPs in the reaction is greater than the Km of the Klenow enzyme, synthesis

of DNA occurs at a maximal rate. If the concentration of any one of the four precursors falls

below the Km, the rate of synthesis drops dramatically. Thus, when each of the four dNTPs is pre—

sent at a concentration less than the Km, as is often the case when only radiolabeled nucleotides

are used as precursors, the yield of product can be extremely low. To avoid this problem, primer—

extension reactions are usually carried out with three unlabeled dNTPs, each at a concentration

in excess of the Km, and one radiolabeled dNTP at a lower concentration, which is usually below

the Km. Under these conditions, the proportion of radiolabeled dNTPs incorporated into DNA is

very high, even though the rate of the reaction may be far from maximal. The Km of the enzyme

is different for each deoxynucleoside triphosphate: 200 ”M for dCTP, 140 “M for TTP, 45 “M for

dGTP, and 12 pM for dATP (Travaglini et al. 1975).
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MATERIAL}

When one or more dNTPs are present at limiting concentrations, the size of the product

may be unacceptably small unless the amount of template in the reaction is also reduced. For

example, in a reaction containing three unlabeled dNTPs each at a concentration in excess of the

Km, 16 pmoles (50 uCi) of a radiolabeled dNTP (sp. act. 3000 Ci/mmole), and 2 pmoles of tem-

plate (~l pg), an average of only 28 nucleotides will be added to each primer molecule before the

synthesis is brought to a halt by a lack of the radiolabeled dNTP. However, if the template con-

centration is reduced IOO-fold to 0.02 pmole (~10 rig), an average of 3000 nucleotides will be

added to each primer before the pool of precursors is exhausted.

To maximize the efficiency with which template molecules are used, the primer must be

present in molar excess and the concentrations of primer and template must be high enough to

drive the formation of primer—template hybrids to completion. These conditions are met when

the primer is present in tenfold molar excess and its concentration is 200 pmoles/ml or greater.

For some purposes, however, it is desirable to utilize the primer efficiently (e.g., when the primer

is end—labeled). In this case, the primerztemplate ratio is reversed, so that the reaction contains a

five- to tenfold molar excess of template.

Primer—extension reactions are usually carried out in the presence of excess Klenow frag—

ment. If the enzyme is limiting, the number of DNA molecules initiated in the reaction (and

hence the overall yield) will be reduced. However, the newly synthesized DNA molecules will be

longer, on average, than DNA molecules synthesized when the enzyme is in excess.

Because it is possible to affect the size, specific activity, and yield of the probe by adjusting

the conditions of the reaction, it is important to decide what particular combination of proper-

ties would be best suited for the task at hand. In RNA blotting and Southern hybridizations, where

maximal sensitivity is often the overriding concern, the amount of template in the reaction
should be kept to a minimum and the concentration of radiolabeled dNTP(s) should be increased

as much as is practicable. When choosing which of the four radiolabeled dNTPs to use in the

primer-extension reaction, consider the base composition of the probe to be synthesized and the

Km of the DNA polymerase for the individual dNTPs (please see above). When uniformly labeled

probes are prepared for analysis of mRNAs by nuclease 81, the yield of full-length probe may be

more important than its specific activity. In this case, the radiolabeled dNTP may be supple-

mented with unlabeled precursor until their combined concentration approaches the Km. The

yield of the reaction is determined by measuring the incorporation of radioactivity into either

TCA—precipitable material or DE-81-bound molecules (please see Appendix 8), whereas the size

of the product is assayed by gel electrophoresis.

 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Ammonium acetate (10 M)

Dithiothreito/ (1 M)

EDTA (0.5 M, pH 8.0)

Ethanol

NaCl (5 M)

Phenol:chloroform (1:7, v/v) <!>

5x TBE electrophoresis buffer
Optional, please see Step 16.
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Tris-C/ (7 M, pH 7.6)
Optional, please see Step 16.

Enzymes and Buffers

10x Klenow basic buffer
500 mM Tris-Cl (pH 7.5)

100 mM MgSO4

Sterilize the buffer by filtration and store it in small aliquots at —20°C.

Klenow fragment of E. coli DNA polymerase I

Restriction enzyme(s), as appropriate for generation of the desired probe
The restriction enzyme used to cleave the products of the labeling reaction should cleave between 200
bp and 1 kb downstream from the primer-binding site.

Gels

Denaturing polyacrylamide gel < !> or alkaline agarose gel
Please see Step 13.

Nucleic Acids and OIigonucIeotides

dNTP solution containing unlabeled dCTB dGTP, and dTTP, each at 20 mM

The composition of this solution depends on the [(x—32PldNTP to be used. If, as in this protocol, radio—
labeled dATP is used, the mix should contain dCTP, dTTP, and dGTP each at a concentration of 20 mM.

If two radiolabeled dNTPs are used, this solution should contain the other two dNTPs. For advice on
making and storing stock solutions of dNTPs, please see the information panel on PREPARATION OF

STOCK SOLUTIONS OF dNTPS AND ddNTPS FOR DNA SEQUENCING in Chapter 12.

dATP (40 pM and 20 mM)

Oligonucleotide primer (bacteriophage M13 Universal Primer or custom-synthesized
oligonucleotide)
The best results are obtained with a purified oligonucleotide (please see the purification strategies using
either gel electrophoresis or the oligonucleotide purification cartridge in Chapter 10, Protocol 1).
Resuspend the oligonucleotide at a concentration of 5 pmoles/ul in TE (pH 7.6).

Template DNA
Purify the single—stranded bacteriophage MB or phagemid DNA as described in Chapter 3, Protocol 4
or 8. Measure the concentration of the DNA by absorption spectrophotometry or staining with SYBR
Gold as described in Appendix 9. Approximately 1 pg of template DNA in a volume of 15 1.1] or less is
required for each synthetic reaction.

Radioactive Compounds

[a-32P/dATP (70 mCi/ml, sp. act. 800—3000 Ci/mmole) <!>
To minimize problems caused by radiolysis of the precursor and the probe, it is best, whenever possible.
to prepare radiolabeled probes on the day the [52PldNTP arrives in the laboratory.

Special Equipment

Adhesive dots marked with radioactive ink <!> or phosphorescent adhesive dots (e.g., Glogos
from Stratagene)

Beaker (250 ml) filled with water at 85°C and a Microfuge tube holder
For an alternative, please see Step 2.

Sephadex G-50 spun column, equilibrated in TE (pH 7. 6)
Optional, please see Step 12.

Water baths or heating blocks preset to 68°C and 85°C

Water bath preset to the appropriate temperature for restriction endonuclease digestion

Additional Reagents

Step 17 of this protocol requires the reagents listed in Chapter 5, Protocol 4 or 12.
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METHOD

. In a 0.5—ml microfuge tube, mix:

single—stranded template (bacteriophage M13 or 1 pg

phagemid DNA) (~0.5 pmole)

oligonucleotide primer 5 pmoles

10x Klenow basic buffer 3 pl

1-120 to 20 pl

. Heat the mixture to 85°C for 5 minutes and then let it cool slowly to 37°C.

This slow cooling can be achieved by floating the microfuge tube in a piece of Styrofoam in a 250-
ml beaker filled with water equilibrated to 85°C. Place the beaker containing the primer-template
mix at room temperature until the temperature of the water falls to 37°C (~30 minutes). The same
result can be achieved using a thermal cycler programmed to heat at 85°C for 5 minutes before
ramping down to 37°C over a 30-minute period.

. To the tube of annealed primer and template, add:

0.1 M dithiothreitol 2 til

10 mCi/ml [a—32P1dATP (sp. act. 3000 Ci/mmole) 5 111

40 0M dATP 1 01
20 mM solution of dTTP, dCTP, and dGTP 1 ul

Mix the reagents by gently tapping the side of the tube. Centrifuge the tube at maximum

speed for 1—2 seconds in a microfuge to transfer all of the liquid to the bottom.

As an alternative, substitute [a-32PldNTPs of 5p. act. 800 Ci/mmole in this reaction, in which case,
omit the 1 pl of 40 pM dATPi

. Transfer 0.5 pl of the mixture to a microfuge tube containing 15 pl of 20 mM EDTA (pH 8.0).

Store the tube on ice.

. Add 1 til (5 units) of the Klenow fragment to the remainder of the mixture Mix the compo—

nents of the reaction by gently tapping the side of the tube. Incubate the reaction for 30 min-
utes at room temperature.

Approximately 5 units of the Klenow fragment are required for each labeling reaction.

. Transfer 0.5 pl of the reaction to a fresh microfuge tube containing 20 pl of 0.5 M EDTA (pH

8.0). Store the tube on ice.

. Add 1 ul of 20 mM unlabeled dATP to the remainder of the reaction. Mix by gently tapping
the side of the tube. Centrifuge the tube at maximum speed for 1—2 seconds in a microfuge
to transfer all of the liquid to the bottom. Incubate the reaction mixture for a further 20 min-
utes at room temperature.

The addition of unlabeled dATP increases the concentration of the precursor ~500-fold and

ensures that all newly synthesized products will be extended past the site of restriction enzyme
cleavage. If the reaction has gone well, 50—80% of the radioactivity will have been incorporated
into DNA. Even though the proportion of the radiolabeled dNTP that has been incorporated is
large, the length of the newly synthesized product is small when the sample is withdrawn from the
reaction (Step 6). For example, suppose that 50% of the [a—32P]dATP is incorporated into DNA.
Since the reaction contained a total of 56 pmoles of dATP (16 pmoles radiolabeled and 40 pmoles
unlabeled), a total of 28 pmoles of dATP has been incorporated into DNA. Assuming that each of
the four dNTPs is equally represented in the product, a total of 4 x 28 z 112 pmoles of dNTP has
been incorporated into DNA. If primer binds to every molecule of template DNA in the reaction
and if the Klenow fragment is in excess, then the average length of the product will be 224
nucleotides.  



Protocol 4: Synthesis ofSingle—stranded DNA Probes ofDefined Length from Bacteriophage M13 Templates 9.23

11.

12.

13.

14.

15.

16.

17.

During the 20—minute incubation (Step 7), measure the fraction of radioactivity in the sam-

ples stored in Steps 4 and 6 that either has become insoluble in 10% TCA or that adheres to

a DE—Sl filter as described in Appendix 8.

Heat the reaction to 68°C for 10 minutes to inactivate the Klenow fragment.

. Adjust the concentration of NaCl in the reaction to achieve optimal conditions for cleavage
of the product by the selected restriction enzyme.

Remember that the concentration of NaCl in the primer—extension reaction is 50 mM.

lfthe restriction enzyme works best in the absence of NaCl, or if the enzyme requires unusual con-

ditions (e.g., high concentrations of Tris or the presence of detergent), transfer the radiolabeled

DNA to the appropriate buffer by one ofthe following two methods. (i) Purify the products of the
primer—extension reaction by extraction with phenolzchloroform and precipitate with ethanol.

After dissolving the precipitated DNA in 27 pl of TE (pH 7.6), add 3 pl of the appropriate 10x
restriction buffer. (ii) Exchange the primer extension buffer by spun—column centrifugation before
digestion (please see Appendix 8).

Add 20 units of the desired restriction enzyme, and incubate the reaction for 1 hour at the
appropriate temperature.

Purify the DNA by standard extraction with phenolzchloroform, and remove unincorporat-
ed dNTPs by spun—column chromatography or differential precipitation with 2.5 M ammo-

nium acetate and ethanol (for these procedures, please see Appendix 8). Add 0.5 M EDTA (pH

8.0) to a final concentration of 10 mM.

A |MPORTANT It is essential that free magnesium ions not be present when the DNA is exposed
to alkali in the next step. Otherwise, the DNA will form an insoluble complex with Mg(OH)2.

Isolate the radiolabeled DNA by electrophoresis through a denaturing polyacrylamide gel

(please see Chapter 12, Protocol 8) or an alkaline agarose gel (please see Chapter 5, Protocol

8), depending on the size of the fragment.

After electrophoresis, prepare the gel for autoradiography. Expose the gel to X—ray film for
5—10 minutes.

Align the developed film with the gel, using the images from the phosphorescent dots

(Glogos) or radioactive ink spots. Tape the film to the gel and mark the position of the
primer—extended radioactive DNA fragment on the back of the gel plate. Remove the film and
cut out the segment of the gel containing the desired fragment of DNA.

If a polyacrylamide gel was used to separate the DNA fragment from the template, proceed
to Step 17. If an alkaline agarose gel was used, neutralize the gel by gentle shaking for 45 min-
utes in 0.5 M Tris-Cl (pH 7.6), followed by shaking for an additional 45 minutes in 0.5x TBE
before the radiolabeled DNA is eluted.

Extract the DNA from the gel by electroelution or by crushing and soaking the polyacry-
lamide gel slice in an appropriate buffer (please see Chapter 5, Protocols 4 and 12, respec-
tively).

Check the efficiency of the elution process with a hand—held minimonitor.

The eluted DNA is ready for use as a probe and does not need to be denatured further.
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TROUBLESHOOTING: PREMATURE TERMINATION OF NEWLY SYNTHESIZED DNA

CHAINS

The most common problem with synthesis of single—stranded probes by primer extension is premature termi-
nation of synthesis. This termination occurs for a variety of reasons, most of which originate with the radiola-
beled dNTP, which is the rate-Iimiting component in the reaction mixture. Obviously, if the single-stranded
DNA synthesis does not extend to a restriction site either within or downstream from the region of interest,
the probe cannot be recovered as a discrete band by gel electrophoresis. To minimize this problem, try the fol-
lowing:

0 Use fresh radioisotopes. Radioactive dNTPs that have been thawed more than twice are incorporated less

efficiently into DNA by DNA polymerases.

0 Use a freshly made reaction mixture. Dilute solutions of dNTPs are not stable for long periods when stored
at 40°C.

. Keep the amount of template in the reaction to a minimum. The greater the number of template mole—
cules in the reaction, the shorter the length of the newly synthesized chains.

0 Engineer the bacteriophage M13 or phagemid recombinant so that the probe will be as short as possi-
ble. If the average length of the DNA synthesized during the first stage of the reaction (ie, before addition
of the unlabeled dNTP) is less than the final length of the probe, the specific activity of the 5 ' terminus of
the probe will be considerably higher than that of the 3 ’ terminus. In general, this asymmetry does not mat-
ter when the probes are to be used in northern or Southern hybridization. However, it can vitiate attempts
to use the probe in nuclease 51 mapping of RNAs. This problem can be minimized by ensuring that the final
length of the probe is less than the length of the DNA synthesized during the first stage of the reaction.

A  

 



Protocol 5

Synthesis of SingIe-stranded DNA Probes
of Heterogeneous Length from Bacteriophage
M13 Templates

 

THE METHOD DESCRIBED IN PROTOCOL 4 GENERATED PROBES of defined length; however, the tech—

nique described in this protocol produces a heterogeneous population of radiolabeled molecules

of differing lengths. These probes are synthesized, as before, from a single—stranded DNA template

but are then separated from the template by electrophoresis through a denaturing gel from which

they are eluted directly into hybridization buffer. During synthesis, the low concentration of radi—

olabeled dNTP limits the length of the probes to 200—300 nucleotides. However, the length of the

newly synthesized DNA can be adjusted from 100 to 1000 nucleotides by varying the concentra-

tion of input template and dNTPs as discussed in the introduction to Protocol 4. Probes within

this size range work well in most hybridization formats.
The following protocol, based on the method of Church and Gilbert (1984) and provided

by M. Lehrman and D. Davis (University of Texas Southwestern Medical Center, Dallas), is useful

for synthesizing single-stranded DNA probes of very high specific activity for Southern analysis

of single-copy genes in complex genomes or for northern analysis of rare species of mRNAs.

MATERlALS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Elution buffer (1x SSPE containing 0.5% SDS)

Formamide dye buffer <!>

MgC/2 (7 M)

NaOH (70 N) <!>

3x Probe synthesis buffer
62 pM each dATP, dTTP, dGTP

0.5 mg/ml bovine serum albumin (Fraction V, Sigma)

625 MA dithiothreitol
32 mM Tris-Cl (pH 7.5)

6.5 mM MgSO4

Store the buffer at —20°C in 100411 aliquots. Use a fresh aliquot for each batch of radiolabeled probe.

Discard the unused portion of each aliquot.
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Enzymes and Buffers

Klenow fragment of E. coli DNA polymerase I

Gels

Polyacrylamide gel (5%) containing 7 M urea <!>
Cast and run the gel in 0.5x TBE as described in Chapter 12, Protocol 8.

Nucleic Acids and OIigonucIeotides

OIigonuc/eotide primer (bacteriophage M 7 3 Universal Primer or custom-synthesized
oligonucleotide)
The best results are obtained with a purified oligonucleotide (please see the purification strategies using
either gel electrophoresis or an oligonucleotide purification cartridge in Chapter 10, Protocol 1).
Resuspend the oligonucleotide at a concentration of 5 pmoles/ul in TE (pH 7.6).

Template DNA
Purify the single-stranded bacteriophage MB or phagemid DNA as described in Chapter 3, Protocol 4
or 8, respectively. Measure the concentration of the DNA by absorption spectrophotometry as described

in Appendix 8. Approximately 0.3 pg of template DNA in a volume of 2—3 pl is required for each syn—
thesis.

Radioactive Compounds

[a-32P/dCTP (10 mCi/ml, s . act. 800~3000 Ci/mmole) < ! >p

To minimize problems caused by radiolysis of the precursor and the probe, it is best, whenever possible,
to prepare radiolabeled probes on the day the [32P]dNTP arrives in the laboratory.

Special Equipment

Air incubator or shaking water bath preset to 50°C
Boiling water bath

Disposable inoculating stick

Fritted column (e.g., Quik—sep columns, lso/ab, Inc.)

Heating block preset to 570C

Plastic snap-cap tubes (12 x 17 mm)

METHOD
 

1. In a 0.5-m1 microfuge tube, mix:

single-stranded template (bacteriophage MB or 0.3 ug
phagemid DNA) (~0.15 pmole, ~0.1 ugly!)

oligonucleotide primer (5 pmoles/pl) 1 pl
25 mM MgC12 1 pl

If possible, include in each experiment a reaction tube containing a control DNA template
and an oligonucleotide that has worked well previously. This reaction serves as a positive con-
trol.

2. Cap the tube and incubate the reaction mixture for 5—10 minutes at 57°C in a heating
block.
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3. Transfer the tube from the heating block to a bucket of ice, and add to the reaction mixture:

3x probe synthesis buffer 4 til

10 mCi/ml [oc—“PJdCTP (5p. act. 3000 Ci/mmole) 3 pl

Klenow fragment (~2.5 units) 0.5 pl

Mix the reagents by gently tapping the side of the tube. Centrifuge the tube at maximum
speed for 1—2 seconds in a microfuge to transfer all of the liquid to the bottom. Incubate the
reaction at 37°C for 40 minutes.

4. While the primer reaction is incubating, pour a 5% polyacrylamide gel containing 7 M urea
in 1x TBE buffer (please see Chapter 12, Protocol 8). The gel should be 1.5-mm thick, at least
15-cm long, with 25-01] wide slots. Prerun the gel for 15 minutes at 20—25 V/cm of gel length
to remove ammonium persulfate from the wells.

5. Stop the primer-extension reaction by adding 25 ul of formamide dye buffer and heating the
reaction mixture in a boiling water bath for 3—5 minutes. Transfer the tube to an ice bucket
and add 1 pl of] N NaOH.

6. Wash urea and loose fragments of polyacrylamide from the wells of the gel using a syringe
loaded with 1x TBE, and immediately load the DNA samples. Separate the radiolabeled probe
from the template DNA by electrophoresis for 30 minutes at 20—25 V/cm of gel length.

It is unnecessary to include DNA size standards on the polyacrylamide gel because the xylene
cyanol dye migrates to a position comparable to that of a DNA fragment of ~ 125 bases.

7. After 30 minutes, separate the gel plates, cover the gel with Saran Wrap, and locate the radi-
olabeled DNA by autoradiography (please see Appendix 9). Expose the gel to X—ray film for
~1 minute.

The majority of the radiolabeled DNA should have migrated slightly slower than the xylene cyanol
(green) tracking dye. Although a continuous smear of radiolabeled material is the expected result,
in practice, between three and ten bands of discrete length are usually detected that may be spaced
over a distance of 2—3 cm of the gel. The cause of the discrete bands is presumed to be secondary
structures in the particular single—stranded DNA template used in the reaction.

8. Cut the radioactive bands out of the gel with a clean razor blade. Place them in the bottom
of a 12 x 17-mm plastic snap-cap tube and crush with a disposable inoculating stick. Add 1—2
ml of elution buffer and shake the fragments of gel for >3 hours at 50°C.

Elution of the radioactive probe is more efficient if individual bands are cut from the gel, rather
than excising a wide swath of polyacrylamide that spans all the bands.

9. Place the eluate in a fritted column, place the column in a 12 x l7-mm plastic snap-cap tube,
and centrifuge in a desktop clinical centrifuge for 1—2 minutes. Measure the amount of
radioactivity in 1 ul of the radioactive probe by liquid scintillation spectroscopy.

A successful synthesis should yield ~10,000—20,000 dpm/pl.
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TROUBLESHOOTING

If the DNA synthesis reaction is inefficient, little or no radiolabeled material will be detected above the position
of xylene cyanol in the gel. In the worst case, all of the radioactivity, which corresponds to unincorporated
[a-‘2P]dCTP, will migrate with the bromophenol blue dye. The causes of these problems vary and include:

o The quality of the 3x probe synthesis buffer. Because this buffer contains dNTPs and dithiothreitol, it is not

stable to repeated thawing and freezing. Store the buffer in small aliquots and discard unused buffer after
each reaction.

o The integrity of the template and the concentration of the oligonucleotide primer. Confirm that the tem-
plate is intact and its concentration is correct by analyzing a small sample by agarose gel electrophoresis.
Purify the oligonucleotide primer by polyacrylamide gel electrophoresis or by column chromatography
(please see Chapter 10, Protocol 1). If problems persist, purify a new batch of template DNA and resyn-
thesize the primer.

0 The age and quality of the radioactive dNTP. Probes of the highest specific activity and correct length are
synthesized on the day of arrival of a radioactive shipment from the manufacturer. As the radiolabeled dNTP
decays, the effective concentration of the precursor falls and the size of the DNA products decreases.

- The age and quality of the Klenow enzyme. Problems with the enzyme can be detected by including an
appropriate positive control reaction (please see Step 1).   

m__ ,  



Protocol 6
 

Synthesis of SingIe-stranded RNA Probes
by In Vitro Transcription

STRAND-SPECIFIC, SlNGLE-STRANDED RNA PROBES not only are easier to make than DNA probes,

but also generally yield stronger signals in hybridization reactions than do DNA probes of equal

specific activity. This is probably a result of the innately higher stability of hybrids involving RNA

(Casey and Davidson 1977). DNA probes continue to be of general utility in, for example, north—

ern and Southern hybridizations, but radiolabeled RNAs are now the probes of choice when ana—

lyzing transcripts of mammalian genes. Instead of digesting DNA-RNA hybrids with the idiosyn—

cratic nuclease SI, RNA-RNA hybrids are digested with RNase A, a durable and obedient enzyme

that can be used at a wide range of concentrations without compromising the results of the exper-

iment (Zinn et al. 1983; Melton et al. 1984) (please see Chapter 7, Protocol 11).

The templates for transcribing RNA probes are generated by linearizing recombinant plas—

mids that carry a powerful bacteriophage promoter immediately upstream of the DNA fragment

of interest (please see Figure 9-2) or by using PCR to generate templates whose 5' ends encode a

bacteriophage promoter (please see the panel on ADDITIONAL PROTOCOL: USING PCR TO ADD

PROMOTERS FOR BACTERIOPHAGE-ENCODED RNA POLYMERASES T0 FRAGMENTS OF DNA at the

end of this protocol).

PLASMID VECTORS USED FOR IN VITRO TRANSCRIPTION
 

Many plasmid and phagemid vectors are commercially available that contain various combina—

tions of bacteriophage promoters and polycloning sites (e.g., the pGEM series and the pSP series;

please see Appendix 3). Some of these vectors also encode the lacZ oc—complementing fragment,

which allows selection by color of recombinants on plates containing X—gal (5-br0mo—4-chloro—

3-indolyl-[3-D-galactopyranoside). The choice among these vectors is largely a matter of person-

al preference. However, if transcripts of both strands of the template are required, it is better to

use a vector carrying two different bacteriophage promoters than to clone the template in two ori—

entations in a vector carrying a single promoter. It is also important to consider the disposition

of restriction sites within the template DNA and downstream from it. The 5’ terminus of the tran-

script is fixed by the bacteriophage promoter, but the 3’ terminus is defined by the downstream

site of cleavage by the restriction enzyme. By using different restriction enzymes, RNAs of vari-

ous lengths can be synthesized from a series of linear templates generated from the same plasmid.
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polylinker restriction fragment
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FIGURE 9-2 In Vitro Synthesis of RNA by Bacteriophage-encoded RNA Polymerases

The DNA sequence to be transcribed is cloned into a restriction site in a polycloning region that is flanked
by promoters for two bacteriophage polymerases (usually T7 and SP6). The DNA is then linearized with
a restriction enzyme that cleaves downstream from the region to be transcribed. This cleavage prevents
synthesis of multimeric transcripts from circular template DNA. Transcription begins from the promoter
proximal to the insert when the appropriate polymerase and rNTPs are added in a suitable buffer. The RNA
products, which are complementary to one strand of the template, are equal in length to the distance
between the active promoter and the end of the linear DNA distal to the target sequences. At the end of
the reaction, the template is removed by digestion with RNase-free DNase. Unincorporated nucleotides
and oiigodeoxynucleotides produced by digestion of the template DNA with DNase can be removed by
chromatography through Sephadex G-75. (Adapted, with permission, from Krieg and Melton 1987
[©Academic Pressl.)

pure transcription products

 

However, the presence of plasmid sequences in RNA probes can increase the level of background
hybridization to levels that are unacceptable if the probe is to be used to screen a plasmid or cos-
mid library.

During generation of template DNAs, complete cleavage of superhelical plasmid DNA by a
restriction enzyme is essential. Small amounts of circular plasmid DNAs will dramatically reduce
yields by producing multimeric transcripts. Restriction enzymes that generate blunt or 5'-pr0-
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truding termini produce the best linear templates. However, both of these types of termini yield

RNA products that show heterogeneity at their 3' ends (Melton et al. 1984; Milligan and

Uhlenbeck 1989). Transcription of templates with 3'-protruding termini results in the synthesis

of significant amounts of RNA molecules that are aberrantly initiated at the termini of the tem—

plates and thus in the production of double—stranded RNA molecules (Schenborn and

Mierendorf 1985). Restriction enzymes that generate protruding 3’ termini should therefore be
avoided.

In addition to plasmids, some bacteriophage and cosmid vectors also contain bacteriophage

promoters? usually arranged in opposite orientations on either side of the cloning site for foreign

DNA. When a recombinant constructed in a vector of this type is digested with a restriction

enzyme that cleaves many times within the foreign DNA, a large number of fragments are gener-

ated, one of which contains a particular bacteriophage promoter and the foreign sequences that
he immediately adjacent to it. If the fragments do not carry protruding 3’ termini, only the frag—

ment bearing the bacteriophage promoter serves as a template for in vitro transcription. The

resulting radiolabeled RNA, which is complementary to sequences located at one end of the orig-

inal segment of foreign DNA, can then be used as a probe to isolate overlapping clones from

genomic DNA or cDNA libraries. These vectors greatly simplify the task of “walking” from one

recombinant clone to another along the chromosome. The following are two highly efficient

methods available to generate strand-specific RNA probes:

o The relevant DNA fragment may be cloned or subcloned into specialized plasmids that contain

promoters for bacteriophage-encoded DNA-dependent RNA polymerases. The recombinant

plasmids are a source of double-stranded templates that can be transcribed in vitro into single-

stranded RNAs of defined length and strand specificity (Zinn et al. 1983; Melton et al. 1984).

o The DNA fragment to be transcribed may be amplified in PCRs with primers whose 5‘ ends
encode synthetic promoters for bacteriophage-encoded DNA-dependent RNA polymerases.

Following purification, the products of the PCRs are used as double-stranded templates for in

vitro transcription reactions (Logel et al. 1992; Bales et al. 1993; Urrutia et al. 1993).

In both cases, the synthesis of RNA is remarkably efficient. When in vitro transcription
reactions are saturated with ribonucleoside triphosphates (rNTPs), the templates can be tran-

scribed many times, yielding a mass of RNA that exceeds the weight Of the template severalfold.

In addition, because bacteriophage-encoded DNA—dependent RNA polymerases function effi-

ciently in vitro in the presence of relatively low concentrations of rNTPs (1—20 pM), full—length

probes of high specific activity can be synthesized relatively inexpensively. Finally, RNA probes
can be freed from template DNA by treating the reaction products with RNase—free DNase I.

Probes usually do not need to be purified by gel electrophoresis. However, when using RNA

probes of high specific activity to detect rare mRNA transcripts, background hybridization can be

kept to a minimum using probes purified by denaturing gel electrophoresis.

In this protocol, we describe procedures for synthesizing RNA probes of high specific activ—
ity from p1asmids containing promoters for bacteriophage-encoded RNA polymerases. An addi-

tional protocol deals with the generation and transcription of PCR products. Guidance and back-

ground information on both methods are provided in the information panels:

o The enzymatic properties of RNA polymerases used in the transcription reactions are

described in the information panel on IN VITRO TRANSCRIPTION SYSTEMS at the end of this

chapter.

0 Necessary precautions to reduce problems with contaminating RNases are outlined in the

information panel on HOW TO WIN THE BATTLE WITH RNASE in Chapter 7.
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MATERIALS

A IMPORTANT Prepare all reagents used in this protocol with DEPC-treated HZO (please see the infor-
mation panel on HOW TO WIN THE BATTLE WITH RNASE in Chapter 7).

CAUTlON: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Ammonium acetate (10 M)

Optional, please see Step 8.

Bovine serum albumin (2 mg/ml, Fraction V, Sigma)
Dithiothreitol (1 M)

Ethanol

Phenol:chloroform (1:1, v/v) <!>

Placental RNase inhibitor (20 units/pl)

Sodium acetate (3 M, pH 5.2)

10x Transcription buffer
400 mM Tris-Cl (pH 7.5 at 37°C)

60 mM MgCl2

20 mM spermidine HCl

50 mM NaCl

Sterilize the 10x buffer by filtration and then store it in small aliquots at —20°C. Discard each aliquot after use.

Enzymes and Buffers

Appropriate restriction enzymes
Please see Step 1.

DNA-dependent RNA polymerase of bacteriophage T3, T7, or SP6
These enzymes are available from several companies and are usually supplied at concentrations of 10—20
units/pl. Most manufacturers also supply a 10x transcription buffer that has presumably been optimized
for their particular preparation of the DNA—dependent RNA polymerase. The generic 10x transcription

buffer (listed under Buffers and Solutions) can be used if the manufacturer’s buffer is in short supply.

 

Kits for in vitro transcription are sold by many manufacturers (e.g., MAXlscript and MEGAscript from
Ambion and Riboprobe Gemini Systems from Promega) These kits are convenient for investigators who
are using in vitro transcription methods for the first time, and they are certainly a marvelous help if some-
thing goes wrong with the technique. However, the reagents and buffers supplied in the kits can be eas-
ily assembled in the laboratory by any competent worker, and the enzymes can be purchased inexpen-
sively as separate items.   
 

RNase-free pancreatic DNase I (1 mg/ml)
This enzyme is available from several manufacturers (e.g., RQI RNase—free DNase I from Promega).
Alternatively, contaminating RNase can be removed from standard preparations of DNase I by affinity
chromatography on agarose 5'-(4-aminophenylphosphoryl)—uridine-2'(3')—phosphate (Maxwell et al.
1977). Please see Appendix 8 for details.

Gels

Agarose gel (0.8—1.0%)
Please see Step 1.

Nucleic Acids and Oligonucleotides

rNTP solution containing rATR rCTB and rUTP, each at 5 mM
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rGTP (0.5 mM)
Optional, please see Step 5.

Template DNA
The DNA fragment to be transcribed should be cloned into one of the commercially available plasmids
containing bacteriophage RNA polymerase promoters on both sides of the polycloning sequence (e.g.,
pGEM from Promega or pBluescript from Stratagene) Purify the superhelical recombinant plasmid by
one or more ofthe methods described in Chapter I.

 

The DNA used as a template in the in vitro transcription reaction need not be highly purified — crude
minipreparations work well. The essential requirement is that the template be free of RNase, a criterion
that can usually be fulfilled by extracting the preparation of plasmid DNA twice with phenolzchloroform.
However, if RNase was added to the plasmid at a late stage in the purification process, i.e., after depro-
teinization, it should be removed by treatment with proteinase K, as follows:

1. Add to the plasmid DNA preparation: 0.1 volume of 10x proteinase K buffer (100 mM Tris-Cl [pH
8.0]/50 mM EDTA [pH 8.0]/500 mM NaCl), 0.1 volume of 5% (w/v) SDS, and proteinase K (20
mg/ml to a final concentration of 100 ug/ml.

2. Incubate the reaction for 1 hour at 37°C.

3. Extract the DNA with phenolzchloroform and recover the DNA by standard precipitation with ethanol.

4. Resuspend the DNA in RNase-free TE (pH 7.6) at a concentration of 2100 ug/ml.    
Radioactive Compounds

[a-32PerTP (10 mCi/ml, Sp. act. 400—3000 Ci/mmole) < ! >
To minimize problems caused by radiolysis of the precursor, it is best, whenever possible, to prepare radi»

olabeled probes on the day the [32P]dNTP arrives in the laboratory.

Special Equipment

Microfuge tubes (0.5 ml)

Sephadex 6-50 spun column, equilibrated with 10 mM Tris-Cl (pH 7.5)
Optional, please see Step 8.

Water bath preset to 40°C (if using bacteriophage 5P6 DNA-dependent RNA polymerase in
Step 4)

Additional Reagents

METHOD

Step 2 of this protocol requires the reagents listed in Protocol 11 of this chapter.
Step 8 of this protocol may require the reagents listed in Chapter 5, Protocols 9, 71, and 12.

 

1. Prepare 5 pmoles of linear template DNA by digestion of superhelical plasmid DNA with a

suitable restriction enzyme. Analyze an aliquot (100 ng) of the digested DNA by agarose gel

electrophoresis. If necessary, add more restriction enzyme and continue incubation until

there is no trace of the undigested DNA.

Approximately 2 pg ofa plasmid 3 kb in length is ~1 pmole.

A IMPORTANT It is essential that plasmid DNA templates be cleaved to completion, since trace

amounts of closed circular plasmid DNA result in the generation of extremely long transcripts
that include plasmid sequences. Because of their length, these transcripts can account for a sub-
stantial proportion of the incorporated radiolabeled rNTP.

2. If restriction enzymes, such as PstI or SstI, that generate protruding 3” termini must be used,

treat the digested DNA with bacteriophage T4 DNA polymerase in the presence of all four

dNTPs to remove the 3’ protrusion (please see Protocol 11).

 



9.34 Chapter 9: Preparation ofRadiolabeled DNA and RNA Probes

Protruding 3’ termini create an opportunity for the DNA—dependent RNA polymerase to transfer
to the complementary strand of the template and to generate long U—turn transcripts with exten-
sive secondary structure.

3. Purify the template DNA by extraction with phenobchloroform and standard precipitation

with ethanol. Dissolve the DNA in HZO at a concentration of 100 nM (i.e., 200 ug/ml for a 3-
kb plasmid).

. Warm the first six components listed below to room temperature, and in a sterile 0.5-ml

microfuge tube, mix in the following order at room temperature:

template DNA 0.2 pmole (400 Hg
for a 3-kb plasmid)

RNasefree HZO to 6 ul

5 mM rNTP solution 2 pl

100 mM dithiothreitol 2 pl

10x transcription buffer 2 1.1.1

2 mg/ml bovine serum albumin 1 pl

10 mCi/ml [oc—32PerTP 5 pl

(sp. act. 400~3000 Ci/mmole)

Mix the components of the mixture by gently tapping the outside of the tube. Then add:

placental RNase inhibitor (10 units) 1 pl

bacteriophage DNA—dependent RNA polymerase (~10 units) 1 ul

A IMPORTANT The components are added in the order shown and at room temperature to avoid
the possibility that the template DNA may be precipitated by the high concentration of spermidine
in the transcription buffer.

Mix the reagents by gently tapping the outside of the tube Centrifuge the tube for 1—2 sec-
onds to transfer all of the liquid to the bottom. Incubate the reaction for 1—2 hours at 37°C
(bacteriophages T3 and T7 DNA-dependent RNA polymerases) or 40°C (bacteriophage SP6
DNA-dependent RNA polymerase).

The reaction may be scaled from 20 ul to 50 111 to accommodate more dilute reagents.

When the reaction is carried out as described above, 80—90% of the radiolabel will be incorporat-
ed into RNA. The yield of RNA will be ~20 ng (sp. act. 4.7 x 109 dpm/ug) when the specific activ—
ity of the [ot—sz]GTP is 3000 Ci/mmole and ~150 ng (sp. act. 6.2 x 108 dpm/ug) when the specif-
ic activity of the precursor is 400 Ci/mmole.

. (Optional) If full-length transcripts are desired, add 2 pl of 0.5 mM rGTP and incubate the reac-
tion mixture for an additional 60 minutes at the temperature appropriate for the polymerase.

. Terminate the in vitro transcription reaction by adding 1 pl of 1 mg/ml RNase-free pancre-
atic DNase I to the reaction tube. Mix the reagents by gently tapping the outside of the tube.
Incubate the reaction mixture for 15 minutes at 37°C.

. Add 100 pl of RNase-free H20, and purify the RNA by extraction with phenolzchloroform.
If the probe will be used in experiments where length is important (e.g., RNase protection),
purify the radiolabeled RNA by polyacrylamide gel electrophoresis (please see Chapter 5,
Protocol 9). The aim of this extra step is to eliminate truncated radiolabeled molecules from the
preparation.

. Transfer the aqueous phase to a fresh microfuge tube, and separate the radiolabeled RNA
from undesired small RNAs and rNTPs by one of three methods:

TO PURIFY RNA BY ETHANOL PRECIPITATION

a. Add 30 pl of 10 M ammonium acetate to the aqueous phase. Mix, and then add 250 pl of
ice—cold ethanol to the tube. After storage for 30 minutes on ice, collect the RNA by cen-
trifugation at maximum speed for 10 minutes at 4°C in a microfuge.
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Remove as much of the ethanol as possible by gentle aspiration, and leave the open tube

on the bench for a few minutes to allow the last visible traces of ethanol to evaporate.

Dissolve the RNA in 100 ul of RNase—free HzO.

Add 2 volumes of ice-cold ethanol to the tube and store the RNA at —70°C until needed.

To recover the RNA, transfer an aliquot of the ethanolic solution to a fresh microfuge tube.
Add 0.25 volume 0f10 M ammonium acetate, mix, and then store the tube for at least 15 min—
utes at —20°C. Centrifuge the solution at maximum speed for 10 minutes at 4°C in a
microfuge. Remove the ethanol by aspiration, and dissolve the RNA in the desired volume of
the appropriate RNase—free buffer.

0 PURIFY RNA BY SPUN-COLUMN CHROMATOGRAPHY

Prepare a Sephadex G-50 spun column (please see Appendix 8) that has been autoclaved
in 10 mM Tris—Cl (pH 7.5).

Purify the RNA by spun-column chromatography according to the protocol in Appendix
8.

Store the eluate in a microfuge tube at —70°C until the RNA is needed.

0 PURIFY RNA BY GEL ELECTROPHORESIS

a. Prepare a neutral polyacrylamide gel according to Chapter 5, Protocol 9.

Add the appropriate gel-loading buffer to the aqueous phase and purify the RNA by gel
electrophoresis.

C. Locate the RNA by autoradiography according to Chapter 5, Protocol 11

Purify the RNA from the gel slice using the crush and soak method according to Chapter
5, Protocol 12.

e. Store the RNA at —70°C until needed.

Any of these purification schemes should remove >99.0% of unincorporated rNTPs from the RNA.

 

 

RNA PROBES FOR IN SITU HYBRIDIZATION

RNA probes for in situ hybridization to mRNA or DNA can be synthesized with radiolabeled (3H, 33P, 355,
125I) or derivatized (biotinylated, digoxigenin, fluorescein) nucleotides in place of 32P-labeled nucleotides.
3H-, 355, and 33P-Iabeled nucleotides can be used in this protocol, provided the rGTP form of these
labeled nucleotides is used. If another nucleotide is substituted for rGTR then the composition of the 5
mM rNTP solution should be changed accordingly.

To use a biotinylated nucleotide (e.g., biotinylated rUTP), substitute a nucleotide solution containing
5 mM rCTP, rATP, and rGTP, and 2.5 mM rUTP for the nucleotide solution of Step 4 and add 1 u] of a 10
mM solution of biotinylated-rUTP in place of the radiolabeled rNTP. To use a digoxigenin-Iabeled NTP
(e.g., digoxigenin-UTP; H6|tke and Kessler 1990), replace the 5 mM rNTP solution and the radiolabeled
rNTP with 0.1 volume of an rNTP solution containing 10 mM rATP, rCTB and rGTR 6.5 mM rUTR and 3.5
mM digoxigenin-rUTP, all in 25 mM Tris-Cl (pH 8.0).

In the case of biotin- and digoxygenin-Iabeled rNTPs, the modified nucleotide is used at a low con-
centration in the reaction to ensure that only a few labeled nucleotides are incorporated per molecule of
probe (~1 labeled nucleotide for every 20—25 nucleotides polymerized). The posthybridization recogni-
tion of these labels by antibodies is most efficient when only a few bases are replaced by their labeled
counterparts. Greater incorporation of the modified nucleotide can also decrease hybridization of the
probe to target mRNAs or DNAS.

Fragments of RNA larger than ~300 nucleotides are unsuitable as in situ hybridization probes.
Because small fragments penetrate tissue more efficiently, larger fragments of RNA must be reduced in
size by limited alkaline hydrolysis (Cox et al. 1984; Angerer et al. 1987; Bales et al. 1993).
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TROUBLESHOOTING: N0 RNA IS SYNTHESIZED

The most common cause of an apparent lack of RNA synthesis is contamination of tubes or reagents with RNase.
This contamination can be avoided by taking the precautions described in the introduction to Chapter 7.

Less frequently, failure to synthesize RNA is a consequence of precipitation of the DNA template by the
spermidine in the 10x transcription buffer. Make sure that the components of the reaction are assembled at
room temperature and in the stated order. If necessary, the presence of soluble template can be confirmed by
analyzing an aliquot of the reaction by electrophoresis through an agarose gel.

Transcription Is from the Wrong Strand of DNA

Usually, >99.8% of transcripts synthesized in vitro by bacteriophage DNA—dependent RNA polymerases are
derived from the correct DNA strand (Melton et al. 1984). However, this high degree of specificity is only
achieved provided templates are both linear and lacking protruding 3’ termini. Contamination of the template
with superhelical plasmid DNA causes an increase in aberrant initiation of RNA chains on both strands of the
DNA. The presence of a protruding 3 ' terminus downstream from the bacteriophage promoter leads to the syn-
thesis of transcripts complementary to the full length of the wrong strand of DNA (i.e., U-turn transcripts). Both
of these problems can be avoided by careful preparation of the template (please see Steps 1 and 2).

Synthesized Transcripts Are Shorter Than the Desired Length

Synthesis of abbreviated transcripts can be due to the chance occurrence in the template of sequences that ter-
minate transcription by the particular DNA-dependent RNA polymerase being used. Another contributing fac-
tor can be limiting concentrations of precursor (usually the radiolabeled rNTP).

The first of these obstacles may be resolved by constructing a new plasmid in which transcription of the
desired sequence is driven by a polymerase from a different bacteriophage. Transcription terminator sequences
are not always recognized equally by the various bacteriophage DNA-dependent RNA polymerases.

Although the strengths of transcription termination signals vary greatly, all but the strongest of them can
be overcome, at least in part, by increasing the concentration of the limiting rNTP. In most cases, it is imprac-
tical to increase the concentration of the rNTP that is radiolabeled in the reaction, since the improvement in
yield of full-length product is gained at the expense of reducing the specific activity of the probe. In this case,
a number of additional steps can be taken:

0 Lower the temperature of incubation of the transcription reaction to 30°C (Krieg and Melton 1987).

o Pare the sequences to be transcribed to the minimum. In this way, it may be possible to eliminate the ter-
mination sequences from the clone.

o Purify the desired product by electrophoresis through a polyacrylamide or agarose gel as described in
Chapter 5, Protocol 1. The transcription reactions are so efficient that it is often possible to purify sufficient
quantities of the desired RNA, even if it is only a relatively minor proportion of the total RNA synthesized
in the reaction.

 

 

 

ADDITIONAL PROTOCOL: USING PCR TO ADD PROMOTERS FOR BACTERIOPHAGE-
ENCODED RNA POLYMERASES TO FRAGMENTS OF DNA

Templates for bacteriophage—encoded RNA polymerases may be generated by cloning target DNA fragments
into plasmids carrying bacteriophage promoters (main protocol). Alternatively, templates can be synthesized
in PCRs using gene-speciflc primers whose 5 ' ends encode synthetic promoters for bacteriophage-encoded
DNA-dependent RNA polymerases. Following purification, the products of the P025 are used as double-strand—
ed templates for in vitro transcription reactions (Logel et al. 1992; Bales et al. 1993; Urrutia et al. 1993). By
using pairs of primers that encode different promoters, DNA fragments are generated that may be transcribed
in a strand-specific manner by the appropriate RNA polymerase. The advantages of the PCR method include:
o Probes may be generated directly from DNA templates amplified from a heterogeneous population of DNA

fragments.

o The need for cloning and preparation of plasmids is obviated.

o The probes contain no plasmid or polylinker sequences.

0 Probes of high specificity and of virtually any size can be created.
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RNA polymerases encoded by bacteriophages T3 and T7 transcribe PCR—amplified DNA carrying the
appropriate promoters with high specificity. However, the yields of RNA are generally three- to fourfold lower
than can be obtained from linearized plasmid templates. When using amplified DNA templates, between 20%
and 30% of the labeled rNTP is converted into acid-insoluble material, compared to >75% in reactions con-

taining linearized plasmid DNAs as templates (Logel et al. 1992). Nevertheless, the yield and specific activity
of the RNA generated from the amplified products of PCRs are more than sufficient for most purposes. The
RNA polymerase encoded by bacteriophage SP6 is reported to transcribe PCR-amplified DNA much less effi-
ciently than linearized plasmid DNAs (Logel et ai. 1992). For this reason, we recommend using primers that
encode promoters for bacteriophages T3 and T7.

Primer Design

The primers are usually quite long (>50 nucleotides) and consist of three regions:

 

5 clamp core promoter gene-specific sequence
(~10 nucleotides) (~22 nucleotides) (20 nucleotides)

     
The sequences of the core promoters recognized by the bacteriophage T3 and T7 RNA polymerases are taken
from Jorgensen et al. (1991) (please see the information panel on IN VITRO TRANSCRIPTION SYSTEMS):

 

/ 31

Bacteriophage T7 core promoter: SlTAATACGACTCACTATAGGGAGA ,
Bacteriophage T3 core promoter: 5 ATTAACCCTCACTAAAGGGAGA

   
For the T3 promoter, the 3 ’-most dinucleotide can be CA or AC.

Use a different clamp sequence for each member of a primer pair. Suggested clamp sequences are (Logel et
al. 1992) 5CAGAGATGCN' and 5'CCAAGCCTTC3'. The gene-specific segment of the primer should be
designed according to the usual rules (please see the discussion on Primer Design in the introduction to
Chapter 8).

Amplification Conditions

The amplification reactions contain 10—20 pg of a single species of template DNA or proportionately more of
complex populations of DNAs. The remainder of the reagents in the amplification reactions are used at stan-
dard concentrations (please see Chapter 8, Protocol 1). The denaturation, annealing, and polymerization times
listed below are suitable for SO-ul reactions assembled in thin-walled 0.5-ml tubes and incubated in thermal
cyclers such as the Perkin-Elmer 9600 or 9700, Master Cycler (Eppendorf), and WC 100 (MJ Research). Times
and temperatures may need to be adapted to suit other types of equipment and reaction volumes

 

 

Cycle
Number Denaturation Annealing Polymerization

1—4 1 min at 94°C 2 min at 54 °C 3 min at 72°C

5—36 1 min at 94°C 1 min at 65 0C 3 min at 72°C

 

Polymerization should be carried out for 1 minute for every 1 000 bp of length of the target DNA.

Most thermocyclers have an end routine in which the amplified samples are incubated at 4°C until removed
from the machine. Samples can be left overnight at this temperature, but should be stored thereafter at -20°C.

Purification of Amplified DNA
Although amplified DNA may be used without purification as a template in the in vitro transcription reaction
(Bales et al. 1993; Urrutia et al. 1993), the efficiency of RNA synthesis is improved if unused primers and the
by-products of the amplification reaction are removed by electrophoresis through a gel cast with Iow-melting-
temperature agarose, by spun-colum chromatography through Sephadex G-75, or by absorbtion/elution on a
commercial resin such as VWzard PCR Preps Purification System (Promega) or QIAquick (Qiagen) (please see
Chapter 8, Protocol 2).

In Vitro Transcription of Amplified DNA

Approximately 0.5 pg of purified amplified DNA may be used as template in standard transcription reactions
catalyzed by the appropriate bacteriophage-encoded DNA-dependent RNA polymerase (please see the main
protocol).  
 

 



Protocol 7

Synthesis of cDNA Probes from mRNA Using
Random Oligonucleotide Primers

 

THIS PROTOCOL DESCRIBES THE GENERATION OF CDNA probes from poly(A)+ RNA in a random

priming reaction. Probes of this type are used for differential screening of cDNA libraries. For

additional details, please see the information panel on |SOLATING DIFFERENTIALLY EXPRESSED

cDNAs BY DIFFERENTIAL SCREENING AND CLONING.

MATERIALS

A IMPORTANT Prepare all reagents used in this protocol with DEPC-treated HZO (please see the infor-

mation panel on HOW TO WIN THE BATTLE WITH RNASE in Chapter 7).

CAUTlON: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions
Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Ammonium acetate (70 M)

Dithiothreitol (7 M)

EDTA (0.5 M, pH 8.0)
Ethanol

HCI (2.5 N) <!>

NaOH (3 N) <!>

Phenol:chloroform (1:1, v/v) <!>

Placental RNase inhibitor (20 units/ul)
These inhibitors are sold by several manufacturers under various trade names (e.g., RNAsin, Promega;

Prime Inhibitor, 5 Prime-—>3 Prime; RNaseOUT, Life Technologies). For more details, please see the

information panel on |NHIBITORS OF RNASES in Chapter 7.

SDS (70% W/v)

Tris-CI (7 M, pH 7.4)

9.38
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Enzymes and Buffers

Reverse transcriptase

Reverse transcriptase derived from the pol gene of the Moioney murine leukemia virus (Mo—MLV) is
more efficient in cDNA synthesis than that obtained from the avian myeloblastosis virus (e.g., please see

Fargnoli et al. 1990). The cloned version of reverse transcriptase encoded by the M0—MLV enzyme is the
enzyme of choice in this protocol. Mutants of the enzyme that lack RNase H activity (e.g., StrataScript,

from Stratagene or Superscript 11 from Life Technologies) have some advantages over the wild-type
enzyme since they ( 1) produce higher yields of full—length extension product and (2) work equally well
at both 47°C and 37°C (Gerard and D’Alessio 1993).

Mo—MLV reverse transcriptase is temperature-sensitive and should be stored at —20°C until needed at

Step 2.

10x Reverse transcriptase buffer

Nucleic Acids and Oligonucleotides

dNTP solution containing dATR dGTP, and deB each at 20 mM

For advice on making and storing solutions of dNTPs, please see the information panel on PREPARA-
TION OF STOCK SOLUTIONS OF dNTP AND ddNTPS FOR DNA SEQUENCING in Chapter 12.

dCTP (725 MM)

Add 1 111 ofa 20 mM stock solution of dCTP to 160 ul of 25 mM Tris—Cl (pH 7.6). Store the diluted solu-
tion in small aliquots at —200C.

Random deoxynucleotide primers, six or seven bases in length
Because of their uniform length and lack of sequence bias, synthetic oligonucleotides of random
sequence are the primers of choice. Oligonucleotides of optimal length (hexamers or heptamers;
Suganuma and Gupta 1995) can be purchased from a commercial source (e.g., Pharmacia and
Boehringer Mannheim) or synthesized locally on an automated DNA synthesizer. Store the solution of
primers at 0.125 ug/pl in TE (pH 7.6) at —20°C in small aliquots.

Template mRNA
Prepare poly(AV RNA as described in Chapter 7, Protocol 3 or 4, and dissolve in RNase-free HZO at a
concentration of 250 pg/ml.

Radioactive Compounds

[u-szldCTP (70 mCi/ml, 5p. act. >3000 Ci/mmo/e) <!>
To minimize problems caused by radiolysis of the precursor and the probe, it is best, whenever possible,
to prepare radiolaheled probes on the day the [32P]dNTP arrives in the laboratory.

Special Equipment

Ice water bath

Sephadex 6-50 spun column, equilibrated in TE (pH 7.6)
Optional, please see Step 7.

Water baths or heating blocks preset to 45°C, 680C, and 70°C

METHOD
 

1. Transfer 1 pg of poly(A)+ RNA to a sterile microfuge tube. Adjust the volume of the solution
to 4 u] with RNase—free HZO. Heat the closed tube for 5 minutes at 70°C, and then quickly
transfer the tube to an ice—water bath.

2. T0 the chilled solution in the microfuge tube, add:
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10 mM dithiothreitol 25 pt]

placental RNase inhibitor 20 units

random deoxyoligonucleotide primers 5 pl

10x reverse transcriptase buffer 2.5 ul

20 mM solution of dG'l'P, dATP, and dTTP 1 pl

125 pM solution of dCTP 1 pl

10 mCi/ml [u-32PldCTP (sp. act. >3000 Ci/mmole) 10 pl

RNase—free HZO to 24 pl

reverse transcriptase (200 units) 1 ul

A IMPORTANT Add the reverse transcriptase last.

Reverse transcriptase supplied by different manufacturers varies in its activity per unit. When using
a new batch ofenzyme, set up a series of extension reactions containing equal amounts of poly(A)*
RNA and oligonucleotide primer and different amounts of enzyme. lfpossible, the primer should
be specific for an mRNA present at moderate abundance in the preparation of poly(A)* RNA.
Assay the products of each reaction by gel electrophoresis as described in this protocol. Use the
minimal amount of enzyme required to produce the maximum yield of extension product. The

units used in this protocol work well with most batches of StrataScript and Superscript 11.

Mix the components by gently tapping the side of the tube. Remove bubbles by brief cen—

trifugation in a microfuge. Incubate the reaction mixture for 1 hour at 450C.

As an alternative, [tx—“PldCTP of specific activity 800 Ci/mmole can be substituted in this reac-
tion. If this substitution is made. then omit the 125 uM dCTP from the reaction mixture.

Stop the reaction by adding:

0.5 M EDTA (pH 8.0) 1 pl

10% (w/v) SDS 1 pl

Mix the reagents in the tube completely.

The single-stranded radiolabeled cDNA is quite sticky and adheres nonspecifically to glass, filters,
and some plastics. For this reason7 it is important to maintain a minimum of 0.05% (w/v) SDS in

all buffers after Step 3 of the protocol, and O.1—1.0% SDS in hybridization buffers.

Add 3 lll of 3 N NaOH to the reaction tube. Incubate the mixture for 30 minutes at 68°C to
hydrolyze the RNA.

. C001 the reaction mixture to room temperature. Neutralize the solution by adding 10 pl of
l M Tris—Cl (pH 7.4), mixing well, and then adding 3 ul of 2.5 N HCl. Check the pH of the

solution by spotting a very small amount on pH paper.

Purify the cDNA by extraction with phenolzchloroform.

Separate the radiolabeled probe from the unincorporated dNTPs by either spun-column

chromatography (please see Appendix 8) or selective precipitation by ethanol in the presence

of 2.5 M ammonium acetate (please see Appendix 8).

Measure the proportion of radiolabeled dNTPs that either are incorporated into material

precipitated by TCA or adhere to a DE-Sl filter (please see Appendix 8).

Assuming that 30% ofthe radioactivity has been incorporated into TCA-precipitable material dur-
ing the random priming reaction and that 90% of this material has been generated by random
priming events on the template mRNA (rather than self—priming of oligonucleotides), then the
probe DNA would contain a total of ~6 x 107 dpm. The specific activity of the probe would be ~5
x 109 dpm/ug, and the weight of DNA synthesized during the reaction would be 11.7 ng.

If a larger amount of radiolabeled CDNA is required, then scale up the reaction by increasing the
volumes of all components proportionally. It is important to maintain a ratio of 200 units of
reverse transcriptase/ug ofinput mRNA to ensure maximum yield.

The purified radiolabeled cDNA can be used for hybridization without denaturation. Use 5 x 107 dpm
of radiolabeled CDNA for each 150-mm filter and 5 x 10“ to l x 107 dpm for each 90—mm filter.

 



Protocol 8
 

Synthesis of Radiolabeled, Subtracted cDNA
Probes Using OIigo(dT) as a Primer

MATERIALS

THIS PROTOCOL DESCRIBES THE PREPARATION OF SUBTRACTED cDNA probes by hybridization to an

mRNA driver, followed by purification of the single—stranded radiolabeled cDNA by hydroxyap-

atite chromatography. For additional details, please see the information panel on ISOLATING DIF-

FERENTIALLY EXPRESSED CDNAS BY DIFFERENTIAL SCREENING AND CLONING.

A IMPORTANT Prepare all reagents used in this protocol with DEPC-treated HZO (please see the infor-
mation panel on HOW TO WIN THE BATTLE WITH RNASE in Chapter 7).

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix I for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Ammonium acetate (70 M)

Dithiothreitol (1 M)

EDTA (0.5 M, pH 8.0)

Ethanol
HC/ (2.5 N) <!>

Isobutanol <!>

NaOH (3 N) <! >
Phenol:chloroform (1:1, v/v) <!>

Placental RNase inhibitor (20 units/pl)

These inhibitors are sold by several manufacturers under various trade names (e.g., RNAsin, Promega

lnc; Prime Inhibitor, 5 Prime—>3 Prime; RNaseOUT, Life Technologies). For more details, please see the
information panel on INHIBITORS OF RNASES in Chapter 7.

SDS (70% w/v)
SDS/EDTA solution

30 mM EDTA (pH 8.0)

1.2% SDS

Sodium phosphate buffer (2 M, pH 6.8)
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SP5 buffer
(1.12 M sodium phosphate buffer (pH 6.8‘
0.1170 (W/v) SDS

Tris-C/ (7 M, pH 7.4)

Enzymes and Buffers

Reverse transcriptase

Reverse transcriptase derived from the pol gene of Mo—MLV is more efficient in CDNA synthesis than that
obtained from the avian myeloblastosis virus (e.g., please see Fargnoli et al. 1990). The cloned version of
reverse transcriptase encoded by the Mo-MLV enzyme is the enzyme of choice in this protocol. Mutants of
the enzyme that lack RNase H activity (e.g., StrataScript from Stratagene or Supercript II from Life

Technologies) have some advantages over the wild-type enzyme since they ( I) produce higher yields of full—
length extension product and (2) work equally well at both 47°C and 37°C (Gerard and D’Alessio 1993).

70x Reverse transcriptase buffer

Nucleic Acids and Oligonucleotides

dCTP (725 pM)

Add 1 pl ofa 20 mM stock solution of dCTP to 160 pl of 25 mM Tris-Cl (pH 7.6). Store the diluted solu—
tion in small aliquots at 720“C.

dNTP solution containing dATP, dGTP, and deP, each at 20 mM

For advice on making and storing solutions of dNTPs, please see the information panel on PREPARA-
TION OF STOCK SOLUTIONS OF dNTPS AND ddNTPS FOR DNA SEQUENCING in Chapter 12.

Driver mRNA
Please see Steps 9 and 19.

Oligo(dT)u_78
Purchase and dissolve oligo(dT)]Ha at 1 mg/ml in TE (pH 7.6). Store at —20°C.

Random deoxynucleotide primers can also be substituted in the cDNA synthesis reaction (please see

Protocol 7). Although cDNA synthesized with 01igo(dT) tends to be longer than that synthesized with
random primers, this is 0f1itt1e advantage in hybridization reactions. The choice of primer depends on
the method used to construct the CDNA library to be screened. Use oligo(dT) as a primer in this proto-
col if the CDNA library was constructed with olig0(dT). Use random primers if the CDNA library was
manufactured in any other way.

in rare instances, mRNAs contain middle repetitive sequences in their 3’—untranslated regions and these

can cross—hybridize to repetitive sequences in nonhomologous cDNAs derived from the nonexpressing
cell. In such cases, synthesize the radiolabeled probe with random primers.

Template mRNA

Prepare poly(A)+ RNA as described in Chapter 7, Protocol 3 or 4, and dissolve in RNase—free HJO at a

concentration of 250 ug/ml.

Radioactive Compounds

[a-“deCTP (70 mCi/ml, 5p. act. >3000 Ci/mmole) <!>
To minimize problems caused by radiolysis of the precursor and the probe, it is best, whenever possible,
to prepare radiolabeled probes on the day the [32P]dNTP arrives in the laboratory.

Special Equipment

Apparatus for separa tion of single-stranded and double-stranded nucleic acids by
hydroxyapatite Chromatography at 60°C.

Please see Appendix 8.

Boiling water bath
Ice water bath

Mineral oil and pipette tips drawn out to be attached to an automatic pipette or Siliconized,
disposable 20-111 glass capillary tubes and file or diamond pen

Sephadex G-50 column (5 ml), equilibrated in TE (pH 8.0)

Sephadex (3-50 spun column, equilibrated in TE (pH 8.0) containing 0.1% (w/v) SDS
Siliconized microfuge tubes (7.5 ml)

Water baths or heating blocks preset to 45°C, 680C, and 70°C
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METHOD
 

A IMPORTANT Before preparing the probe, it is a good idea to have filters (which contain the cDNA
library to be screened) ready to hybridize.

1. Transfer 5~10 pg of poly(A)’r RNA to a sterile microfuge tube. Adjust the volume of the solu—
tion to 40 pl with RNase-free HZO. Heat the closed tube to 70°C for 5 minutes, and then

quickly transfer the tube to an ice water bath.

2. T0 the chilled microfuge tube, add:

0.1 M dithiothreitol 2.5 pl

placental RNase inhibitor 200 units

oligo(dT) 12-48 10 pl

10x reverse transcriptase buffer 25 ul

20 mM solution 0fc1GTP,dATP, and dTTP 10 pl

125 pm dCTP 10 1.11
10 mCi/ml [a-31P]dCTP (sp. act. >3000 Ci/mmole) 100 1,11

RNase—Free HZO to 240 1,11

reverse transcriptase (2000 units) 10 pl

A IMPORTANT Add the reverse transcriptase last.

Reverse transcriptase supplied by different manufacturers varies in its activity per unit. When
using a new batch of enzyme, set up a series of extension reactions containing equal amounts of
poly(A)+ RNA and oligonucleotidc primer, and different amounts of enzyme. If possible, the

primer should be specific for an mRNA present at moderate abundance in the preparation of
poly(A)+ RNA. Assay the products ofeach reaction by gel electrophoresis as described in this pro—
tocol. Use the minimal amount of enzyme required to produce the maximum yield of extension

product. The units used in this protocol work well with most batches of StrataScript and
Superscript 11.

Mix the components by gently tapping the side of the tube. Collect the reaction mixture in
the bottom of the tube by brief centrifugation in a microfuge. Incubate the reaction for 1
hour at 45°C.

As an alternative, [01—33P1dCTP of specific activity 800 Ci/mmole can be substituted in this reac—

tion. If this substitution is made, then omit the 125 pM dCTP from the reaction mixture.

3. Stop the reaction by adding:

0.5 M EDTA (pH 8.0) 10 pl

10% (w/v) SDS 10 pl

Mix the reagents in the tube well.

The single—stranded, radiolabeled cDNA is quite sticky and adheres nonspecifically to glass‘ filters,
and some plastics. For this reason, it is important to maintain a minimum of 0.05% (w/v) SDS in

all buffers after Step 3 of the protocol, and 0.1—1.0% SDS in hybridization buffers.

4. Add 30 pl of 3 N NaOH to the reaction tube. Incubate the mixture for 30 minutes at 68°C to
hydrolyze the RNA.

5. Cool the mixture to room temperature. Neutralize the solution by adding 100 pl of 1 M Tris—
Cl (pH 7.4), mixing well, and then adding 30 pl 0f2.5 N HCl. Check the pH of the solution
by spotting <1 pl on pH paper.

6. Purify the cDNA by extraction with phenolzchloroform (please see Appendix 8).

7. Measure the proportion of radiolabeled dNTPs that either are incorporated into material
precipitated by TCA or adhere to a DE—81 filter (please see Appendix 8). Calculate the yield
of cDNA as follows:  
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10.

11.

12.

13.

14.

15.

16.

In a reaction containing 1.5 nmoles of the limiting dNTP:

cpm incorporated .
——— x 1.5 nmoles dCTP x 330 ng/nmole x 160 : ng of cDNA synthemzed

total (pm

. Separate the radiolabeled probe from the unincorporated dNTPs by chromatography

through a 5—ml column of Sephadex G—50 (please see Appendix 8).

A IMPORTANT Perform this step and all subsequent steps with siliconized tubes (please see
Appendix 8}.

T0 the radiolabeled cDNA, add tenfold excess by weight of the driver RNA that will be used

to subtract the cDNA probe, 0.2 volume of 10 M ammonium acetate, and 2.5 volumes of ice—

cold ethanol. Incubate the mixture for 10—15 minutes at 0°C, and then recover the nucleic

acids by centrifugation at maximum speed for 5 minutes at 4°C in a microfuge.

Remove all of the ethanol by aspiration, and store the open tube on the bench to allow most

of the remaining ethanol to evaporate. Dissolve the nucleic acids in 6 1,1] of RNase-free HZO.

To the dissolved nucleic acids, add:

2 M sodium phosphate (pH 6.8) 2 pl

SDS/EDTA solution 2 pl

Either cover the solution with a drop of light mineral oil or draw the mixture into a sili-
conized, disposable 20-111 glass capillary tube and seal the ends of the tube in the flame of a
Bunsen burner.

Place the microfuge tube or sealed capillary tube in a boiling water bath for 5 minutes.

Transfer to a water bath set at 68°C, and allow the nucleic acids to hybridize to Crot : 1000

moles seconds/liter.

To calculate the time required to reach this Cr t, solve the following equation for t:
let: r “D/DO : e r.

where D is the remaining single—stranded cDNA at time t, D0 is the total amount of input cDNA,
e is the natural logarithm, k is a rate constant for the formation of RNA—DNA hybrids that is depen~
dent on the complexity of the mRNA population and may be assumed to be ~6.7 x 10‘3 liters/mol—
sec, and C,“ is the initial concentration of the RNA driver (which does not Change appreciably dur—
ing the hybridization reaction). (For a lucid description of this equation, please see Sargent [1987]
and for additional information, page 538 in Davidson [1986].)

Remove the microfuge tube or capillary tube from the water bath. Use a drawn—out pipette

tip attached to a micropipettor to remove the hybridization solution from the microfuge
tube, or open the ends of the capillary tube with a file or diamond pen. Transfer the

hybridization mixture into a tube containing 1 ml of SPS buffer.

Separate the singIe-stranded and double-stranded nucleic acids by chromatography on

hydroxyapatite at 60°C as described in Appendix 8.

Measure the amount of radioactivity in each fraction by liquid scintillation counting. At least 90%
of the input [32P]cDNA should have hybridized to the mRNA and be present in the >0.36 M sodi-
um phosphate wash.

Pool the fractions containing the single-stranded cDNA and concentrate them by repeated

extractions with isobutanol extraction: Add an equal volume of isobutano]. Mix the two

phases by vortexing, and centrifuge the mixture at maximum speed for 2 minutes at room

temperature in a microfuge. Discard the upper (organic) phase. Repeat the extraction with

isobutanol until the volume of the aqueous phase is <100 pl.
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17. Remove salts from the cDNA by spun—column chromatography through Sephadex G—50

equilibrated in TE (pH 8.0) containing 0.1% SDS (please see Appendix 8).

A IMPORTANT Do not use ethanol precipitation to concentrate the cDNA as the presence of phos-
phate ions interferes with precipitation. Do not use dialysis to remove phosphate ions, as the cDNA
will stick to the dialysis bag.

18. Measure the amount of radioactivity in the sample and calculate the weight of DNA in the
subtracted probe.

19. Repeat Steps 9—18.

Between 10% and 30% of the cDNA will form hybrids with the driver RNA during the second
round of hybridization.

It is not necessary to concentrate or remove salts from the final preparation of cDNA if it is to be

used to probe 3 cDNA library. The radiolabeled cDNA can be used for hybridization without
denaturation. Probes radiolabeled to high specific activity are rapidly damaged by radiochemica]
decay. The subtractive hybridizations should therefore be carried out as rapidly as practicable, and

the probe should be used without delay. Use 5 x 107 dpm of radiolabeled cDNA for each 150-mm
filter and 5 x 106 to 1 x 107 dpm for each 90-mm filter.

If a genomic DNA library is screened with the radiolabeled subtracted probe, olig0(dA) can be
added to the prehybridization and hybridization reactions at l ug/ml to prevent nonspecific
hybridization between the olig0(dT) tails of the cDNA and oligo(dA) tracts in the genomic DNA.

 



Protocol 9
 

Radiolabeling of Subtracted cDNA Probes
by Random Oligonucleotide Extension

I N THIS PROCEDURE, SYNTHESIS OF CDNA ls CARRIED OUT in the presence of saturating concentra-

tions of all four dNTPs and trace amounts of a single radiolabeled dNTP. After subtraction
hybridization, the enriched single-stranded cDNA is radiolabeled to high specific activity in a sec—

ond synthetic reaction by extension of random oligonucleotide primers using the Klenow frag-
ment of E. coli DNA polymerase 1. Because the concentrations of dNTP in the first reaction are

nonlimiting, both the amounts and size of cDNA generated are greater than those achieved in

standard labeling protocols (e.g., please see Protocol 8). The subtractive hybridization step can

therefore be carried out with higher efficiency. Because the resulting population of cDNA is not

vulnerable to radiolytic cleavage, it can be stored indefinitely and radiolabeled to higher specific

activity when needed.

The protocol works best when the cDNA synthesized in the initial synthetic reaction is full

length or close to it. For this reason, synthesis of cDNAs is primed by oligo(dT) rather than ran-

dom hexanucleotide primers. By contrast, the subsequent radiolabeling reaction is primed by

random oligonucleotides, yielding shorter DNA products whose size is ideal for hybridization.

The cDNA prepared as described in Steps 1—10 of this protocol can be converted into dou-

ble-stranded DNA (please see Chapter 11, Protocol 1 [Stage 2]) and cloned into a bacteriophage

or plasmid vector to produce a subtracted cDNA library (e.g., please see Sargent and Dawid 1983;

Davis 1986; Rhyner et al. 1986; Fargnoli et al. 1990). The cDNA library can then be screened with
a subtracted probe. Because subtracted libraries are enriched for cDNA clones corresponding to

nonabundant mRNAs, the amount of screening required to find a clone corresponding to a rare

mRNA may be reduced by a factor of 10. Subtracted probes radiolabeled as described here can

detect cDNAs corresponding to mRNAs expressed at a level as low as five molecules/mammalian

cell. For additional details, please see the information panel on ISOLATING DlFFERENTlALLY

EXPRESSED cDNAs BY DIFFERENTIAL SCREENING AND CLONING.
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A IMPORTANT Prepare all reagents used in this protocol with DEPC-treated HZO (please see the infor~
mation panel on HOW TO WIN THE BATTLE WITH RNASE in Chapter 7).

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Dithiothreitol (1 M)

EDTA (0.5 M, pH 8.0)

Ethanol

HC/ (2.5 N) <!>

NaOH (3 N) <!>

Phenol:ch/oroform (1:1, v/v) <!>

Placental RNase inhibitor
These inhibitors are sold by several manufacturers under various trade names (e.g., RNAsin, Promega;
Prime Inhibitor, 5 Prime—>3 Prime; RNaseOUT, Life Technologies). For more details, please see the
information panel on INHIBITORS OF RNASES in Chapter 7.

5x Random primer buffer

250 mM Tris (pH 8.0)

25 mM MgCl2
100 mM NaCl

10 mM dithiothreitol

1 M HEPES (adjusted to pH 6.6 with 4 M NaOH)

Use a fresh dilution in HZO of I M dithiothreitol stock, stored at —20°C. Discard the diluted dithiothre—
itol after use.

SDS (20% w/v)

Sodium acetate (3 M, pH 5.2)

Tris-CI (1 M, pH 7.4)

Enzymes and Buffers

Klenow fragment of E. coli DNA polymerase I

Reverse Transcriptase

Reverse transcriptase derived from the pol gene of Mo-MLV is more efficient in CDNA synthesis than

that obtained from the avian myeloblastosis virus (e.g., please see Fargnoli et al. 1990). The cloned ver—

sion of reverse transcriptase encoded by the Mo—MLV enzyme is the enzyme of choice in this protocol.
Mutants of the enzyme that lack RNase H activity (e.g., StrataScript from Stratagene or Supercript 11
from Life Technologies) have some advantages over the wild—type enzyme since they (1) produce high—
er yields of full—length extension product and (2) work equally well at both 47°C and 37°C (Gerard and
D’Alessio 1993).

10x Reverse transcriptase buffer

Nucleic Acids and Oligonucleotides

dNTP solution (complete) containing four dNTPs, each at 5 mM

dNTP solution containing dCTB dGTP, and dTTB each at 5 mM

A IMPORTANT Omit the dATP from this solution.

For advice on making and storing solutions of dNTPs. please see the information panel on PREPARA-
TION OF STOCK SOLUTIONS OF dNTPs AND ddNTPS FOR DNA SEQUENCING in Chapter 12.

Oligo(dT)12_18

Purchase and dissolve oligo(dT)]2_18 at 1 mg/ml in TE (pH 7.6). Store at —20°C.
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Random deoxynucleotide primers six or seven bases in length
Because of their uniform length and lack of sequence bias, synthetic oligonucleotides of random
sequence are the primers of choice Oligonucleotides of optimal length (hexamers and heptamers;
Suganuma and Gupta 1995) can be purchased from a commercial source (e.g., Pharmacia and
Boehringer Mannheim) or synthesized locally on an automated DNA synthesizer. Store the solution of

primers at 0.125 ugly] in TE (pH 7.6) at —20°C in small aliquots.

Template RNAS:

Two-pass poly(A)+-enriched mRNA prepared from cells or tissue that expresses the
mRNA(s) of interest

Two-pass poly(A)+-enriched mRNA prepared from cells or tissue that does not express the
mRNA(5) of interest

For mRNA preparation and 0hg0(dT) chromatography, please see Chapter 7. Both RNAs should be dis—
solved in 1120 at a concentration of~1 mg/mlt

Radioactive Compounds

la-32PldATP (70 mCi/ml, Sp. act. >3000 Ci/mmole) <!>

la-“PldCTP (70 mCi/ml, 5p. act. 800—3000 Ci/mmole) <!>
To minimize problems caused by radiolysis of the precursor and the probe, it is best, whenever possible,
to prepare radiolabeled probes on the day the [32P1dNTP arrives in the laboratory.

Special Equipment

Sephadex 6-50 spun column, equilibrated in TE (pH 7.6)

Siliconized microfuge tubes (1.5 ml)

Water baths preset to 45°C, 60°C, and 68°C

Additional Reagents

Steps 8 and 9 of this protocol require reagents listed in Protocol 8 of this chapter.

METHOD
 

1. T0 synthesize first strand cDNA, mix the following ingredients at 4°C in a sterile microfuge tube:

template RNA (1 mg/ml) 10 pl

oligo(d”1‘)12718 (1 mg/ml) 10 u]

5 mM dNTP solution (complete) 10 pl

50 mM dithiothreitol 1 pl

10x reverse transcriptase buffer 5 pl

10 mCi/ml [a—32P1dCTP (Sp. act. 800 or 3000 Ci/mmole) 5 pl

placental RNase inhibitor 25 units

RNase—free HZO to 46 pl

reverse transcriptase (~800 units) 4 pl

A IMPORTANT Add the reverse transcriptase last.

Reverse transcriptase supplied by different manufacturers varies in its activity per unit. When using
a new batch of enzyme, set up a series of extension reactions containing equal amounts of poly(A)+
RNA and oligonucleotide primer, and different amounts of enzyme. prossible, the primer should
be specific for a mRNA present at moderate abundance in the preparation of poly(A)+ RNA. Assay
the products of each reaction by gel electrophoresis as described in this protocol. Use the minimal
amount of enzyme required to produce the maximum yield of extension product. The units used
in this protocol work well with most batches of StrataScript and Superscript 11.

Mix the components by gently tapping the side of the tube. Collect the reaction mixture in

the bottom of the tube by brief centrifugation in a microfuge. Incubate the reaction for 1

hour at 45°C.

[a-“PldCTP is used as a tracer to measure the synthesis of the first strand ochNA.
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2. Measure the proportion of radiolabeled dNTPs that either are incorporated into material

precipitated by TCA or adhere to a DE-81 filter (please see Appendix 8). Calculate the yield

of cDNA using the equation below.

In a reaction containing 50 nmoles of each dNTP:

me incnrpnr‘ited
x 200 nmoles dNTP x 330 ng/nmole : ng ofcl)NA synthesized

mm] (pm

3. Stop the reaction by adding:

0.5 M EDTA (pH 8.0) 2 pl

20% (w/v) SDS 2 pl

Mix the reagents in the tube completely.

The single—stranded, radiolabeled cDNA is quite sticky and adheres nonspecifically to glass, filters,
and some plastics. For this reason, it is important to maintain a minimum of 0.05% (w/v) SDS in
Step 3 of the protocol, and 0.1—1.0°/o SDS in hybridization buffers.

4. Add 5 pl of 3 N NaOH to the reaction tube. Incubate the mixture for 30 minutes at 68°C to

hydrolyze the RNA.

5. Cool the mixture to room temperature. Neutralize the solution by adding 10 pl of 1 M Tris-

Cl (pH 7.4), mixing well, and then adding 5 pl of 2.5 N HCl. Check the pH of the solution by

spotting <1 pl on pH paper.

6. Purify the cDNA by extraction with phenolzchloroform (please see Appendix 8).

7. Separate the radiolabeled probe from the unincorporated dNTPs by chromatography

through a spun column of Sephadex G—50 (Appendix 8).

A IMPORTANT Perform this step and all subsequent steps with siliconized tubes (please see

Appendix 8).

8. Carry out two rounds of subtractive hybridization as described in Protocol 8, Steps 9—19.

9. Concentrate the final preparation of cDNA by sequential extractions with isobutanol, and

remove salts by chromatography on Sephadex G—50 as described in Protocol 8, Steps 16 and

17.

10. Recover the cDNA by standard precipitation with ethanol (please see Appendix 8). Dissolve

the cDNA in HZO at a concentration of 15 ng/ul.

A IMPORTANT Do not attempt to precipitate the cDNA with ethanol before removing the phos-

phate ions by spun-column chromatography. The presence of phosphate ions interferes with DNA
precipitation.

The subtracted cDNA prepared through Step 10 of this protocol can be converted into double—
stranded DNA (please see Chapter 11, Protocol 1 [Stage 2]) and cloned into a bacteriophage or

plasmid vector to produce a subtracted cDNA library (e.g., please see Sargent and Dawid 1983;
Davis 1986; Rhyner et al. 1986; Fargnoli et al. 1990).

11. T0 radiolabel the subtracted cDNA to high specific activity, mix the following in a 0.5-m1

microfuge tube:

subtracted cDNA 5 pl

random deoxynucleotide primers (125 ug/ml) 5 pl

12. Heat the mixture to 60°C for 5 minutes, and then cool it to 4°C.
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13. To the primer:cDNA template mixture, add:

5x random primer buffer 10 pl

5 mM dNTP solution of dCTP, dGTP, and dTTP 5 pl

10 mCi/ml [cx»33P]dATP (sp. act. >3000 Ci/mmole) 25 11]

Klenow fragment (12.5 units) 2.5 ul

HZO to 50 pl

Incubate the reaction for 4—6 hours at room temperature.

10—1 5 units of the Klenow fragment are required in each random priming reaction.

14. Stop the reaction by adding:

0.5 M EDTA (pH 8.0) 1 pl
209/0 (w/v) SDS 2.5 pl

15. Separate the radiolabeled cDNA from the unincorporated dNTPs by spun-column chro—

matography through Sephadex G-50 (please see Appendix 8).

The radiolabeled CDNA should be denatured by heating to 100°C for 5 minutes before it is used
for hybridization. Use 5 x 107 dpm of radiolabeled CDNA for each 138—mm filter and 5 x 10“ to 1 x
107 dpm for each 82—mm filter. Once radiolabeled, use the probe immediately to avoid damage by
radiochemical decay.

 

 



Protocol 10

Labeling 3 ’ Termini of DoubIe-stranded
DNA Using the Klenow Fragment of
E. coli DNA Polymerase I

 

THE SIMPLEST WAY TO [ABEL LINEAR DOUBLE-STRANDED DNA is to use the Klenow fragment of E.

coli DNA polymerase I to catalyze the incorporation of one or more [oc—32P]dNTPs into a recessed

3' terminus (Telford et al. 1979; Cobianchi and Wilson 1987). For a summary of other methods

that may be used to label the termini of DNA, please see Table 9—2 at the end of this protocol.

Fragments suitable as templates for the end-filling reaction are produced by digestion of DNA

with an appropriate restriction enzyme. The Klenow enzyme is then used to catalyze the attach-

ment of dNTPs to the recessed 3'-hydroxyl groups (please see the information panel on E. COLI

DNA POLYMERASE I AND THE KLENOW FRAGMENT). The labeling reaction is versatile and quick

and has the advantage that it can be carried out in the restriction digest, without any change of

buffer. Because the Klenow enzyme has an indolent 3'—~>5’ exonuclease activity, its ability to incor-

porate nucleotides at blunt or 3’-protruding termini is limited. One or both of the 3' ends of a
linear double—stranded DNA molecule can therefore be labeled, depending on the nature of the
termini and radiolabeled nucleotide included in the labeling reaction (please see Labeling

Recessed and Blunt-ended 3’ Termini below). However, under most circumstances, it is best to

include unlabeled dNTPs in the labeling reaction. This allows the labeling of the recessed 3' ter—

minus at any position. In addition, unlabeled dNTPs incorporated downstream from the labeled

dNTP shield the labeled nucleotide from the action of the indolent 3’—>5' exonuclease. Fragments

labeled at both 3’ termini are used as:

o molecular-weight standards in Southern blotting (please see the panel on PREPARING RADlO-

LABELED SIZE MARKERS FOR GEI. ELECTROPHORESIS following Step 4)

o probes in gel—retardation experiments

0 tracers for small quantities of DNAs on gels

o low-specific-activity probes for screening bacterial colonies or bacteriophage plaques and for

Southern analysis of recombinant cosmids, plasmids, or bacteriophage A

Fragments labeled at only one terminus are used as:

o substrates for sequencing by the Maxam—Gilbert method (Chapter 12, Protocol 7)

o probes for RNA mapping with either nuclease 81 or mung bean nuclease (Chapter 7, Protocol 10)

0 primers in primer—extension reactions

9.51
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LABELING RECESSED AND BLUNT—ENDED 3’ TERMINI

This protocol requires that the DNA to be end-labeled contain a sequence recognized and cleaved

by a restriction endonuclease that generates 3’-recessed ends. The choice of which [a—33P] dNTPs

to use for the reaction depends on the sequence of the protruding 5' termini at the ends of the

DNA and on the objective of the experiment. For example, ends created by cleavage of DNA with

EcoRI can be labeled with [oc—32P]dATP:

Klenow enzyme
5 —G om + 51' AATTC-3 ,

} —CTTAA P5 3 Ho G—s [tx~32P]dATP
5 -GAA 0115 + 5'P AATTC—3

3'-CTTAA P5 iHo AAG-s

The two proximal 5’-protruding nucleotides are both thymidine residues, and the Klenow

enzyme can therefore insert two adenine residues. The resulting fragment with two identical radi—

olabeled nucleotides incorporated into its 3' terminus would not be suitable for Maxam-Gilbert

sequencing, because a doublet pattern would be obtained on the sequencing autoradiogram. For

other purposes, however, such as radiolabeling of DNAs to be used as size standards or generat-
ing probes, the incorporation of two identical radiolabeled deoxynucleotides would not compro-

mise the results. Termini created by cleavage of DNA with BamHI can be labeled with
[Ot—32P] dGTP:

a -G om + 5 P GATCC-s M 5 ~GG OH3' + w GATCC—s
z-CCTAG P5 3 Ho G-s [0t~32P]dGTP 3'—CCTAG P5 3 HOGG—S

Note that only one radiolabeled nucleotide can be incorporated per end in a reaction uti—

lizing [tx—32P]dGTP as the radiolabeled substrate. However, if unlabeled dGTP, dATP, and dTTP

were included in the polymerization reaction, then the DNA fragment could be radiolabeled with

[oz—“PldCTP. The addition of unlabeled dNTPs (1) allows the use of any available radiolabeled

dNTP whose complement is included in the protruding 5’ end, (2) eliminates the possibility of

exonucleolytie removal of nucleotides from the 3” terminus of the template by the Klenow

enzyme’s 3'—>5' exonuclease activity, and (3) ensures that all radiolabeled DNA products will be

the same length.

By choosing the appropriate [a-flpldNTP, it is possible to label only one end of a double-
stranded DNA molecule. For example, DNA cleaved by ECORI at one end and by BamHI at the
other end can be labeled selectively by including either [a—32P]dATP (to radiolabel the EcoRI site)
or [a-32P1dGTP (to radiolabel the BamHl site). Furthermore, if the DNA sequence of a fragment
to be end-labeled is known, the N nucleotide in the recognition sequence of certain restriction
enzymes can be used to label one end of a DNA molecule preferentially. For example, the restric-
tion enzyme Hinfl recognizes the sequence 5’-GANTC-3' and cleaves between the G and A to
yield a 3’~recessed end. If the Hinfl recognition sequence at the 5' end of a DNA fragment is 5'-
GACTC-S’ and at the 3’ end the sequence is 5’—GAGTC—3’, then the DNA fragment can be selec-
tively labeled at the 5' end by including unlabeled dATP and [a—32PldGTP in the reaction or at
the 3' end by including unlabeled dATP and [oc-32PldCTP in the reaction. Numerous variations
on this strategy can be used with restriction enzymes such as Ddel, Fnu4H, 3511361, and ECOOlO9l.

The terminal nucleotide of a blunt-ended DNA fragment can be replaced by exploiting the
weak 3'—>5' exonucleolytic and strong polymerizing activities of the Klenow fragment. For exam-
ple, incubation of DNA fragments produced by the restriction enzyme Alul, which recognizes the
sequence 5’-AGCT-3’ and cleaves between the G and C, with the Klenow enzyme and
[a—32P]dGTP results in exonucleolytic removal of the dGMP and replacement with the
radiolabeled guanine nucleotide:  
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3 —AG mm + a 1) CT-z Klenow enzym’e 5'—A OHS + S'P CT—s' Klenow enzym: s—AG om + w CT-z

t-TC vs mu GA—% 3 —TC PS' SOH A—s’ [(X-SZPMGTP r—TC P5 mu GA-s

Although the specific activity of radiolabeled blunt-ended DNA fragments is not high, it is

generally sufficient to allow the fragments to be used as size standards in gel electrophoresis.

Blunt-ended molecules can be labeled more efficiently using bacteriophage T4 DNA polymerase,

which has a much more powerful 3’—>5' exonuclease than the Klenow fragment.

Finally, the end-filling reaction catalyzed by the Klenow enzyme is not limited to radiola—

beled dNTPs. Deoxynucleotides modified with haptens such as biotin, fluorescein, and digoxi—

genin can also be used. The Km values for incorporation of these modified nucleotides are usual-
ly less than the Km values of the standard dNTPs and depends on the nature of the hapten. Follow

the recommendations of the manufacturer when using modified nucleotides as substrates in

labeling reactions catalyzed by the Klenow enzyme.

MATERIALS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions
Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Ammonium acetate (10 M)

Optional, please see Step 4.

Ethanol

Enzymes and Buffers

Appropriate restriction enzyme(s)

Choose enzymes that produce 3/—recessed termini.

Klenow fragment of E. coli DNA polymerase I

Nucleic Acids and Oligonucleotides

dNTP solution containing the appropriate unlabeled dNTPs, each at 7 mM
For advice on making and storing solutions of dNTPS, please see the information panel on PREPARA-
TION OF STOCK SOLUTIONS OF dNTPs AND ddNTPS FOR DNA SEQUENCING in Chapter 12.

Template DNA (0.1—5 pg)
Use linear, double-stranded DNA carrying appropriate recessed 3’ termini.

Radioactive Compounds

[ot-32PldNTP (10 mCi/ml, Sp. act. 800—3000 Ci/mmO/e) <!>

To minimize problems caused by radiolysis of the precursor and the probe, it is best, whenever possible.
to prepare radiolabeled probes on the day the [33PldNTP arrives in the laboratory.

Special Equipment

Sephadex G-50 spun column, equilibrated in TE (pH 7.6)
Optional, please see Step 4.

Water bath preset to 75°C  
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_METHOD

1. Digest up to 5 ug of template DNA with the desired restriction enzyme in 25—50 ul of the

appropriate restriction enzyme buffer.

The labeling reaction may be carried out immediately after digesting the DNA with a restriction
enzyme. There is no need to remove the restriction enzyme or to inactivate it. Because the Klenow

fragment works well under a variety of conditions (as long as Mg2+ is present in millimolar con—
centrations), it is unnecessary to change buffers. At the end of the restriction reaction, the Klenow

enzyme, unlabeled dNTPs, and the appropriate [a—32PJdNTP are added and the reaction is incu—

bated for a further 15 minutes at room temperature, as described below. The procedure works well

even on relatively crude DNA preparations (e.g., minipreparations of plasmids).

2. To the completed restriction digest, add:

10 mCi/ml [a—“PldNTP (sp. act. 2—50 pCi
800—3000 Ci/mmole)

unlabeled dNTPs to a final concentration of 100 MM

Klenow fragment 1~5 units

Incubate the reaction for 15 minutes at room temperature.

Approximately 0.5 unit of the Klenow enzyme is required for each pig of template DNA (1 pg of a
10007bp fragment is equivalent to ~3.1 pmolcs of termini of doublc—strandcd DNA; Appendix 6).

The Klenow enzyme works well in almost all buffers used for digestion by restriction enzymes.

Reverse transcriptase (1—2 units) can be used in place of the Klenow enzyme in this protocol.
However, reverse transcriptase is not as forgiving of buffer conditions as the Klenow enzyme and

is therefore used chiefly to label purified DNA fragments in reactions containing conventional
reverse transcriptase buffer.

When the labeled DNA is to be used for sequencing by the Maxam—Gilbert technique (please see
Chapter 12, Protocol 7) or for mapping mRNA by the nuclease 81 method (please see Chapter 7,
Protocol 10), the concentration of labeled dNTP in the reaction should be increased to the great-
est level that is practicable After the reaction has been allowed to proceed for 15 minutes at room
temperature, add all four unlabeled dNTPs to a final concentration of 0.2 mM for each dNTP, and
continue the incubation for a further 5 minutes at room temperature. This cold chase ensures that
each recessed 3' terminus will be completely filled and that all labeled DNA molecules will be
exactly the same length.

3. Stop the reaction by heating it for 10 minutes at 75°C.

4. Separate the radiolabeled DNA from unincorporated dNTP by spun—column chromatogra—

phy through Sephadex G—50 (please see Appendix 8) or by two rounds of precipitation with

ethanol in the presence of 2.5 M ammonium acetate (please see Appendix 8).

 

 

PREPARING RADIOLABELED SIZE MARKERS FOR GEL ELECTROPHORESIS

This protocol generates labeled DNA fragments that can be used as size markers during gel elec-
trophoresis. Because the fragments are labeled in proportion to their molar concentrations and not their
sizes, both small and large fragments in a restriction enzyme digest become labeled to an equal extent.
Bands of DNA that are too small to be visualized by staining with ethidium bromide can therefore be
located by autoradiography.

It is desirable, but not necessary, to remove unincorporated [a—szldNTP from the radiolabeled DNA

before gel electrophoresis. The [on-32P1dNTP migrates faster than bromophenol blue on both polyacry-
Iamide and agarose gels and does not interfere with the detection of anything but the smallest of DNA
fragments. However, removing the unincorporated radiolabel has some advantages: It avoids the possi-
bility of contaminating the anodic buffer chamber of the electrophoresis tank with radioactivity, it allows
the amount of radiolabeled DNA applied to the gel to be estimated by a hand-held minimonitor, and it

reduces the possibility of radiochemical damage to the DNA.
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Protccol 11

Labeling 3’ Termini of DoubIe-stranded DNA
with Bacteriophage T4 DNA Polymerase

 

R ESTRICTION ENZYMES SUCH AS Psrl, Pvul, AND SACI CLEAVE DNA asymmetrically to produce

fragments with protruding 3” ends. The termini of these fragments are difficult to label in reac-

tions catalyzed by the Klenow fragment, in part because this enzyme has a weak 3'—>5' exonucle—

ase activity. However, the DNA polymerase encoded by gene 43 of bacteriophage T4 carries a

3'—95' exonucleolytic activity that is more active against single—stranded substrates than double—

stranded substrates and ~200-fold more powerful than the Klenow enzyme. The bacteriophage—

encoded enzyme rapidly digests 3'—protruding termini and then continues at a slower pace to

remove 3’ nucleotides from the double—stranded portion of the DNA substrate. In the absence of
dNTPs, the enzyme degrades double—stranded molecules to approximately half—length single

strands. However, in the presence of high concentrations of dNTPs, recessed 3'-hydr0xyl termini

generated by exonucleolytic activity act as primers for template-directed addition of mononu-

cleotides by the 5'—>3’ polymerase. Because the synthetic capacity of bacteriophage T4 DNA poly-

merase exceeds its exonucleolytic abilities, protruding 3” termini are converted to termini with

flush ends (Richardson et al. 1964b). If one of the four dNTPs is radiolabeled, the resulting blunt—

ended double—stranded molecules will be labeled at or near their 3’ termini (Goulian et al 1968).

For a summary of methods used to label the termini of DNA, please see Table 9-2 in Protocol 10.

Careful studies of the kinetics of the exonuclease and fill-in reactions catalyzed by bacterio—

phage T4 DNA polymerase indicate that the incorporation of radiolabel into DNA is nonrandom

( Bortner and Griffith 1993). Thus, radiolabeled fragments typically have extensive tracts of newly
synthesized DNA, rather than all DNA templates being end-labeled. This labeling pattern appar—

ently arises because the initiation of the exonuclease reaction is the rate-limiting step. Once start-

ed, the enzyme continues to digest the DNA in the 3’—>5’ direction for a considerable length and

then subsequently fills in the resected DNA. If the goal is the generation of an end-labeled popu-

lation of DNA molecules from a blunt-ended or 5'—recessed template, it is best to carry out a two—

stage reaction in which the template is first digested with exonuclease III at reduced temperatures

and then regenerated by bacteriophage T4 DNA polymerase (Bortner and Griffith 1993).

In the presence of a single a—radiolabeled dNTP (e.g., [a—32P]dCTP), the enzyme progres-

sively removes nucleotides until it exposes a G residue on the complementary DNA strand. An
idling-turnover reaction is then established in which the radiolabeled C residue is removed by the
exonuclease and replaced with a fresh radioiabeled residue by the polymerase (Young et al. 1992).

In the case of DNA fragments generated by PstI, the idling-turnover reaction may be outlined as
shown in Figure 9-3.
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5'P 3'0H

3'0H 5'P

Pstl

5-P 3.0“ 5-P TON

3'0H 5'p 3'0H 5‘P

bacteriophage T4 DNA polymerase

(exonuclease activity)

s'P 3-0” + 5-p 3'0H

a'0b-| 5'p 3'0H 5'P

[a32_p]dcTP bacteriophage T4 DNA polymerase
(polymerase activity)

5'p 3‘0H + 5's: 3'0H
G'OH 5'P 3-0” 5'P

FIGURE 9-3 Labeling Using the Idling/Turnover Feature

Please see text for details.

Fragments radiolabeled by the idling—turnover reaction can be used as probes for mapping

RNA with nuclease 51 or mung bean nuclease (Chapter 7, Protocol 10); for Southern analysis of

cosmid, plasmid, or bacteriophage DNAs; or for screening bacterial colonies and bacteriophage

plaques. In addition, the labeled fragments can be used as size markers during gel electrophore-

sis and as primers in primer—extension reactions. For further details, please see the introduction

to Protocol 10.

MATERIALS

 

 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Ammonium acetate (10 M)

Ethanol

Phenol:ch/orof0rm (1:7, v/v) <!>

Enzymes and Buffers

Appropriate restriction enzyme(5)
Choose enzymes that produce blunt or 3’-pr0truding termini. In many cases, digestion can be carried
out in T4 DNA polymerase buffer, allowing the digestion and labeling reactions to be carried out
sequentially without an intermediate extraction with phenol:chloroform and precipitation with ethanol.
However, not all restriction enzymes work in bacteriophage T4 DNA polymerase buffer, and it is advis—
able to follow the manufacturer’s advice and/or to carry out pilot reactions with the particular restric—
tion enzyme before using this shortcut.

Bacteriophage T4 DNA polymerase
70x Bacteriophage T4 DNA polymerase buffer
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Nucleic Acids and Oligonucleotides

dNTP solution containing three unlabeled dNTPs, each at 2 mM
The three dNTPs to be included in this solution depend on the DNA sequence ofthe restriction endonu—
clease site to be radiolabeled. None of them should carry the same base as the radiolabeled nucleotide
(please see the introduction to Protocol 10). For advice on making and storing solutions of dNTPs,
please see the information panel on PREPARATION OF STOCK SOLUTlONS OF dNTPs AND
ddNTPS FOR DNA SEQUENCING in Chapter 12.

dNTP solution containing one unlabeled dNTP at a concentration of 2 mM

A IMPORTANT The dNTP used here should carry the same base as the radiolabeled dNTP.

Template DNA (0.1—5 pg)
Use linear, double—stranded DNA carrying appropriate blunt or protruding 3” termini.

Radioactive Compounds

[a-fZPldNTP (70 mCi/ml, 5p. act. 800—3000 Ci/mmole) <!>

To minimize problems caused by radiolysis ofthe precursor and the probe, it is best, whenever possible,
to prepare radiolabeled probes on the day the [33PldNTP arrives in the laboratory.

Special Equipment

Sephadex G-50 spun column, equilibrated in TE (pH 7.6)
Optional, please see Step 6.

Water bath preset to 70°C

METHOD

1. Digest O.1—5.0 pg of the template DNA with a restriction enzyme(s) that generates a blunt or

3’—pr0truding end.

Please see the note under Appropriate restriction enzymes in the Materials section ofthis protocol.

2. Purify the DNA by extraction with phenolzchloroform and precipitation with ethanol in the

presence of 2.5 M ammonium acetate (please see Appendix 8).

3. Dissolve the DNA pellet in:

10x bacteriophage T4 DNA polymerase buffer 2 pl

2 mM solution of three unlabeled dNTPs 1 pl

10 mCi/ml [a—SZPMNTP (800—3000 Ci/mmole) 1 pl

bacteriophage T4 DNA polymerase (2.5 units/pl) 1 pl

HZO to 20 pl

Incubate the reaction for 5 minutes at 37°C.

4. Add 1 u] of a 2 mM solution of the unlabeled fourth dNTP. Continue the incubation for a fur—

ther 10 minutes.

5. Stop the reaction by heating it to 70°C for 5 minutes.

6. Separate the labeled DNA from unincorporated dNTPs by spun-column chromatography

through Sephadex G-50 (please see Appendix 8) or by two rounds of precipitation with

ethanol in the presence of 2.5 M ammonium acetate (please see Appendix 8).
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End Labeling Protruding 3” Termini of
DoubIe-stranded DNA with
[oc-32P]Cordycepin 5 ’-Triphosphate
or [0t-32P]dideoxyATP

MATERIALS

THE 3 '-PROTRUDING ENDS OF DNA, SUCH AS THOSE GENERATED by PstI or Sad or other restric-

tion enzymes, can be labeled by using the enzyme calf thymus terminal transferase to catalyze the

transfer of [a—“HdideoxyATP (Yousaf et al. 1984) or [a-32P]cordycepin triphosphate (Tu and

Cohen 1980). Because neither of these molecules carries a 3’—hydr0xyl group, no additional

nucleotides can be attached to the protruding 3” end. Under most circumstances, [a-32P]di—

deoxyATP is the preferred substrate for labeling 3’ termini because it is incorporated more effi-

ciently than [a-33P]cordycepin triphosphate. However, DNA molecules carrying cordycepin

residues at their 3' termini have one advantage: They are resistant to digestion with contaminat—

ing exonucleases that can remove 3'-tcrminal labels from DNA. For a summary of methods used

to label the termini of DNA, please see Table 9-2 in Protocol 10.

 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Ammonium acetate (10 M)

Optional, please see Step 6.

Ethanol

Phenol:chloroform (7:7, v/v) <!>

Enzymes and Buffers

9.60

Appropriate restriction enzyme(5)

Choose enzymes that produce 3’-protruding termini.

Calf thymus terminal transferase

5x Terminal transferase buffer
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Nucleic Acids and Oligonucleotides

Template DNA (0.7—5 pg)
Use linear, double—stranded DNA carrying appropriate protruding 3’ termini.

Radioactive Compounds

[(1-32PJCordycepin triphosphate (70 mCi/ml, 5p. act. 5000 Ci/mmole) <!>

Special Equipment

METHOD

or

(Iordycepin (3’—deoxyadenosine), isolated from the culture fluids of Cordyfeps militaris (a club

shaped mushroom), was the first nucleotide antibiotic to be discovered (Cunningham et al. 1951).

[a-“PlDideoxyATP (10 mCi/ml, 5p. act. 3000 Ci/mmole) <!>
To minimize problems caused by radiolysis of the precursor and the probe, it is best, whenever possible,
to prepare radiolabeled probes on the day the ”P—labeled nucleotide arrives in the laboratory.

Sephadex G-50 spun column, equilibrated in TE (pH 7.6)
Optional, please see Step 6.

. Digest 0.1—5 pg of template DNA with the appropriate restriction enzyme.

Purify the DNA by extraction with phenolzchloroform and standard precipitation with

ethanol.

Dissolve the digested DNA in 10 pl of 5x terminal transferase buffer and 34 pl of H20.

Add 5 ul of 10 mCi/ml [a—32P]cordycepin 5’—triphosphate (5000 Ci/mmole) or [a—ijldide-
oxyATP (3000 Ci/mmole) and 1 01 of calf thymus terminal transferase (~20 units).

20 units of calf thymus terminal transferase are required to catalyze the radiolabeling of ~]0
pmoles of protruding 3' termini.

. Incubate the reaction for 1 hour at 37°C.

Separate the labeled DNA from unincorporated [a-“Pkordycepin 5'-triphosphate (or

[tx-33P]dideoxyATP) by spun-column chromatography through Sephadex 6-50 or by two

rounds of precipitation with ethanol in the presence of 2.5 M ammonium acetate (please see

Appendix 8).

RNA can be end—labeled with [32P]c0rdycepin and yeast-encoded poly(A) polymerase, an enzyme
that catalyzes the addition of adenosine residues onto the terminal 3'-hydroxyl group ofany oligo—

or polyribonucleotide (Lingner and Keller 1993). Substitution of radiolabeled cordycepin triphos—

phate (3'-dATP) for ATP results in the addition of a single 3'—dA residue to the 3’ end of the RNA.

Yeast poly(A) polymerase preferentially labels longer RNA molecules, whereas short RNA mole-

cules are labeled more efficiently by RNA ligase.

Alternatively, radiolabeled [33P]pCp can be attached to the 3' ends of RNA substrates with RNA
ligase, an enzyme coded by bacteriophage T4 that catalyzes the ATP-dependent intra— and inter-
molecular formation of phosphodiester bonds between 5’-phosphate and 3'—hydr0xyl termini of
single‘stranded RNA or DNA. The minimal substrate is a nucleoside 3’,5'—diphosphate such as
pCp (Uhlenbeck and Gumport 1982)

 



Protocol 13
 

Dephosphorylation of DNA Fragments with
Alkaline Phosphatase

MATERIALS

THE REMOVAL OF 5’ PHOSPHATES FROM NUCLEIC ACIDS is used to enhance subsequent labeling

with [y—32P1ATR to reduce the circularization of plasmid vectors in ligation reactions, and to ren-

der DNA susceptible or resistant to other enzymes that act on nucleic acids (e.g., A exonuclease).

Essentially any nucleotide phosphatase (e.g., bacterial alkaline phosphatase) calf intestinal alkaline

phosphatase [CIP], placental alkaline phosphatase, shrimp alkaline phosphatase [SAP], or sever—

al acid phosphatases such as sweet potato and prostate acid phosphatase) will catalyze the removal

of 5' phosphates from nucleic acid templates. In fact, these enzymes prefer small substrates such

as p—nitrophenyl phosphate and the exposed 5” phosphates of nucleic acids to bulky globular pro—

tein substrates. For additional details on alkaline phosphatases, please see the information panel

on ALKALINE PHOSPHATASE.

Because CIP and SAP are commercially available and readily inactivated, they are the most
widely used phosphatases in molecular cloning. Although CIP is less expensive per unit of activf

ity, SAP enzyme has the advantage of being readily inactivated in the absence of chelators. DNA

modification reactions (e.g., phosphorylation and ligation) can therefore be carried out in serial

fashion in the same reaction tube, thereby avoiding extraction with phenol:chloroform and pre—

cipitation with ethanol.

 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

9. 62

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Chloroform <!>

EDTA (0.5 M, pH 8.0) or ECTA (0.5 M, pH 8.0), if using CIP

Ethanol

Phenol:chloroform (1:1, v/v) <!>

SDS (10% w/v), if using CIP  
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Sodium acetate (3 M, pH 7.0 [if using CIP] and pH 5.2)
The 3 .\1 sodium acetate solution at pH 7.0 is used because EDTA precipitates from solution at acid pH.

TE (pH 7.6)

Tris-Cl (1 M, pH 8.5)

Enzymes and Buffers

Calf intestinal alkaline phosphatase (CIP) or Shrimp alkaline phosphatase (SAP) (US
Biochemicals, Boehringer Mannheim, or Worthington Biochemicals)

70x CIP dephosphorylation buffer or 70x SAP dephosphorylation buffer
Proteinase K

Restriction enzyme(s)

Nucleic Acids and Oligonucleotides

DNA sample (0.1—10 pg [1—100 pmo/es])
Dephosphorylation reactions are usually carried out in a volume of 25—50 pl containing 1—100 pmoles
of 5’—phosphorylated termini of DNA.

Special Equipment

Water baths or heating blocks preset to 56°C, 65°C, or 75°C (CIP) or 70°C (SAP)

 

CALCULATING THE AMOUNT OF 5' ENDS IN A DNA SAMPLE

Use the following formulas to calculate the number of pmoles of 5 ' ends present in a given DNA sample.

For double-stranded DNA

Amount of 5 ' ends (in pmoles) = [X/(Y x 660 g/mo|e/base pair)] x 1012 pmoles/moIe x 2 endS/molecule

Where X is the mass of DNA fragment in grams and Y is the length of DNA fragment in base pairs, For exam-
ple, 1 pg of linearized 3-kb plasmid DNA : 1 pmole 5’ ends, and 1 ug of a 1-kb double-stranded DNA frag-
ment = 3 pmoles 5’ ends.

For single-stranded DNA

pmole 5’ ends = [X/(Yx 330 g/moIe/nucleotidefl x 1012 pmoles/mole

Where X is the mass of DNA fragment in grams and Y is the |ength of DNA fragment in nucleotides. For exam- \
pie, 1 pg (~0.03 OD260) of a 25-mer oligodeoxynucleotide is 120 pmoles 5 ’ ends. l

  
METHOD

1. Use the restriction enzyme of choice to digest to completion 1—10 pg (10—100 pmoles) of the

DNA to be dephosphorylated.

Follow the restriction enzyme manufacturer’s recommendations for incubation time and temper-
ature. The progress of the digest can be analyzed by agarose gel electrophoresis.

CIP and SAP will dephosphorylate DNA at a slightly reduced efficiency in restriction buffers that
have been adjusted to pH 8.5 with 10x CIP or 10x SAP buffer, as is done in the next step. If this is
unacceptable, the restricted DNA may be purified by extraction with phenolzchloroform and stan~
dard precipitation with ethanol and then dissolved in a minimal volume of 10 mM Tris-Cl (pH
8.5).
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2. Dephosphorylate the 5’ ends of the restricted DNA with either CIP or SAP.

TO DEPHOSPHORYLATE DNA USING CIP

a. Add to the DNA:
10x CIP dephosphorylation buffer 5 ul

Hzo to 48 u]

b. Add the appropriate amount of CIP.

1 unit of CIP will dephosphorylate ~l pmole of 5'-phosphorylated termini (5'—recessed or
blunt-ended DNA) or ~50 pmoles of 5'—protruding termini. These amounts may vary slight—
ly from one manufacturer to the next.

c. Incubate the reaction for 30 minutes at 37°C, add a second aliquot of CIP, and continue
incubation for a further 30 minutes.

d. To inactivate CIP at the end of the incubation period, add SDS and EDTA (pH 8.0) to

final concentrations of 0.5% and 5 mM, respectively. Mix the reagents well, and add pro—

teinase K to a final concentration of 100 ug/ml. Incubate for 30 minutes at 56°C.

e. Cool the reaction to room temperature and purify the DNA by extracting it twice with

phenolzchloroform and once with chloroform alone.

Proteinase K and SDS used to inactivate and digest CIP must be completely removed by
extraction with phenolzchloroform prior to subsequent enzymatic treatments (phosphoryla—

tiori by polynucleotide kinase, ligation, etc.).

A IMPORTANT A single extraction with chloroform alone is insufficient to reduce the
concentration of SDS to the point where it no longer will inhibit polynucleotide kinase.
Kurien et al. (1997) suggest that up to four extractions with chloroform may be required.

Glycogen or linear polyacrylamide (Gaillard and Strauss 1990) can be added as a carrier
before phenolzchloroform extraction if small amounts of DNA (<100 ng) were used in the

reaction. Do not add carrier nucleic acid (tRNA, salmon sperm DNA, etc.), as it will compete

with the dephosphorylated DNA for the radiolabeled ATP during the kinasing reaction.

Alternatively, CIP can be inactivated by heating to 65°C for 30 minutes (or 75°C for 10 min—
utes) in the presence of 10 mM EGTA (pH 8.0)

A IMPORTANT Use EGTA not EDTA.

TO DEPHOSPHORYLATE DNA USING SAP

a. Add to the DNA:
10x SAP dephosphorylation buffer 5 ul

HZO to 48 til

b. Add the appropriate amount of SAP.

1 unit of SAP will dephosphorylate ~1 pmole of 5'—phosphorylated termini (3'-recessed or
5'- recessed) or ~0.2 pmole of blunt—ended DNA. These amounts may vary slightly from one
enzyme manufacturer to the next.

C. Incubate the reaction for 1 hour at 37°C.

d. To inactivate SAP, transfer the reaction to 70°C, incubate for 20 minutes, and cool to

room temperature.

3. Transfer the aqueous phase to a clean microfuge tube, and recover the DNA by standard

ethanol precipitation in the presence of 0.1 volume of 3 M sodium acetate (pH 5.2) if SAP

was used or 0.1 volume of3 M sodium acetate (pH 7.0) if CIP was used.
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4. Allow the precipitate to dry at room temperature before dissolving it in TE (pH 7.6) at a DNA

concentration of >2 nmoles/ml.

To remove 5’ phosphates from RNA, use 0.01 unit of CIP/pmole of 5' termini. Incubate for
15 minutes at 37°C, followed by 30 minutes at 55°C. Alternatively, use 0.01—0.1 unit of
SAP/pmole of 5' ends to dephosphorylate RNA in a l—hour incubation at 37°C.

 

If the dephosphorylated DNA is to be used as a substrate for polynucleotide kinase, it must be rigorously
purified by spun-column chromatography, gel electrophoresis, density gradient centrifugation, or chro-
matography on columns of Sepharose CL—4B to free it from Iow-molecular-weight nucleic acids.
Although such contaminants may make up only a small fraction of the weight Of the nucleic acid in the
preparation, they contribute a much larger proportion of the 5 ’ termini. Unless steps are taken to remove
them, contaminating low-molecular-weight DNA and RNA molecules can be the predominant species of
nucleic acids that are labeled in reactions catalyzed by bacteriophage T4 polynucleotide kinase.

Because ammonium ions are strong inhibitors of bacteriophage T4 polynucleotide kinase, dephos-
phorylated DNAS should not be dissolved in, or precipitated from, buffers containing ammonium salts
prior to treatment with polynucleotide kinase. 
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Phosphorylation of DNA Molecules
with Protruding 5 ’-Hydroxyl Termini

9. 66

THE REMOVAL OF 5’ PHOSPHATES FROM NUCLEIC ACIDS with phosphatases and their readdition

in radiolabeled form by bacteriophage T4 polynucleotide kinase is a widely used technique for
generating 32P—labeled probes (please see the panel on lABELING THE 5’ TERMINI OF DNA WITH

BACTERIOPHAGE T4 POLYNUCLEOTIDE KINASE) When the reaction is carried out efficiently,

40—5096 of the protruding 5’ termini in the reaction becomes radiolabeled (Berkner and Folk

1977). However, the specific activity of the resulting probes is not as high as that obtained by
other radiolabeling methods since only one radioactive atom is introduced per DNA molecule.
Nevertheless, the availability of [y—3ZP]ATP with specific activities in the 3000—7000 Ci/mmole
range allows the synthesis of probes suitable for many purposes, including:

o as hybridization probes to determine the structure and copy number of mRNAs

o as primers in primer-extension experiments to map the 5” ends of mRNAs

o as substrates in the analysis of RNA structure by nuclease 81 or mung bean nuclease

o as probes in fingerprinting and footprinting experiments

0 as primers in DNA sequencing

o as probes in electrophoretic mobility shift assays

This protocol describes a method to label dephosphorylated protruding 5' termini. For a
summary of methods used to label the termini of DNA, please see Table 9—2 in Protocol 10.

 



Protocol 14: Phosphorylation ofDNA Molecules With Protruding 5’—Hydroxyl Termini 9.67

 

lABElING THE 5' TERMINI OF DNA WITH BACTERIOPHAGE T4 POLYNUCLEOTIDE
KINASE

The enzyme of choice to catalyze the labeling of 5 ’ termini of nucleic acids is bacteriophage T4 polynucleotide
kinase, which facilitates transfer of y—phosphate residues from [y—3ZPJATP to the 5 ’-hydroxyl termini of dephos-
phorylated single- and double-stranded DNAs and RNA. In addition, the enzyme will, with much lower eff-
Ciency, restore phosphate residues to 5 ’-hydroxyl groups located at nicks in double-stranded DNA. T4 polynu-
cleotide kinase is a tetrameric protein of Mr ~142,000 composed of four identical subunits encoded by the
structural gene pseT of bacteriophage T4 (for reviews, please see Richardson 1971; Maunders 1993). Transfer
of ”P to the 5 ’ terminus of DNA catalyzed by bacteriophage T4 polynucleotide kinase can be carried out in
two ways (please see Figure 9-4):

0 In the forward reaction, single- or double-stranded DNA is first treated with a phosphatase (CIP or SAP) to
remove phosphate residues from the 5' termini (Protocol 13). The resulting 5 ’-hydroxy| termini are then
rephosphorylated by transferring the y-phosphate from [y—jZPJATP in a reaction catalyzed by polynucleotide
kinase (this protocol and Protocol 15). The efficiency of radioiabeling depends on the purity of the DNA
(due to kinase inhibitors present in an unpurified DNA solution) and on the sequence at the 5 ' terminus of
the DNA. For unknown reasons, oligonucleotides with a cytosine residue at their 5' termini are labeled
fourfold less efficiently than oligonucleotides beginning with A or T, and sixfold less efficiently than oligonu-
cleotides beginning with G (van Houten et al. 1998).

Some DNA templates, such as synthetic oligonucleotides, do not have to be treated with a phosphatase

enq/me before kinasing. OIigonucIeotides are almost invariably synthesized with a free 5 ’-hydroxyi group.
Because the phosphorylation reaction is reversible, T4 polynucleotide kinase will catalyze dephosphoryla-
tion of 5’ termini in the presence of a molar excess of a nucleotide diphosphate acceptor, such as ADP (van
de Sande et al. 1973). The second method of labeling (the exchange reaction) uses both the forward and
reverse reactions catalyzed by the enzyme.

 

o In the exchange reaction (Protocol 16), the unlabeled phosphate residues are transferred from the 5‘ ter-
mini of DNA to ADP! The newly created 5 ’-hydroxyl residues are then rephosphorylated as described above
in the forward reaction.

Because T4 polynucleotide kinase will work, albeit inefficiently, in restriction buffers, the exchange reaction
can be carried out at the same time as restriction of DNA with enzymes that generate protruding 5 ’ termini.
The resulting DNA can be used as radiolabeied size markers for gei electrophoresis (Oommen et al. 1990).   
 

5‘ pCpGpC ..... 3‘  

    

forward reaction exchange reaction

treat DNA With
alkaline phosphatase

incubate with bacteriophage T4
polynucleotide kinase and ADP

5’OHopGpc ..... 3’ S'OHCpGpc..... 3'

incubate with label With bacteriophage

bacteriophage T4 T4 polynucleotide kinase

polynucieotide kinase and ly—32PldATP
and [yJZPIATP

ADP + 5‘ *pCDGpC..... 3‘ ADP +*pCpGpC..... 3'

FIGURE 9-4 Forward and Exchange Reactions of Bacteriophage T4 Polynucleotide Kinase
 

Two different reactions catalyzed by bacteriophage T4 polynucleotide kinase can be used to label the 5’
termini of DNA molecules. The forward reaction is shown in the left arm of the figure, and the exchange
reaction is shown in the right arm. For details, please see text.
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MATERIALS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Ammonium acetate (10 M)

Optional,p1ease see Step 34

EDTA (0.5 M, pH 8.0)

Ethanol

Enzymes and Buffers

Bacteriophage T4 polynucleotide kinase
Wild—type polynucleotide kinase is a 5'—phosphotransferase and a 3'-phosphatase (Depew and Cozzarelli
1974; Sirotkin et al. 1978). However, mutant forms of the enzyme (Cameron et al. 1978) are commer—

cially available (e.g., Boehringer Mannheim) that lack the phosphatase activity but retain a fully func—

tional phosphotransferase. We recommend that the mutant form of the enzyme be used for 5' labeling
whenever possible; 10—20 units of the enzyme are required to catalyze the phosphorylation of 10—50

pmoles of dephosphorylated 5'-protruding termini.

70x Bacteriophage T4 polynucleotide kinase buffer

Nucleic Acids and Oligonucleotides

DNA (10—50 pmo/es)
The DNA should be dephosphorylated as described in Protocol 13 or synthesized with a 5'—hydr0xyl
moiety. Please see the panel on CALCULATING THE AMOUNT OF 5 ' ENDS IN A DNA SAMPLE in
Protocol 13.

Radioactive Compounds

[y-flPlATP (70 mCi/ml, sp. act 3000—7000 Ci/mmo/e) <!>
To minimize problems caused by radiolysis of the precursor and the probe, it is best, whenever possible,
to prepare radiolabeled probes on the day the [32P]dNTP arrives in the laboratory.

Special Equipment

Liquid scintillation spectrometer, capable of quantifying 32P by Cerenkov radiation

Sephadex G-50 spun column, equilibrated in TE (pH 7.6)
or

Sephadex G-50 column (1 ml), equilibrated in TE (pH 7.6)
Both optional, please see Step 3.

METHOD
 

1. In a microfuge tube, mix the following reagents:

dephosphorylated DNA 10—50 pmoles

10x bacteriophage T4 polynucleotide

kinase buffer 5 pl

10 mCi/ml [y-JQPIATP (5p. act. 3000—7000

Ci/mmole) 50 pmoleb

bacteriophage T4 polynucleotide kinase 10 units
HZO to 50 pl
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Incubate the reaction for 1 hour at 370C.

Ideally, ATP should be in a fivefold molar excess over DNA 5' ends, and the concentration of DNA
termini should be 20.4 M1. The concentration of ATP in the reaction should therefore be >2 “M,

but this is rarely achievable in practice. To increase the specific activity of the radiolabeled DNA
product, increase the amount of [y—“PJATP used in the phosphorylation reaction. Decrease the
volume of H20 to maintain a reaction volume of 50 pl.

. Terminate the reaction by adding 2 pl of 0.5 M EDTA (pH 8.0). Measure the total radioactiv—

ity in the reaction mixture by Cerenkov counting in a liquid scintillation counter.

. Separate the radiolabeled probe from unincorporated dNTPs by either:

0 spun-column chromatography through Sephadex G—50 (please see Appendix 8)

or

c conventional size-exclusion chromatography through l—ml columns of Sepahadex G-SO

(equilibrated in TE)

or

a two rounds of selective precipitation of the radiolabeled DNA with ammonium acetate

and ethanol (please see Appendix 8)

. Measure the amount of radioactivity in the probe preparation by Cerenkov counting.

Calculate the efficiency of transfer of the radiolabel to the 5’ termini by dividing the amount

of radioactivity in the probe by the total amount in the reaction mixture (Step 2).
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Phosphorylation of DNA Molecules
with Dephosphorylated Blunt Ends
or Recessed 5’ Termini

MATERIALS

DNA SUBSTRATES WITH BLUNT ENDS, RECESSED 5 ’ TERMINI, or internal nicks are labeled less effi-

ciently in the forward reaction of T4 polynucleotide kinase than are molecules with protruding

5' termini. For example, the incorporation of phosphate residues at internal nicks in DNA is 30-

fold less efficient than transfer to 5' termini (Lillehaug et al. 1976; Berkner and Folk 1977).

However, the difficulty of labeling such substrates can be overcome by (1) increasing the concen-

tration of ATP to astronomical levels (>100 uM) (Lillehaug and Kleppe 19753) or (2) including

polyamines or polyethylene glycol 8000 (PEG 8000) in the reaction (Lillehaug and Kleppe 1975b;

Harrison and Zimmerman 1986a). In the presence of PEG and magnesium, DNA collapses into

a highly condensed state (Lerman 1971). The increased efficiency of the subsequent phosphory-
lation reaction is thought to be a consequence of the resulting macromolecular crowding

(Harrison and Zimmerman 1986b; for review, please see Zimmerman and Minton 1993). The

amount of stimulation is crucially dependent on the concentration of PEG. It may therefore be

useful to test the efficiency of the reaction in concentrations of PEG ranging between 4% and

100/0. The beneficial effects of PEG only become apparent when using DNAS longer than 300 bp.

Smaller fragments of DNA are probably too rigid to collapse into a condensed state. For addi-

tional information on labeling DNA with T4 polynucleotide kinase, please see the panel on LABEL-

ING THE 5' TERMINI OF DNA WlTH BACTERIOPHAGE T4 POLYNUCLEOTlDE KINASE in the intro—

duction to Protocol 14. For a summary of methods used to label the termini of DNA, please see

Table 9—2 in Protocol 10.

In this protocol, PEG is included, along with high concentrations ofATP and polynucleotide

kinase, to enhance the labeling of DNA fragments with blunt-ended or 5'-recessed termini.

 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

9.70

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Ammonium acetate (70 M)

Optional, please see Step 5.
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EDTA (0.5 M, pH 8.0)

Ethanol

10x Imidazole buffer

500 mM imidazole-Cl (pH 6.4)

180 mM MgCl2

50 mM dithiothreitol

1 mM spermidine HCI

1 mM EDTA (pH 8.0)

Polyethylene glycol (24% w/v PEG 8000) in HZO

Enzymes and Buffers

Bacteriophage T4 polynucleotide kinase
Wild-type polynucleotide kinase is a 5’-ph05ph0transferase and a 3’—phosphatase (Depew and Cozzarelli

1974; Sirotkin et al. 1978). However, mutant forms of the enzyme (Cameron et al. 1978) are commer—

cially available (e.g., Boehringer Mannheim) that lack the phosphatase activity but retain a fully func—
tional phosphotransferase. We recommend that the mutant form of the enzyme be used for 5’ labeling
whenever possible.

Nucleic Acids and Oligonucleotides

DNA (70—50 pmoles in a volume of 311 u!)
Dephosphorylate the DNA as described in Protocol 13 or synthesize with a 5'-hydroxyl moiety. Please
see the panel on CALCULATING THE AMOUNT OF 5 ’ ENDS IN A DNA SAMPLE in Protocol 13.

Radioactive Compounds

[y-jZPIATP (70 mCi/ml, 5p. act. 3000 Ci/mmole) <!>

To minimize problems caused by radiolysis of the precursor and the probe, it is best, whenever possible,
to prepare radiolabeled probes on the day the [HPMNTP arrives in the laboratory.

Special Equipment

Liquid scintillation spectrometer, capable of quantifying 32P by Cerenkov radiation

Sephadex G-50 spun column, equilibrated in TE (pH 7. 6)

or
Sephadex G—50 column (1 ml)/ equilibrated in TE (pH 7.6)

Both optional, please see Step 5.

METHOD

9.71

 

1. In a microfuge tube, mix in the order given:

dephosphorylated DNA 10—50 pmoles

10x imidazole buffer 4 u]

H20 to 15 u]

24% (w/v) PEG 10 pl

2. Add 40 pmoles of [y—3ZP1ATP (10 mCi/ml; sp. act. 3000 Ci/mmole) to the tube and bring the
final volume of the reaction to 40 pl with HZO.

Ideally, ATP should be in a fivefold molar excess over DNA 5’ ends, and the concentration of DNA

termini should be 20.4 pM. The concentration of ATP in the reaction should therefore be >2 pM,

but this is rarely achievable in practice. To increase the specific activity of the radiolabeled DNA
product, increase the amount of [y—32P1ATP used in the phosphorylation reaction. Decrease the
volume of H20 to maintain a reaction volume of 40 ul.

3. Add 40 units of bacteriophage T4 polynucleotide kinase to the reaction. Mix the reagents

gently by tapping the side of tube, and incubate the reaction for 30 minutes at 37°C.
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4. Terminate the reaction by adding 2 pl of 0.5 M EDTA (pH 8.0). Measure the total radioactiv-

ity in the reaction mixture by Cerenkov counting in a liquid scintillation counter.

5. Separate the radiolabeled probe from unincorporated dNTPs by either:

0 spun-column chromatography through Sephadex G-50 (please see Appendix 8)

Dr

0 conventional size-exclusion chromatography through l-ml columns of Sepahadex G-SO

(equilibrated in TE)

or

0 two rounds of selective precipitation of the radiolabeled DNA with ammonium acetate

and ethanol (please see Appendix 8)

6. Measure the amount of radioactivity in the probe preparation by Cerenkov counting.

Calculate the efficiency of transfer of the radiolabel to the 5' termini by dividing the amount

of radioactivity in the probe by the total amount in the reaction mixture (Step 4).

 



Protocol 16
 

Phosphorylation of DNA Molecules
with Protruding 5’ Termini
by the Exchange Reaction

MATERIALS

THE EXCHANGE REACTION CATALYZED BY BACTERIOPHAGE T4 polynucleotide kinase (van de Sande et

al. 1973; Berkner and Folk 1977) is a rapid method to label the 5’ termini of DNA because, unlike

the forward reaction, it does not require that the DNA be dephosphorylated. The reaction is car-

ried out at a slightly acidic pH (6.4) in imidazole buffers to stimulate dephosphorylation by the

enzyme (Berkner and Folk 1977). Because the optimal Km values for the exchange reaction (300

pM for ADP and 10 “M for ATP) are higher than can be readily achieved in the test tube, the effi-

ciency of labeling hardly ever exceeds 30%. However, the efficiency of the exchange reaction is
greatly improved by inc1uding spermidine and polyethylene glycol in the reaction mixture

(Lillehaug et al. 1976; Harrison and Zimmerman 1986a). For additional information on labeling

DNA with T4 polynucleotide kinase, please see the panel on lABELING THE 5 ’ TERMINI OF DNA

WITH BACTERIOPHAGE T4 POLYNUCLEOTIDE KINASE in the introduction to Protocol 14. For a

summary of methods used to label the termini of DNA, please see Table 9-2 in Protocol 10.

 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

ADP (7 mM)

Dissolve solid adenosine diphosphate in sterile 25 mM Tris-Cl (pH 8.0). Store small aliquots (~20 ul) of
the solution at —20°C.

Ammonium acetate (10 M)
Optional, please see Step 3.

ATP (70 mM)

Dissolve solid adenosine triphosphate in sterile 25 mM Tris-Cl (pH 8.0). Store small aliqots (~20 pl) of
the solution at —20°C.

EDTA (0.5 M, pH 8.0)
Ethanol

9.73
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10x Imidazole buffer
500 mM imidazole-Cl (pH 6.4)

180 mM MgCl2

50 mM dithiothreitol

1 mM spermidine HCl

1 mM EDTA (pH 8.0)

Polyethylene glycol <!> (24% w/v PEG 8000) in HQO

Enzymes and Buffers

Bacteriophage T4 polynucleotide kinase
Wild—type polynucleotide kinase is a 5’-phosph0transferase and a 3'—phosphatase (Depew and Cozzarelli
1974; Sirotkin et al. 1978). However, mutant forms of the enzyme (Cameron et al. 1978) are commer-
cially available (e.g., Boehringer Mannheim) that lack the phosphatase activity but retain a fully func-

tional phosphotransferase. We recommend that the mutant form of the enzyme be used for 5'—labeling
whenever possible; 20 units of the enzyme are required to catalyze an exchange reaction containing
10—50 pmoles of phosphorylated 5' termini.

Nucleic Acids and Oligonucleotides

DNA (10—50 pmoles of 5 ’-phosphorylated termini)
Please see the panel on CALCUlATING THE AMOUNT OF 5 ' ENDS IN A DNA SAMPLE in Protocol

13.

Radioactive Compounds.

[y-32PIATP (10 mCi/ml, 5p. act. 3000—7000 Ci/mmole) <!>
To minimize problems caused by radiolysis of the precursor and the probe, it is best, whenever possible,
to prepare radiolabeled probes on the day the [32P]dNTP arrives in the laboratory.

Special Equipment

Liquid scintillation spectrometer, capable of quantifying 32P by Cerenkov radiation
Sephadex (3-50 spun column, equilibrated in TE (pH 7.6)

or

Sephadex G-50 column (1 ml), equilibrated in TE (pH 7.6)
Both optional, please see Step 3.

METHOD

1. Mix the following reagents in a microfuge tube in the order given:

DNA with 5’ terminal phosphates 10—50 pmoles

10x imidazole buffer 5 pl

1 mM ADP 5 pl

50 nM ATP 1 pl

10 mCi/ml [y—3ZPJATP (5p. act. 3000—7000 20—100 pmoles

Ci/mmole)

HZO to 40 ul

24% (w/v) PEG 10 pl

bacteriophage T4 polynucleotide 1 pl

kinase (20 units)

Mix the reagents gently by tapping side of tube, and incubate the reaction for 30 minutes at

37°C.

The concentration of ADP at the beginning of the reaction is 105-fold higher than that of ATP
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2. Terminate the reaction by adding 2 pl of 0.5 M EDTA (pH 8.0). Measure the total radioactiv—

ity in the reaction mixture by Cerenkov counting in a liquid scintillation counter.

3. Separate the radiolabeled probe from unincorporated dNTPs by either:

0 spun—column chromatography through Sephadex G-50 (please see Appendix 8)

or

0 conventional size—exclusion chromatography through l—ml columns of Sepahadex G-SO

(equilibrated in TE)

or

0 two rounds of selective precipitation of the radiolabeled DNA with ammonium acetate

and ethanol (please see Appendix 8)

4. Measure the amount of radioactivity in the probe preparation by Cerenkov counting.

Calculate the efficiency of transfer of the radiolabel to the 5’ termini by dividing the amount

of radioactivity in the probe by the total amount in the reaction mixture (Step 2).
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NONRADIOACTIVE lABELING OF NUCLEIC ACIDS

Methods developed in the 19605 to detect and measure reassociation between complementary strands of

nucleic acids led an entire generation of molecular biologists to rely exclusively on radioactive isotopes ——

usually 32P —— to detect hybridization between labeled probes and target sequences. The protocol most

familiar to investigators today involves the detection of target nucleic acids immobilized on nitrocellulose

or nylon membranes. This method descends from the work of Nygaard and Hall ( 1963, 1964), who were the

first to immobilize DNA on nitrocellulose sheets; Denhardt (1966) and Gillespie and Spiegelman (1965),

who detected such fixed nucleic acids with radioactive probes; and Southern (1975), who developed meth-

ods to detect target sequences in populations of nucleic acid molecules that had been separated according

to size by gel electrophoresis. After hybridization, the B particles emitted by radioactive probes were mea—
sured and localized by liquid scintillation counting, autoradiography, or more recently, phosphorimaging.

Thus, for 30 years, hybridization of nucleic acids and radioactivity were closely intertwined; methods were

designed with radioactivity in mind, and laboratory experiments were scheduled around the regular deliv-

ery of standing orders of radiolabeled compounds. In this way, both the advantages and impediments of

radioactive isotopes became institutionalized and part of the culture of molecular cloning.

Although 32P-labeled probes can detect minute quantities of immobilized target DNA (<1 pg), they
suffer from a short half—life (14.3 days) and the inability to be used for high—resolution imaging.

Furthermore, when used in large quantity as orthophosphate, 32P must be handled in specially designed iso-

tope laboratories. The exposure of personnel to radiation from the energetic [5 particles released by decay-

ing 32P may be significant. Not surprisingly, the amount of paperwork and equipment required to order and

monitor the use and disposal of radiolabeled materials has increased significantly over the years to the point
where it has become a real burden. In addition, the physical and political difficulties in the storage and dis-
posal of low-level radioactive waste have become significant, and they continue to grow. The confluence of
these forces has led to a search for alternative methods that are as sensitive, but less hazardous and less cost-

ly than radiochemical techniques.

Indirect Nonradioactive Detection Systems A

In conventional radiolabeling, fissile atoms are simply woven into the natural fabric of the probe in place of

their nonradioactive homologs. In nonradioactive methods, a chemical group or compound not normally

found in nucleic acids is conjugated to the probe via enzymatic, photochemical, or synthetic reactions (for

reviews, please see Kricka 1992; Mansfield et al. 1995). After hybridization to the target nucleic acid, the

modifying groups on the probe are detected by an appropriate indicator system. The first nonradioactive

methods of detection developed in the 19805 were based on the labeling of the nucleic acid probe with dini-
trophenol (Keller et al. 1988), bromodeoxyuridine (Traincard et al. 1983), or biotin (Langer et al. 1981; Chu

and Orgel 1985; Reisfeld et al. 1987). It was this latter compound that provided the most durable and sen-
sitive of these prototypic systems. After hybridization, the biotinylated probe was detected via interaction
with streptavidin that had been conjugated to a reporter enzyme— usually alkaline phosphatase. The mem-

brane was then exposed to an enzyme capable of hydrolyzing a colorigenic, fluorogenic, or chemilumines-

cent substrate. The sensitivity of this system derives from the rapid enzymatic conversion of the substrate

to a product that is colored or emits visible or UV light at a specific wavelength. The distribution and inten-

sity of the product correspond to the spatial distribution and concentration of target sequences on the

membrane.

Because the reporter enzyme is not conjugated directly to the probe but is linked to it through a bridge
(in this case, streptavidin—biotin), this type of nonradioactive detection is known as an indirect system.

Many of the kits marketed today by commercial companies rely on indirect detection systems that are elab-

orations of the original biotin:streptavidin:reporter enzyme method. Most of these kits use biotinylated

nucleotides (e.g., bio-l l-dUTP or bio-7—dUTP) as labeling agents. The biotin moiety is conjugated to the

nucleotide via a spacer 4-16 carbon atoms long, which reduces the possibility of steric hindrance during
synthesis and detection of biotinylated nucleic acid probes. Under most circumstances, biotinylated probes

work very well and are free from problems. However, because biotin (vitamin H) is a ubiquitous constituent

of mammalian tissues and because biotinylated probes tend to stick doggedly to certain types of nylon

membranes, high levels of background can occur during in situ, northern, and Southern hybridizations.

These difficulties can be avoided by labeling probes with a compound that (1) has a low affinity for mem~



Information Panels 9.77

FIGURE 9-5 Digitalis purpurea

(Redrawn from A Manual ofMateria Medica and
Pharmacology, 7th ed. [D.M.R. Culbreth, 192 7;
Lea & Febiger, Philadelphia, Pennsylvania].) Digitalis purpurea.

  
branes of all types and (2) does not occur naturally in eukaryotic animals. The cardenolide digoxigenin

(Pataki et al. 1953), which is synthesized exclusively by Digitalis plants (Hegnauer 1971), fulfills both of

these criteria (please see Figure 9-5 and Appendix 9).

Digoxigenin (DIG), like biotin, can be chemically coupled to linkers and nucleotides and, as described

below, DIG-substituted nucleotides incorporated into nucleic acid probes by any of the standard enzymatic

methods. These probes generally yield significantly lower backgrounds than those labeled with biotin. DIG-
labeled hybrids are detected with an anti-DIG Fab fragment conjugated to a reporter enzyme (usually alka-
line phosphatase; less frequently, horseradish peroxidase; and even less frequently, B-galactosidase, xanthine
oxidase, or glucose oxidase) (Héltke et al. 1990, 1995; Seibl et al. 1990; Kessler 1991).

Kits to synthesize and detect biotinylated probes are marketed by many commercial suppliers (for

review, please see Party and Gershey 1995). However, nonradioactive detection systems that use DIG are

sold exclusively by Boehringer Mannheim. The availability of two different labels and reporter systems

allows two different probes to be used simultaneously to analyze the same blot or histological preparation.

A few companies sell systems using fluorescein-labeled probes (fluorescein-lZ-UTP or -dUTP) that are

detected by antifluorescein antibodies conjugated to alkaline phosphatase. Labeling of nucleic acids with

fluorescein, biotin, or DIG is equally easy, and the sensitivity of indirect systems based on fluorescein is at

least equal to those based on biotin and BIG. All three labeling systems are capable of detecting sub-
picogram quantities of target nucleic acids on Southern and northern blots. Nevertheless, for reasons that

are unclear, indirect systems based on fluorescein have not yet achieved the same degree of acceptance as

those based on biotin and DIG.

Methods to label Probes with Biotin, Digoxigenin, or Fluorescein

Enzymatic Methods

Biotinylated, digoxigeninated, or fluoresceinated nucleotides can be used to label DNA by any of the stan-

dard enzymatic techniques: priming with random oligonucleotides, PCR, nick translation, or tailing with
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terminal transferase. Labeled RNA can be synthesized in vitro in transcription reactions catalyzed by SP6,

T3, or T7 RNA polymerases. The label in all of these reactions is provided as modified uridine ribo- or

deoxyribotriphosphates that are used in place of UTP or dTTP in the labeling reaction. For most enzymat-

ic labeling reactions, the substrates of choice are uridine triphosphates carrying adducts at the —11 or ~12
position (e.g., biotin-11-UTP, DIG—l l-dUTP, or fluorescein~12~dUTP). However, biotin- and DIG-16-

dUTP are the preferred substrates for labeling of 3’ termini with terminal transferase. For recent reviews of
labeling procedures, please see Viale and Dell’Orto (1992), Kessler (1992, 1994), During (1993), and Hfiltke
et al. (1995).

By contrast to labeling with [32PJNTPs or [32PldNTPs, where the efficiency of incorporation can be
monitored and the specific activity of the final probe easily calculated, there is no simple or rapid method

to monitor the progress of the nonisotopic labeling reactions or to calculate their efficiency. In the case of

biotin- and DIG-labeled probes, the manufacturers recommend that no more than 30—35% of the thymi—

dine residues in the probe be replaced by labeled uridine residues (please see Gebeyehu et al. 1987; Lanzillo

1990). Higher levels of replacement cause a reduction in the sensitivity with which target sequences can be

detected, presumably because of the steric hindrance between closely spaced adducts during the hybridiza-
tion step. However, because of a lack of an effective monitoring system, synthesis of nonradioactive probes

remains an ad hoc affair. It is therefore best to carry out a pilot reaction in which samples are withdrawn at
intervals during the course of the labeling reaction. The labeled products are tested in dot or slot blots
against dilutions of the target DNA. Large-scale labeling reactions can then be designed and carried out with

some confidence that the labeled product will have the required sensitivity.

Photolabeling

Biotin and DIG can be attached to nucleic acids in photochemical reactions. In both cases, the label is linked

to a nitrophenyl azido group that is converted by irradiation with UV or strong visible light to a highly reac-

tive nitrene that can form stable covalent linkages to DNA and RNA (Forster et al. 1985; Habili et al. 1987).

Photochemical labeling is far less efficient than enzymatic labeling: At best, only 1 base in 150 becomes

modified, and the resulting probe is not potent enough to detect single-copy sequences in Southern analy-
ses of mammalian DNA. Photoactivatable biotin (Photobiotin) is supplied by Life Technologies.

Detection of Nonradioactively Labeled Probes after Hybridization

Two steps are required to detect probes labeled with biotin, fluorescein, or DIG residues after hybridization

to Southern and northern blots. The membrane is first exposed to a synthetic conjugate consisting of the

reporter enzyme and a ligand that binds tightly and with high specificity to the labeling moiety. In the case
of biotin, most of the detection procedures exploit the high-affinity reaction between biotin and enzyme-

conjugated streptavidin. Alternative procedures rely on specific monoclonal or polyclonal antibiotin anti-

bodies. Fluoresceinated or digoxigenated probes are routinely detected by interaction with specific enzyme—

conjugated antibodies. The reporter enzyme is then assayed with colorimetric, fluorogenic, or chemilumi-
nescent substrates.

In colorimetric assays (e.g.. please see Leary et al. 1983; Urdea et al. 1988; Rihn et al. 1995), a combina-
tion of two dyes is used to detect alkaline phosphatase that has been captured by labeled hybrids. The
enzyme catalyzes the removal of the phosphate group from BCIP (5—bromo-4-chloro-3-indolyl phosphate;
Horwitz et al. 1966), generating a product that oxidizes and dimerizes to dibromodichloro indigo. The

reducing equivalents produced during the dimerization reaction reduce NBT (nitroblue tetrazolium;
McGadey 1970) to an insoluble purple dye, diformazan, that becomes visible at sites where the labeled probe

has hybridized to its target (Leary et al. 1983; Chan et al. 1985). The results can be analyzed visually and

recorded on conventional photographic film. Colorimetric detection works well with nitrocellulose and

PVDF membranes, but less well with nylon and charged nylon. Unfortunately, even when working at their
best, colorimetric methods are two or more orders of magnitude less sensitive than other nonradioactive
detection methods, for example, chemiluminescence (Bronstein et al. 1989a; Beck and Kbster 1990; Kerkhof

1992; Kricka 1992). Detection of single-copy sequences in mammalian genomes is therefore barely within

the reach of colorimetric assays (Dfiring 1993). A final disadvantage is that the colored precipitates are dif-
ficult to remove from membranes, making reprobing difficult or impossible. In some cases, the procedures
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used to strip the precipitates (100% formamide at 50—600C) either dissolve the membrane or greatly

increase its fragility.

Fluorescentassays for alkaline phosphatase make use of HNPP (2-hydr0xy-3-naphthoic acid 2'~pheny-

laniIide phosphate; Kagiyama et al. 1992). After dephosphorylation, HNPP generates a fluorescent precipi—

tate on membranes that can be excited by irradiation at 290 nm from a transilluminator. Light emitted at

509 nm can be captured by CCD cameras or on Polaroid film using the same photographic set-up (filters,

etc.) as for conventional ethidium-bromide-stained gels. Fluorescent assays using HNPP are more sensitive

than colorimetric methods and are capable of detecting single~copy sequences in Southern blots of mam—

malian genomic DNA when the membrane is incubated with substrate for 2—10 hours (Diamandis et al.

1993; Hbltke et al. 1995). The fluorescent precipitate can be easily removed by washing in ethanol and the

filters used for several more rounds of hybridization before the signal—to-noise ratio increases to unaccept—

able levels.

Chemiluminescence is the fastest and most sensitive assay to detect DNA labeled with biotin, fluores-

cein, or DIG, via conjugates containing horseradish peroxidase (HRP) or alkaline phosphatase (S. Beck et
al. 1989; Bronstein et al. 1989b,c; Schaap et al. 1989). The HRP—luminol detection system (Thorpe and

Kricka 1986) is marketed exclusively by Amersham. HRP catalyzes the oxidation of luminol in the presence

of hydrogen peroxide, generating a highly reactive endoperoxide that emits light at 425 nm during its

decomposition to its ground state. A wide range of compounds, including benzothiazoles, phenols, naph-

thols, and aromatic amines, can significantly enhance the amount of light generated during the reaction

(Thorpe and Kricka 1986; Pollard-Knight et al. 1990; Kricka and Ii 1995). This signal amplification, which

can be as much as 1000-fold (Whitehead et al. 1983; Hodgson and Iones 1989), increases the sensitivity of

the HRP-luminol system to the point where it can detect single-copy genes in Southern blots ofmammalian
DNA. Light is produced at a rapid rate for the first few minutes of the reaction, but thereafter declines and

is no longer detectable after 1—2 hours. Under ideal conditions, ~1 pg (5 x 10“17 M) of target DNA can be

detected on Southern blots after 1 hour of exposure on gray-tinted, blue—Iight—sensitive X-ray film or a

cooled CCD camera (Beck and Kbster 1990; Durrant et al. 1990; Kessler 1992). The probes can be stripped

from filters by heating to 80°C (Dubitsky et al. 1992).

Many commercial suppliers (please see Party and Gershey 1995) sell detection systems to detect alka-

line phosphatase with dioxetane~based chemiluminescent substrates such as AMPPD and Lumigen-PPD

and their more recent derivatives CSPD and CDP-Star, which is the most sensitive chemiluminescent sub-

strate now available (Edwards et al. 1994; Ht‘fltke et al. 1994). CDP-Star differs from AMPPD in carrying

halogen substituents at the 5 positions in its adamantyl and phenyl rings. This suppresses the tendency of

the 1,2—dioxetane to aggregate and reduces background caused by thermal degradation (Bronstein et al.

1991 ). Cleavage of the phosphate ester of CDP—Star by alkaline phosphatase drastically reduces the thermal

stability of the dioxetane ring, which consequently decomposes with emission of light at 465 nm. Nylon

membranes (either amphoteric or positively charged) strongly enhance the signal (Tizard et al. 1990) by

providing hydrophobic domains into which the dephosphorylated intermediate produced in the chemilu-

minescent reaction becomes sequestered. This stabilizes the intermediate and reduces its nonluminescent

decomposition. In consequence, the intensity of the light emitted from the excited dioxetane anion begins

as a glow that increases in intensity for several minutes and then persists for several hours (Martin and

Bronstein 1994). The hydrophobic interactions between the nylon and the anion also cause a “blue shift” of

~10 nm in the emitted light, i.e., from 477 nm to 466 nm (Beck and Késter 1990; Bronstein 1990).

In most experimental situations, the extended kinetics of chemiluminescence on nylon filters are

advantageous because they allow time to capture images at several exposures. However, the slow kinetics

may be of practical importance when alkaline-phosphatase-triggered chemiluminescence is used to detect

extremely low concentrations of DNA, RNA, or protein, for example, when the target band on a filter is

expected to contain only 10‘18 moles. In such cases, a halogen-substituted derivative of AMPPD, for exam-
ple, CSPD, may be a better choice. The addition of a chlorine atom to the 5 position of the adamantyl group
restricts its interactions with nylon filters. With this compound, the time to reach maximum light emission

is markedly reduced so that very small quantities of target molecules can be detected rapidly (e.g., please see

Martin et al. 1991).

Under ideal conditions, as little as 1 zeptomole (10‘21 M) of alkaline phosphatase or 1 x 10‘19 moles of

DNA can be detected (Schapp et al. 1989; Beck and Kbster 1990; Bronstein 1990; Kricka 1992). Such sensi-

tivity means that a single-copy gene in a Southern blot of mammalian genomic DNA can be detected after

the nylon membrane has been exposed for ~5 minutes to gray-tinted, blue-light-sensitive X-ray film or a
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cooled CCD camera (Holtke et al. 1995). The probes can be stripped by 50% formamide at 65°C (Dubitsky
et al. 1992) and the nylon membranes can then be used for several further rounds of hybridization.

Direct Nonradioactive Detection Systems

In this type of detection, nucleic acid probes are labeled directly with fluorescent dyes such as fluorescein,

Texas red, or rhodamine (Agrawal et al. 1986); with lanthanide chelates (europium) (Templeton et al. 1991;

Dahlén et al. 1994); with acridinium esters (Nelson et al. 1992); or with enzymes, for example, alkaline

phosphatase (Iablonski et al. 1986) or horseradish peroxidase (Renz and Kurz 1984). The presence of such

covalently attached adducts is assayed by any one of a number of techniques, including colorimetry, chemi-

luminescence, bioluminescence, time-resolved fluorometry, or energy transfer/fluorescence quenching. Of

course, direct detection methods can be converted to indirect methods if an enzyme-antibody conjugate
specific for the adduct is available.

Because it forms the basis of automated DNA sequencing methods (Smith et al. 1986; Ansorge et al.

1987; Prober et al. 1987), direct labeling of nucleic acids with fluorescent compounds has revolutionized
molecular biology. A single fluorescent adduct per DNA molecule is sufficient for detection by automated

DNA sequencers when the DNA is in the gel. Furthermore, the ability ofABI-type automated sequencers to

discriminate accurately between different fluors signifies that all four sequencing reactions can be analyzed

in a single lane of a gel. The stunning success of direct labeling in automated DNA sequencing has, howev-

er, not spread to other areas of molecular cloning, where direct nonradioactive methods of detection are

rarely used. This is because:

0 The traditional methods used for the direct conjugation of enzymes such as alkaline phosphatase require
the extensive use of column chromatography, polyacrylamide gel electrophoresis, and/or HPLC to obtain

a pure product (Iablonski et al. 1986; Urdea et al. 1988; Farmar and Castaneda 1991). Commercial kits

are available but are expensive and typically yield an impure product. Newer methods of conjugation

(e.g., please see Reyes and Cockerell 1993) are simpler but slightly less efficient.

Whatever method is used, a separate conjugation step is required for each different probe. Once

attached, large enzymes such as alkaline phosphatase may reduce the rate of annealing of probes and may

be labile under the conditions conventionally used for annealing of nucleic acids. Hybridization and

washing must therefore be carried out at low temperature (usually <50°C) in aqueous solvents. Under

such nonstringent conditions, high backgrounds are an inevitable problem. Because of the presence of

bulky, charged adducts, probes directly labeled with enzymes may bind nonspecifically but tightly to cer-

tain types of membranes. For example, the background signal from oligonucleotide probes directly con-

jugated to alkaline phosphatase is considerably greater on charged nylon than on neutral nylon mem-

branes (Benzinger et al. 1995).

o The detection of single-copy sequences in Southern hybridization of mammalian DNAs lies close to the

limit of sensitivity of many direct methods unless specialized equipment is available (Urdea et al. 1988).
Detection of fluorescent adducts, for example, requires irradiating with light of one wavelength and

acquiring data at another. The signal must then be enhanced electronically and stored digitally.

Because of these problems, it is not surprising that direct detection techniques have fallen from favor

and that indirect detection has become the dominant nonradioactive method to locate target nucleic acids

in Southern, northern, and in situ hybridizations. However, despite these problems, probes directly labeled

with alkaline phosphatase are now produced commercially for forensic and pathological analyses. The sen-

sitivity of these probes can approach that of isotopically labeled probes (Dimo-Simonin et al. 1992; Klevan

et al. 1993; Benzinger et al. 1995). The use of such standardized nonisotopically labeled probes is expected

to increase greatly in laboratories involved, for example, in constructing large numbers of DNA profiles or

in diagnosing infectious diseases.

To Switch or Not to Switch

Great advances in nonradioactive detection methods have been made during the last decade, giving scien-

tists today real choices. The advantages claimed for nonradioactive methods include faster results, more sta-

ble probes, and lower cost. However, investigators wishing to switch from radioactive to nonradioactive

detection methods will be deluged with advertising from manufacturers of kits and equipment and inun-
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dated with claims of superiority for one commercial product or another. The scientific literature is also large

and balky, with many inconsistencies. The ranking of techniques and substrates according to the sensitivi—

ty of detection is inconsistent; well-controlled comparisons of efficiency are rarely reported, although more

of this work is badly needed.

Approximately 50 different nonradioactive detection kits are now available on the commercial market

and more are appearing all the time. Claims on the sensitivity and signal-to-noise ratios made on their

behalf should be viewed with caution. Many of these claims are based on experiments carried out under ide-

alized conditions, which cannot be immediately or easily reproduced by inexperienced investigators in the

hurly-burly of a working laboratory. Frequently, the signal-to-noise ratio is higher than advertised and the

neophyte will likely struggle to match the sensitivity of more traditional methods of radiolabeling. Many of

the kits are expensive, and nonradioactive detection methods only become cost-effective after they have

been optimized for the particular task at hand.

During the past 30 years, almost all of the problems with radiolabeled probes have been uncovered,

analyzed, and, to a very large extent, solved. The collective wealth of knowledge about radioactive probes is

both vast and easily accessible. This is not yet the case with nonradioactive detection systems, where there

simply has not been time to build a body of reliable experimental lore. Nonradioactive detection of target

nucleic acids is already well suited to laboratories that use a small number of probes to carry out a limited

repertoire of repetitive tests under stringently controlled conditions. Research laboratories that use a wide

variety of nucleic acid probes as well as forensic laboratories that must analyze irreplaceable and/or degrad-
ed DNA specimens may wish to be more circumspect and to delay embracing nonradioactive detection

until the present confusion of claims and methods is resolved.

For recent reviews and papers that deal with various aspects of nonradioactive probes, please see

Guesdon (1992), Viale and Dell’Orto (1992), Reischl et al. (1994), and Mansfield et al. (1995).
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E. COLI DNA POLYMERASE I AND THE KlENOW FRAGMENT

DNA polymerase I (P01 I) (Kornberg et al. 1956) consists of a single polypeptide chain (Mr ~103,000; Joyce

et al. 1982) encoded by the E. coli palA gene (De Lucia and Cairns 1969). In addition to a phosphate-

exchange activity, P011 carries out three enzymatic reactions that are performed by three distinct function-

al domains (please see Table 93).
During DNA replication in E. coli, the enzymatic activities of P01 I act in a coordinated fashion to

remove the RNA primers from the 5’ termini of nascent DNA and to fill gaps between adjacent tracts of

DNA. For detailed descriptions of these processes, please see Kornberg and Baker (1992). Pol I can be

cleaved by mild treatment with subtilisin into two fragments; the larger fragment (comprising residues

326—928) is known as the Klenow fragment. The DNA polymerase and the 3’—)5’ exonuclease activities of

Pol I are carried on the Klenow fragment (Brutlag et al. 1969; Klenow and Henningsen 1970; Klenow and

Overgaard-Hansen 1970; Klenow et al. 1971), whereas the 5'—~>3' exonuclease activity of the hoIoenzyme is

carried on the smaller amino-terminal fragment (residues 1—325), which is nameless (for review, please see

Joyce and Steitz 1987; please also see Table 9—3).
The Pol I gene has been sequenced (Joyce et al. 1982) and expressed from prokaryotic expression vec-

tors (Murray and Kelley 1979), making it possible to purify large amounts of the protein for commercial

purposes (Murray and Kelley 1979). The segment of the P01 I gene encoding the Klenow fragment has also

been cloned into various expression vectors (e.g., please see Joyce and Grindley 1983; Pandey et al. 1993),

thereby providing pure protein in amounts large enough for both commercial purposes and biophysical and

biochemical studies.
Knowledge of the three-dimensional structure of Klenow fragment, which was obtained in 1985 by X-

ray diffraction (Ollis et al. 1985), stimulated a series of elegant structural investigations (Beese and Steitz

1991; Beese et al. 1993a,b), kinetic studies (Kuchta et al. 1987, 1988; Cowart et al. 1989; Catalano et al. 1990;

Guest et al. 1991), and mutational analyses (Freemont et al. 1986; Derbyshire et al. 1988, 1991; Polesky et al.

1990, 1992). The results of these various approaches are remarkably consonant, and they confirm that the

active sites for polymerization of dNTPs and for 3’—>5’ exonucleolytic digestion reside on different struc-
tural domains of the Klenow fragment and are separated by 30—35 A.

The exonuclease activity, which is carried on the smaller (22 kD) domain (Joyce and Steitz 1987), per-

forms a proofreading function by resecting DNA that contains either mismatched bases or frameshift errors
(Bebenek et al. 1990). 3'—>5' digestion of double-stranded DNA is thought to follow a three-step pathway:

binding of the substrate to a cleft in the polymerase domain, translocation of the 3’ terminus to the active

site of the exonuclease domain, and, finally, chemical catalysis (Catalano et al. 1990). During translocation,

which is the rate-Iimiting step of the reaction, melting of the four or five terminal base pairs of duplex DNA

(Cowart et al. 1989) generates a frayed 3’ terminus that binds to the active site of the exonuclease domain,

TABLE 9-3 The Domains of E. coli DNA Polymerase l
 

 

DOMAIN Acnvmr BIOCHEMICAL FUNCTION

Carboxy—terminal domain 5'—>3’ DNA polymerase Addition of mononucleotide residues generated
(residues 543—928, ~46 kD) from dNTPs to the 3'-hydroxyl termini of RNA

or DNA primers. These termini can be provided
by nicks or gaps in a duplex DNA, as well as by
short segments of RNA or DNA that are base-
paired to a single—stranded DNA molecule.

Central domain 3'—>5' exonuclease Cleavage of nucleotide residues from 3'-hydroxy]
(residues 326—542, ~22 kD) termini creates recessed 3’ termini.

Amino-terminal domain 5’—>3’ exonuclease Cleavage of oligonucleotides from base-paired 5’
(residues 1—325) termini.
 

The carboxy-terminal and central regions constitute the Klenow fragment of Pol I.
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with Km values in the nanomolar range (Kuchta et al. 1988). Three carboxylic acid residues in the active site

interact directly with one or both of the divalent metal ions that are bound to the exonuclease domain and

are crucial for enzymatic cleavage. The metals bound to the exonuclease domain interact with the terminal

phosphate residue of the substrate (Derbyshire et al. 1991; Han et al. 1991), thereby allowing nucleophilic
attack (probably from a hydroxide ion) on the exposed phosphodiester bond (Freemont et al. 1988). This

reaction generates a product, dNMP, that at high concentrations can inhibit the 3’—>5' exonuclease reaction
(Que et al. 1978) by occupying the same site in the enzyme as the frayed terminus of single-stranded DNA

(Ollis et al. 1985). The exonucleolytic degradation of double-stranded substrates is very slow with a kcat of

~10‘3 s“. Digestion of single-stranded substrates, however, is ~100 times faster, with a kcat of 0.09 s“ (Kuchta

et al. 1988; Derbyshire et al. 1991). Using site-directed mutagenesis to change the amino acids within the

active site, mutant forms of the Klenow enzyme have been constructed that retain normal polymerase activ-

ity but are essentially devoid of exonuclease activity (Derbyshire et al. 1988, 1991). The average error rate for

these enyzmes is ~1 base substitution for each 10,000—40,000 bases polymerized. This rate is between 7- and

30-fold times higher than the error rate of the wild-type Klenow enzyme (Bebenek et al. 1990; Eger et al.
1991 ). Therefore, the high fidelity of the Klenow enzyme results more from highly accurate selection of bases
by the polymerase domain than from postreplication editing by the exonuclease domain.

A large cleft in the polymerase domain is the binding site for the primerztemplate DNA (Beese et al.

1993a). The amino acid residues directly involved in substrate binding and catalysis have been identified by

site—directed mutagenesis (Polesky et al. 1990, 1992) and confirmed by X—ray crystallographic analysis of the

Klenow fragment bound to duplex DNA (Beese et al. 1993a). The polymerase domains of Pol I and several

other type-B DNA polymerases, including those from Thermus uquaticus and bacteriophages T5 and T7,

share a high degree of homology within the polymerase domain (Delarue et al. 1990; Blanco et al. 1991).
This homology includes (1) a cluster of residues directly involved in catalysis and (2) a tyrosine residue

involved in binding of dNTPs (Beese et al. 1993b). The current model ofthe orientation of the primerztem-

plate and the two domains of the Klenow fragment is shown in Figure 9-6.

Uses of the Klenow Fragment of E. coli Polymerase l in Molecular Cloning

Filling the Recessed 3 ’ Termini Created by Digestion of DNA with
Restriction Enzymes

In many cases, a single buffer can be used both for cleavage of DNA with a restriction enzyme and for the

subsequent filling of recessed 3’ termini. The end-filling reaction can be controlled by omitting one, two, or

three of the four dNTPs from the reaction and thereby generating partially filled termini that contain novel

cohesive ends (please see Figure 9-7 and Protocol 10).

Labeling the 3 ’ Termini of DNA Fragments by Incorporation of
Radiolabeled dNTPs

In general, these labeling reactions contain three unlabeled dNTPs each at a concentration in excess of the

Km and one radiolabeled dNTP at a far lower concentration, which is usually below the Km. Under these
conditions, the proportion of label that is incorporated into DNA can be very high, even though the rate of

the reaction may be far from maximal. The presence of high concentrations of three unlabeled dNTPs

lessens the possibility of exonucleolytic removal of nucleotides from the 3’ terminus of the template. Which
of the four a-labeled dNTPs is added to the reaction depends on the sequence and nature of the termini of
the DNA.

0 Recessed 3' termini can be labeled with any dNTP whose base is complementary to an unpaired base in
the protruding 5’ terminus. Radioactivity can therefore be incorporated at any position within the
rebuilt terminus depending on the investigator’s choice of radiolabeled dNTP. To ensure that all of the
radiolabeled molecules are the same length, it may be necessary to complete the end-filling reaction by
carrying out a “chase” reaction containing high concentrations of all four unlabeled dNTPs.

o Blunt—ended andprotruding3 ’ termini may be labeled in an enzymatic reaction that uses both domains
of the Klenow fragment. First, the 3’—->S' exonuclease activity removes any protruding tails from the
DNA and creates a recessed 3' terminus. Then, in the presence of high concentrations of one radiola-
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FIGURE 9-6 A Model of DNA Bound to the Klenow DNA Polymerase

The model, which is based on the crystallographic structure of the complex between the Klenow fragment
and duplex DNA (Beese et al. 19933), shows a proposed arrangement of DNA bound at the active sites of
the polymerase domain (P) and the exonuclease domain (E). The portion of the DNA observed in the crys-
tal structure is indicated in solid black, and the portion that is modeled is shown in outline; 19—20 bp of

DNA interact with the Klenow enzyme (Kolocheva et al. 1989)‘ The template strand, which is bent at an
angle of ~80", binds in the polymerase cleft and is base paired to the primer. The 3 ’ end of the primer
lies near the divalent metal ions that are believed to be important in the polymerase reaction (Polesky et
al. 1992). The physical separation of the active sites for the polymerase and exunuclease domains by 30
A creates problems of switching the primer 3’ terminus from one site to another. The model shown in the
figure does not really solve this problem but merely assumes that the growing nascent strand shuttles
between the active sites of the exonuclease and polymerase domains. The dynamics of the pathway of the
polymerase reaction have been elucidated in great detail: Rate constants have been measured for each of
the individual steps in the pathway (Kuchta et al. 1988; Polesky et al. 1990, 1992; Dahlberg and Benkovic
1991 ). Current models suggest that the catalytic step — a nucleophilic attack on the a-phosphate of the
dNTP by the 3'-hydroxyi at the terminus of the primer — is the result of a conformational change in the
enzyme caused by binding of DNA and dNTP (Dahlberg and Benkovic 1991). Following formation of the
phosphodiester bond, the enzyme undergoes a second conformational change before release of
pyrophosphate. The nature of these conformational changes is unknown, as is the mechanism by which
translocation of the growing chain occurs at each reiteration of the polymerization step‘ (Adapted, with
permission, from Beese et ai. 1993a [Copyright 1993 American Association for the Advancement of
Science].)

 

beled precursor, exonucleolytic degradation is balanced by incorporation of radiolabeled dNTP at the 3’

terminus. This reaction, which consists of cycles of removal and replacement of the 3' terminus from

recessed or blunt—ended DNA, is sometimes called an exchange or replacement reaction. The specific

activities that can be achieved with this reaction are modest because the 3'—)5' exonuclease of the

Klenow enzyme is rather sluggish, especially on double-stranded substrates. T4 DNA polymerase carries

a more potent 3'—>5' exonuclease that is ~200-f01d more active than the Klenow fragment and is the

enzyme of choice for this type of reaction.

5] .................... NprNOH 3.

3' .................... NprNprNpr5'

. n n ’ l 0 2+

FIGURE 9-7 Filling-m Recessed 3 Termmi of DNA Klenowfragment 313W
5

Fragments Using Klenow DNA Polymerase
 

The 3 ’ termini generated by digestion with restriction endonucleases
may be labeled using the Klenow fragment of DNA polymerase I in 5' -------------------- NprNprNpNOHIB
the presence of dNTPs and Mg“, 3‘ ....................NprNprNpr5
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If a [3SS]dNTP is used instead of the conventional [a-32P]dNTP, the reaction is limited to one cycle of

removal and replacement since the 3'—>5’ exonuclease of E. coli DNA Pol I, unlike the exonuclease of T4

DNA polymerase, cannot attack thioester bonds (Kunkel et al. 1981; Gupta et al. 1984).

Labeling Single-stranded DNA by Random Priming

For details, please see Feinberg and Vogelstein (1983, 1984) and Protocols 1 and 2.

Production of SingIe-stranded Probes by Primer Extension

For details, please see Meinkoth and Wahl (1984), Studencki and Wallace (1984), and Chapter 7, Protocol

12. For many years, the Klenow fragment of Pol I was the highest-quality DNA polymerase that was com-

mercially available and, in consequence, was the enzyme of first and last resort for in vitro synthesis of DNA.

However, as polymerases that are better suited to various synthetic tasks have been discovered or engi-

neered, Klenow has been gradually replaced and is no longer the enzyme of first choice for a variety of pro—
cedures in molecular cloning. These procedures include:

0 DNA sequencing by the Sanger method. Klenow has been replaced by bacteriophage or thermostable

polymerases that give longer read-leng’ths.

0 Synthesis of double—stranded DNA from single-stranded templates during in vitro mutagenesis.
Although the Klenow fragment is still widely used for in vitro synthesis of circular DNAs using muta‘

genic primers, it is not always the best enzyme for this purpose. Unless large quantities of ligase are pre-

sent in the polymerization/extension reaction mixture, the Klenow enzyme can displace the mutagenic

oligonucleotide primer from the template strand, thereby reducing the number of mutants obtained.

This problem can be solved by using DNA polymerases that are unable to carry out strand displacement,

including bacteriophage T4 DNA polymerase (Nossal 1974; Lechner et al. 1983; Geisselsoder et al. 1987),

bacteriophage T7 DNA polymerase (Bebenek and Kunkel 1989), and Sequenase (Schena 1989).

Bacteriophage T4 gene 32 protein (a single-stranded DNA-binding protein) can be used in primer-

extension reactions catalyzed by DNA polymerases (including the Klenow enzyme) to alleviate stalling

problems caused by templates rich in secondary structure (Craik et al. 1985; Kunkel et al. 1987).

o Polymerase chain reactions. The Klenow fragment was the enzyme used in the first polymerase chain

reactions (Saiki et al. 1985). However, it has now been completely replaced by thermostable DNA poly-

merases that need not be replenished after each round of synthesis and denaturation.

Facts and Figures About the Klenow Fragment

The standard assay used to measure the polymerase activity of the Klenow fragment is that of Setlow (1974)
with poly(d[A-T]) as template. One unit of polymerizing activity is the amount of enzyme that catalyzes

the incorporation of 3.3 nmoles of dNTP into acid-insoluble material in 10 minutes at 37°C. A sample of

pure Klenow fragment has a specific activity of ~ 10,000 units/mg protein (Derbyshire et al. 1993) The reac-

tion is usually carried out in the presence of Mg“. Substitution of Mn2+ for Mg“ increases the rate of mis-

incorporation and decreases the accuracy of proofreading (Carroll and Benkovic 1990). The Krn of the
enzyme for the four dNTPs varies between 4 and 20 pM. For methods to assay the exonuclease activity of
the Klenow fragment, please see Freemont et al. (1986) and Derbyshire et al. (1988).

Uses of Pol I in Molecular Cloning

a Labeling ofDNA by nick transla tion (Maniatis et al. 1975; Rigby et al. 1977). In this reaction, the enzyme
binds to a nick or short gap in duplex DNA. The 5’—>3' exonuclease activity of Pol I then removes

nucleotides from one strand of the DNA, creating a template for simultaneous synthesis of the growing
strand of DNA. The original nick is therefore translated along the DNA molecule by the combined action
of the 5’—>3’ exonuclease and the 5’—>3’ polymerase. In Figure 9-8, the nick in the upper strand of duplex
DNA is translated from left to right and the patch of newly synthesized DNA is represented by the shad-
ed arrow. Nick-translation reactions are usually carried out at 16°C to reduce the synthesis of “snap-
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3’ 5' 3

“ATP incubate with 5,
Egg; 1 E. coli DNA
dTTP polymerase

 

5 3‘

# FlGURE 9-8 Nick Translation Schematic

5' E. coli DNA polymerase binds to the nick in duplex DNA,
continue the exonuclease activity of Pol I then removes

l polymerization nucleotides from one strand of the DNA in a 5’ —> 3’
direction from the nick, thereby creating a template for

_'____.—3 simultaneous synthesis of DNA by the polymerase func-
tion of Pol 1. Please see the text of the information panel 

5‘ for additional details.

back” DNA, which is produced when the 3’-hydroxyl terminus of a growing strand of DNA loops back
on itself and primes synthesis of hairpin—shaped molecules of DNA (Richardson et aL 196421).

Replacement synthesis of second-strand cDNA (e.g., please see Gubler and Hoffman 1983). In this
method, the product of first~strand synthesis —— a cDNA—mRNA hybrid — is used as a template for a

nick-translation reaction. RNase H is used to generate nicks and gaps in the mRNA strand of the hybrid,

creating a series of RNA primers that are used by P0] I to initiate the synthesis of second-strand cDNA.
End—labeling ofDNA molecules with protruding 3' tails. This reaction works in two stages: First, the

3’—>5’ exonuclease activity of the holoenzyme removes protruding 3' tails from the cDNA and creates a

recessed 3' terminus. Then, in the presence of high concentrations of one radiolabeled precursor, con-

tinuing exonucleolytic degradation is balanced by incorporation of dNTPs at the 3’ terminus. Although

P01 I catalyzes this exchange or replacement reaction fairly efficiently, bacteriophage T4 DNA polymerase

remains the enzyme of choice because of its more potent 3’—>5’ exonuclease activity.

Facts and Figures About DNA Polymerase I

WWWm

0 Most of the Pal I distributed by commercial manufacturers is isolated (Kelley and Stump 1979) from a
strain of E. coli that is lysogenic for a transducing bacteriophage 7t carrying a copy of the polA gene (e.g.,
NM964; Murray and Kelley 1979).

One unit ofDNA polymerase is the amount ofenzyme required to catalyze the conversion of 10 nmoles

of total dNTPs to an acid-insoluble form in 30 minutes at 37°C using poly(d[A-T]) as the template

primer (Richardson et al. 1964b). The specific activity of the commercial enzyme is usually ~5000

units/mg of protein.

Like all other DNA polymerases, P011 requires divalent cations for activity. Mg“ is preferred for accu-
rate replication, whereas Mn2+ may be used to increase the frequency of errors deliberately.
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IN VITRO TRANSCRIPTION SYSTEMS
 

Virtually all in vitro transcription of DNA into RNA is carried out with bacteriophage—encoded DNA-
dependent RNA polymerases. The value of using bacteriophageeencoded DNA—dependent RNA poly-

merases arises because these enzymes (1) initiate efficient and selective transcription from well—defined cog—

nate promoters (Melton et al. 1984) and (2) being composed of a single polypeptide chain (~900 amino

acids), need no auxiliary transcription factors, perhaps because they have evolved to transcribe a small

number of genes in a specialized genome with high efficiency.

The best-characterized bacteriophage RNA polymerases are those encoded by the Salmonella

typhimurium bacteriophage, SP6 (Butler and Chamberlin 1982; Green et al. 1983), and the E. coli phages,

T3 and T7 (Studier and Rosenberg 1981; Davanloo et al. 1984; Tabor and Richardson 1985). The genes

encoding these three RNA polymerases have been isolated (Davanloo et al. 1984; Morris et al. 1986),

sequenced (Moffatt et al. 1984; McGraw et al. 1985: Kotani et al. 1987), and expressed (Davanloo et al. 1984;

Morris et al. 1986). In the case of the T7 polymerase, the crystal structure of the enzyme has been elucidat-

ed (Doublie et al. 1998). The SP6, T3, and T7 DNA-dependent RNA polymerases behave in a similar fash-

ion, and there are no distinct biochemical advantages to using one RNA polymerase over the other. The SP6

enzyme is typically four to five times more expensive than the T7— and T3—encoded enzymes, even though

it is the easiest of the three to prepare from bacteriophage-infected cells.

Although all three RNA polymerases have the ability to transcribe single-stranded DNA (Salvo et al.

1973; Milligan et al. 1987), virtually all in vitro transcription is carried out with double-stranded linear

DNA templates that contain an appropriate promoter (please see Table 9-4).

Since the minimal promoter for bacteriophage RNA polymerases is just 21 bp in length (Iorgensen et

al. 1991), portable bacteriophage promoters can easily be manufactured from synthetic oligonucleotides.

Double-stranded DNA linkers containing a bacteriophage RNA polymerase promoter can also be ligated

directly to purified DNA fragments (Loewy et al. 1989) or PCR products. By synthesizing the appropriate

linker/adaptor, one fragment out of a mixture can be modified and subsequently transcribed in vitro.

Synthetic promoters can also be added to the 5’ ends of primers used to amplify DNA by PCR (please

see the panel on ADDITIONAL PROTOCOL: USING PCR TO ADD PROMOTERS FOR BACTERIOPHAGE-
ENCODED RNA POLYMERASES TO FRAGMENTS OF DNA in Protocol 6). Essentially any DNA molecule

can therefore be amplified with a bacteriophage promoter at one or both ends of the molecule. The ampli-

fied DNA is an efficient template for in vitro transcription reactions. PCR can also be used to introduce con-

venient restriction sites at the end of the DNA to facilitate linearization of templates and to introduce trans-

lation signals at the 5' end of a DNA fragment to allow the RNA product to be translated efficiently in cell-

free protein-synthesizing systems (Browning 1989; Kain et al. 1991; please see Chapter 17).

The affinities of the bacteriophage polymerases for their promoters are rather low (~10‘7 M"), and

nucleoside triphosphates are required to stabilize transient promoterzenzyme complexes. After a short lag

period, RNA synthesis rapidly reaches a rate (for T7 and T3 polymerases) of 200—300 nucleotides/second at

37°C, almost ten times faster than that of E. coli RNA polymerase, measured under the same conditions. The

Km values of the T3 and T7 RNA polymerases for ATP, UTP, and CTP are between 40 and 100 uM (Oakley et

TABLE 9-4 Promoter Sequences Recognized by Bacteriophage-encoded RNA Polymerases
 

 

BACTERIOPHAGE PROMOTER

—15 —10 —5 +1 +5

I 1 I I 1

T7 TAATACGACTCACTATAGGGAGA

T3 AATTAACCCTCACTAAAGGGAGA

SP6 ATTTAGGZGACACTATAGAAG

 

The consensus sequences of promoters are recognized by three bacteriophage-encoded RNA polymerases: T7 (Dunn and
Studier 1983), T3 (PJ. Beck et al. 1989), and SP6 (Brown et al. 1986). All of the bacteriophage promoters share a core sequence

that extends from —7 to +1, suggesting that this region has a common role in promoter function, The promoters diverge in the
region from -8 to -12, suggesting that promoter-specific contacts are made in this region. By convention, the sequence of the
nontemplate strand is shown. (Adapted, with permission, from Iorgensen et al. 1991.)
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al. 1979). GTP is anomalous, probably because it is used as a chain-initiating nucleotide: RNA chains initiat-

ed by T3 RNA polymerase, for example, start with pppGGGA and pppGGGG (for review, please see

Chamberlin and Ryan 1982). When the concentration of template DNA is 20 nM and the concentration of

each of the rNTPs is >50 uM, the rate of RNA synthesis is linear for at least 1 hour and is proportional to the

amount of enzyme added to the reaction. During the course of the reaction, RNA chains are initiated many

times on each molecule of template, and, under optimal conditions, between 10 and 20 moles of full-length

transcript are generated per mole of template. However, when a radiolabeled or modified base is used as a

precursor, the yield is much lower because reaction conditions are modified to optimize incorporation of the

rare component. This is generally done by eliminating the homologous nucleotide from the reaction or by

lowering its concentration drastically. However, if the concentration of nucleotide in the reaction drops

below the Km not only the total yield, but also the proportion of full-length RNA chains will drop markedly.
Although all three bacteriophage polymerases share many biochemical properties, each displays consid—

erable preference for its own promoter and does not initiate transcription at other promoters at a substantial

rate. The bacteriophage enzymes do not recognize bacterial or plasmid promoters or eukaryotic promoters

in cloned DNA sequences. Because efficient signals for termination of RNA chains are also rare, bacterio-
phage—encoded polymerases are able to synthesize full-length transcripts of almost any DNA that is placed

under the control of an appropriate promoter. Because these transcripts are complementary to only one

strand of the template, they are excellent for use as probes in Virtually any technique involving hybridization,

including Southern and northern hybridization, in situ hybridization, and RNase protection assays. In addi-
tion, the ability to generate large quantities of long RNAs that are identical in sequence to unstable primary

transcripts of mammalian genes has led to the development of in vitro assays for splicing and processing of

3' termini of eukaryotic mRNAs (e.g., please see Green 1991). Synthetic RNAs are also ligands for binding by

regulatory proteins such as the tat gene product of the human immunodeficiency virus (Roy et al. 1990).

Full—length transcripts prepared in vitro are often used as mRNAs in eukaryotic cell-free protein syn-

thesizing systems. These and other reactions (e.g., in vitro splicing reactions) work efficiently only if the

template RNAs are capped at their 5' termini. The addition of a 5’-cap structure also greatly improves the
stability of RNAs injected into oocytes (for references,p1ease see Yisraeli and Melton 1989). Capped RNAs

can be synthesized in vitro by lowering the concentration of GTP to 50 uM and including a cap analog (such
as G[5']ppp[5']G) at a tenfold molar excess in the reaction mixture (Contreras et al. 1982; Konarska et al.

1984). The great majority of transcripts synthesized under these conditions are initiated with a 5’-capped
structure. However, once RNA synthesis has begun, the peculiar chemical structure of the cap analog (with

two exposed 3’-hydroxyl residues) ensures that no further incorporation of the capping nucleotide can
occur.

Finally, the high specificity of bacteriophage RNA polymerases has been exploited in the development

of prokaryotic and eukaryotic expression systems. Here, a target cDNA or gene is cloned downstream from

a bacteriophage promoter sequence and upstream of an appropriate transcription termination sequence.

The resulting recombinant plasmid is then introduced into cells harboring a second plasmid that expresses

the bacteriophage RNA polymerase in a regulated fashion. Induction of the polymerase gene results in the

transcription of the target DNA on the first plasmid and subsequent abundant expression of its encoded
product(s). In E. coli, the most widely used binary expression system employs the bacteriophage T7 RNA

polymerase and promoter (Tabor and Richardson 1985; Studier and Moffatt 1986; Studier et al. 1990). In
eukaryotic cells, the T7 RNA polymerase can be produced by infection with a recombinant vaccinia virus
containing the T7 polymerase gene (Fuerst et al. 1986) or by transfection of an expression plasmid.

 

FACTS AND HINTS

To obtain milligram amounts of RNA from large-scale reactions, the concentration of MgCI2 in the reaction
should be adjusted to 6 nM above the total concentration of nucleotides in the reaction (Milligan and
Uhlenbeck 1989), and yeast inorganic pyrophosphatase should be included at a concentration of 5 units/ml
(Cunningham and Ofengand 1990). The pyrophosphatase prevents sequestration of Mg2+ in the form of mag-
nesium pyrophosphate.

Bacteriophage RNA polymerases will accept biotinylated nucleotides as precursors. However, compared
to radiolabeled NTPs, incorporation is less efficient and the products of the reaction contain a higher propor-
tion of truncated RNAs (Grabowski and Sharp 1986; Ylsraeli and Melton 1989).

T7 RNA polymerase is strongly inhibited by T7 Iysozyme (Moffatt and Studier 1987; Ikeda and Bailey
1992). Coexpression of the T7 Iysozyme gene has been used as a method to reduce the activity of T7 poly-
merase in transformed bacteria (for review, please see Studier et al. 1990).    
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ISOLATING DIFFERENTIALLY EXPRESSED cDNAs BY DIFFERENTIAL SCREENING
AND CLONING

Estimates suggest that the human genome may encode 70,000—80,000 genes (Antequera and Bird 1993,

1994; Fields et al. 1994). Within a single type of cell, some genes are expressed at high levels and others at
low levels. Measurements of the kinetics of reassociation of mRNA in the presence of a vast excess of
genomic DNA (Melli et al. 1971; Hastie and Bishop 1976) show that ~20% of the mammalian mRNA pop-

ulation consists of abundant transcripts (1000-12,000 copies/cell). mRNAs of medium abundance

( 100~1000 copies/cell) account for a further 25% of the mRNA molecules, and the remaining 50% consist

of a small number of copies ($13 copies/cell) of a large number (~30,000) of genes (Lewin 1975).

Particular types of mammalian cells express specific sets of genes, the majority of which belong to the

medium- and low—abundance classes. For example, cultured human cells express 20,000—30,000 genes, over

half of which are transcribed into low—abundance mRNAs (Bishop 1974; Bishop et al. 1974; Ryffel and
McCarthy 1975). Mammalian brain cells may be exceptional in this regard in that they collectively appear
to express almost the entire set of genes encoded by the genome (Bantle and Hahn 1976). In general, how-

ever, cells of the same lineage express similar sets of genes, whereas those from different lineages exhibit
greater diversity in their expression patterns. For example, the organs of higher eukaryotes differ by expres-

sion of ~2000—4000 genes (Axel et al. 1976), whereas closely related cell types, such as B and T lymphocytes,

differ by expression of only ~400 genes (Davis et al. 1982).

Differentially expressed genes include not only those that are transcribed in particular types of cells at

specific stages of differentiation and development, but also those whose level of expression changes during

the cell cycle or during tumorigenesis or as a consequence of pharmacological stimulation. Several meth-
ods, none of them easy, are available to isolate such genes, including random sampling and sequencing of

cDNA clones, differential screening of cDNA libraries, construction and screening of subtracted cDNA

libraries, and differential display (for reviews, please see Soares et al. 1994; Sagerstrom et al. 1997; Soares

1997; Hess et al. 1998).

Random Sampling

Since the advent of high-throughput automated DNA sequencing, it has become possible to search for dif-
ferentially expressed genes by sequencing large numbers ofcDNA clones picked at random from each oftwo

libraries (e.g., please see Frigerio et al. 1995). This type of large~scale, single-pass sequencing is also used to

generate expressed sequence tags (ESTs), which contain enough information to identify a transcript (Adams
et al. 1995; Hillier et al. 1996). Because most of the mRNAs in the highest-abundance class are the least like-
ly to be differentially expressed, the chance of isolating differentially expressed gene by sequencing cDNAs

at random is low. To avoid sequencing abundant transcripts time and time again, one or more rounds of

differential screening can be used to remove clones that have been screened previously or that correspond

to highly abundant mRNAs (e.g., please see Hoog 1991; Orr et al. 1994; Ii et al. 1997). Other methods to

increase the probability of identifying cDNA clones corresponding to differentially expressed genes include
the use of normalized or subtracted libraries (Spangrude et al. 1988; Patanjali et al. 1991; Soares et al. 1994;

Bonaldo et al. 1996; Diatchenko et al. 1996), in which the imbalance in abundance between cDNAs is cor-

rected to within one order of magnitude. However, the resulting increase in efficiency in screening comes at
a price: mRNAs that display quantitative differences in expression are lost during the subtractive hybridiza-

tion step required for construction of normalized or subtracted libraries. Consequently, cDNA clones cor-

responding only to mRNAs that are differentially expressed in an all-or-none fashion can be isolated.

Differential Screening (also Referred to as Plus/Minus Screening)

In the simplest form of this technique (St. John and Davis 1979), a cDNA library is constructed from cells

expressing the gene of interest. Duplicate copies of the library are screened separately with labeled cDNA

probes synthesized from two preparations of mRNAs: One from a cell type or tissue that expresses the

gene(s) of interest in high abundance and the other from a cell type or tissue with a lower abundance of the
target mRNA(s). Recombinant clones that hybridize equally to both probes correspond to genes equiva-

lently expressed in both cell types. These clones are not studied further. Recombinant clones that hybridize
differentially to the two probes are isolated and analyzed by northern hybridization to determine whether

they contain cDNAs derived from differentially expressed mRNAs.
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In principle, this method of comparative screening can be used to identify any differentially regulated

gene. However, because they are copied from the entire population of mRNAs, cDNA probes used in dif-

ferential screening are of very high complexity, with each mRNA represented in proportion to its abun-

dance. For the most part, mammalian mRNAs encoding proteins that regulate cellular behavior are

expressed at low abundance and are therefore present at low concentration in the labeled probes. It is

unlikely that such mRNAs will be detected by simple differential screening. As a rule of thumb, simple dif-

ferential screening is successful only when the concentration of the target mRNAs in the two preparations

differs by a factor of 5 or more, and when the abundance of the mRNA in one of the preparations exceeds

0.05% (for review, please see Sargent 1987).

The success of differential screening depends on the depth and quality of the cDNA library, the use of

probes of high sequence complexity that are capable of detecting cDNAs corresponding to low-abundance

mRNAs, and the ability to capture and quantify hybridization data efficiently. The efficiency of the tech-

nique is greatly improved if the cDNA libraries are organized into a format (e.g., wells of microtiter dishes)

that is amenable to automation (e.g, please see Takahashi et al. 1995; Zhao et al. 1995; Schena et al. 1996;

Perret et al. 1998). Although 100 or more differentially expressed genes have been identified using some
form of plus—minus screening, the amount of labor involved in screening even a few thousand cDNA clones

remains formidable. Until recently, efficient mining of differentially expressed genes from entire cDNA
libraries was simply beyond reach.

Recently, however, differential screening has begun to bear spectacular and wonderful fruit. With the
introduction of automated methods, more complex and more efficient forms of differential screening have

been developed using densely arrayed libraries of cDNAs or synthetic oligonucleotides (for reviews, please

see Ermolaeva et al. 1998; Khan et al. 1998; Bowtell 1999; Brown and Botstein 1999; Duggan et al. 1999;

Rajeevan et al. 1999, and references therein). The arrays are probed with cDNAs that are prepared from two

different sources and labeled with different chromophores. An image of the pattern of hybridization of the

labeled cDNAs is then captured electronically and normalized by computer to compare the efficiency with

which each of the probes hybridizes to each of the immobilized targets. Once differentially expressed genes

have been identified, full-length cDNAs can be obtained from a repository.

Array technology is still some years away from routine use in conventional laboratories. To run effi-
ciently, it requires high-speed robotic systems to print validated cDNAs in high-density arrays on to glass

microscope slides, sophisticated readers to capture and manipulate images of the hybridization patterns,
and access to state-of—the-art bioinformatics. However, the results already obtained give confidence that in

the next few years, it will become possible to screen the entire complement of ~100,000 human genes and

to map both physiological and pathological changes in the transcriptional landscape of cells and tissues

(Schena et al. 1998). In the meantime, however, differential screening and subtractive screening and cloning
(see below) remain viable, albeit laborious, options to detect temporal and topographic changes in gene

expression.

Subtractive Screening

Subtracted screening uses probes in which the concentration of cDNAs corresponding to highly redundant

RNAs is reduced without significantly affecting the concentration of low—abundance sequences. In the sim-

plest method, labeled cDNA generated from one population of mRNA (tester), which contains the

sequences of interest, is hybridized to a driver that does not contain these sequences. The driver, which is

used in molar excess in the hybridization reaction, is usually a preparation of mRNA from another, closely

related source. The cDNA sequences complementary to mRNAs expressed in the driver population form

DNA—RNA hybrids, whereas those that are unique to the tester population remain single-stranded. The

hybrids are then removed by hydroxyapatite chromatography. Many more complex variations of this basic

method have been described. For example:

0 RNA labeled by photobiotinylation can be used as a driver, in which case the DNA-RNA hybrids can be

removed by extraction with streptavidin-phenol (please see Table 9-5).

0 Two cDNA libraries (from driver and tester mRNAs) are constructed by directional cloning in phagemid

vectors. The libraries, which are arranged in opposite orientations, are used to generate complementary

single-stranded cDNAs that can be used as driver and tester (Duguid et al. 1988; Rubenstein et al. 1990;

Rothstein et al. 1993).
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0 Multiple rounds of subtraction can be carried out using PCR amplification of both the driver and the
subtracted cDNAs (e.g., please see Hara et al. 1991, 1993; Wang and Brown 1991; Cecchini et al. 1993;

Lépez-Fernéndez and del Mazo 1993; Sharma et al. 1993; Lfinneborg et al. 1995; Diatchenko et al. 1996;
Jim et al. 1997; Konietzko and Kuhl 1998).

The decision between these methods turns on the amount of starting materials available and their

complexity. The simplest method, where mRNA is used as the driver, may require as much as 20 pg of

poly(A)+ mRNA. It is frequently impossible to obtain sufficient mRNA to drive subtractive hybridization to

completion. In other circumstances, because the amount of radioactivity in an absorbed probe comple-

mentary to any given cDNA is small, hybridization to a subtracted library may be inefficient, and satisfac-

tory signals may be obtained only after prolonged exposure of autoradiographs. In either case, the proba-

bility of isolating a cDNA corresponding to a very rare mRNA is remote. If this amount is unavailable, a

PCR—based scheme or a method involving hybridization of complementary cDNA libraries must be used.

The ultimate goal is to obtain a subtracted cDNA probe that can be used to screen a cDNA library con-
structed from mRNA extracted from the tester ce11. A subtracted probe offers two potential benefits. First,

because abundant sequences common to both cell types are removed, the proportion of radioactivity in the

probe corresponding to rare mRNAs is increased, usually by a factor of ~10. Second, the removal of abun-

dant sequences greatly reduces the chance that a rare clone of interest might be lost in the morass ofcDNA

clones that hybridize strongly to abundant sequences in the radiolabeled probe. This enhancement means

that the cDNA library can be plated for screening at a higher density, with a commensurate reduction in the

volume of hybridization solution and an increase in the concentration of the absorbed probe. The sensitiv-

ity of the probe is therefore increased, so that cDNA clones corresponding to rare mRNAs (0.005—0.01%)

now fall within the range of detection (Wu et al. 1994). The increased level of sensitivity is sufficient to allow

unambiguous discrimination between populations of mRNAs extracted, for example, from Dictyostelium at

different stages of development (Timberlake 1980), from the gastrula and ovary of Xenopus (Sargent and
Dawid 1983), from untransformed murine cells and murine cells transformed by SV4O (Scott et al. 1983),

from myoblasts (Davis et al, 1987), from specialized populations of lymphocytes (Hedrick et al. 1984; Davis

1986 and references therein), from the neural plate of frog embryos (Klar et a1. 1992), and from a cultured
line of human neural tumor cells (el-Deiry et al. 1993).

TABLE 9-5 Methods Commonly Used to Recover SingIe-stranded Nucleic Acids After Subtractive Hybridization

 

 

with Driver

METHOD PROS AND CONS REFERENCES

Chromatography on hydroxyapatite efficient but messy Please see Appendix 8 and the panel on

Biotinylation of driver
QUANTITATING RNA in Chapter 7.

tricky to prepare drivers with the correct 1Syvéinen et al. (1986, 1988)
density of biotin residues“; easy and 2Wieland et al. (1990)
efficient to separate biotinylated and 3Swaroop et a1. (1991)
nonbiotinylated molecules after hybridi— 4Lebeau et al. (1991)

zation by binding to immobilized strepta— 5Syva'tnen et al. (1986, 1988)
vidinzf”6 or by extraction with streptavidin- 6L(Spez—Fernandez and del Mazo (1993)
phenol”9 7Sive and St. John (1988)

8Duguid et al. (1988)
9Rubenstein et al. (1990)

10Rothstein et al. (1993)

Chromatography on oligo(dA) efficient and simple Batra et al. (1991); Wu et al. (1994)
cellulose

Paramagnetic beads simple but expensive Rodriguez and Chader (1992); Sharma et al.

(1993); Coche et al. (1994); Lt‘mneborg et a1.

(1995); Aasheim et al. (1997); Coche (1997)
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ALKALINE PHOSPHATASE

Several types of alkaline phosphatases (or alkaline phosphomonoesterase) are commonly used in molecu-

lar cloning: bacterial alkaline phosphatase (BAP) and calf intestinal alkaline phosphatase (CIP, CIAP, or

CAP). Similar enzymes isolated from more esoteric cold-blooded organisms (e.g., SAP from shrimp) have

become available in recent years and have the advantage of being easier to inactivate than BAP or CIP at the

end of dephosphorylation reactions. Alkaline phosphatases, which are all Zn(II) metalloenzymes, catalyze

phosphate monoester hydrolysis through the formation of a phosphorylated serine intermediate. They are
used for three purposes in molecular cloning:

0 To remove phosphate residues from the 5' termini of nucleic acids before radiolabeling of the resulting

5’-hydroxyl group by transfer of 32P from y—labeled ATP. This second reaction is catalyzed by bacterio-
phage T4 polynucleotide kinase (Chaconas and van de Sande 1980).

0 To remove 5 ’-phosphate residues from fragments of DNA to prevent self-ligationi This dephosphoryla-

tion reaction is used chiefly to suppress self—ligation of vector molecules and therefore to decrease the
number of “empty” clones that are obtained during cloning (Ullrich et al. 1977).

e As reporter enzymes in nonradioactive systems to detect and lo'calize nucleic acids and proteins. In this
case, the alkaline phosphatase is conjugated to a ligand such as streptavidin that specifically interacts

with a biotinylated target molecule (Leary et al. 1983).

Dephosphorylation Reactions

Alkaline phosphatases can remove 3'-phosphate groups from a variety of substrate molecules, including 3’-

phosphorylated polynucleotides and deoxynucleoside 3’-monophosphates (Reid and Wilson 1971).

However, the main use of BAP, CIP, and SAP in molecular cloning is to catalyze the removal of terminal 5'-

phosphate residues from single- or double-stranded DNA and RNA. The resulting 5’-hydroxy1 termini can
no longer take part in ligation reactions but are substrates in radiolabeling reactions catalyzed by polynu-

cleotide kinase (Chaconas and van de Sande 1980).

Although the usefulness of alkaline phosphatases in 5' labeling of nucleic acids is undisputed, their

value in preventing self-ligation is more debatable. There is no doubt that dephosphorylation reduces recir-

cularization of linear plasmid DNA and therefore diminishes the background of transformed bacterial

colonies that carry“empty”p1asmids (Ullrich et al. 1977; Ish-Horowicz and Burke 1981; Evans et al. 1992).
All too frequently, however, there is a parallel decline in the number of colonies that carry the desired

recombinant. In addition, some investigators believe that the presence of 5'-hydroxy1 groups may lead to an

increase in the frequency of rearranged or deleted clones. For these reasons, directional cloning is the pre-
ferred method whenever the appropriate restriction sites are available.

Properties of Alkaline Phosphatases

Alkaline phosphatases used in molecular cloning display maximal activity in alkaline Tris buffers (pH 8.0 to
pH 9.0) in the presence of low concentrations of Zn2+ (<1 mM).

0 BAP is secreted in monomeric form (Mr = 47,000) into the periplasmic space of E. coli, where it dimer-

izes and becomes catalytically active (Bradshaw et al. 1981). At neutral or alkaline pH, dimeric BAP con-

tains up to six Zn2+ ions, two ofwhich are essential for enzymatic activity (for review, please see Coleman

and Gettins 1983). Only one of the two catalytic sites per dimer is active at low concentrations of artifi-

cial substrates, whereas both become active at higher concentrations (Heppel et al. 1962; Fife 1967). BAP

Activity: Phosphatase

Substrate: Single- or double—stranded DNA and RNA; rNTPs and dNTPs

alkaline phosphatase

Reaction: 5'pDNA or 5'pRNA —————-—-> 5'OHDNA or 5'0HRNA

FIGURE 9-9 Dephosyhorylation Activity of Alkaline Phosphatases
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is a remarkably stable enzyme and is resistant to inactivation by heat and detergents For this reason, BAP

is difficult to remove at the end of dephosphorylation reactions.

0 CIP is a dimeric glycoprotein, composed of two 514-residue monomers, that is bound to the plasma

membrane by a phosphatidylinositol anchor (Hoffmann-Blume et al. 1991; Weissig et al. 1993) and

whose optimal enzymatic activity depends on the concentrations of Mg2+ and Zn“. Some Zn“, bound
at a catalytic site, is required for catalytic activity. Mg“, which binds at a different site, is an allosteric

activator. However, Zn“, if present in high concentrations, will compete for the Mg2+ binding site and

prevent the allosteric activation (Fernley 1971). CIP can be readily digested with proteinase K and/or

inactivated by heating (to 65°C for 30 minutes or 75°C for 10—15 minutes) in the presence of 10 mM

EGTA. The dephosphorylated DNA can then be purified by extraction with phenolzchloroform.

0 SAP is isolated from arctic shrimp and its enzwnatic properties are similar to those of CIP. Unlike BAP,

SAP is unstable at elevated temperatures and, according to the manufacturers, can be completely inacti-

vated by heating to 65°C for 15 minutes. However, molecular biology chat sites on the web frequently

contain comments from customers who suggest that the enzyme may not be completely inactivated by

brief heating. To be fair, about an equal number report that they have no problems in inactivating SAP.
However, to be on the safe side, we recommend heating to 70°C for 20 minutes to ensure complete inac-

tivation of SAP.

Alkaline phosphatases as a group are inhibited by inorganic orthophosphate (Zittle and Della Monica

1950), by chelators of metal ions such as EDTA and EGTA, but not to a significant extent by diisopropyl-

fluorophosphate, a powerful inhibitor of other serine hydrolases (Dabich and Neuhaus 1966). L-phenylala—

nine is a noncompetitive inhibitor of CIP (Weissig et al. 1993).

'mm¢ m.- M Mr i .~o~——-—-————-,_ —--—-—_._.——_——_~__ ~___,_...___ 0 _....w._..
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METHODS TO SYNTHESIZE SHORT TRACTS OF SlNGLE-STRANDED DNA, first developed more than

30 years ago, are now refined to a point where almost all chemical syntheses of oligonucleotides
are carried out by automated machines (for further details on the chemistry of automated

oligonucleotide synthesis, please see the information panel on OLIGONUCLEOTIDE SYNTHESIS).

In the 19805, the cost of these machines decreased to a point that many individual laboratories

and core facilities could synthesize oligonucleotides at reasonable rates. The current trend in
oligonucleotide synthesis is to order individual oligonucleotides from commercial suppliers, who
by virtue Of bulk purchases and centralized facilities can take advantage of economies of scale.
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The ready availability of oligonucleotides of defined sequence, coupled with the develop—
ment of appropriate hybridization techniques, revolutionized molecular cloning. It led to the pri-

mary isolation of cloned copies of genes that were previously inaccessible. Knowledge of the

sequence of a few amino acids in a protein was sufficient to allow the rapid isolation of cloned

copies of the corresponding gene. Facile and cheap synthesized oligonucleotides also brought

site-directed mutagenesis within the range of large numbers of laboratories.

USES OF OLIGONUCLEOTIDE PROBES
 

Although the use of oligonucleotides as hybridization probes for the initial isolation of a cDNA
or a gene has been partly displaced by the polymerase chain reaction (PCR) and cloning strate—

gies such as MOPAC (please see Chapter 8, Protocol 11), oligonucleotides are used widely in a

variety of molecular cloning procedures:

0 Screening cDNA or genomic DNA libraries, or subclones derived from them, for additional

clones containing segments of DNA that have been isolated previously and whose sequences

are known.

0 Identifying or detecting specific genes or their transcripts in Southern, northern, or dot—blot

hybridizations.

o Examining genomic DNA and PCR-amplified DNA, using Southern or dot-blot hybridiza-

tion, to detect specific mutations in genes of known sequence.

0 Screening expression libraries for clones that encode transcription factors and other proteins

that bind to specific sequences of DNA.

0 Identifying clones that carry specific base changes introduced into specific segments of DNA

by site-directed mutagenesis.

Success with these techniques begins with the design of an oligonucleotide (1) that

hybridizes specifically to its target and (2) whose physical properties (e.g., length and GC con-

tent) do not impose unnecessary constraints on the experimental protocol. In a few cases, the

investigator has little latitude in the design of the oligonucleotide. For example, when oligonu-

cleotides are used as allele—specific probes for the presence or absence of defined mutations, the
salient properties of the oligonucleotides are defined to a very large extent by the particular

sequences in which the mutation is embedded. In most other circumstances, however, the chance

of success can be increased by careful adjustment of parameters defined by the investigator, such

as the length, sequence, and base composition of the oligonucleotide. The rules outlined below

were developed to optimize the design of oligonucleotide hybridization probes. However, most of

them also apply to the design of primers for PCR or oligonucleotide-primed DNA sequencing.

MELTING TEMPERATURE AND HYBRIDIZATION TEMPERATURE
 

An ideally designed oligonucleotide probe should form a perfect duplex only with its target

sequence. These duplexes should be sufficiently stable to withstand the posthybridization wash-

ing steps used to remove probes nonspecifically bound to nontarget sequences. For oligonu—

cleotides of 200 nucleotides or less, the reciprocal of the melting temperature of a perfect hybrid

( Tm", measured in degrees Kelvin) is approximately proportional to nil, where n is the number

of bases in the oligonucleotide (please see Gait 1984).
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Several equations are available to calculate the melting temperature of hybrids formed

between an oligonucleotide primer and its complementary target sequence. Since none of these

are perfect, the choice among them is largely a matter of personal preference (for additional infor-

mation on calculating melting temperatures, please see the information panel on MELTING TEM-

PERATURES). The melting temperatures of each member of a primer:target duplex should obvi—

ously be calculated using the same equation.

a An empirical and convenient equation known as <‘The Wallace Rule” (Suggs et al. 1981b; Thein
and Wallace 1986) can be used to calculate the Tm to perfect duplexes, 15—20 nucleotides in

length, in solvents of high ionic strength (e.g., 1 M NaCl or 6x SSC)

Tm (in 0C) : 2(A+T) + 4(G+C)

where (A+T) is the sum of the A and T residues in the oligonucleotide and (G+C) is the sum

of G and C residues in the oligonucleotide.

o The equation derived originally by Bolton and McCarthy (1962) and later modified by Baldino

et al. (1989) predicts reasonably well the Tm of oligonucleotides, <100 nucleotides long, in

cation concentrations of 0.5 M or less, and with a (G+C) content between 30% and 70%. It also

compensates for the presence of base—pair mismatches between the oligonucleotide and the

target sequence

Tm (in 0C) : 815°C + 16.6 (log10[Na*]) + O.41(%[G+C]) — 675/n ~ 1.0 m

where n is the number of bases in the oligonucleotide and m is the percentage of base-pair mis—
matches. This equation can also be used to calculate the melting temperature of an amplified

product whose sequence and size are both known. When PCR amplification is carried out

under standard conditions, the calculated Trn of the amplified product should not exceed

~850C, thus ensuring complete separation of its strands during the denaturation step. Note

that the denaturation temperature in PCR is more accurately defined as the temperature of

irreversible strand separation of a homogeneous population of molecules. The temperature of

irreversible strand separation is several degrees higher than the Tm (typically, 92°C for DNA

whose content of G+C is 50%) (Wetmur 1991).

0 Neither of the above equations takes into account the effect of base sequence (as opposed to

base composition) on the Tm of oligonucleotides. A more accurate estimate of the Tm can be

obtained by incorporating nearest-neighbor thermodynamic data into the equations

(Breslauer et al. 1986; Freier et al. 1986; Kierzek et alt 1986; Rychlik et al. 1990; Wetmur 1991;

Rychlik 1994). A relatively straightforward equation, described by Wetmur (1991), is

Tm (in 0C) : (To AH°)/(AH° — AGO + RTo 1n[c]) + 16.6 log10( [Natm 1.0 + 0.7[Na+] }) — 269.3

where AH0 : Znn(NnnAI'Ifin) + AH; + AH?

AG" : Znn(NnnAng) + AG? + AG;

ml = the number of nearest neighbors (e.g., 13 for a l4—mer)
R z 1.99 cal/mole-“K

T‘ : 298.20K

c = the total molar strand concentration

[Na+] S 1 M

A number of the thermodynamic terms can be approximated:

average nearest—neighbor enthalpies, AHiin = —8.0 kcal/mole

average nearest-neighbor free energies, Ang : —1.6 kcal/mole
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initiation term, AG? : +22 kcal/mole

average dangling end enthalpy, AH‘; : —8.0 kcal/mole/end

average dangling end free energy, AG? 2 —l kcal/mole/end

average mismatch/loop enthalpy, AH; : —8.0 kcal/mole/mismatch

Note that for each mismatch or loop, Nnn is reduced by 2.

When the oligonucleotide is used as a probe, hybridization is usually carried out at ~5—120C

below the calculated Tm, and stringent posthybridization washing is carried out at ~5°C below the

Tm. Working so close to the calculated Tm has two consequences: (1) It reduces the number of

mismatched hybrids and (2) less desirably, it reduces the rate at which perfect hybrids form.

For all practical purposes, hybrid formation between complementary DNA molecules >200

nucleotides in length is an irreversible reaction when annealing is carried out at ~ 10°C below the

calculated Tm. The chance that such a long stretch of perfect double helix will unwind under the
conditions conventionally used for hybridization (68°C and ~l M [Na*]) is small. However,

hybrids (even perfect hybrids) formed between short oligonucleotides and their target sequences

at 5—10°C below the Tm are far easier to unwind; thus, hybridization reactions of this type can be

considered reversible. This behavior has important practical consequences. The concentration of

oligonucleotide in the“ hybridization reaction should be high (0.1—1.0 pmole/ml) so that the

annealing reaction rapidly reaches equilibrium within 3—8 hours. Posthybridization washing,

however, should be brief (1—2 minutes) and should be carried out initially under conditions of
low stringency, and then under conditions of stringency that at least equal those used for

hybridization (Miyada and Wallace 1987).

LENGTH OF OLIGONUCLEOTIDE PROBES
 

The longer an oligonucleotide, the higher its specificity for the target sequence. The following
equations can be used to calculate the probability that a specific sequence string of nucleotides
will occur within a sequence space (Nei and Li 1979).

K: [g/2lGJrC x [(1—g)/2]A*T

N

where K is the expected frequency of occurrence within the sequence space, g is the relative G+C
content of the sequence space, and G, C, A, and T are the number of specific nucleotides in the
oligonucleotide. For a double-stranded genome of size N (in nucleotides), the expected number
(n) of sites complementary to the oligonucleotide is n = 2NK.

These equations predict that an oligonucleotide of 14—15 nucleotides would be represented
only once in a mammalian genome where N is ~3.0 x 109. In the case of a l6-mer, there is only
one chance in ten that a typical mammalian cDNA library (complexity ~107 nucleotides) will for-
tuitously contain a sequence that exactly matches that of the oligonucleotide. However, these esti-
mates are based on the assumption that the distribution of nucleotides in mammalian genomes
is random. Unfortunately, this is not the case, due to bias in codon usage (Lathe 1985) and
because a significant fraction of the genome is composed of repetitive DNA sequences and gene
families. Because of the presence of these elements, no more than 85% of the mammalian genome
can be targeted precisely, even by probes and primers that are 20 nucleotides in length (Bains
l994).

To minimize problems of nonspecific hybridization, it advisable to use oligonucleotides
longer than the statistically indicated minimum. Any clones that then hybridize to the probe are
likely to be derived from the gene of interest. Bear in mind that when a cDNA library is screened
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with an oligonucleotide probe, no relationship exists between the observed number of positive

clones and their frequency predicted by statistics. For example, if by chance the oligonucleotide

should match an expressed sequence that is abundantly represented in mRNA, the number of

clones that hybridize to the probe will be much larger than theory predicts. Before synthesizing

an oligonucleotide probe or primer, it is advisable to scan DNA databases to ensure that the pro-

posed sequence occurs only in the desired gene and not in vectors, undesired genes, or repetitive

elements (e.g., please see Mitsuhashi et al. 1994).

The effect of hybridization between imperfectly matched sequences cannot be easily quan-

tified, since different types of mismatching (mispairing between single bases, loopouts on either

strand, multiple mismatches, whether closely or distantly spaced) have different effects on the sta-

bility of double—stranded DNA. For example, a single mismatch in the center of a short oligonu-

cleotide (of ~16 nucleotides in length) will destabilize the hybrid by ~7°C (Wetmur 1991) and,

consequently, may attenuate the hybridization signal to a very considerable degree. On the other

hand, a mismatch at the 3' end of a probe will have little effect on hybridization signal (Ikuta et

al. 1987) but will greatly diminish the ability of an oligonucleotide to prime DNA synthesis.

DEGENERATE POOLS OF OLIGONUCLEOTIDES
 

In molecular cloning, the situation frequently arises where a short sequence of amino acids has

been obtained by sequencing a purified protein. Because of the degeneracy of the genetic code,

many different oligonucleotides can potentially code for a given tract of amino acids. For exam—

ple, 64 possible l8-mers can code for the sequence Asn Phe Tyr Ala Trp Lys. However, only one of

these oligonucleotides will exactly match the coding sequence used in the gene of interest.

Because there is no way to know a priori which of these oligonucleotides has its true counterpart

in the gene, pools of oligonucleotides containing all potential coding combinations are synthe—

sized and used as probes. Depending on the length of the amino acid sequence and the amount

of degeneracy at each position, pools can contain up to several hundred oligonucleotides. If

hybridization conditions can be found under which only perfectly matched sequences form sta—

ble duplexes, cloned copies of the gene of interest can be readily isolated from genomic or cDNA

libraries (e.g, please see Goeddel et al. 1980; Agarwal et al. 1981; Sood et al. 1981; Suggs et al.

1981b; Wallace et al. 1981; Toole et al. 1984; Jacobs et al. 1985; Lin et al. 1985).

Pools of degenerate oligonucleotides are generally used to select a series of candidate clones

that can then be analyzed further to identify the true target. To ensure that the target clone is rep—

resented in the initial group of candidates, screening conditions are usually chosen that allow

detection of perfect hybrids formed between the most A/T-rich oligonucleotide in the pool and

its potential target. Other hybrids, both perfect and imperfect, that are stable under such condi—

tions will identify additional candidate clones.

It is easy to calculate accurately the Tm of a perfectly matched hybrid formed between a sin—

gle oligonucleotide and its target sequence. However, when using pools of oligonucleotides whose

members have greatly different contents of G+C, it is not feasible to estimate a consensus Tm.

Because it is impossible to know which member of the pool will match the target sequence per—

fectly, conditions must be used that allow the oligonucleotide with the lowest content of G+C to

hybridize efficiently. Usually, conditions are chosen to be 2°C below the calculated Tm of the most

A/T—rich member of the pool (Suggs et al. 1981a). However, the use of such “lowest common

denominator” conditions can generate false positives: Mismatched hybrids formed by oligonu—
cleotides of higher G+C may be more stable than a perfectly matched hybrid formed by the cor-
rect oligonucleotide. In most cases, this problem is not serious, since the number of positive
clones obtained by screening cDNA libraries with pools of nucleotides is quite manageable. It is
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therefore easy to distinguish false positives from true positives by another test (e.g., DNA

sequencing or hybridization with a second pool of oligonucleotides corresponding to another

segment of amino acid sequence).

QUARTERNARY ALKYLAMMONIUM SALTS

GUESSMERS

When the number of apparent positives is unacceptably high, it is worthwhile using hybridization

solvents that contain quaternary alkylammonium salts such as tetraethylammonium chloride
(TEACI) or tetramethylammonium chloride (TMACI) (Melchior and von Hippel 1973; Jacobs et

al. 1985, 1988; Wood et al. 1985; Gitschier et al. 1986; DiLella and Woo 1987). By binding to A/T-

rich polymers (Shapiro et al. 1969), quaternary alkylammonium salts reduce the preferential

melting of A:T versus G:C base pairs (Melchior and von Hippel 1973; Riccelli and Benight 1993).

In TEACI or TMACI, the Tm of an oligonucleotide-DNA hybrid becomes less dependent on its

base composition and more dependent on its length. By choosing a hybridization temperature

appropriate for the lengths of the oligonucleotides in a pool, the effects of potential mismatches

can be minimized.

It is important to obtain an accurate estimate of the Tm in TMACI or TEACI before using

pools of oligonucleotides to screen cDNA or genomic libraries. Jacobs et al. (1988) measured the

Ti (the irreversible melting temperature) of the hybrid formed between the probe and its target

as a function of chain length for a number of oligonucleotides of different (G+C) content in sol-

vents containing either sodium ions or tetraaIkylammonium ions. Hybrids involving oligonu-

cleotides 16 and 19 nucleotides in length melt over a smaller range of temperatures in solvents

containing TMACl than in solvents containing sodium salts. For example, 16—mers melt over a
3°C temperature range in solvents containing TMACl, compared with 17°C in SSC.

The optimal temperature for hybridization is usually chosen to be 5°C below the T1 for the

given chain length. The recommended temperature for 17—mers in 3 M TMACl is 48—500C; for

19-mers, it is 55—570C; and for 20-mers, it is 58—6600 Two points are worth emphasizing. First,

the T] of hybrids is uniformly 15—200C higher in solvents containing TMACl than in solvents con-

taining TEACI. The higher Ti in solvents containing TMACl allows hybridization to be performed

at temperatures that suppress nonspecific adsorption of the probe to solid supports (such as

nylon membranes). Second, hybridization solvents containing TMACl do not have significant

advantages over those containing sodium ions until the length of the oligonucleotide exceeds 16

nucleotides.

 

A guessmer is a long synthetic oligonucleotide (usually 30—75 nucleotides in length), whose

sequence corresponds to an amino acid sequence of 15—25 residues. Because of the degeneracy of

the genetic code, many thousands of possible nucleotide sequences could code for such a sizeable

tract of amino acids. Unless the designer is incredibly lucky and chooses the correct codon in

every single position, the guessmer will not form a perfect hybrid with the target gene. However,

because most amino acids are specified by codons that differ only in the third position, at least

two of the three nucleotides of each codon are likely to be perfectly matched. In addition, the

number of mismatches in the third position can be minimized by selecting codons that are used

preferentially by a particular organism, organelle, or cell type. In this way, it is possible to make

guessmers of sufficient length so that the detrimental effects of mismatches are outweighed by the

stability of extensive tracts of perfectly matched bases.  
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There are no rules that guarantee selection of the correct codon at a position of ambiguity;

neither is it possible to predict how many correct choices must be made to achieve success. On the

basis of mathematical calculations (Lathe 1985), a probe would be expected to have at least 76%

identity with the authentic gene even if all codon choices were made on a random basis. If sub—

stitutions are chosen on the statistical basis of known codon usage in the species of interest, the
expected homology increases to 82%; it rises still further (to 86%) if regions lacking leucine, argi—
nine, and serine are chosen (each of these three amino acids is specified by six codons). Clearly,

as the degree of homology increases, the guessmer becomes a more specific probe for the gene of

interest and forms hybrids that are stable under a wider range of hybridization conditions. If the

sequences of selected genes, successfully isolated by probing with guessmers, are compared with

their corresponding guessmer sequences, the (respective) homologies range from a low of 71% to

a high of 97%. Unless the choice of codons is extremely unfortunate, guessmers can be designed

whose homology with their target genes lies near the upper end of this range. However, in addi—

tion to overall homology, the presence of a perfectly matching sequence of contiguous nucleotides

within the guessmer may also be important for success. Almost all guessmers that have been used
successfully contain regions that exactly match sequences in their target genes. Although it is not
possible to guarantee that a guessmer will contain an exactly matching sequence, the chances

increase dramatically as the degree of overall homology rises.

 

DESIGNING A GUESSMER

0 Eliminate codon choices that generate the sequence CpG between codons. This dinucleotide is signifi-
cantly underrepresented in mammalian DNA (Bird 1980), and CpG occurs at the junction between codons
at about one half of the expected frequency (Lathe 1985).

0 Choose the codon that most commonly codes for a particular amino acid in the species under study.
Comprehensive lists of relative codon frequencies in genes have been published by Wada et al. (1992) or
may be found at www.kasuza.or.jp/cod0n (please see Appendix 7).

o Remember that specific gene families occasionally display a marked bias for or against certain codons. For
example, histone genes show a marked preference for codons enriched in A and T residues, whereas pro-
teins expressed abundantly in yeast are biased toward a set of highly preterred codons (Bennetzen and
Hall 1982) and, for example, hardly ever use the codons UCG and UAU for serine and isoleucine (Ogden

et al. 1984).

- Different mammalian tissues display different patterns of codon usage (e.g., please see Newgard et al.
1986). It would therefore be worthwhile to determine the codon usage in any genes that have already been
cloned and are known to be expressed in the same tissue as the gene of interest.

a At positions where the Choice is between C and T and there is no strong codon preference, choose T. This
rule is still somewhat controversial. There is good evidence indicating that rG:rU base pairs are more sta-
ble than rAer base pairs (Uhlenbeck et al. 1971). However, the extension to dG:dT base pairs (Wu 1972)
has been both challenged (Smith 1983) and upheld (Martin et al. 1985).

a Examines the sequence of the proposed nucleotide for regions of internal complementarity that might
reduce hybridization efficiency Wherever possible, avoid sequences that could form stable duplexes under
the conditions used for hybridization.

o Ensure that the 5 ’-terminal position of the oligonucleotide is not occupied by a cytosine residue. For rea-
sons that are unknown, the efficienq/ of radiolabeling of oligonucleotides depends on the sequence of the
oligonucleotide (van Houten et al. 1998). Oligonucleotides with a cytosine residue at their 5 ’ termini are
labeled fourfold less efficiently than oligonucleotides beginning with A or T, and sixfold less efficiently than
oligonucleotides beginning with G.   
 

It is sometimes possible to synthesize a small pool containing two to eight guessmers that
includes all possible codon choices at certain amino acid positions. This kind of limited substitu-
tion is most useful when an amino acid, whose codon is highly degenerate, separates two tracts
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containing only a few potential mismatches. In this way, it may be possible to generate a contin-

uous sequence within the guessmer that is a perfect match for the target gene. However, when

using a mixture of guessmers as probes, the strength of the hybridization signal generated by the
“correct” probe is usually reduced. For guessmers labeled by phosphorylation or by filling of

recessed ends, an eightfold reduction in signal strength typically does not compromise the iden—

tification of clones of interest.

Perhaps the most critical step in the use of guessmers is the choice of conditions for

hybridization. The temperature should be high enough to suppress hybridization of the probe to

incorrect sequences but must not be so high as to prevent hybridization to the correct sequence,

even though it may be mismatched. Before using an oligonucleotide to screen a library, perform

a series of trial experiments in which a series of northern or genomic Southern hybridizations are

carried out under different degrees of stringency (Anderson and Kingston 1983; Wood et al.

1985). Lathe (1985) presents a set of theoretical curves relating the temperature of the washing

solution to the length and homology of the probe. Using these curves as a guide, determine the

optimal conditions for detection of sequences complementary to the probe by hybridizing the

oligonucleotide to a series of nitrocellulose or nylon membranes at different temperatures. The

membranes are washed extensively in 6x SSC at room temperature and then briefly (5—10 min-

utes in 6x SSC) at the temperature used for hybridization. This method, in which both hybridiza-

tion and washing are carried out under the same conditions of temperature and ionic strength,

appears to be more discriminating than the more commonly used procedure of hybridizing under

conditions of lower stringency and washing under conditions of higher stringency. If trial exper-

iments are not possible, estimate the melting temperature (Tm) as follows:

1. Calculate the minimum G+C content of the oligonucleotide, assuming that A or T is present

at all positions of ambiguity.

2. Use the following formula to calculate the Tm of a double—stranded DNA with the calculated

G+C content:

Tm : 815°C + 16.6 (loglolNa+]) + 0.41(%[G+C]) A (SOO/n)

where n is the number of nucleotides. The term SOO/n is derived from a compilation (Hall et

al. 1980) of measurements, from several laboratories, of the effect of duplex length on melting

temperatures This formula only works for Na+ concentrations of 1.0 M or less.

3. Calculate the maximum amount of possible mismatches assuming that all choices of degener—

ate codons are incorrect. Subtract 1°C from the calculated Tm for each 1% of mismatch. The

resulting number should be the Tm of a maximally mismatched hybrid formed between the

probe and its target DNA sequence.

Almost certainly, the actual Tm will be higher than that predicted by this worst-case calcu—

lation. If the bases used at positions of ambiguity were chosen at random, one out of four should

be correct, and approximately half of these would be expected to be G or C. The observed Tm

should therefore be significantly higher than that estimated. However, to minimize the risk of

missing the clone of interest, it is best to hybridize and wash at 5—10°C below the Tm estimated as

described above. If, under these conditions, the probe hybridizes indiscriminately, repeat the

hybridization at a higher temperature or wash under conditions of higher stringency.

Guessmers reached their height of popularity in the mid 19805, a time when the fledgling

recombinant DNA companies were desperately trying to clone genes of commercial value. cDNA
and genomic clones of many useful genes were obtained during this period. In recent years, how—
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ever, guessmers have been eclipsed by probes generated in PCRs using sets of redundant primers.

This is chiefly because PCR—based methods require far shorter tracts of unambiguous amino acid

sequence. Nevertheless, when an amino acid sequence of sufficient length is available, guessmers

remain the probes of choice. They have a strong track record of success and are free of the arti—

facts that PCR can visit upon even the best of investigators.

UNIVERSAL BASES

Universal bases have reduced hydrogen-bonding specificity and can therefore “pair” with natural

bases at positions of ambiguity without disrupting the DNA duplex. For several years, the “uni-

versal” base of choice has been the purine nucleoside inosine, whose neutral base, hypoxanthine,

forms stable base pairs With cytosine, thymine, and adenine. Because of the absence of a 2—amino

group, base pairing between inosine and cytosine involves two hydrogen bonds (as in A:T base

pairs) instead of the three that occur in C:G base pairs (Corfield et al. 1987; Xuan and Weber

1992). In most other respects, however, inosine behaves like guanosine:

0 Inosine occurs naturally in the first (wobble) position of some tRNAs, where it pairs with

adenosine in addition to cytidine and uridine, the nucleosides that normally pair with guano—

sine in that position (Crick 1966).

o Inosine is able to occupy the middle position of the anticodon where it again pairs with adeno—

sine (Davis et al. 1973). However, in inosinezadenosine pairs in B-DNA duplexes, inosine

adopts a trans (anti) orientation with respect to the furanose moiety, whereas adenosine is in

the syn configuration (Corfield et al. 1987). This is similar to the arrangement that is formed
when guanosine mispairs with adenosine (Brown et al. 1986).

o Poly(rI) and poly(dI) form helices with poly(rC) and poly(dC) that are stable enough to serve

as templates utilized by various RNA and DNA polymerases. The enzymes can incorporate
cytosine into the polymerization products (for review, please see Felsenfeid and Miles 1967;

Hall et al. 1985).

Pools of synthetic oiigonucieotides and guessmers containing inosine have been used exten-

sively as hybridization probes to screen cDNA or genomic libraries for genes encoding proteins

whose amino acid sequence is only partly known. However, although inosine is able to form

hydrogen bonds with the three other nucleotides, the resulting base pairs are less stable than the
equivalent guanosine-containing base pairs (Martin et al. 1985). The melting temperatures of

duplexes containing inosine vary widely depending on the base to which the analog is paired and

on the surrounding sequence. In the worst case, the melting temperature of synthetic oligonu-

cleotide duplexes containing inosine opposite any base may be depressed by 15°C, which corre-

sponds to a difference in base pair stability of 2—3 kcal mole;l (Martin et al. 1985; Kawase et al.

1986). Although this situation is less than idea], it has surprisingly few practical consequences:

Inosine-containing oligonucleotides have been used successfully to clone many genes from

genomic and cDNA libraries of high complexity (e.g., please see Jaye et al. 1983; Ohtsuka et al.

1985; Takahashi et al. 1985; Bray et al. 1986; Nagata et al. 1986).

Table 10—1 contains a list of codons that are recommended when designing oligonucleotides
that are to be used to screen primate or mammalian cDNA libraries and that contain inosine at
positions of ambiguity. The recommendations take into account the natural usage of codons in
human genes and the fact that the sequence CpG is underrepresented in human DNA.
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TABLE 10-1 Inosine-containing Codons Recommended for Use in Oligonucleotide Probes
 

 

AMINO ACID CODON AMINO ACID CODON

A (Ala) GCI M (Met) ATG

C (Cys) TGC“ N (Asn) AAC“

D (Asp) GAT P (Pro) CCI

E (Glu) GAI Q (Gln) CAI

F (Phe) TTC“ R (Arg) CGIL

G (Gly) GGI 5 (Ser) TCC'“

H (His) CAC“ T (Thr) ACI

I (Ile) ATI v (Val) GTI
K (Lys) AAI w (Trp) TGG
L (Leu) CTIc Y (Tyr) 'lAC‘l
 

“Ifthe first nucleotide of the succeeding codon is G, use T in the third position.
hIf the first nucleotide ofthe succeeding codon is G, use I in the third position.
‘Try to avoid amino acids with Si), codons if at all possible.

HYBRIDIZATION OF OLIGONUCLEOTIDES THAT CONTAIN A NEUTRAL

BASE AT POSITIONS OF DEGENERACY
 

Although the conditions for hybridization of probes that contain the neutral base inosine have
not been extensively explored, it is possible to make a conservative estimate of the Tm as follows:

0 Subtract the number of inosine residues from the total number of nucleotides in the probe to
give a value 5.

0 Calculate the G+C content of S.

0 Estimate the Tm of a perfect hybrid involving 5 using either the Wallace rule, the Baldino algo-

rithm, or the Wetmur equation.

0 Use conditions for hybridization that are 15—200C below the estimated Tm.

The Tm of hybrids involving oligonucleotides that contain neutral bases can also be esti-
mated empirically as described in Protocol 9. Oligonucleotides containing inosine can be used
with washing buffers containing TMACl or TEACl (e.g., please see Andersson et al. 1989).

WORKING WITH OLIGONUCLEOTIDES
 

In the following protocols, we describe several methods to purify synthetic oligonucleotides, to
radiolabel oligonucleotides, their use as hybridization probes, and how to determine empirically
the melting temperature of an oligonucleotide-target duplex. The chapter concludes with infor-
mation panels on oligonucleotide synthesis, melting temperatures, and methods of oligonu—
cleotide purification.

 

Science and technology multiply around us. To an increasing extent they dictate the languages in
which we speak and think. Either we use those languages, or we remain mute.

LG. Ballard 
  



Protocol 1
 

Purification of Synthetic Oligonucleotides by
Polyacrylamide Gel Electrophoresis

So EFFICIENT ARE PRESENT—DAY AUTOMATED DNA SYNTHESIZERS that oligonucleotides up to ~25

nucleotides in length generally do not contain significant quantities of truncated DNA fragments

and hence do not require purification by gel electrophoresis. Purification is also unnecessary when

oligonucleotides >25 nucleotides in length are used as hybridization probes or in other circum—

stances where an oligonucleotide of exact length is not required (please see Chapters 3, 6, and 14).

The longer the oligonucleotide, the greater the chance that it will be contaminated to a sig—
nificant degree with the by—products of incomplete synthesis. As a rule of thumb, oiigonucleotides

>25 nucleotides long should be purified by polyacrylamide gel electrophoresis, as should oligonu—
cleotides of any length that yield anomalous results in experiments where the exact length of the
oligonucleotide is important, for example, in primer extension experiments to map the 5’ termi-

ni of mRNAs (please see Chapter 7, Protocol 12), as a sequencing primer (Chapter 12, Protocols

3—6), to amplify microsatellite markers in mammalian genomes (please see Chapter 8), and as a

probe in gel retardation assays (Chapter 17, Protocol 2).

After electrophoresis, the oligonucleotide is eluted from the gel and concentrated by:

0 Ethanol precipitation. This procedure works efficiently provided the volume of the filtered

eluate (please see Step 17 of this protocol) is reduced by repeated extractions with n—butanol

and the oligonucleotide is longer than 18 nucleotides (please see Appendix 8).

o Reversed-phase chromatography on Sep-Pak C18 columns (detailed in this protocol). These

columns are available in prepacked form and are easy to use when fitted to the end of a syringe

barrel. Isolation on Sep-Pak CI8 columns takes longer than ethanol precipitation, but it works

efficiently with oligonucleotides of all lengths and yields preparations of higher purity.

The method detailed in this protocol is used to purify crude synthetic oligonucleotides by

electrophoresis through denaturing polyacrylamide gels; it is a modification of a procedure devel—

oped in Michael Smith’s laboratory (University of British Columbia, Vancouver, British

Columbia) that has been in use for more than 20 years. The method for recovery of oligonu-
cleotides from polyacrylamide gels was provided by Jeffrey Cormier (University of Texas

Southwestern Medical Center, Dallas). For additional ways of purifying oligonucleotides, please

see the information panel on METHODS USED TO PURIFY SYNTHETIC OLIGONUCLEOTIDES.

10.11
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MATERIALS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the approwiate concentrations.
The use of sterile, filtered HZO (Mi Ii-Q or equivalent) is recommended.

Acetonitrile < I >
Use 10 m1 of high-performance liquid chromatography (HPLC)—grade acetonitrile for each Sep—Pak col—
umn.

Ammonium acetate (10 M)

Use 2 ml of 10 mM ammonium acetate solution for each Sep-Pak columns

n-Butanol < ! >

Formamide gel-loading buffer without tracking dyes < !>
Gel—loading buffer consists of undiluted formamide without the usual tracking dyes (bromophenol blue
and/or xylene cyano] FF). Do not add tracking dyes to the gel—loading buffer; the dyes or contaminants
in them may migrate at the same rate as the oligonucleotide and interfere with its detection by absorp-

tion of UV light (please see Step 14 of protocol). If desired, 0.20/0 orange G can be included in the gel-
loading buffer. This dye migrates with the buffer front and does not interfere with detection of the
oligonucleotide.

Formamide-tracking dye mixture
This solution is a 50:50 mixture of formamide and an aqueous solution of tracking dyes (0.050/0 xylene
cyanol FF and 0.05% bromophenol blue). It is used as a size standard in wells adjacent to those con—

taining the oligonucleotide preparation.

Methanol:HZO solution <!>
Combine 6 m1 of methanol with 4 ml of filter—sterilized Milli-Q HZO. Use 3 ml of methanolelO soluf

tion for each Sep-Pak column.

Oligonucleotide elution buffer
0.5 M ammonium acetate

10 mM magnesium acetate

Some investigators include 0.1% (w/v) SDS in the oligonucleotide elution buffer. This is not advisable if
the eluted oligonucleotide is to be purified by Sep-Pak C18 chromatography (please see the note at Step

16).

TE (pH 8.0)

Nucleic Acids and Oligonucleotides

Crude preparation of synthetic oligonucleotide
Synthetic oligonucleotides are usually supplied by the manufacturer as a lyophilized powder after
removal of protecting groups used in the synthetic reactions (please see the information panel on

OLIGONUCLEOTIDE SYNTHESIS). Deprotection usually involves heating the preparation at 55°C for
~5 hours in concentrated solutions of NH4OH <!>. (Some more recent DNA synthesis protocols use
a different protecting group on one or more nucleosides [e.g., acetyl—protected dC] that can be removed
in <lO minutes.)

Before purifying an oligonucleotide, confirm that the deprotection reaction has been carried out. If the
oligonucleotide is supplied in NH4OH, transfer 0.5—1.07ml aliquots to 1.5—m1microfugetubes and evap—

orate the NH401-1 to dryness on a centrifugal evaporator (Savant SpeedVac or its equivalent) at room
temperature.

When opening a tube of crude oligonucleotide for the first time, vent the tube by opening it slowly to
allow ammonia gas to escape (preferably into a chemical fume hood). This reduces the chance of spray—
ing the oligonucleotide around the room.

Special Equipment

MiI/ex HV filter (Millipore, 0.45-pm pore size)
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Parafilm or Fluorescent thin-layer chromatographic plate
Plates may be purchased from Brinkmann in the United States or from E. Merck in Europe as Merck

Silica gel F 20 x 20-cm plates.
254’

Sep-Pak classic columns, short body

Sep-Pak classic columns (available from the Waters Division of Millipore) contain 360 mg/column of a

hydrophobic (C18) reversed—phase chromatography resin. The separation principle makes use ofthe fact
that the oligonucleotide adsorbs to the column when the polarity of the solvent is high (e.g., aqueous
buffers) and elutes from the resin when the polarity of the solvent is reduced (e.g., a mixture of methanol
and HZO). One column is required per 10 OD260 units of oligonucleotide loaded onto the polyacry-
lamide gel.

Syringes (5-cc and 10—cc polypropylene)
One 5-cc and one 10—cc syringe are required for each oligonucleotide to be purified.

Ultraviolet lamp (260 nm, hand-held) <!>

Water bath or heating block preset to 55°C

Additional Reagents

Steps 7—9 of this protocol require the reagents listed in Chapter 12, Protocols 8 and 71.

METHOD

Preparation of Crude Synthetic Oligonucleotides for Gel Electrophoresis

1. In a sterile microfuge tube, prepare a 10 uM solution of the crude oligonucleotide in sterile,

filtered HZO (Milli-Q or equivalent). Vortex the solution thoroughly.

The solution is often slightly cloudy because of the presence of insoluble benzamides generated
during the synthesis of the oligonucleotide.

Centrifuge the tube at maximum speed for 5 minutes at room temperature in a microfuge.

Transfer the supernatant to a fresh, sterile microfuge tube.

. Extract the solution three times in succession with 400 pl of n-butanol (please see Appendix

8). Discard the upper (organic) phase after each extraction.

If time is short, the extraction with n-butanol can be omitted without necessarily causing prob-
lems. In this case, centrifuge the solution at maximum speed for 5 minutes at room temperature in
a microfuge, and transfer the supernatant to a fresh, sterile microfuge tube. Load 10—30 pl of this
solution onto each of six slots (l-cm) ofa denaturing polyacrylamide gel as described later in this
protocol.

. Evaporate the solution to dryness in a centrifugal evaporator (Savant SpeedVac or its equiv—

alent). The tube should contain a yellowish pellet and a creamy-white powder.

Dissolve the pellet and powder in 200 pl of sterile filtered HZO (Milli—Q or equivalent).

Estimate the amount of oligonucleotide in the preparation as follows: Add 1 pl of the solu-
tion to 1 ml of H20. Mix the solution well and read the OD260. Calculate the oligonucleotide
concentration.

Amounts of oligonucleotides are often described in OD units. One OD corresponds to the amount
of oligonucleotide in a 1-ml volume that results in an optical density of 1 in a 1—cm path—length
cuvette.

Calculate the millimolar extinction coefficient of the oligonucleotide (e) from the following equation:
8 = A(15.2) + G(l2.01) + C(7.05)+ T(8.4)

where A, G, C, and T are the number of times each nucleotide is represented in the sequence of the
oligonucleotide. The numbers in parentheses are the molar extinction coefficients for each
deoxynucleotide at pH 8.0.
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For example, a 19-mer containing 5 dA residues, 4 dG residues, 4 dC residues, and 6 (1T residues
would have a millimolar extinction coefficient Of

(5 x 15.2) +14 x 12.01) + (4 x 7.05) + (6 x 8.4) = 202.64 mm“ cm“
Calculate the concentration (c) of the undiluted solution of oligonucleotide from the following
equation:

6 = (OD260)(1000)/e

Purification of Synthetic Oligonucleotides Using Gel Electrophoresis

7.

10.

11.

12.

Pour a denaturing polyacrylamide gel (as described in Chapter 12, Protocol 8) of the appro-

priate concentration (Table 10-2). The loading slots in the gel should be ~1 cm in length.

Run the gel at constant wattage (50—70 W) for ~45 minutes or until the temperature of the

gel reaches 45—500C. Turn off the power supply and disconnect the electrodes.

Prerunning the gel in this way causes ammonium persulfate to migrate from the wells and, more
importantly, warms the gel to a temperature optimal for electrophoresis of DNA.

Without delay, load ~2 OD260 units of oligonucleotide (in a volume of 10 111 or less for max-

imum resolution) onto one or more slots of the gel as follows:

a. Add an equal volume of formamide gel—loading buffer lacking dyes to the oligonucleotide
solution. Mix the reagents well by vortexing, and then heat the mixture to 55°C for 5

minutes to disrupt secondary structure.

b. Flush out the urea from the wells with 1x TBE.

c. Load the heated oligomer into the slots. Load 5 111 of formamide-tracking dye mixture

into an unused slot.

For further details on loading polyacrylamide gels, please see Chapter 12, Protocol 11.

Run the gel at 1500 V until the oligonucleotide has migrated approximately two thirds of the

length of the gel.

The position of the oligonucleotide may be estimated from the positions of the tracking dyes as
detailed in Table 10—3. Note that a synthetic oligonucleotide carrying a hydroxyl residue at its 5' ter—
minus migrates more slowly through a denaturing polyacrylamide gel than does a phosphorylated
oligonucleotide of equivalent length. Furthermore, for reasons that are not fully understood, the
electrophoretic mobility of an oligonucleotide is dependent on its base composition and sequence.
Thus, there may not be an exact correspondence between the predicted and observed positions of
the oligonucleotide in the polyacrylamide gel.

Lay the gel mold flat on plastic-backed protective bench paper with the smaller (notched)

plate uppermost. Allow the gel to cool to <37°C before proceeding.

Remove any remaining pieces of electrical tape. Use a spacer or a plate-separating tool to
slowly and gently pry apart the plates of the mold. The gel should remain attached to the
longer (nonsiliconized) glass plate.

A WARNING Wear safety glasses. Glass plates may chip during this procedure.

TABLE 10-2 Range of Resolution of Gels Containing Different Concentrations of

 

 

Acrylamide

ACRYLAMIDE (%) SIZE OF OLIGONUCLEOTIDES (IN BASES)

20—30 2-8

15—20 8—25

13—15 15—35

10—13 35—45

8—10 45—70

6—8 70—300
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TABLE 10-3 Approximate Lengths of Oligonucleotides Comigrating with
Tracking Dyes
 

 

POlYACRYLAMIDE (%) XYLENE CYANOL FF BROMOPHENOL BLUE

20 22 6

15 30 9—10

12 40 ~15
 

If the gel adheres to both plates, replace the partially dislodged, smaller or notched plate back on
the gel. invert the plates, and try again.

13. Place a piece of Saran Wrap on the gel, turn the glass plate over, and transfer the gel to the

Saran Wrap. Place a piece of Parafilm or a fluorescent thin—layer chromatographic plate under

the gel where the oligonucleotide is predicted to be.

14. Use a hand—held UV lamp to examine the gel by illumination from above at 260 nm.
The DNA in the gel absorbs the UV radiation and appears as dark blue bands against a uniform
fluorescent background contributed by the Parafilm or chromatographic plate. If the DNA is diffi-
cult to visualize, take the gel into a darkened room and illuminate it with the hand-held UV lamp.

15. Recover the desired oligonucleotide, which should be the slowest—migrating band (i.e., clos-

est to the top of the gel), by excising each DNA band with a sharp, clean scalpel or razor blade.

Avoid taking UV-absorbing material smaller in length than the desired oligonucleotide.

For additional information on excising the desired band of DNA, please see the panel on VISUAL-
IZING OLIGONUCLEOTIDES IN POlYACRYLAMIDE GELS at the end of this protocol.

16. Transfer the gel slices to three or four microfuge tubes. Add 1 ml of oligonucleotide elution

buffer to each tube. Crush the slices with a disposable pipette tip, using a circular motion and
pressing the fragments of gel against the sides of the tubes. Seal the tubes well. Incubate the

tubes for 12 hours at 37°C in a shaker incubator.

Inclusion of SDS in the elution buffer can sometimes lead to the appearance of a whitish precipi—
tate after drying down fractions 2 and 3 from the Sep-Pak column used in the final stage of this
protocol. This precipitate is most likely SDS, which binds to the column and elutes slightly after the
oligonucleotide during washing with methanoleZO. As long as no SDS is present with the
oligonucleotide (fraction 1), the detergent will not cause problems and may improve yields.

However, if even a small amount of SDS ends up in the oligonucleotide fraction, then it can inhib-
it subsequent enzymatic reactions (e.g., phosphorylation and primer extension). It is for this rea-
son that SDS should not be included in the elution buffer.

1 7. Centrifuge the tubes at maximum speed for 5 minutes at room temperature in a microfuge.

Pool the supernatants, transfer them to a 5-cc disposable syringe and pass them through a

Millex HV filter. Collect the effluent in a 15—ml polypropylene tube.

Isolation of Synthetic Oligonucleotides by Sep-Pak C18 Chromatography

18. Prepare a Sep-Pak C18 reversed-phase column as follows:

a. Attach the barrel of a disposable 10—cc polypropylene syringe to the longer end of a Sep-

Pak C18 classic column.

b. Add 10 ml of acetonitrile to the barrel and slowly push it through the column with the
plunger of the syringe.

c. Remove the syringe from the Sep-Pak column and then take the plunger out of the barrel.

This prevents air being pulled back into the column. Reattach the barrel to the column.

d. Add 10 ml of sterile filtered HZO (Milli-Q or equivalent) to the barrel and slowly push it

through the column with the plunger. Repeat Step c.
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19.

20.

21.

22.

23.

24.

6. Add 2 ml of 10 mM ammonium acetate to the barrel and push it slowly through the col-

umn. Again remove the syringe, remove the barrel, and reattach the barrel to the column.

The column is now ready for use.

Add the solution containing the gel—purified oligonucleotide (from Step 17) to the barrel and

slowly push it through the column with the plunger. Collect the effluent in a sterile SO—ml

polypropylene tube. Repeat Step 18C.

Add 10 ml of H20 to the barrel and push it slowly through the column with the plunger.

Repeat this wash step twice more.

Elute the bound oligonucleotide from the Sep-Pak column with three aliquots of 1 ml of

methanolezo solution. Repeat Step 18C after each elution. Collect each effluent in a separate

microfuge tube. Read the OD260 of the solution in each of the three microfuge tubes, using

the methanoleZO solution as a blank. More than 90% of the oligonucleotide applied to the

column should elute in the first fraction.

Evaporate the solution containing the oligonucleotide to dryness in a centrifugal evaporator.

Dissolve the oligonucleotide in a total volume of 200 ul of H20 or TE (pH 8.0).

Transfer 5 pl of the solution to a cuvette containing 995 u] of H20. Mix the contents of the

cuvette, and read the OD260 of the diluted sample. Calculate the amount of oligonucleotide

present in the total solution (Step 23) as described in Step 6 of this protocol.

 

 

VISUALIZING OLIGONUCLEOTIDES IN POLYACRYLAMIDE GElS

Preparations of oligonucleotides that are <25 bases in length generally contain only one band that is strong
enough to be detected by illuminating the gel with UV light. This is because the efficiency of each coupling
step in the synthesis is remarkably high (usually 2 95%) in present—day automated DNA synthesizers. Truncated
oligonucleotides may be visible if the efficiency of coupling decreases below 80°u at one or more steps during
the synthesis, because of reagent contamination, a block in one of the delivery lines, exhaustion of a particu-
lar nucleotide phosphoramidite, or an unusual secondary structure in the oligonucleotide. Products of incom-
plete synthesis are detected as faster-migrating species, whose lengths correspond to the synthetic step at
which difficulty was encountered. Occasionally, a small number of faster—migrating products are detected
whose absorbance is equal to or greater than the fuII-Iength synthetic product. Provided enough fuli-Iength
product is detected, the shorter products can be ignored. If not, then larger amounts of the DNA preparation
must be used to purify the oligonucleotide of interest.

Preparations of very long oligonucleotides may contain a ladder of prematurely truncated species extend-
ing upward from ~30 nucleotides in size. The slowest—migrating species is usually the desired product. Very
occasionally, however, an oligonucleotide may migrate anomalously, traveling further through the gel than its
shorter siblings. Keep in mind that sequence differences between the members of pools of redundant oligonu-
cleotides can cause individual DNAs to migrate at slightly different rates, giving rise to a single broad band or
to a cluster of closely spaced bands. In these situations, when the spacing of bands is anomalous, or the bands
are smeared, it is best to take a conservative approach by extracting aII closely spaced bands from the relevant
region of the gel.

If a broad smear of bands of approximately equal intensity is produced when purifying an oligonucleotide
of unique sequence, it is best to resynthesize the oligonucleotide. In this case, the efficiency of coupling can
sometimes be checked by reading the concentration of trityl groups at different stages of the synthetic reac-
tion. However, because of the large numbers of oligonucleotides produced, most core facilities do not keep
records of the trityl concentrations even though the synthesizer may be equipped with an in-line measuring
device.

Finally, keep in mind that the detection limit for UV light shadowing is ~O.5 OD260 unit. If amounts of
oligonucleotide less than this quantity are to be purified (e.g., when purifying oligonucleotides >70 bases),
consider radiolabeling the preparation by phosphorylation as described in Protocol 2.
  



Protocol 2
 

Phosphorylating the 5 ’ Termini
of Oligonucleotides

MATERIALS

SYNTHETIC OLIGONUCLEOTIDES LACK PHOSPHATE GROUPS at their 5’ termini and therefore are eas-
ily radiolabeled by transferring the y—32P from [7-32P]ATP in a reaction catalyzed by bacteriophage
T4 polynucleotide kinase, Oligonucleotides radiolabeled in this way are used as hybridization

probes, primers for DNA sequencing and 5'-end mapping of mRNAs, and primers for analysis of

polymorphic microsatellite markers in mammalian DNA.

When the reaction is carried out under standard conditions, >50% of the oligonucleotide

molecules become radiolabeled. However, for reasons that are unknown, the efficiency of radio—

labeling of oligonucleotides depends on the sequence of the oligonucleotide (van Houten et al.

1998). Oligonucleotides with a cytosine residue at their 5’ termini are labeled fourfold less effi-

ciently than oligonucleotides beginning with A or T, and sixfold less efficiently than oligonu-
cleotides beginning with G. When designing oligonucleotide probes, it clearly pays to ensure that

the 5’-terminal position is not occupied by a cytosine residue.

The reaction described here is designed to label 10 pmoles of an oligonucleotide to high

specific activity. Labeling of different amounts of oligonucleotide can easily be achieved by
increasing or decreasing the size of the reaction, while keeping the concentrations of all compo-

nents constant. Similar reaction conditions can be used to add a nonradiolabeled phosphate to

the 5’ end of a synthetic oligonucleotide before its use in site—directed mutagenesis (please see

Chapter 13, Protocols 2—6).

 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

10x Bacteriophage T4 polynucleotide kinase buffer
Tris-CI (7 M, pH 8.0)

Enzymes and Buffers

Bacteriophage T4 polynucleotide kinase
Wild-type polynucleotide kinase is a 5’-phosph0transferase and a 3'—phosphatase (Depew and Cozzarelli

1974; Sirotkin et al. 1978). However, mutant forms of the enzyme (e.g., please see Cameron et al. 1978)

10.17
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are commercially available (e.g., Boehringer Mannheim) that lack the phosphatase activity but retain a
fully functional phosphotransferase. We recommend that the mutant form of the enzyme be used for 5'
labeling whenever possible; 10—20 units of the enzyme are required to catalyze the phosphorylation of
10~50 pmoles of dephosphorylated 5'-protruding termini.

A IMPORTANT Be aware that preparations of polynucleotide kinase sold by different manufac-
turers have been reported to vary widely in their ability to catalyze the phosphorylation of the

5 ’ termini of single-stranded synthetic oligonucleotides (van Houten et al. 1998).

Nucleic Acids and Oligonucleotides

Oligonucleotide

To achieve maximum efficiency of labeling, purify the oligonucleotide by reversed-phase chromatogra—
phy as described in Protocol 1. Crude preparations of oligonucleotides are labeled with lower efficiency
in reactions catalyzed by polynucleotide kinase (van Houten et al. 1998). When using unpurified prepa»

rations of oligonucleotide, make sure that the last cycle of synthesis was programmed to be “trityl—off,"
i.e., that the dimethoxytrityl blocking group at the 5' end of the oligonucleotide primer was removed
before release of the DNA from the solid synthesis support. The dimethoxytrityl group efficiently pro-
tects the 5’-hydroxyl group of the oligonucleotide from 5' modification.

Radioactive Compounds

[y-32PIATP (10 mCi/ml, sp. act. >5000 Ci/mmole) in aqueous solution <!>
10 pmoles of [y—33P]ATP is required to label 10 pmoles of dephosphorylated 5' termini to high specific
activity. To minimize problems caused by radiolysis of the precursor and the probe, it is best, whenever
possible, to prepare radiolabeled probes on the day the [32P]ATP arrives in the laboratory.

Special Equipment

Microfuge tubes (0.5 ml)

Water bath preset to 68°C

Additional Reagents

Step 4 of this protocol requires the reagents listed in Chapter 13, Protocol 7 or the reagents
listed in Protocol 5 of this chapter.

METHOD
 

1. Set up a reaction mixture in a 0.5-ml microfuge tube containing:

synthetic oligonucleotide (10 pmoles/pl) 1 pl

10x bacteriophage T4 polynucleotide kinase buffer 2 pl

[y-32P]ATP (10 pmoles, sp. act. >5000 Ci/mmole) 5 ul

HZO 11.4 pl

Mix the reagents well by gentle but persistent tapping on the outside of the tube. Place 0.5 pl

of the reaction mixture in a tube containing 10 pl of 10 mM Tris-Cl (pH 8.0). Set aside the

tube for use in Step 4.

The reaction contains equal concentrations of ly—“PMTP and oligonucleotide. Generally, only
50% of the radiolabel is transferred to the oligonucleotide. The efficiency of transfer can be
improved by increasing the concentration of oligonucleotide in the reaction by a factor of 10. This
increase results in transfer of ~90% of the radiolabel to the oligonucleotide. However, the specific
activity of the radiolabeled DNA is reduced by a factor of ~5. To label an oligonucleotide to the
highest specific activity:

' Increase the concentration of [y—“PMTP in the reaction by a factor of 3 (i.e., use 15 pl of
radiolabel and decrease the volume of H20 to 1.4 pl).

‘ Decrease the amount of oligonucleotide to 3 pmoles.

 



Protocol 2: Phosphorylating the 5' Termini of Oligonucleotides 10.19

Under these circumstances, only ~10% of the radiolabel is transferred, but a high proportion of the
oligonucleotide becomes radiolabeled.

Ideally, ATP should be in a fivefold molar excess over DNA 5' ends, and the concentration of DNA
termini should be 20.4 pM. The concentration of ATP in the reaction should therefore be >2 uM,

but this is rarely achievable in practice.

2. Add 10 units (~1 ul) of bacteriophage T4 polynucleotide kinase to the remaining reaction

mixture. Mix the reagents well, and incubate the reaction mixture for 1 hour at 37°C.

3. At the end of the incubation period, place 0.5 ul of the reaction in a second tube containing

10 pl of 10 mM Tris-Cl (pH 8.0). Heat the remainder of the reaction for 10 minutes at 68°C

to inactivate the polynucleotide kinase. Store the tube containing the heated reaction mixture

on ice.

4. Before proceeding, determine whether the labeling reaction has worked well by measuring

the fraction of the radiolabel that has been transferred to the oligonucleotide substrate in a

small sample of the reaction mixture. Transfer a sample of the reaction (exactly 0.5 ul) to a

fresh tube containing 10 ul of 10 mM Tris-Cl (pH 8.0). Use this sample (along with the two
aliquots set aside in Steps 1 and 3) to measure the efficiency of transfer of the y—32P from ATP

by one of the following methods:

0 Measure the proportion of the radiolabel that binds to DE—81 filters. Oligonucleotides

bind tightly to the positively charged filters, whereas [7-32PiATP does not. For details of

this method, please see Chapter 13, Protocol 7.

01’

0 Measure the efficiency of the labeling reaction by estimating the fraction of label that

migrates with the oligonucleotide during size-exclusion chromatography through

Sephadex G-15 or Bio-Rad P—60 columns. For details of this method, please see Protocol

5 of this chapter. In some ways, this is the easier of the two methods because the relative

amounts of incorporated and unincorporated radioactivity can be estimated during
chromatography on a hand-held minimonitor.

5. If the specific activity of the oligonucleotide is acceptable, purify the radiolabeled oligonu-

cleotide as described in Protocol 3, 4, 5, or 6.

Ifthe specific activity is too low, add an additional 8 units of polynucleotide kinase, continue incu»
bation for a further 30 minutes at 37°C (i.e., a total of 90 minutes), heat the reaction for 10 min—

utes at 68°C to inactivate the enzyme, and analyze the products of the reaction again, as described
in Step 4.

If an additional round of phosphorylation fails to yield an oligonucleotide of sufficiently high spe-
cific activity for the tasks at hand, check whether the oligonucleotide contains a cytosine residue at
its 5’ terminus. If so, consider redesigning the oligonucleotide so that it contains a G, A, or T
residue at its 5’ end (please see the introduction to this protocol). Alternatively, try purifying the
original preparation of oligonucleotide by Sep-Pak chromatography (Protocol 1), and then repeat
this protocol.



Protocol 3
 

Purification of Radiolabeled Oligonucleotides
by Precipitation with Ethanol

I F RADIOLABELED OLlGONUCLEOTlDES ARE TO BE USED ONLY AS PROBES in hybridization experiments,

then complete removal of unincorporated radiolabel is generally not necessary. However, to

reduce background to a minimum, the bulk of the unincorporated radioactivity should be sepa-

rated from the radiolabeled oligonucleotide. Most of the residual radioactive precursors can be

removed from the preparation by differential precipitation with ethanol if the oligonucleotide is

more than 18 nucleotides in length (this protocol) or with cetylpyridinium bromide, regardless
of the length of the oligonucleotide (Protocol 4). If complete removal of the unincorporated radi-

olabel is required (e.g., when the radiolabeled oligonucleotide will be used in primer extension

reactions), then chromatographic methods (Protocols 5 and 6) or gel electrophoresis (essentially

as described in Protocol 1) should be used.

MATERIALS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions
Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Ammonium acetate (10 M)

Ethanol

TE (pH 7.6)

Nucleic Acids and Oligonucleotides

Radiolabeled oligonucleotide < ! >
The starting material for purification is the reaction mixture from Protocol 2 (either Step 3 or Step 5),
after it has been heated to 68°C to inactivate bacteriophage T4 polynucleotide kinase,

10.20
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. Add 40 ul of H20 to the tube containing the radiolabeled oligonucleotide. After mixing, add

240 pl of a 5 M solution of ammonium acetate. Mix the reagents again and then add 750 pl

of ice-cold ethanol. Mix the reagents once more and store the ethanolic solution for 30 min-

utes at 0°C.

Ammonium acetate is used in place of sodium acetate to ensure more effective removal of unin»
corporated ribonucleotides. The solubility constant of ribonucleotides (and deoxyribonucleotides)
is higher in ethanolic ammonium acetate solutions than in ethanolic sodium acetate solutions.
Unincorporated ribonucleotides remain in the ethanolic phase of the precipitation reaction.

. Recover the radiolabeled oligonucleotide by centrifugation at maximum speed for 20 min-
utes at 4°C in a microfuge.

. Use a micropipettor equipped with a disposable tip to remove all of the supernatant careful—

ly from the tube.

A WARNING The supernatant contains most of the unincorporated [7-32P1ATP. Phosphorylation reac-
tions are often carried out with >100 “Ci of radiolabeled ATP, so the amount of radioactivity in the

supernatant may be considerable. Exercise care and be diligent about disposal of unincorporated
radioactivity, pipette tips, and microfuge tubes.

. Add 500 ul of 80% ethanol to the tube, tap the side of the tube to rinse the nucleic acid pel—

let, and centrifuge the tube again at maximum speed for 5 minutes at 4°C in a microfuge.

. Use a micropipettor equipped with a disposable tip to remove the supernatant (which will

contain appreciable amounts of radioactivity) carefully from the tube. Stand the open tube

behind a Plexiglas screen until the residual ethanol has evaporated.

. Dissolve the radiolabeled oligonucleotide in 100 pl of TE (pH 7.6).

The radiolabeled oligonucleotide may be stored for a few days at —20°C. However, during pro-
longed storage, decay of 32P causes radiochemical damage that can impair the ability of the
oligonucleotide to hybridize to its target sequence.
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Purification of Radiolabeled
Oligonucleotides by Precipitation
with Cetylpyridinium Bromide

10.22

THIS PROTOCOL DESCRIBES THE SEPARATION OF RADIOLABELED OLIGONUCLEOTIDES from unincor-

porated radiolabel by quantitative differential precipitation of the oligonucleotides with the

cationic detergent cetylpyridinium bromide (CPB). The method, which was originally devised to

recover DNA eluted from hydroxyapatite columns in phosphate buffers (Geck and Nész 1983),

can also be used to precipitate radiolabeled nucleic acids, including oligonucleotides, from label-
ing reactions. The nucleic acids are first precipitated from aqueous solution with CPB. The deter-

gent is then removed from the precipitate with ethanol (in which the nucleic acids are insoluble),

and the nucleic acids are finally dissolved in the buffer of choice. The method is extremely rapid,

efficient, and works well in a variety of circumstances, for example, RNA generated by in vitro
transcription reactions with bacteriophage polymerases and oligonucleotides from phosphoryla-

tion reactions. However, the technique suffers from one possible disadvantage — the need to use

carrier DNA to increase the efficiency with which the labeled oligonucleotides are precipitated by

CPB. For most purposes, the presence of the unlabeled carrier DNA in the final preparation of

radiolabeled oligonucleotide is either irrelevant or an advantage (e.g., if the radiolabeled oligonu-

cleotide is to be used as a probe). However, in certain specialized cases (e.g., when a radiolabeled

oligonucleotide is to be used in primer-extension reactions or DNA sequencing reactions), the

presence of carrier DNA may cause complications. In these cases, we recommend that the

oligonucleotide be purified by electrophoresis through a 20% polyacrylamide gel (essentially as

described in Protocol 1), by chromatography through Bio—Gel P-6O (Protocol 5), or by Sep—Pak

column chromatography (Protocol 6). The following protocol, provided by Ray MacDonald and

Galvin Swift (University of Texas Southwestern Medical Center, Dallas), is a modification of the

original method of Geck and Nész (1983).
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MATERlALS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Cetylpyridinium bromide (CPB) (7 %, W/v)
Dissolve 1 g of CPB (Sigma) in 100 m1 of H20. To speed dissolution, heat the solution on a hot plate
while agitating it with a magnetic stirrer. After all of the detergent has dissolved, cool the solution to
room temperature and filter it through a nitrocellulose filter (0.45-um pore size).

EDTA-Tris (0.5 M, pH 6.0)
Add 0.1 mole of EDTA to 60 ml of H20. While stirring the solution, slowly add Tris base (powder) until

the pH of the solution reaches 6.0. By this stage, the concentration of Tris will be ~1.2 M. Adjust the vol-

ume ofthe solution to 200 ml with HZO. This unconventional method ofpreparing this solution may be

essential for efficient precipitation of nucleic acids with cationic detergents (Sibatani 1970).

EDTA-Tris-DNA solution
Dissolve carrier DNA (e.g., salmon sperm DNA) at a concentration of 50 ug/ml in 50 mM EDTA-Tris
(pH 6.0) (i.e., a 1:10 dilution of the 0.5 M EDTA-Tris solution). The DNA used as carrier should be of

fairly uniform size and not interfere with the hybridization of the radiolabeled nucleic acid to its target
DNA. For most purposes, sonicated or fractionated salmon sperm DNA works well (sonicated salmon
sperm DNA 600—5000 bp in length is available from Pharmacia or may be prepared as described in
Chapter 6, Protocol 10).

EthanoI—sodium acetate solution
80% (v/v) ethanol

200/0 (v/v) sodium acetate (0.1 M, pH 5.2)

TE (pH 7.6) or an appropriate prehybridization solution
Please see Step 8.

Nucleic Acids and Oligonucleotides

Radiolabeled oligonucleotide <!>
The starting material for purification is the reaction mixture from Protocol 2 (either Step 3 or Step 5),
after it has been heated to 68°C to inactivate bacteriophage T4 polynucleotide kinase.

Special Equipment

Dry-ice/ethanol bath <!>

METHOD
 

1. Add 5—10 volumes of the EDTA-Tris-DNA solution to a microfuge tube containing the solu-
tion of radiolabeled oligonucleotide. Mix the reagents well.

For precipitation to be efficient‘ it is important that the ionic composition of the final mixture be
predominantly that of the EDTA—Tris—DNA solution. The final volume of the mixture and the con—
centration of the radiolabeled oligonucleotide do not appreciably affect the efficiency of the pro—
cedure.

2. Add sufficient 1% CPB to the tube to bring the concentration of the detergent in the mixture
to O.1%. Mix well.

3. Place the tube in a dry-ice/ethanol bath until the mixture is frozen. Remove the tube from the
bath, and allow the mixture to thaw at room temperature.
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4. Centrifuge the solution at maximum speed for 5 minutes at 4°C in a microfuge. Use a Pasteur

pipette or a micropipettor equipped with a blue disposable tip to remove all of the super-

natant carefully from the tube.

A WARNING The supernatant contains most of the unincorporated [y-3QP]ATP. Phosphorylation reac-
tions are often carried out with >100 pCi of radiolabeled ATP, so the concentration of radioactivity in

the supernatant may be considerable. Exercise care and be diligent about disposal of unincorporat-
ed radioactivity, pipette tips, and microfuge tubes.

. Add 500 pl of distilled HZO to the tube, vortex the mixture for 20 seconds, and again cen—

trifuge the solution as in Step 4.

. Remove the supernatant from the tube and add 500 pl of the ethanol—sodium acetate solu—

tion to the pellet. Vortex the mixture for 15 seconds and then centrifuge the solution at max-

imum speed for 2 minutes at room temperature in a microfuge.

. Repeat Step 6.

. Carefully remove the supernatant and stand the open tube on the bench behind a Plexiglas

screen until the last visible traces of ethanol have evaporated. Dissolve the precipitated

oligonucleotide in 20—50 pl of TE (pH 7.6) or in a small volume of prehybridization solution

if the radiolabeled oligonucleotide is to be used as a probe.
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Purification of Radiolabeled Oligonucleotides
by Size-exclusion Chromatography

 

WHEN RADIOIABELED OLIGONUCLEOTIDES ARE TO BE USED in enzymatic reactions such as

primer extension, Virtually all of the unincorporated radiolabe] must be removed from the

oligonucleotide. For this purpose, chromatographic methods (this protocol and Protocol 6) or gel

electrophoresis (essentially as described in Protocol 1) are superior to differential precipitation of

the oligonucleotide with ethanol or CPB. This protocol describes a method to separate radiola-

beled oligonucleotides from unincorporated radiolabel that takes advantage of differences in

mobility between oligonucleotides and mononucleotides during size-exclusion chromatography.

MATERIALS
 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Chloroform <!>

Optional, please see Step 7.

EDTA (0.5 M, pH 8.0)

Ethanol

Phenol:ch/oroform <!>

Optional, please see Step 7,

Sodium acetate (3 M, pH 5.2)
Optional, please see Step 7.

TE (pH 7.6)

Tris—CI (1 M, pH 8.0)
Optional, please see Step 7.

Tris-SDS chromatography buffer
10 mM Tris—Cl (pH 8.0)

0.1% (w/v) SDS

Nucleic Acids and Oligonucleotides

Radio/abe/ed oligonucleotide < ! >
The starting material for purification is the reaction mixture from Protocol 2 (either Step 3 or Step 5),
after it has been heated to 68°C to inactivate bacteriophage T4 polynucleotide kinase.

1 0.25
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Special Equipment

Gel filtration resin (e.g., Bio-Cel P-6O fine-grade or Sephadex (7-15)
Bio—Gel P—60 (fine grade) may be purchased from Bio—Rad. Sephadex 6—15 is available from most sup—
pliers of laboratory chemicals (e.g., Sigma). Bio-Gel P-60 is supplied as a pre-swollen gel; Sephadex G—
15 must be swollen and equilibrated before use.

Glass wool
Wrap a small amount of glass wool in aluminum foil and autoclave the package at 15 psi (1.05 kg/cm“)
for 15 minutes on wrapped item cycle.

Microfuge tubes (7.5 ml) in a rack or fraction collector
Used for the collection of radiolabeled oligonucleotides eluting from the column.

Pasteur pipette

Additional Reagents

Step 6 of this protocol may require the reagents listed in Chapter 73, Protocol 7.

METHOD

1. Add 30 ul of 20 mM EDTA (pH 8.0) to the tube containing the radiolabeled oligonucleotide.

Store the solution at 0°C while preparing a column of size-exclusion chromatography resin.

For convenience, Bio—Gel P—60 is used throughout this protocol as an example of a suitable resin.
However, the method works equally well with Sephadex G—15.

2. Prepare a Bio-Gel P-60 column in a sterile Pasteur pipette.

a. Equilibrate the slurry of Bio-Gel P—60 supplied by the manufacturer in 10 volumes of

Tris-SDS chromatography buffer.
If a centrifugal evaporator (Savant SpeedVac or its equivalent) is available, the Bio—Gcl P—60
column may be poured and run in a solution of 0.1% ammonium bicarbonate. The pooled
fractions containing the radiolabeled oligonucleotide (please see Step 6) can then be evapo-
rated to dryness in a centrifugal evaporator, thereby eliminating the need for extraction of the
oligonucleotide preparation with organic solvents and precipitation with ethanol.

b. Tamp a sterile glass wool plug into the bottom of a sterile Pasteur pipette.

A glass capillary tube works well as a tamping device.

c. With the plug in p1ace,p0ur a small amount of Tris-SDS chromatography buffer into the

column and check that the buffer flows at a reasonable rate (one drop every few sec-

0nds).

d. Fill the pipette with the Bio-Gel P-60 slurry. The column forms rapidly as the gel matrix

settles under gravity and the buffer drips from the pipette. Add additional slurry until the

packed column fills the pipette from the plug of glass wool to the constriction near the

top of the pipette.

e. Wash the column with 3 ml of Tris—SDS chromatography buffer.

A IMPORTANT Do not allow the column to run dry. If necessary, seal the column by wrapping
a piece of Parafilm around the bottom of the pipette.

3. Use a pipette to remove excess buffer from the top of the column, and then rapidly load the

radiolabeled oligonucleotide (in a volume of 100 pl or less) onto the column.

4. Immediately after the sample has entered the column, add 100 ul of buffer to the top of the
column. As soon as the buffer has entered the column, fill the pipette with buffer. Replenish
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10.

the buffer as necessary so that it continuously drips from the column. Do not allow the col-

umn to run dry.

Use a hand—held minimonitor to follow the progress of the radiolabeled oligonucleotide.

When the radioactivity first starts to elute from the column, begin collecting two—drop frac—

tions into microfuge tubes.

A WARNING Because phosphorylation reactions are often carried out with >100 “Ci of radiolabeled

ATP, the amount of radioactivity in these column fractions may be considerable. Exercise care and be

diligent about disposal of unincorporated radioactivity, pipette tips, and microfuge tubes.

When nearly all of the radioactivity has eluted from the column, use a liquid scintillation

counter to measure the radioactivity in each fraction by Cerenkov counting (please see

Appendix 8). If there is a clean separation of the faster-migrating peak (the radiolabeled

oligonucleotide) from the slower peak of unincorporated [y—32P]ATP, pool the samples con-

taining the radiolabeled oligonucleotide. If the peaks are not well separated, analyze ~0.5 pl

of every other fraction either by adsorption to DE-Sl filters (please see Chapter 13, Protocol

7, Step 3) or by thin-layer chromatography. Pool those fractions containing radiolabeled

oligonucleotide that do not contain appreciable amounts of unincorporated [7—32PJATP.

If the radiolabeled oligonucleotide is to be used in enzymatic reactions, then proceed as fol-

lows. Otherwise, proceed to Step 8.

a. Extract the pooled fractions with an equal volume of phenolzchloroform.

b. Back-extract the organic phase with 50 pl of 10 mM Tris~Cl (pH 8.0), and combine tht

two aqueous phases.

c. Extract the combined aqueous phases with an equal volume of chloroform

d. Add 0.1 volume of 3 M sodium acetate (pH 5.2), mix well, and add 3 volumes of ethanol.

Incubate the sample for 30 minutes at 0°C, and then centrifuge it at maximum speed for

20 minutes at 4°C in a microfuge. Use a micropipettor equipped with a disposable tip to

remove the ethanol (which should contain very little radioactivity) from the tube.

Add 500 pl of 80% ethanol to the tube, vortex it briefly, and centrifuge the tube again at max-

imum speed for 5 minutes in a microfuge.

Use a micropipettor equipped with a disposable tip to remove the ethanol from the tube.
Stand the open tube behind a Plexiglas screen until the residual ethanol has evaporated.

Dissolve the precipitated oligonucleotide in 20 1,0 of TE (pH 7.6) and store it at —20°C.
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Purification of Radiolabeled Oligonucleotides by
Chromatography on a Sep-Pak C18 Column

 

THIS PROTOCOL, WHlCH IS A MODIFICATKON OF PROCEDURES described by Lo et al. (1984),

Sanchez—Pescador and Urdea (1984), and Zoller and Smith (1984), describes a method for the

separation of radiolabeled Oligonucleotides from unincorporated radiolabel that takes advantage

of the reversible affinity of Oligonucleotides for silica gel.

This protocol can be used only to purify Oligonucleotides carrying a 5'-phosphate group,

radiolabeled or unlabeled. The method described in Protocol 1 should be used to purify oligonu-

cleotides with free 5’—hydroxyl groups.

MATERIALS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Acetonitrile (5%, 30%, and 100%) <!>

Use 10 ml HPLC-grade acetonitrile (100%) for each Sep—Pak column. Prepare the diluted solutions of
acetonitrile in Hzo just before use.

Ammonium bicarbonate (25 mM, pH 8.0)

Ammonium bicarbonate (25 mM, pH 8.0) containing 5% (v/v) acetonitrile
Mix 5 ml of acetonitrile with 95 ml of 25 mM ammonium bicarbonate.

TE (pH 7. 6)

Nucleic Acids and Oligonucleotides

Radiolabeled oligonucleotide < ! >
The starting material for purification is the reaction mixture from Protocol 2 (either Step 3 or Step 5),
after it has been heated to 68°C to inactivate bacteriophage T4 polynucleotide kinase.

Special Equipment

Centrifugal evaporator (Savant SpeedVac or equivalent)
Microfuge tubes (1.5 ml) in a rack or fraction collector

Used for the collection of radiolabeled Oligonucleotides eluting from the column.

10.28
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METHOD

Sep-Pak classic columns, short body
Sep—Pak classic columns (available from the Waters Division Of Millipore) contain 360 mg/column of a
hydrophobic ( C‘s) reversed—phase chromatography resin. The separation principle makes use of the fact

that the oligonucleotide adsorbs to the column when the polarity of the solvent is high (e.g., aqueous
buffers) and elutes from the column when the polarity of the solvent is reduced (e.g., a mixture of

methanol and HZO). A separate column is required for each phosphorylation reaction.

Syringe ( 7 O-cc polypropylene)

 

. Prepare a Sep-Pak C13 reversed-phase column as follows:

a. Attach a polypropylene syringe containing 10 ml of acetonitrile to a Sep—Pak C 18 column.

b. Slowly push the acetonitrile through the Sep-Pak column.

c. Remove the syringe from the Sep-Pak column and then take the plunger out of the barrel.

This prevents air being pulled back into the column. Reattaeh the barrel to the column.

d. Flush out the organic solvent with two lO-ml aliquots of sterile HZO. Repeat Step c after

each wash.

. Dilute the radiolabeled oligonucleotide preparation to 1.5 ml with sterile H20, and apply the

entire sample to the column through the syringe.

. Wash the Sep—Pak column with the following four solutions. Repeat Step 1c after each wash.

10 m1 of 25 mM ammonium bicarbonate (pH 8.0)

10 m1 of 25 mM ammonium bicarbonate/SO/o acetonitrile

10 ml of 50/0 acetonitrile

10 ml of 50/0 acetonitrile

. Elute the radiolabeled oligonucleotide with three l—ml aliquots of 30% acetonitrile. Collect

each fraction in a separate 1.5-ml microfuge tube. Repeat Step 1c after each elution.

A WARNING Because phosphorylation reactions are often carried out with >1OO uCi of radiolabeled
ATP: the amount of radioactivity in these column fractions may be considerable. Exercise care and be
diligent about disposal of unincorporated radioactivity, pipette tips, and microfuge tubes.

. Recover the oligonucleotide by evaporating the eluate to dryness in a centrifugal evaporator

(Savant SpeedVac or its equivalent).

. Dissolve the radiolabeled oligonucleotide in a small volume (10 pl) of TE (pH 7.6).  



Protocol 7
 

Labeling of Synthetic Oligonucleotides Using the
Klenow Fragment of E. coli DNA Polymerase I

10.30

OLIGONUCLEOTIDES ARE USUALLY LABELED IN PHOSPHORYLATION REACTIONS catalyzed by bacte-

riophage T4 polynucleotide kinase (please see Protocol 2). For some purposes, however (e.g.,

when using oligonucleotides as probes in Southern hybridizations), it is important to radiolabel

to a higher specific activity. At best, phosphorylation results in the incorporation of one atom of

32P per molecule of oligonucleotide. Probes of higher specific activities can be obtained using the

Klenow fragment of E. coli DNA polymerase I to synthesize a strand of DNA complementary to

the synthetic oligonucleotide (Studencki and Wallace 1984; Ullrich et al. 1984b; for review, please

see Wetmur 1991). A short primer is hybridized to an oligonucleotide template whose sequence

is the complement of the desired radiolabeled probe. The primer is then extended using the

Klenow fragment to incorporate [a—32P]dNTPs in a template-directed manner. After the reaction,
the template and product are separated by denaturation followed by electrophoresis through a

polyacrylamide gel under denaturing conditions (please see Figure 10-1). With this method, it is

possible to generate oligonucleotide probes that contain several radioactive atoms per molecule

of oligonucleotide and to achieve specific activities as high as 2 x 1010 cpm/ug of probe.

In a modification of this radiolabeling procedure, longer probes can be synthesized from
two oligonucleotides that contain complementary sequences at their 3' termini (Ullrich et al.
1984a). Here, the two oligonucleotides are annealed via their complementary 3' sequences and

then extended with the Klenow fragment. Both strands are extended (and radiolabeled), result—

ing in a duplex that may be considerably longer than either of the two original oligonucleotides.
Although this method requires two oligonucleotides, it has the advantage that both strands of the
product are radiolabeled. Strand separation and purification by polyacrylamide gel electrophore-
sis are therefore no longer mandatory. Instead, the radiolabeled probes can be purified by chro-
matography through Sephadex G—15 or Bio-Gel P-60, essentially as described in Protocol 5 of this
chapter. When planning an experiment of this type, please consider the following points:

0 The specific activity of the [(x—32deNTPs in the reaction. The specific activity of a dNTP
whose oc-phosphate has been completely substituted by 32P is ~9000 Ci/mmole. Preparations
with lower specific activities contain a mixture of both 32P—labeled and unlabeled molecules.
Thus, if a single radiolabeled dNTP with a specific activity of 3000 Ci/mmole is included in the
synthetic reaction and there are only three positions at which that nucleotide can be incorpo-
rated into the final product, an average of only one atom of 32P will be present in each mole—
cule of probe (i.e., the specific activity will be approximately equal to that of a probe labeled
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FIGURE 10-1 Labeling of Synthetic OIigonucleotide Using the Klenow Fragment of E. coli
DNA Polymerase I
 

Please see text for details.

by bacteriophage T4 polynucleotide kinase). If the sequence of the desired probe and the spe-

cific activity of the available precursors are known, it is possible to predict the probe’s specific

activity when one, two, three, or all four [a-32PldNTPs are included in the reaction.

0 The concentration ofdNTPs in the reaction. Polymerization of nucleotides will not proceed
efficiently unless the concentration of each dNTP in the reaction remains at l uM or greater

(l “M : ~O.66 ng/pl) throughout the course of the reaction. Calculate the total quantity of
each dNTP that would be incorporated into the probe, assuming that all of the single-strand—
ed sequences in the reaction are used as templates. The total amount of each dNTP in the reac-

tion should be the sum of the amount that could be incorporated into the probe plus 0.66
ng/pl.

o The primer must be ofsufficient length and specificity to bind to the template and promote
synthesis at the appropriate position. Primers used for this purpose are usually 7—9
nucleotides long and are complementary to sequences at or close to the 3” terminus of the tem—
plate oligonucleotide. Because the stability of such short hybrids is difficult to predict, the ratio
of primer to template that gives the maximum yield of full-length probe should be determined
empirically before embarking on large-scale labeling reactions.
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MATERIALS

o Thefinal product is a double—strandedfragment ofDNA whose length is equal to or slightly

less than that of the template (depending on the location of the sequences complementary to

the primer). To be maximally effective as a probe, the unlabeled template strand must be effi—

ciently separated from the complementary radiolabeled product; otherwise, the two comple-

mentary strands anneal to each other and the efficiency of hybridization to the desired target

sequence is reduced. For oligonucleotides <30 nucleotides in length, electrophoresis through a

20% polyacrylamide gel is the most effective method to separate the complementary strands.

The efficiency of the separation is improved if the lengths of the two strands are not exactly

the same. Whenever possible, the primer should therefore be designed so that it is comple—

mentary to the subterminal nucleotides of the template. If the primer cannot hybridize to the

two to three nucleotides at the 3' terminus of the template, the radiolabeled product will be

shorter than the unlabeled template and separate from it more effectively during elec-

trophoresis. However, even when their lengths are identical, there is a good chance that the

template and product strands will separate to some extent during electrophoresis since the rate

of migration of single—stranded nucleic acids through gels is dependent not only on their

length, but also on their base composition and sequence.

The extent of separation can often be increased either by phosphorylating one of the two

strands (template or primer) with nonradioactive ATP before synthesis of the probe (please see
Protocol 2) or by leaving the dimethoxytrityl group attached to the 5' terminus of the primer

(Studencki and Wallace 1984). Because it is impossible to predict which method will be most

effective for a given oligonucleotide, it is usually necessary to carry out a series of trial experi-

ments to determine in each case the efficiency with which an extended product can be sepa—

rated from the template.

 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Formamide loading buffer <!>

10x Klenow buffer

Enzymes and Buffers

Gels

Klenow fragment of E. coli DNA polymerase I

Denaturing polyacrylamide gel <!>
The percentage of polyacrylamide in the solution used to form the gel and the conditions under which
electrophoresis is carried out vary according to the size of the oligonucleotides in the reaction mixture.
Table 10-4 provides useful guidelines.

Polyacrylamide gels are usually cast in 1x TBE (89 mM Tris—borate, 2 mM EDTA), and electrophoresis is

carried out in the same buffer. For further details of the methods used to cast and handle polyacrylamide
gels, please see Protocol 1 and Chapter 12, Protocol 8.

 



Protoml 7: Labeling of Synthetic Oligonucleotides Using the Klenow Fragment of E. coli DNA Polymerase I 10.33

TABLE 10-4 Percent Polyacrylamide Required to Resolve OIigonucleotides
 

 

LENGTH OF OLIGONUCLEOTIDE POLYACRYLAMIDE (%)

12—1 5 nucleotides 20

25—35 nucleotides 15

35—45 nucleotides 12

45—70 nucleotides 10
 

Nucleic Acids and Oligonucleotides

OIigonuc/eotide primer
Purify the primer as described in Protocol 1. To ensure efficient radiolabeling, the primer should be in
three- to tenfold molar excess over the template DNA in the reaction mixture.

Template oligonucleotide
Purify the template as described in Protocol 1. The sequence of the oligonucleotide template should be
the complement of the desired radiolabeled probe.

Radioactive Compounds

[0t-32PldNTPS < ! >

To keep the substrate concentration high, perform the extension reaction in as small a volume as possi-
ble. Thus, it is best to use radiolabeled dNTPs supplied in ethanol/HZO rather than those supplied in
buffered aqueous solvents. Appropriate volumes of the ethanolic [a—DPJdNTPs can be mixed and evap—
orated to dryness in the microfuge tube that will be used to carry out the reaction. To minimize prob-
lems caused by radiolysis of the precursor and the probe, it is best, whenever possible, to prepare radio-
labeled probes on the day the [32P]dNTP arrives in the laboratory.

Special Equipment

Phosphorescent adhesive labels (available from commercial sources) or adhesive labels marked
with very hot radioactive ink <!>
Radioactive ink is made by mixing a small amount of 32P with waterproof black drawing ink. For this
protocol, the ink should be “very hot” (>2000 cps on a hand-held minimonitor). Use a fiber—tip pen to
apply the ink to adhesive labels. Attach radioactive—warning tape to the pen, and store it in an appropri—
ate place. Reusable alternatives to radioactive ink are chemiluminescent markers available from
Stratagene (Glogos). The markers can be re—used many times but must be exposed to fluorescent light
just before a new round of autoradiography.

Water bath or heating block preset to 80°C

Additional Reagents

Step 9 of this protocol requires reagents listed in Chapter 5, Protocol 12.

METHOD
 

1. Transfer to a microfuge tube the calculated amounts of [tx—32PldNTPs necessary to achieve
the desired specific activity and sufficient to allow complete synthesis of all template strands
(please see the introduction to this protocol).

The concentration of dNTPs should not drop below 1 “M at any stage during the reaction. To keep
the substrate concentration high, the extension reaction should be carried out in as small a volume
as possible.

2. Add to the tube the appropriate amounts of oligonucleotide primer and template oligonu-
cleotide.

To ensure efficient radiolabeling, the primer should be in three? to tenfold molar excess over the
template DNA in the reaction mixture.
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3. Add 0.1 volume of 10x Klenow buffer to the tube. Mix the reagents well.

. Add 2—4 units of the Klenow fragment per 5 pl of reaction volume. Mix well. Incubate the

reaction for 2—3 hours at 14°C.

If desired, the progress ot the reaction may be monitored by removing small (0.1 ul) aliquots and
measuring the proportion of radioactivity that has become precipitable with 10% trichloroacetic
acid (TCA) (please see Appendix 8).

. Dilute the reaction mixture with an equal volume of formamide-loading buffer, heat the mix-

ture to 80°C for 3 minutes, and load the entire samp1e on a denaturing polyacrylamide gel.

. Following electrophoresis, disassemble the electrophoresis apparatus, leaving the polyacry~

lamide gel attached to one of the glass plates (for details,p1ease see Chapter 12, Protocol 11).

A WARNING Unincorporated [a-32P1dNTPs may have migrated into the lower buffer reservoir, mak-

ing it radioactive. Treat the gel, glass plates, buffers, and electrophoresis apparatus as potential sites
of radioactivity. Handle them appropriately, behind a Plexiglas shield.

. Wrap the gel and its backing plate in Saran Wrap. Note the position of the tracking dyes and

use a hand—held minimonitor to check the amount of radioactivity in the region of the gel

that should contain the oligonucleotide. Attach a set of adhesive dot labels, marked with

either very hot radioactive ink or phosphorescent spots, around the edge of the sample on the

Saran Wrap. Cover the radioactive dots with Scotch Tape to prevent contaminating the film

holder or intensifying screen with the radioactive ink.

. Expose the gel to autoradiographie film (please see Appendix 9).

Usually, the amount of radioactivity incorporated into the probe is so great that the time needed
to obtain an image on film is no more than a few seconds.

. After developing the film, align the images of the radioactive ink with the radioactive marks
on the labels, and locate the position of the probe in the gel. Excise the band and recover the

radioactive oligonucleotide as described in Chapter 5, Protocol 12.
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Hybridization of Oligonucleotide Probes
in Aqueous Solutions: Washing in Buffers
Containing Quaternary Ammonium Salts

ACOBS ET AL. (1988) DESCRIBE METHODS AND THEORETICAL REASONS to use hybridization buffers

containing quaternary alkylammonium salts. The following protocol is a simple variation of these

methods. Hybridization is first carried out in conventional aqueous solvents at a temperature well

below the melting temperature, and the hybrids are then washed at higher stringency in buffers con-

taining quaternary alkylammonium salts.'1‘MACl is used with probes that are 14—50 nucleotides in

length, whereas TEACI is used with oligonucleotides that are 50—200 nucleotides in length.

The graph in Figure 10-2 can be used to estimate a washing temperature when using

oligonucleotide probes of a given length in TMACl buffers. To estimate a washing temperature

when using TEACI buffers, calculate the value from the TMACl curve in the figure and then sub—

tract 33°C.

MATERIALS
 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Oligonucleotide hybridization solution
6x SSC (or fix SSPE)

0.05 M sodium phosphate (pH 6.8)

1 mM EDTA (pH 8.0)
5x Denhardt‘s solution (Appendix 1)

100 pg/ml denatured, fragmented salmon sperm DNA (Pharmacia or prepare as described in Chapter 6,
Protocol 10)
100 mg/ml dextran sulfate (please see the information panel on DEAE-DEXTRAN in Chapter 16)

OIigonuc/eotide prehybridization solution
6x SSC (or 6x SSPE)

0.05 M sodium phosphate (pH 6.8)
1 mM EDTA (pH 8.0)
5x Denhardt’s solution (Appendix 1)

100 ug/ml denatured, fragmented salmon sperm DNA (Pharmacia or prepare as described in Chapter 6,
Protocol 10)

6x SSC or SSPE

Place these solutions on ice before using in Steps 4 and 5 of the protocol.
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FIGURE 10-2 Estimating Tm in Buffers Containing 3.0 M TMACI

The graph depicts the increase in the Tm as a function of probe length. A series of aliquots of pBR322 DNA
was delivered (spotted) onto nitrocellulose membranes, hybridized against pBR322-derived probes of var-
ious lengths, and washed in 3 M TMACI. Washes of the duplicate spots were carried out at 3°C intervals.
The probes were made by digesting pBR322 DNA with 5au3A, treating with alkaline phosphatase, and
labeling in a reaction containing T4 polyn ucleotide kinase and [y—32P1ATP. The labeled fragments were puri-
fied by electrophoresis through a polyacrylamide gel, recovered from the gel, and boiled before hybridiza-
tion. Data obtained from an autoradiogram of the hybridized membranes were used to determine the Tm
for each fragment (open circles). The melting data are shown for hybridization of oligonucleotides in

Me4NC| (open triangles). (Adapted, with permission, from Wood et al, 1985.)

 

TEACI wash solution
2.4 M TEAC]

50 mM Tris-Cl (pH 8.0)

0.2 mM E1)TA(pH 7.6)
1 mg/m] SDS

Use this wash solution for probes 50—200 nucleotides in length. It is essential to warm an aliquot of the

solution to the desired temperature before use (please see Steps 6 and 7).

TMACI (5 M) or TEACI (3 M)
Prepare a 5 M solution of TMACI or a 3 M solution of TEACl in HZO. TMACI is used with probes that
are 14—50 nucleotides in length, whereas TEACl is used with oligonucleotides that are 50—200
nucleotides in length. Both chemicals are available from Aldrich. To the solution of TMACI or TEACI,
add activated charcoal to a final concentration of ~10% and stir for 20~30 minutes. Allow the charcoal
to settle, and then filter the solution of quaternary alkylammonium salts through a Whatman No. 1
paper. Sterilize the solution by passage through a nitrocellulose filter (0.45—pm pore size). Measure the
refractive index of the solution, and calculate the precise concentration of the quaternary alkylammoni-
um salts from the equation: C I (n — 1.331)/0.018, where C is the molar concentration of quaternary
alkylammonium salts and n is the refractive index.
Store the filtered solution in dark bottles at room temperature.

TMACI wash solution
3.0 M TMACI

50 mM Tris—Cl (pH 8.0)

0.2 mM EDTA (pH 7.6)
1 mg/ml SDS

Use this wash solution for probes 1460 nucleotides in length. It is essential to warm an aliquot of the

solution to the desired temperature before use (please see Steps 6 and 7).
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Nucleic Acids and Oligonucleotides

Nitrocellulose or nylon filters or membranes containing the immobilized target nucleic acids
of interest (e.g./ Southern or northern blots, lysed bacterial colonies filters, or bacteriophage
plaques)

Probes

Radiolabe/ed oligonucleotide probe <!>
Prepared as described in Protocol 2 or 7. We recommend that phosphorylated probes be purified by pre~
cipitation with CPB as described in Protocol 4 before use in hybridization. This method of purification
removes unincorporated [33P]ATP and cuts down on the number of intense radioactive spots (pepper

spots) on the autoradiographs that can be mistaken for positive hybridization signals.

Special Equipment

Hybridization device
Please see Step 1.

Shaking incubator, water bath, or hybridization apparatus preset to 370C (Steps 1 and 3) and
later to a temperature appropriate for washing (Step 7)

METHOD

1. Prehybridize the filters or membranes for 4—16 hours in oligonucleotide prehybridization

solution at 37°C.

Prehybridization, hybridization, and washing of circular filters are best carried out in Sears Seal—A—

Meal bags or plastic boxes with tight—fitting lids. For Southern and northern blots, a hybridization
device equipped with scalable glass tubes could be used.

2. Discard the prehybridization solution and replace it with oligonucleotide hybridization solu-

tion containing a radiolabeled oligonucleotide probe at a concentration of 180 pM.

When hybridizing with several oligonucleotides simultaneously, each probe should be present at a

concentration of 180 pM and the specific activity ofthe radiolabeled probe should be 5 x 10” to 1.5
x 10" cpm/pmole.

3. Incubate the filters for 12—16 hours at 37°C.

4. Discard the radiolabeled hybridization solution into an appropriate disposable container.

Rinse the filters three times at 4°C with ice-cold 6x SSC or 6X SSPE to remove most of the

dextran sulfate.

5. Wash the filters twice for 30 minutes at 4°C in ice-cold 6x SSC or 6x SSPE.

6. Rinse the filters at 37°C in two changes of the TMACI or TEACI wash solution.

The aim of this step is to replace the SSPE and SSC with the solution of quaternary alkylammoni—
um salts. Unless this step is carried out diligently, the full benefits of using TEACl or TMACl will
not be realized.

7. Wash the filters twice for 20 minutes each in TMACl or TEACl wash solution at a tempera-

ture that is 2—4°C below the Tm indicated in Figure 102.

Note that the Tm of a hybrid is 33°C lower in a buffer containing TEACl than in a buffer contain—
ing TMACI. Make sure that the buffers are prewarmed to the desired temperature and that fluctu—
ations in temperature are less then 11°C.

8. Remove the filters from the washing solution. Blot them dry at room temperature and
autoradiograph them as described in Appendix 9.

  



Protocol 9
 

Empirical Measurement of
Melting Temperature

MATERIALS

THE TM OF AN OLIGONUCLEOTIDE HYBRIDIZED TO A TARGET SEQUENCE can be calculated as
described in the introduction to this chapter (please see Melting Temperature and Hybridization

Temperature in the introduction of this chapter), or the Tm may be determined empirically by

measuring the temperature (Ti) at which dissociation of the double-stranded DNA becomes irre—

versible. The experiment is carried out under nonequilibriurn conditions that do not favor rehy—

bridization of the released probe to the target. The optimal temperature for hybridization of the

oligonucleotide is then derived from Ti.

The procedure requires a cloned target sequence that is complementary (perfectly or imper-
fectly, depending on the experiment) to the oligonucleotide probe. If a target sequence is not avail-

7)
able from “natural sources, it can be synthesized chemically or, in some cases, derived by PCR.

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

I 0.38

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appr0priate concentrations.

Denaturation solution (for doubIe-stranded target DNA only)
1.5 M NaCl

0.5 N NaOH <!>

Neutralization buffer (for double-stranded target DNA only)
0.5 M Tris-Cl (pH 7.4)

1.5 M NaCl

OIigonuc/eotide prehybridization solution
6x SSC (or 6x SSPE)

0.0] M sodium phosphate (pH 6.8)
1 mM EDTA (pH 8.0)

5x Denhardt’s solution (please see Appendix 1)
0.5% (w/v) SDS

100 ug/ml denatured, fragmented salmon sperm DNA (please see Chapter 6, Protocol 10)
Phenol:chloroform (7:1, v/v) (for double-stranded target DNA only) <!>
Sodium acetate (3 M, pH 5.2) (for doubIe-stranded target DNA only)
2x 55C
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Enzymes and Buffers

Appropriate restriction enzyme for doubIe-stranded target DNA
Please see Step 3.

Nucleic Acids and Oligonucleotides

Control DNA

Single—stranded or double—stranded DNA vector or sequence unrelated to the target DNA. Please see
Step 3.

Target DNA
Ideally, this sequence should be cloned into a bacteriophage M13 vector and isolated as a singIe-strand—
ed DNA (please see Chapter 3). Double—stranded plasmids or PCR products can also be used after denat-
uration as described in Step 3 of the protocol.

Probes

Oligonucleotide probe
Crude oligonucleotides are acceptable for this procedure provided the preparation can be labeled by
phosphorylation to a specific activity >10" cpm/pg.

Before synthesizing the probe, check for potential homology and/or complementarity between its

sequence and that of the vector used to propagate the target. Most of the commercially available pro—
grams to analyze DNA can be used to search common vector sequences for matches that might cause
problems during hybridization.

Special Equipment

Boiling water bath

Cross-Iinking device (e.g., Stratalinker, Stratagene; GS Gene Linker, Bio-Rad), or Microwave
oven, or Vacuum oven

Forceps, blunt-ended

Glass test tubes (77 x 100 mm)
Nitrocellulose or nylon membrane

Paper-ho/e punch

Scintillation vials each containing 70 ml of aqueous-based scinti/Iant
Thermometer ,
Thick blotting paper (e.g., Whatman 3MM, Schleicher & Schuel/ 68004, or Sigma QuickDraw)
Water bath, circulating, with precise temperature control

Please see Steps 7, 10, and 12.

Additional Reagents

Step 1 of this protocol requires the reagents listed in Protocols 2 and 4 of this chapter.

METHOD
 

1. Radiolabel 1-—10 pmoles of the oligonucleotide to be used as a probe by phosphorylation
(Protocol 2), and remove excess unincorporated [7-32P]ATP by precipitation with CPB
(Protocol 4).

2. Use a paper-hole punch to cut four small circles (diameter 3—4 mm) out of a nitrocellulose
or nylon membrane for hybridization Arrange the circles on a piece of Parafilm. Mark two
of the membranes with a soft-lead pencil.

3. Apply target and control DNAs to the membrane circles as follows.
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SINGLE-STRANDED TARGET DNA

a. Apply ~100 ng of target DNA in a volume of 1—3 ul of 2x SSC to each of the marked
membranes.

b. Apply an equal amount of vector DNA (e.g., single—stranded bacteriophage M13 DNA

without insert) to the unmarked membranes.

c. After the fluid has dried, use blunt—ended forceps (e.g., Millipore forceps) to remove the
two sets of membranes from the Parafilm, and place them between sheets of thick blot—
ting paper.

d. Fix the DNAs to the membranes by baking for 1—2 hours at 80°C in a vacuum oven.

Alternatively, place the membranes on a sheet of blotting paper and fix the DNA by cross-
linking using UV light.

DOUBlE-STRANDED TARGET DNA

a. If the target DNA has been cloned into a plasmid, linearize both the recombinant plas-

mid and the vector by digestion with a restriction enzyme that does not cleave within the

target sequence.

b. Purify the resulting double-stranded DNA or the PCR product by extraction with phe-

nol:chlorof0rm and standard precipitation with ethanol. Dissolve the DNA in 2x SSC at
a concentration of 50—100 ng/ul.

c. Apply the solution of target DNA, as well as a control DNA, to the membranes prepared

as described above. Use blunt—ended forceps to transfer the membranes to a sheet of thick

blotting paper saturated with denaturation solution. Incubate the membranes for 5—10

minutes at room temperature.

d. Transfer the membranes to a fresh sheet of thick blotting paper saturated with neutral—

ization buffer. Incubate the membranes for 10 minutes at room temperature.

8. Transfer the membranes to a dry sheet of thick blotting paper, and leave them at room
temperature until all of the fluid has evaporated. Immobilize the DNA to the membranes

either by baking for 1—2 hours at 80°C in a vacuum oven or by cross—linking using UV

light.

. Use blunt-ended forceps to transfer all of the membranes to a polyethylene tube containing

2 ml of oligonucleotide prehybridization solution. Seal the tube and incubate, with occa—

sional shaking, at a temperature estimated to be 25°C below the Tm for the solvent being used.

Although the above protocol uses sodium salts in the hybridization solution, other solutes such as
TMACl or TEACl can be substituted if desired to determine the Tl in these solvents.

. After 2 hours, add the radiolabeled oligonucleotide to the prehybridization solution. The

final concentration of oligonucleotide should be ~1 pmole/ml. Continue incubating at 250C
below the Tm for a further 2—4 hours, with occasional shaking.

. Remove the membranes from the hybridization solution, and immediately immerse them in

2x SSC at room temperature. Agitate the fluid continuously. Replace the fluid every 5 min-
utes until the amount of radioactivity on the membranes remains constant (as measured
with a hand-held minimonitor).

. Adjust the temperature of a circulating water bath to 25°C below the Tm. Dispense 5 ml of 2x
SSC into each of 20 glass test tubes (17 x 100 mm). Monitor the temperature of the fluid in
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one of the tubes with a thermometer. Incubate the tubes in the water bath until the temper-

ature of the 2x SSC is 25°C below the Tm.

Transfer the membranes individually to four empty glass tubes, and add 1 ml of 2x SSC (from

one of the tubes prepared in Step 7 and prewarmed to 25°C below the Tm) to each mem—

brane. Place the tubes in the water bath for 5 minutes.

Remove the tubes containing membranes from the bath, transfer the liquid to scintillation

vials, and wash the tubes and membranes with 1 ml of 2x SSC at room temperature. Add the

wash solutions to the appropriate scintillation Vials.

Increase the temperature of the water bath by 3°C, and wait for the temperature of the 2x SSC

in the tubes prepared in Step 7 to equilibrate.

Add 1 ml of 2x SSC at the higher temperature to each of the four tubes containing the mem—

branes. Place the tubes in the water bath for 5 minutes.

Repeat Steps 9, 10, and 11 at successively higher temperatures until a temperature of 30°C

above the Tm is achieved.

Place the membranes in separate glass tubes (17 x 100 mm) containing 1 ml of 2x SSC, and

heat them to boiling for 5 minutes to remove any remaining radioactivity. Cool the solutions

in ice, and transfer them to scintillation vials. Wash the membranes and tubes used for boil-

ing with 1 ml of 2x SSC, and add the washing solutions to the appropriate scintillation vials.

Use a liquid scintillation counter to measure the radioactivity (by Cerenkov counting, please

see Appendix 8) in all of the Vials. Calculate the proportion of the total radioactivity that has

eluted at each temperature, using the following equation:

TF 100°C

xl = Z n! + Z ni

iZT —25°C i:T —E‘°Cm m

where x! is the fraction of total radioactivity eluted at Ti’ n, is the amount of radioactivity

eluted at i = Ti’ and Ti is the temperature under consideration from 25°C below the Tm to

30°C above the Tm.

If the experiment has worked well, very little radioactivity should be associated with the mem—
branes containing vector DNA alone. Furthermore, this radioactivity should be completely released
from the membranes at temperatures much lower than the estimated Tmi On the other hand, con-

siderable radioactivity should be associated with the membranes containing the target DNA; the
elution of this radioactivity should show a sharp temperature dependence. Very little radioactivity
should be released from the membranes until a critical temperature is reached, and then ~90% of

the radioactivity should be released during the succeeding 6—90C rise in temperature.

The temperature at which 50% of the radioactivity has eluted from the membranes containing the
target sequences is defined as the Ti of the hybrid between the probe and its target sequence.

» » ,.._..4———___——._._.__ ——-——-—»-————f
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OLIGONUCLEOTIDE SYNTHESIS

Until the early 1980s, the chemical synthesis of defined sequences of DNA was undertaken in smelly labo-

ratories by large teams of investigators. And it was a frustratingly slow and wearisome business. The work

for which H. Ghobind Khorana was awarded the Nobel prize in 1968 — synthesis of a functional tRNA

gene — took several years and was published in serial form in more than 50 papers. As late as 1977, the state

of the art was summarized by Amarnath and Broom: “Chemical methods for the synthesis of oligonu-

cleotides have undergone dramatic improvement in the last two decades, but such goals as the synthesis of
a tRNA molecule or the facile preparative synthesis of DNA genes still shimmer in the distance... . We have

a long way to go.” Elegant prose, but shortsighted, since just 1 year later, a synthetic cDNA encoding the

insulin A and B chains was assembled from small synthetic oligonucleotides, cloned, and expressed in E. coli

(Goeddel et al. 1979).

The key step in the chemical synthesis of DNA is the forging of phosphodiester bonds between specif-

ic nucleotides. Because the sugar moiety of deoxynucleotides contains two hydroxyl groups (at the 3’ and 5'

positions of the deoxyribose ring), one must be protected while the other is linked to the next deoxyri-

bonucleoside unit. The transient protecting group must then be removed from the sugar to allow further
extension of the oligonucleotide chain. The bases of deoxynucleosides also contain reactive groups (e.g., the
exocyclic amino groups of adenine, cytosine, and guanine) that require protection throughout the entire

synthetic process (please see Figure 10-3). These “persistent” protective groups must also be removed at the
end of chain assembly. Khorana’s work was carried out without the full benefit of phosphate-protecting

groups, and extension of the growing chain was possible only because phosphodiesters became temporari-

ly converted to substituted pyrophosphates during the coupling reaction, thereby allowing the sugar

hydroxyl to participate in the reaction. However, this phosphodiester method was strangulated by the inef-

ficiency of each polymerization reaction and the progressive loss of selectivity during extension of the chain.
Since the mid 19805, virtually all oligonucleotide synthesis has used a combination of protective groups and

solid—phase synthesis based on phosphoramidite chemistry (Beaucage and Caruthers 1981; McBride and

Caruthers 1983; Sinha et al. 1984; for reviews, please see Atkinson and Smith 1984; Gait 1984; Beattie et al.

1988; Caruthers 1991; Caruthers et al. 1992; Sonveaux 1994; Pon et al. 1996).

A conventional synthetic cycle involves use of a solid-phase support (usually controlled—pore glass, less

frequently polystyrene). The oligonucleotide is created one base at a time by esterifying the 3’-phosphate

group of an appropriately protected phosphoramidite nucleoside to the 5'—hydroxyl of the terminal residue,

which is attached to the solid phase support by a linker. The oligonucleotide therefore grows in a 3'—->5'

direction, the opposite of enzymatically catalyzed reactions. A round of coupling involves four types of reac-

tions: mild alkaline hydrolysis, mild acid hydrolysis, nucleophilic displacements, and redox alterations.

Unreacted chemicals are simply washed away after each stage of the coupling reaction. The trityl groups,

which are released during each round of synthesis, are chromophores that absorb at 498 nm, and they can

be used to monitor the efficiency of synthesis after every round of coupling.

The terminal dimethoxytrityl group, being acid-labile, is then removed in trichloroacetic acid (TCA)

to generate a compound with a free hydroxyl group, which is the only reactive nucleophile in the growing

oligonucleotide (please see Figure 10-4). After the deblocking solution has been completely removed from

the column and replaced with acetonitrile, the column is purged with an inert gas (argon or helium) to

remove the acetonitrile and any traces of water. A molar excess of the appropriate phosphoramidite
monomer is then reacted with the detritylated compound in the presence ofan excess of activator (H-tetra-

zole) to give the phosphite triester intermediate (Figure 10-5). In this reaction, the nitrogen of the phos-
phoramidite becomes protonated, generating a good leaving group that is susceptible to attack by the free
S'-hydroxyl group of the growing oligonucleotide chain. The new bond between nucleotides is unstable in
both acidic and basic solutions but can be reinforced by oxidation of the trivalent phosphorus to pentava-
lent phosphorus by a partially aqueous solution of iodine (Figure 106).

At each cycle in the synthesis, a small fraction (~1—2%) of the column-bound nucleosides do not con-
dense with the incoming activated phosphoramidite. These nonproductive 5’ ends must be capped to pre-
vent them reacting with the next phosphoramidite and hence generating an oligonucleotide that lacks a
base. Capping is achieved by acetylating the S'-hydroxyl group with acetic anhydride in the presence of the
catalyst N—methylimidazole (NMI) (Figure 10-7). When synthesis is completed, the oligonucleotide remains
attached to the solid-phase support via a succinate ester, and the exocyclic groups of the bases still carry
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FIGURE 10-3 ProtectingGroups Used durin&Automated Synthesis of oligonucleotides

(Structures redrawn, with permission, from PE Applied Biosystems.)
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FIGURE 10-4 Step 1: Detritylation of the Reactive Nucleoside Attached to the Support

 
Please see the text for details of this reaction. (Redrawn, with permission, from PE Applied Biosystems.)
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FIGURE 10-5 Step 2: Coupling Reaction between the Phosphoramidite Monomer and the
Detritylated Reactive Nucleoside

Please see the text for details of this reaction. (Redrawn, with permission, from PE Applied Biosystems.)
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trivalent phosphite pentavalent phosphotriester

FIGURE 10-6 Step 3: Oxidation of Phosphorus by Iodine

Please see the text for details of this reaction. (Redrawn, with permission, from PE Applied Biosystems.)
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FIGURE 10-7 Step 4: Capping Reaction: Acetylation of the 5’ OH Group with Acetic
Anhydride

 Please see the text for details of this reaction. (Redrawn, with permission, from PE Applied Biosystems.)
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~F|GURE 10-8 Step 5: Release of the Oligonucleotide Chain from the Column by Ammonium
Hydroxide

Please see the text for details of this reaction. (Redrawn, with permission, from PE Applied Biosystems.)
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TABLE 10-5 Expected Yield of Oligonucleotide Synthesis
 

 

SCALE or SYNTHESIS OD260 UNITS x NUMBER or BASES

40 nmoles 0.25—0.5

0.2 umole 1—15

1 umole 5

10 umoles 40
 

their protective groups. Ammonium hydroxide is used both to release the oligonucleotide from the column

and to cleave off the cyanoethyl groups protecting the phosphates (Figure 10-8).
Finally, hot ammonia is used to hydrolyze the amides protecting the exocyclic amino groups of

deoxyadenosine, deoxycytosine, and deoxyguanosine. An additional (optional) detritylation step is required

to remove the protective group from the 5’-hydroxyl group of the final nucleotide added to the oligonu-
cleotide. The solution containing the released oligonucleotide is then evaporated to dryness in a lyophiliz-

er. The completed oligonucleotide is generally supplied to the user in the form of a powder.

Almost all synthetic oligonucleotides are now prepared either individually or in pools by automated

instruments sold by a variety of manufacturers. These instruments are capable of synthesizing nanomole,

or even micromole, amounts of oligonucleotides as long as 70—100 nucleotides. In addition, many compa-

nies will custom-synthesize oligonucleotides of defined sequence at very reasonable prices. The minimum

amount of an oligonucleotide synthesized by automatic machines (5—50 nmoles) is far in excess of the
quantities usually required for labeling, DNA sequencing, PCR, or site-directed mutagenesis. Table 10-5

(obtained from PE Applied Biosystems) can be used to estimate the amount of oligonucleotide present in a

given synthesis.
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MELTING TEMPERATURES

Heating a solution of double—stranded DNA unravels the duplexes by disrupting the hydrogen bonds that
pin together complementary base pairs. Individual hydrogen bonds are relatively weak (~5 kcal/moIe/bond)

and thus are easily disrupted by heat. However, the greater the number of hydrogen bonds holding any two

complementary strands of DNA together, the higher the temperature necessary to cause all of those bonds
to break, separating the nucleic acid into two strands. This transition from double-stranded (helix) to sin—

gle-stranded (coil) conformations as a function of temperature can be monitored as an increase in

absorbance and is marked by a sharp increase in the extinction coefficient at the temperature where the con—

formational transition takes place. The temperature corresponding to the midpoint of the absorbance rise

is called the melting temperature (Tm). In structural terms, the Tm is the temperature at which 50% of the

base pairs in a duplex have been denatured. This relationship between nucleic acid structure and thermal

stability has been experimentally exploited for four decades.

Marmur and Doty (1959, 1962) used this relationship to establish that for a wide range of DNA sam—

ples, the Tm is a linear function of the sample’s base composition. The slope of the line is 0.41°C per 1%

increase in the (G+C) content. For thermal denaturation profiles of DNA samples (with a G+C content

between 30% and 75%) run in 0.15 M NaCl and 15 mM Na citrate, the melting temperature is:

Tm = 693°C + 0.41(%[G+C]) (1)

This equation makes it possible to estimate accurately the base composition of a DNA sample simply by

measuring the Tm of the sample. To determine the Tm of DNA samples run under other salt conditions, use

the more general equation:

Tm = 815°C +16.610g10[M+] + 0.41(%[G+C]) (2)

where [M+] is the monovalent cation concentration for M+ $0.5 M.

Molecular Hybridization

The molecular hybridization techniques developed in the 19605 continue to be some of the most useful

tools of the molecular biologist. Their simplicity and sensitivity have helped to drive a revolution in our

understanding of gene structure, gene expression, and genome organization. These techniques have also

been adapted as diagnostic tools in clinical laboratories and pharmaceutical companies.

Establishing optimal conditions for hybridization of a nucleic acid probe and its target sequence

requires knowledge of the Tm of the targetzprobe duplex. Although under some circumstances, the Tm can

be experimentally determined (please see Protocol 9 of this chapter), it is more common to calculate the Tm.

A variety of equations have been derived that can be used to estimate the Tm of a targetzprobe duplex under

a range of conditions.

At the Tm, when the probe and target are both polynucleotides, the molecules contain stretches of

native duplex separated by denatured regions. The transition then from helix to coil is intramolecular and

thus is independent of polynucleotide concentration (Wetmur 1991). The Tm is a function of base compo-

sition, solvent composition, duplex length, and extent of base pair mismatches (Hall et al. 1980; Wahl et al.

1987; Baldino et al. 1989). For DNA duplexes, Equation 2 has been modified by Wetmur (1991) to permit
hybridization in salt up to 1 M NaCl:

Tm = 81.5 + 16.6 log10 ([Na+]/{1.o + 0.7[Na+}}) + 0.41(%[G+C]) - 500m —P«F (3)

where n is the length of the duplex, P is the temperature correction for the percent mismatch of base pairs,

which is typically 1°C per 1% mismatch, and F is 063°C per 1% formamide. For RNA duplexes:

Tm = 78 + 16.610g10 ([Na+]/{1.0 + 0.7[Na+]}) + 0.7(%[G+C]) — 500/71 — P— F (4)

where F is 035°C per 1% formamide. For hybrids of RNA and DNA:

Tm = 67 + 16.610g10 ([Na+]/{1.0 + O.7[Na+]}) + O.8(%[G+C]) — 500/11 — P — F (5)

where F is 0.5°C per 1% formamide. Variations on Equations 4 and 5 have been derived by Bodkin and

Knudson (1985) and Casey and Davidson (1977), respectively.
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When the probe is an oligonucleotide, at the Tm, half of the duplexes have separated. The transition from

helix to coil is intermolecular, and thus the Tm is dependent on the oligonucleotide concentration (Wetmur

1991), as well as the oligonucleotide sequence and the composition of the solvent.A1though various permu-

tations of Equations 3 through 5 are frequently used, the use of %(G+C) is not sufficient to predict the Tm.

A more accurate estimate of Tm can be obtained from a nearest-neighbor model that permits the incorpora-

tion of sequence-related thermodynamic data (Breslauer et al. 1986; Freier et al. 1986; Kierzek et al. 1986;

Rychlik et al. 1990; Wetmur 1991; Rychlik 1994). One equation derived from such a model is:

Tm (in °C) : (To AH°)/(AH°— AGO + RT° ln[c]) + 16.6 loglo ([Na+]/{1.0 + 0.7[Na*]}) — 269.3 (6)

where AH0 = 2nn(NnnAHnn) + AH‘EwL AH0
e

AG° = 2nn(NnnAng) + AG°i + AGg
Nnn = the number of nearest neighbors (e.g., 13 for a 14-mer)

R = 1.99 cal/mole-0K

T° = 298.20K

c : the total molar strand concentration

[Na+] S 1 M

A number of the thermodynamic terms can be approximated:

average nearest—neighbor enthalpies, AH?m = —8.0 kcal/mole

average nearest-neighbor free energies, Ang = —1.6 kcal/rnole
initiation term, AG‘; = +2.2 kcal/mole

average dangling end enthalpy, AH‘; = —8.0 kcal/mole/end

average dangling end free energy, AGg : —1 kcal/mole/end
average mismatch/loop enthalpy, AH; = —8.0 kcal/mole/mismatch

Note that for each mismatch or loop, Nnn is reduced by 2. At the opposite end of the complexity spectrum
is the equation:

Tm z 2(A+7) + 4(G+C) (7)

where (A+T) is the number of adenines and thymines in the oligonucleotide and (G+C) is the number of

guanines and cytosines in the oligonucleotide, which works for short oligonucleotides that perfectly match

their target sequence (Suggs et al. 1981b). More precisely, this equation predicts the dissociation tempera-

ture (Td) of an oligonucleotide hybridized to a target sequence that is bound to a solid support. For a

detailed discussion of Td, please see Wetmur (1991).

The differences in calculated Tm can be significant. For example, the predicted Tm for hybridization, in

0.5 M NaCl, of a 14-bp oligonucleotide probe that perfectly matches a sequence (with a %[G+C] : 50) in

the target DNA will be 59°C using Equation 3, 55°C using Equation 6, and 42°C using equation 7.

 

METHODS USED TO PURIFY SYNTHETIC OLIGONUCLEOTIDES

Purification of synthetic oligonucleotides may be required following synthesis or after enzymatic modifica-
tion of the oligonucleotide, such as radiolabeling. Although purification is not always necessary (please see
Protocol 1), it can, if required, be achieved by one of several methods.

Oligonucleotides Lacking Trityl Groups

0 Denaturing polyacrylamide gel electrophoresis: Denaturing polyacrylamide gel electrophoresis (PAGE)
has a major advantage over other methods of purification: It resolves oligonucleotides according to their
size and thereby allows full—length products to be separated from shorter incompiete molecules (Atkinson
and Smith 1984). Table 10-6 presents the concentrations of acrylamide required for optimum resolution
of synthetic oligonucleotides of different sizes. After electrophoresis, which is usually carried out with at
least 1 mg/lane of synthetic oligonucleotide, the bands are located by UV—shadowing, and the oligonu-
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TABLE 10-6 Range of Resolution of Gels Containing Different
Concentrations of Acrylamide
 

 

ACRYLAMIDE (%) SIZE or OLIGONUCLEOTIDES (IN BASES)

20—30 2—8

15—20 8—25

13—15 15—35

10—13 35—45

8—10 45—70

6—8 70—300
 

cleotide of the correct size is cut from the gel. The oligonucleotide is then recovered from the gel as

described in Protocol 1 of this chapter (Atkinson and Smith 1984). Poor recovery of oligonucleotide is

the sole disadvantage of denaturing PAGE as a method of purification. Typically, yields are less than 50%.

o Reversed-phase cartridges: Reversed-phase chromatography may be used to purify detritylated oligonu-

cleotides after extraction from preparative polyacrylamide gels (please see Protocol 1).

0 Resins: Oligonucleotides lacking trityl groups can be purified by chromatography on commercially

available resins (e.g., NENSORB [NEN Life Science Products] and MERMAID [Q'BIOgene]). The prop-

erties of these solid-phase matrices differ significantly from one another, and it is therefore important to
follow the instructions supplied with the resin. These resins do not remove shorter, incomplete oligonu-

cleotides from the preparation but are nevertheless useful for removing low-molecular-weight com-

pounds, for example, residual ammonium ions that may interfere with 5’ phosphorylation of the

oligonucleotide by bacteriophage T4 polynucleotide kinase.

0 High-performance liquid chromatography: Oligonucleotides lacking a trityl group are fractionated

according to charge. HPLC is not commonly used because it has a lower capacity (50—200 pg) and lower

resolving power than PAGE, particularly for oligonucleotides <50 bases in length.

Oligonucleotides Containing Trityl Groups

0 High-performance liquid chromatography: Oligonucleotides carrying a trityl group may be fractionat-

ed by HPLC according to their hydrophobicity. PE Applied Biosystems supplies low—pressure, reversed-

phase cartridges that specifically retain tritylated oligonucleotides. The retained oligonucleotides are
released from their trityl groups, eluted with acetonitrile, and then dried to a powder. Unlike denaturing

PAGE, these cartridges do not remove shorter, incomplete oligonucleotides from the preparation.

- Oligonucleotidepurification cartridges: PE Applied Biosystems also manufactures a kit that can be used

to desalt oligonucleotides and/or to purify rapidly oligonucleotides synthesized using the

dimethoxytrityl blocking group. This group, which is attached to the 5'-hydroxy] group of nucleosides

added to the growing oligonucleotide chain, is normally removed by TCA during routine syntheses

(please see the information panel on OLIGONUCLEOTIDE SYNTHESIS). However, if the TCA cycle on

the last step of a synthesis is omitted, the resulting oligonucleotide retains a dimethoxytrityl group at its

5” end. Oligonucleotide purification cartridges (OPCs) contain a resin with a high affinity for this bulky

hydrophobic group and can be used to separate the complete oligonucleotide chain from incompletely

synthesized oligonucleotides that do not contain the dimethoxytrityl group. The kit contains detailed

instructions for the use of OPCs.
There are two reactions in which oligonucleotides purified by this method are less useful or con-

traindicated: as primers in DNA sequencing reactions and as probes (after annealing) in gel-retention

assays. Use of OPC-purified oligonucleotides as primers in DNA-sequencing reactions results in a back-

ground smear at the bottom of the gel that can obscure the reading of 10—25 nucleotides immediately

adjacent to the primer. Similarly, in gel-retention assays, annealed OPC-purified oligonucleotides pro-

duce smears at the bottom of the gel. If an oligonucleotide is to be used for either of these applications,

then we recommend that the DNA be purified by gel electrophoresis and reversed-phase chromatogra-

phy as described in Protocol 1.
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FIGURE 11-1 Flowchart: Preparing and Screening a cDNA Library
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THE ENZYMATIC CONVERSION OF POLY(A)+ MRNA TO DOUBLE-STRANDED DNA and the insertion

of this DNA into prokaryotic and eukaryotic vectors have become fundamental tools of molecu—

lar biology. Since the first clones of complementary DNA (cDNA) were obtained in the mid

19705, many different methods have been developed to increase the efficiency of synthesis of dou-

ble-stranded cDNA and many improvements have been made to the vector systems. The first part

of this introduction describes how these methods were developed and points out their advantages

and disadvantages. The section on strategies for cDNA cloning outlines the major pathways by

which cDNA libraries can be established from preparations of RNA. The strengths and limita-

tions of each method are discussed, as are the options available at various stages of each pathway.

Finally, we discuss the following in detail:

0 preparation of mRNA for cDNA cloning

o procedures commonly used to synthesize cDNA

o vector—host systems used to construct and propagate cDNA libraries

0 methods to screen cDNA libraries

0 tests to validate cDNA clones

o exon amplification and trapping

0 selection of cDNAs with large genomic DNA clones

The overall sequence of steps for preparing and screening a cDNA library as presented in

this chapter is given in Figure 11—1. It is worth noting that the quality and number of premade

cDNA libraries available from commercial sources have increased greatly in the past few years. In

addition, custom-made cDNA libraries can be synthesized to order, sometimes at a reasonable

price. As a consequence, fewer academic laboratories need to generate their own cDNA libraries.

In most other chapters in this manual, we have been reluctant to recommend the use of kits. Here,

however, we endorse them enthusiastically. For a discussion of the virtues and shortcomings of
commercially available kits for cDNA synthesis and for construction of cDNA libraries, please see
the information panel on COMMERCIAL KITS FOR cDNA SYNTHESIS AND LIBRARY CONSTRUC-

TION at the end of this chapter.

DEVELOPMENT OF METHODS TO SYNTHESIZE AND CLONE cDNAS
 

Following the discovery of reverse transcriptase by Howard Temin and David Baltimore in 1970

(Baltimore 1970; Temin and Mizutani 1970), three different groups showed that the enzyme could

be used in vitro with an oligo(dT) primer to synthesize single-stranded cDNA from mRNA tem-
plates (Bank et al. 1972; Ross et al. 1972; Verma et al. 1972). However, the size of the majority of
the cDNA transcripts was considerably smaller than that of the template mRNAs, and techniques

for synthesis of second-strand cDNA were not yet developed. After the methods of cloning frag—
ments of DNA in plasmid vectors had been established by Cohen and Boyer (Cohen et al. 1973), a
number of groups independently attempted to establish methods for cDNA cloning, and their
results were reported within a 6—month span between late 1975 and mid 1976 (Rougeon et al. 1975;

Maniatis et al. 1976; Rabbitts 1976; Rougeon and Mach 1976).

All of the early cDNA cloning methods used variations of the poly(dA)—poly(dT) tailing
method developed by Lobban and Kaiser (1973) and employed by other investigators to insert
SV4O DNA (Jackson et al. 1972) or Drosophila genomic DNA (Wensink et al. 1974) into plasmid
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vectors. Rougeon et al. (1975) used oligo(dT) to prime synthesis of the first strand of cDNA, added

a string of dT residues to the 3’ end of the cDNA with terminal transferase, and then synthesized

the second cDNA strand with Escherichia coli DNA polymerase I using oligo(dA) as a primer. The

duplex cDNA was then tailed with oligo(dG) and joined to a plasmid that had been tailed with

oligo(dC). As the authors pointed out, this approach generated only partial cDNA inserts, the

transformation frequency was very low, and only one of the five clones obtained contained a short
cDNA insert (Rougeon et al. 1975). Although this work demonstrated the feasibility of cloning
fragments of cDNA, it did not provide a generally useful method for creating cDNA libraries.

A novel approach developed at about the same time involved the addition of homopoly—

meric dT tails to the ends of a plasmid vector and the use of these tails to prime the first cDNA

strand synthesis from mRNA (Rabbitts 1976). The resulting molecules, which contained one
cDNA at each terminus, were again treated with terminal transferase to generate dT tails and then

annealed to a plasmid containing dA tails. The resulting double plasmid containing two single-
stranded cDNAs was then used to transform bacteria. In this case, the second cDNA strand was

synthesized in bacteria. Although cDNA recombinants were obtained by this approach, neither

the size of the cDNA nor the fidelity of synthesis and propagation of the cDNA was evaluated
(Rabbitts 1976).

The method of cDNA cloning most widely used from 1976 to 1985 was designed specifical-
ly to synthesize and done full-length double—stranded cDNAs (Maniatis et ai. 1976). The first step
in establishing this approach was to optimize conditions for the synthesis of full-length single-

stranded cDNA (Efstratiadis et al. 1975, 1976). This advance could not have been achieved without

the development of high-resolution denaturing polyacrylamide gel electrophoresis and the avail—

ability of well-characterized synthetic single-stranded DNA size markers (Maniatis et al. 1975).

Once this system became available, the efficiency of full—length cDNA synthesis could be monitored

accurately under a variety of conditions. Routine synthesis of full—length cDNA copies of mRNA

was quickly achieved by simple adjustments to the temperature and pH of the reaction and by

using high concentrations of deoxynucleoside triphosphates (dNTPs) (Efstratiadis et al. 1975).

The strategy taken to synthesize the second cDNA strand was based in part on earlier obser-

vations that the reaction products of cDNA synthesis contain double-stranded regions (Leis and

Hurwitz 1972). A significant portion of this double—stranded DNA rapidly regained resistance to
single-strand—specific nucleases after denaturation, indicating the presence of intrastrand base—

paired regions. Leis and Hurwitz (1972) speculated that this duplex DNA was produced by the
generation of a hairpin structure at the 3' terminus of the first cDNA strand that could serve as a
primer for second-strand synthesis by reverse transcriptase. Their hypothesis of self—primed syn—
thesis was confirmed by showing that the products synthesized during the second-strand reaction
consisted largely of single—stranded cDNAs twice the length of the original template mRNA
(Efstratiadis et al. 1976). A key advance was the finding that the hairpin loop joining the first and
second cDNA strands could be specifically digested with nuclease 51 (Efstratiadis et al. 1976). The
double-length cDNA could thus be converted to duplex cDNA. Detailed characterization of the
duplex cDNA with restriction enzymes demonstrated convincingly that full—iength double-
stranded DNA copies of mRNA could be produced in vitro (Efstratiadis et al. 1976). Cloning of
the duplex cDNA was soon accomplished using the poly(dA)—poly(dT) tailing method (Maniatis
et al. 1976). The utility of this approach to cDNA cloning was confirmed shortly thereafter by
Higuehi et al. (1976).

At the time, there was concern about the fidelity of in vitro cDNA synthesis and the faithful
propagation of cloned cDNAs in E. coli. Almost nothing was known about the fidelity of in vitro
synthesis of the first cDNA strand by reverse transcriptase, nor of the second cDNA strand by E.
coli DNA polymerase I. Whether cDNA sequences could be faithfully replicated in bacteria
seemed to be a potentially significant problem considering that all of the early cDNA cloning



Introduction 11.5

methods involved transformation with constructs that required gap filling and the generation of

closed circular DNA in Vivo. Obviously, almost any level of base substitution during synthesis and

propagation of duplex cDNA would have severely hampered the use of this cloning method. It

was therefore significant that the DNA sequence of the first full-length globin cDNA clone was

identical to the sequence predicted from the amino acid sequence of the protein and the sequence

of RNase T1 oligonucleotides of the mRNA (Efstratiadis et al. 1977). Subsequent DNA sequence

analyses of hundreds of cDNA clones since that time have revealed that mistakes in synthesis and

propagation of cDNAs are exceedingly rare.

The problem of fidelity of cDNA clones has arisen again recently as a consequence of the

introduction of polymerase chain reaction (PCR)-based methods to clone cDNAs from minute

amounts of mRNA (e.g., please see Ennis et al. 1990). There is no doubt that cDNA clones gen—

erated by standard PCR amplification of double-stranded cDNA contain a higher number of

mutations than those generated by more traditional techniques. Ennis et al. (1990) estimate that

an average of l nucleotide in ~1500 is mutated in cDNAs that have been cloned by PCR amplifi—

cation. When error rates are this high, it would be foolish to rely on the nucleotide sequence of

any single clone. To obtain a workable consensus sequence of the target cDNA, it is usually nec-

essary to sequence between three and six independent cDNA clones. Better alternatives are (1) to

reduce the number of errors during PCR by using a cocktail of thermostable polymerases (please

see the section on thermostable DNA polymerases in the introduction to Chapter 8) or (2) tO use

the PCR—generated cDNAs as probes to screen a separate cDNA library constructed without the

aid of amplification. However, this option is not always available when the quantities of mRNA

are limiting.

STRATEGIES FOR cDNA CLONING
 

As a consequence of a wide range of technical and theoretical advances, cDNA cloning is now well

within the range of any competent laboratory. Comprehensive cDNA libraries can be routinely

established from small quantities of mRNA, and a variety of reliable methods are available to

identify cDNA clones corresponding to extremely rare species of mRNA. As the enzymatic reac—

tions used to synthesize cDNA have improved, the sizes of cloned cDNAs have increased, and it

is now possible to isolate full-length cDNAs corresponding to all but the largest mRNAs.

Before embarking on the synthesis and cloning of cDNA, it is essential to consider care-

fully which source material, methods, vectors, and screening procedures offer the best chance of

success. The item of foremost concern is the method that will be used to screen the library. The
process of screening is dictated chiefly by the information and reagents that are available — for

example, whether the sequence of the protein is known or can be obtained, whether suitable

antibodies are available, or whether a robust and sensitive biological assay exists to detect the tar-

get protein expressed from a cloned cDNA. The choice of vector, the steps involved in library

construction, and the method by which the cDNA molecules are inserted into the vector are all

factors that will be heavily influenced by the method that will be used to screen the library. Table

11-1 presents a guide to the options that are frequently used to construct and screen cDNA
libraries.

PREPARATION OF mRNA FOR cDNA CLONING
 

Discussed below are several considerations to be taken into account for the preparation of high-
quality mRNA for use in cDNA cloning and selection.
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TABLE 11-1 Strategies for cDNA Cloning

INFORMATION AND/OR

REAGENTS AVAILABLE

ABOUT THE

TARGET PROTEIN

RECOMMENDED METHOD OF

LIBRARY CONSTRUCTION RECOMMENDED VECTORa

RECOMMENDED METHOD

OF SCREENING
 

Nucleic acid sequence
01h cDNA encoding a

homologous protein

Protein sequence of at
ledst 15 contiguous

amino acid residues

Protein sequence of
< 15 contiguous

amino acid residues,

Antibody to target

protein

Gubler»Hoffman procedure
(Gubler and Hoffman 1983;

Gubler 1988)

Gubler-Hoffman procedure
(Gubler and Hoffman 1983;
Gubler 1988)

Gubier-Hoffman procedure
(Gubler and Hoffman 1983;

Gubler 1988)

directional cloning using the
primer—linker modification

any standard plasmid,

phagemid, or bacteriophage

k vector

any standard plasmid,
phagemid, or bacteriophage
71 vector

any standard plasmid,

phagemid, or bacteriophage
A vector

any bacteriophage 1»

expression vector or plasmid

hybridization to synthetic
oligonucleotides or to

segment of DNA

hybridization to a synthetic
guessmer or MOPAC probe

hybridization to synthetic
oligonucleotides

antibody—antigen recognition

and complexing

Assay for expression
of target protein

of the Gubler-Hoffman

procedure (Gubler and
Hoffman 1983; Gubler 1988)

expression vector

analysis of pools of clones by
biological assay

expression vector tailored to
the particular assay; e.g.,

assays for biological activity
of proteins synthesized after
transfection of cDNA clones

into mammalian cells require
that the library be constructed
in an appropriate mammalian
expression vector

directional cloning using the
primer—linker modification of

the Gubler—Hoffman procedure
(Gubler and Hoffman 1983;

Gubler 1988); or plasmid

priming of first-strand cDNA

 

'I m .| list of vectors, please see Appendix 3.

Source of the mRNA

Clearly, the higher the concentration of the sequences of interest in the starting mRNA, the easi-

er the task of isolating relevant cDNA clones. It is therefore worthwhile investing some effort to
ensure that the richest source of mRNA available is being used. This can be achieved, for exam—

ple, by preparing mRNA from different cell lines or tissues for use in cell—free translation systems.

Immunoprecipitation is then used to measure the amount of protein of interest synthesized for

each set of mRNAs. In addition, some investigators have found ways to increase the concentra—
tion of the relevant mRNA by using drugs to select cell lines that overexpress particular proteins.

For example, Luskey et al. (1983) describe the use of the drug compactin to develop a line of

Chinese hamster ovary cells that have undergone a 15-fold increase in the number of gene copies

and a much greater increase in the amount of mRNA coding for 3hydroxy-3—methylglutary1

coenzyme A reductase (HMG CoA reductase). Others have taken advantage of the observation

that treatment of infected cells with inhibitors of protein synthesis causes extended transcription

of the early genes of mammalian DNA Viruses (e.g., please see Persson et al. 1981). In these and

a number of similar cases, increased abundance of specific classes of rare mRNAs greatly facili-
tated their subsequent cloning.

Ideally, estimates should be obtained of the frequency with which the mRNA of interest

occurs in the starting preparation. This frequency not only determines the size of the cDNA

library needed, but may also influence the method used to screen it. The first cDNA clones to be

isolated were derived from abundant mRNAs such as those encoding globin, immunoglobulins,

and ova1bumin. In these cases, the RNA species of interest constitutes as much as 50—90% of the
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total poly(A)+ RNA isolated from specific types of differentiated cells. Consequently, no further
purification of the particular mRNA is required before double-stranded cDNA is synthesized and
cloned. The desired cDNA clones can easily be identified by nucleic acid hybridization. The
probes consist either of 32P—labeled single-stranded cDNA synthesized in vitro from mRNA
preparations rich in the sequences of interest or of mRNA that has been partially fragmented by
limited alkaline hydrolysis and end-labeled by phosphorylation. As a good approximation, the
mRNA sequences of interest will be represented in both the probe and the cloned double-strand—
ed cDNAs in proportion to their abundance in the original preparation of mRNA. In cases such
as globin, immunoglobulins, and ovalbumin, the chances are high that any colony hybridizing
strongly to the probe will contain the desired DNA sequences. Although used extensively in the
early days of cDNA cloning, this method no longer finds wide application, since few systems
remain in which interesting uncloned mRNAs represent a sufficiently high proportion of the
starting population.

RNAs that represent <0.5% of the total mRNA population of the cell are classified as “low-
abundance" or “rare” mRNAs. The isolation of cDNA clones for mRNAs of this type presents two
major problems: (1) construction of a cDNA library whose size is sufficient to ensure that the
clone of interest has a good chance of being represented and (2) identification and isolation of
the clone(s) of interest.

Integrity of the mRNA

Since the cDNA library cannot be better than the mRNA from which it is derived, it is important
to check the integrity of the preparation of mRNA before it is used as the template for synthesis
of the first strand of cDNA. The following tests are commonly used:

0 The ability of the mRNA to direct the synthesis ofhigh-molecular—weight proteins in cell-free
translation systems derived from reticulocytes. Bulk mRNA purified from mammalian cells
should encode a large number of polypeptides with molecular weights ranging from < 10,000
to >100,000.

o The ability ofthe mRNA to direct the synthesis ofthe polypeptide ofinterest in a cell-free sys-
tem derived from reticulocytes. An aliquot of the translation products of the bulk mRNA is
analyzed by immunoprecipitation and SDS-polyacrylamide gel electrophoresis. After autora-
diography, the radioactive band can be excised from the gel and counted in a scintillation
counter. The proportion of the total radioactivity contained in the band is an estimate of the
relative concentration of the mRNA of interest.

0 The size ofthe mRNA. If a sufficient quantity of mRNA is available, the mRNA should be frac-
tionated by gel electrophoresis and stained with ethidium bromide (please see Chapter 7,
Protocol 6). The mRNA should appear as a smear between ~500 bases and 8 kb. The bulk of
the mRNA should lie between 1.5 kb and 2 kb. Transfer of the mRNA to a nitrocellulose or
nylon membrane followed by hybridization with control cDNA probes is an additional check
on the integrity of the mRNA preparation.

0 The ability of the bulk mRNA preparation to direct the synthesis of long molecules offirst-
strand cDNA. cDNA synthesized from mammalian mRNA should run on an alkaline agarose
gel as a continuous smear from ~500 bases to >5 kb. The bulk of the radioactivity should lie
between 1.5 kb and 2 kb, and no specific bands of cDNA should be Visible unless the mRNA
was prepared from cells that express large quantities of specific mRNAs. In addition, the
amount of radioactivity incorporated into the first strand of cDNA should be stimulated at
least 20—fold by 01igo(dT)12_18 primers. Efficient cDNA synthesis in the absence of added
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primer is a sign that the mRNA preparation may be contaminated with fragments of DNA or

RNA that can bind to mRNA at random sites and serve as primers. If necessary, these frag-

ments can be removed by denaturing the mRNA (100°C for 30 seconds in HZO), cooling

quickly in ice water, and immediately selecting poly(A)’r RNA by chromatography on
olig0(dT)-cellulose.

Methods of Enrichment

A typical mammalian cell contains between 10,000 and 30,000 different transcribed sequences
( Davidson 1976; Welsh et al. 1990). However, the number of mRNA species per cell may be much
greater because of differential splicing. Not all of these transcribed sequences are represented
equally in the steady-state population of mRNA molecules. Instead, the proportional representa-
tion of each sequence depends on its rate of synthesis, half—life, and pattern of splicing: Genes that
are actively transcribed into stable mRNAs make a greater contribution to the pool of mRNA
molecules than genes that are transcribed sluggishly into less stable mRNAs. Some years ago,
Williams (1981) determined the number of clones necessary to construct a complete cDNA
library from a human fibroblast cell that contains ~12,000 different transcribed sequences. Rare
mRNAs (<14 copies/cell) constitute ~30% of the mRNA, and ~11,000 different mRNAs belong
to this class. The minimum number of cDNA clones required to obtain a complete representation
of mRNAs of this class is therefore 11,000/0.30 or 37,000.

Of course, because of sampling variation and/or preferential cloning of certain sequences,
a much larger number of recombinants must be obtained to increase the chance that any given
clone will be represented in the library. The number of clones required to achieve a given proba—
bility that a low—abundance mRNA will be present in a cDNA library is:

_ ln(l —P)

‘ ln(1—[l/n])

where N is the number of clones required, P is the probability desired (usually 0.99), and l/n is
the fraction of the total mRNA that is represented by a single type of rare mRNA. Therefore, to
achieve a 99% probability of obtaining a cDNA clone of an mRNA present in human fibroblasts
at a frequency of ~14 molecules/cell:

P z 0.99

NH 2 1/37,000

N 2 170,000

Unfortunately, many mRNAs of interest are present at even lower levels (1 molecule/cell is not
unusual [Toole et al. 1984; Wood et al. 1984]). Furthermore, it is often necessary to clone cDNAs
from populations of mRNAs isolated from tissues that consist of several cell types. In such cases,
the frequency at which the sequences of interest are represented in the initial preparation of
mRNA may be reduced still further, and it then becomes necessary to construct and screen
libraries that contain several million independent cDNA clones. Since 1985, the efficiency with
which cDNA can be synthesized and cloned has increased steadily to the point where cDNA
libraries of this size can be generated routinely from 1—5 pg or less of poly(A)Jr mRNA. In prin-
ciple, there is no a priori reason why even the most difficult cDNA clones — those corresponding
to a very rare mRNA of large size — cannot be identified in such comprehensive libraries.
However, screening large numbers of cDNA clones is both tedious and expensive. Methods have
therefore been devised to enrich either the starting population of mRNA molecules or double
stranded (DNA synthesized from it for sequences of interest. Enrichment allows the size of the
cDNA library to be reduced and decreases the cost and labor involved in screening for the desired
cDNA clones.
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It is difficult to offer specific guidelines regarding the circumstances that require enrich-

ment procedures. As a rule of thumb, fractionation of mRNA is probably unnecessary if the
cDNA of interest is expected to be present at a frequency 21 in 106 in a library of cDNA clones
synthesized from unfractionated mRNA. Enrichment becomes more attractive as the number of
clones to be screened increases above 1 million. Consequently, when designing a scheme to clone
a specific cDNA, it is important to know the approximate frequency with which the mRNA of
interest occurs in the bulk, unfractionated population Of mRNA molecules using one or more of
the methods described previously (please see the discussion on Integrity of the mRNA, above).

Fractionation of mRNA by Size

The simplest method to enrich preparations of mRNA for sequences of interest is to fractionate
them according to size. Clearly, this method works best for mRNAs that are much larger or small-
er in size than the bulk mRNA of the cell. The modal size of the mRNA population extracted from
most types of mammalian cells is ~1.8 kb, and mRNAs smaller in size than 700 bases or larger
than 4 kb can be enriched at least tenfold by a single round of density gradient centrifugation car-
ried out under denaturing conditions. However, it is important to remember that it is not possi—
ble to predict with certainty the size of an mRNA from the size of a protein for which it codes.
There is considerable variation in the sizes of the untranslated regions of mRNAs (particularly the
3'-untranslated regions); many proteins purified from cells are cleavage products of larger pre—
cursors and many undergo extensive posttranslational modification. However, the size of the
unmodified polypeptide chain provides a minimal estimate of the size of the mRNA: 10,000 dal-
tons of an average polypeptide is encoded by ~280 bases of mRNA.

Electrophoresis through agarose gels gives the best separation of molecules of mRNA of dif—
ferent sizes, but the recovery of RNA from gel slices is generally poor. Sedimentation through
sucrose gradients formed in nondenaturing solvents results in good recovery, but the presence of
secondary structure in the RNA often confounds effective fractionation. An alternative is sucrose
gradient centrifugation in the presence of an agent, such as methylmercuric hydroxide, which

denatures secondary structure in RNA (Schweinfest et al. 1982). Each fraction is then assayed for
the presence of the mRNA that encodes the relevant polypeptide. Typically, an aliquot of the RNA
in each fraction is translated in a cell—free system, and the resulting polypeptides are analyzed by
immunoprecipitation and electrophoresis through polyacrylamide gels. Alternatively, aliquots are
injected into Xenopus oocytes ( for review, please see Melton 1987) and the resulting products are
assayed either for biological activity or by immunoprecipitation and gel electrophoresis. The frac-
tion that directs the synthesis of the greatest amount of the polypeptide product is then used as
the starting material for construction of a cDNA library‘ A major drawback of this method of
mRNA fractionation is the need to work with methylmercuric hydroxide, a poisonous compound
of insidious toxicity.

Fractionation of cDNA

Until the mid 19805, fractionation of mRNA was the method of choice for cloning mRNAs that
encode large proteins. However, as methods for the synthesis of cDNA have improved, fractiona—
tion of double-stranded cDNA has become a more practical alternative, and there are now many
examples of extremely large cDNAs that have been cloned by fractionating cDNA, rather than the
mRNA from which it was copied; for example, human factor VIII:C (Toole et al. 1984; Wood et
al. 1984), human sucrase—isomaltase (Hunziker et al. 1986), and human LDL-receptor-related
protein (Herz et al. 1988). Fractionation of cDNA has major advantages: DNA is less susceptible
than mRNA to degradation by contaminating nucleases; it can be fractionated more accurately by
electrophoresis through agarose gels or neutral sucrose gradients (Kieffer 1991); and since the  
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fractionation can be carried out at a late stage during the cDNA cloning protocol, the chance of
subsequent mishaps is reduced and the probability of obtaining a full-length clone of cDNA is
increased. Fractionation is usually carried out after all of the enzymatic reactions involved in

cDNA synthesis have been completed and just before the cDNA is inserted into a vector.

Immunological Purification of Polysomes

An alternative method of enrichment, now rarely employed, uses antibodies to purify polysomes

that are trapped in the act of synthesizing the polypeptide of interest. The technique described

originally (Palacios et al. 1972; Schechter 1973), which involved the immunoprecipitation of

polysomes, worked well for mRNAs encoding abundantly synthesized proteins such as albumin
and immunoglobulin, but attempts to apply the method to mRNAs of lesser abundance were gen-

erally disappointing. However, the introduction of immunoaffinity columns (Schutz et al. 1977)

and protein A—Sepharose columns (Shapiro and Young 1981) led to a brief resurgence of the tech—

nique in the mid 19805. For example, Korman et al. (1982) used a monoclonal antibody directed

against the heavy chain of the human HLA-DR histocompatibility antigen to bind polysomes syn—

thesizing the nascent protein to protein A—Sepharose columns. The polysomes were then dissoci-

ated with EDTA (ethylenediaminetetraacetic acid) and the mRNA was isolated by oligo(dT) chro-

matography. The immunoaffinity-purified mRNA, which represented only 0.01—0.05% of the

total mRNA, was used both to prepare cDNA probes and to construct cDNA clones. Using simi-

lar methods with polyclonal antisera, Kraus and Rosenberg (1982) obtained a 6300—fold purifica-

tion of the mRNA that encodes rat liver cystathionine 6-synthase, and Russell et al. (1983) isolat-

ed cDNA clones for the bovine low-density lipoprotein receptor, whose mRNA is present at ~80

copies/cell in bovine adrenal cells.

Although a powerful technique, immunoaffinity purification of polysomes cannot be

applied universally. First, it clearly will not work unless a reliable source of material is available

from which to isolate functional polysomes. This is not always possible, especially when the start—

ing material is a tissue or organ that is not commonly available. Second, it has not yet been shown

to work for mRNAs that are extremely rare ( l molecule/cell or less). Furthermore, the success of

the method depends entirely on the specificity, avidity, and type of the particular immunoglobu-
lin, and the results obtained with one antibody cannot always be translated directly to another.
Finally, the method requires the use of relatively large quantities of antibody. Partly because of
these difficulties, immunoaffinity purification of polysomes has been superseded by development

of cDNA expression vectors (e.g., Agtll and KZAPII) that allow the direct isolation of cDNA
clones encoding specific antigens.

Subtractive Cloning

It is never easy to identify cDNAs corresponding to mRNAs that are expressed in low abundance.
However, the problem has been ameliorated by improvements in methods used to construct sub—
tracted cDNA libraries.

The aim ofsubtractive cloning is to remove sequences that are of no interest from the cDNA
preparation before constructing a library. If everything works well, this results in an enrichment
of the target sequences. Removal of unwanted sequences is achieved by hybridizing single—strand-
ed cDNA prepared from mRNA extracted from the tissue of interest to a 10—20-fold excess of
DNA or RNA (driver) prepared from another source that does not express the genes of interest.
After hybrids containing the cDNA have been removed, the residual cDNA molecules are cloned.
Until recently, subtractive cloning involved using very large amounts of poly(A)’r RNA to drive
small amounts of cDNA into hybrids. The DNA—RNA hybrids were then separated from unhy-
bridized cDNA by hydroxyapatite chromatography (e.g., please see Sargent and Dawid 1983;
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Hedrick et al. 1984; Sargent 1987; Travis et al. 1987; Travis and Sutcliffe 1988). Nowadays, bacte-
riophage promoters can be used to generate RNA drivers from populations of cloned cDNAs,

PCR can be used to generate DNA drivers (Timblin et al. 1990) from cDNAs cloned in single—

stranded vectors (Duguid et al. 1988; Rubenstein et al. 1990), and hybrids can be captured by

biotinzavidin affinity chromatography (Duguid et al. 1988; Rubinstein et al. 1990) or on latex

beads (Hara et al. 1991). For a good general review, please see Sagerstrom et al. (1997).

CURRENT METHODS OF SYNTHESIZING CDNA
 

The basic strategy for enzymatic conversion of mRNA to CDNA has changed little since the mid

19705, but there have been great improvements to the efficiency ofthe entire process. In addition,

there is now a choice among several enzymes at many steps.

Synthesis of First-strand CDNA

The first strand of CDNA is synthesized by an RNA-dependent DNA polymerase reverse tran—

scriptase using poly(A)+ RNA (or mRNA) as a template and primed by either oligo(dT) or ran—

dom oligonucleotide primers.

Reverse Transcriptase

Several different forms of reverse transcriptase are available commercially:

0 Avian reverse transcriptase, which is purified from particles of an avian leukemia virus (ALV ).

o Murine reverse transcriptase, which is isolated from a strain of E. coli that expresses a cloned copy

of the reverse transcriptase gene of the Moloney strain of murine leukemia virus (Mo-MLV).

Commercial preparations of both ALV and Mo-MLV are now reasonably free of contami-

nating RNase, which, in the past, was a major impediment to the synthesis of large CDNA.

However, some preparations of the avian enzyme are contaminated by an endonuclease that

cleaves DNA, although this is less of a problem today than it was in the early 1980s. The avian

enzyme consists of two nonidentical polypeptide subunits that carry several enzymatic activities:

RNA—dependent synthesis of DNA (reverse transcriptase), endonucleoiytic cleavage of DNA

(integrase), and endonucleolytic attack on the RNA moiety of DNA-RNA hybrids followed by

processive exonucleolytic removal of rNTPs (RNase H) (for reviews, please see Champoux 1993;

Prasad 1993; Skalka 1993). The murine enzyme consists of a single polypeptide subunit that car—

ries out both RNA- and DNA—dependent synthesis of DNA but has a reduced capacity to degrade

RNA in DNA—RNA hybrids. Murine reverse transcriptase also lacks a contaminating endonucle-

ase activity (Gerard 1983; Kotewicz et al. 1988).

The avian enzyme available from many manufacturers is adequate for routine construction

Of CDNA libraries. However, the high level of RNase H activity of the avian enzyme tends both to

suppress the yield of CDNA and to restrict its length. At the beginning of the reaction, the hybrids

formed between the template mRNA and the primer are a substrate for RNase H. Thus, at the
beginning of CDNA synthesis, there is a competition between degradation of the mRNA and ini-

tiation of DNA synthesis ( for review, please see Champoux 1993). In addition, the RNase H activ-

ity can cleave the RNA template near the 3’—hydr0xyl terminus of the growing DNA strand if the

polymerase pauses during synthesis (Kotewicz et al. 1988). Thus, the murine enzyme, with its

weaker complement of endogenous degradative activities, is a safer choice when attempting to
obtain full—length CDNA copies of mRNAs larger than 2—3 kb in length. The murine and avian
enzymes display different salt and temperature optima for the synthesis of CDNA from RNA tem-
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plates, and it is therefore important to modify the conditions for first-strand synthesis accord-
ingly.

Reverse transcriptases lacking RNase H activity (e.g., SuperScript from Life Technologies)

are genetically engineered versions of the murine enzyme that carry mutations that drastically
reduce RNase H activity without any diminution in DNA polymerase activity (Gerard et al. 1992;
Gerard and D’Alessio 1993). The total yield of first-strand cDNA is substantially higher with these
enzymes than with nonengineered reverse transcriptases, and the proportion of full—length
cDNAs is significantly greater (Kotewicz et al. 1988; Gerard et al. 1989, 1992; Gerard and
D’Alessio 1993; Telesnitsky and Goff 1993). In addition, because the polymerizing activity of the
enzyme is not inhibited by high temperatures, synthesis of first-strand cDNA can be carried out
at temperatures as high as 50°C. This is an advantage when the template RNA is tightly crimped
into secondary structures. For further information on these enzymes, please see the information
panel on MO-MLV REVERSE TRANSCRIPTASE.

Primers for Synthesis of First-strand cDNA

Listed below are four types of primers used to synthesize first-strand cDNA.

o Oligo(dT) 12—18 nucleotides in length that binds to the poly(A) tract at the 3 ' terminus of
eukaryotic cellular mRNA molecules. The primer is added to the reaction mixture in large
molar excess so that each molecule of mRNA binds several molecules of oligo(dT)Iz_|8.

Sequencing of cloned cDNAs shows that priming of first—strand synthesis probably begins

from the most proximal of these bound primers and is very efficient.

o Primer—adaptors that contain a homopolymeric Oligo(dT) tract at the 3’ terminus and a
restriction site at the 5 ' terminus (Coleelough and Erlitz 1985; Krawinkel and Zoebelein 1986;
Han et al. 1987). The Oligo(dT) sequences are used to prime synthesis of the first strand, which
can then be tailed with dC residues. This procedure allows the DNA to be ligated to a vector
before synthesis of the second strand (Coleclough and Erlitz 1985), or it enables a second
primer—adaptor to be used to prime the synthesis of secondrstrand cDNA (please see Figure
11-2).

0 Primers linked to a plasmid. Priming of first—strand synthesis is carried out by a tract of
Oligo(dT) that is covalently attached to a plasmid (Okayama and Berg 1982, 1983; Okayama et
al. 1987). Because it is often not possible to incorporate enough oligomerically tailed plasmid
in the reaction mixture to achieve a high ratio of primer to template, priming is usually the
rate-limiting step during this kind of reaction. This limitation results in less efficient utiliza—
tion of mRNA templates during synthesis of the first strand of cDNA. However, the reduction
in yield of the first strand of cDNA is offset, at least in part, by the increased efficiency of
cloning that results from the direct covalent attachment of the cDNA to the vector. Libraries
made according to the original Okayama—Berg protocol (1982, 1983) are generally moderate in
complexity and have a high proportion of full—length cDNAs. The chief disadvantage of the
original protocol is that it is lengthy, demanding, and involved. Newer procedures that also use
asymmetrically tailed plasmid to prime synthesis of first—strand cDNA are much simpler and
yield libraries of higher complexity (e.g., please see Bellemare et al. 1991; Spickofsky and
Margolskee 1991).

0 Random primers. Even the best cDNA libraries contain only a small proportion of full-length
clones. If the synthesis of first—strand cDNA was incomplete, the clones will lack sequences
from the 5' end of the mRNA. If synthesis of second—strand cDNA was arrested or blocked, the
3‘ end of the mRNA will be underrepresented in the library. These problems can be amelio—
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FIGURE 11-2 Priming cDNAs with an OIigo(dT) Adaptor for Directional Cloning

The first-strand reaction of cDNA synthesis is primed by OIigo(dT) sequences linked to a primer-adaptor
encoding a restriction endonuclease recognition site (in this case, Notl). The sequence of mRNA is rep-

resented by the colored (Wiggly) strand, whereas the o|igo(dT)-adapt0r is shown in black. Treatment of
the RNA-DNA hybrid with RNase H and DNA polymerase I nicks the RNA moiety, creating 3'-hydroxy|
termini that are used by T4 DNA polymerase to complete the second-strand synthesis. Ligation of EcoRI
adaptors to the double-stranded cDNA product and cleavage with Notl allow the product to be inserted
in a directed manner into an appropriate vector.

rated by using random oligonucleotides (usually hexamers) as primers (please see Figure 11—

3). However, although this strategy may solve one problem, it also creates others. cDNA clones

derived from random priming of first-strand cDNA tend to be smaller than clones derived

from OIigo(dT) priming. In addition, the efficiency of priming varies from one RNA to anoth-

er, depending on the size of the mRNA and the complexity and composition of the random

oligonucleotide pool. If the use of random primers creates problems, there are alternative ways

to generate cDNA clones containing 5’- and 3’—terminal regions of mRNAs, for example, 5'

RACE and 3” RACE (please see Chapter 8, Protocols 9 and 10). For a summary of methods to

synthesize first—strand cDNA, please see Table 11-2.
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FIGURE 11-3 Random Priming of cDNAs

Synthesis of first-strand cDNA is initiated by random oligonucleotides, usually hexamers (represented as
black arrows) that are extended by reverse transcriptase (extension products are shown as colored
arrows). Treatment with RNase H and DNA polymerase I nicks the RNA and repairs gaps in the cDNA.
Second-strand synthesis is carried out by T4 DNA polymerase.

Synthesis of Second-strand cDNA

For many years, there was no effective way other than self—priming to synthesize the second strand

of cDNA, and almost all clones of cDNA made before 1982 were obtained using this enzymatic

reaction (e.g., please see Efstratiadis et al. 1976; Higuchi et al. 1976; Maniatis et al. 1976; Rougeon

and Mach 1976). The self—primed synthesis of the second strand of cDNA was at best a poorly

controlled reaction, and the subsequent cleavage of the hairpin structure with nuclease SI almost

invariably led to the loss or rearrangement of sequences corresponding to the 5” terminus of the

mRNA (Land et al. 1981). Consequently, this scheme for synthesizing double-stranded cDNA

molecules has now been largely replaced by more efficient and less destructive methods (please

see below) that yield 10—100 times more cDNA clones than self-priming (Okayama and Berg

1982; Gubler and Hoffman 1983)‘

Today, second-strand synthesis is usually catalyzed by E. coli DNA polymerase I and E. coli

RNase H. However, other enzymes including thermostable DNA polymerases such as Tth and Taq

are also used, albeit rarely. The conditions used to achieve synthesis of full-length second-strand
cDNA depend on the particular DNA polymerase. Reactions that use E. coli DNA polymerase I
are usually carried out at pH 6.9 to minimize the 5’—)3’ exonuclease activity of the enzyme and
at 15°C to minimize the possibility of synthesizing“snapback” DNA. These problems can be com-
pletely avoided by using either reverse transcriptase or the Klenow fragment, both of which lack
S'—>3’ exonuclease activity and are available in pure form from commercial sources. E. coli DNA
ligase is sometimes included in the reaction because evidence indicates that the efficiency of
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TABLE 11-2 Methods to Synlhesize First-strand cDNA

Priming with Oligo(dT)

Adm”mqu:.

Disadvantages:

Efficient and simple.

Allows Lise of the Gubler and Hoffman (1983) procedure for synthesis of the second strand of cDNA.

Because different linkers or adaptors can be added at each end of the cDNA, directional cloning is possible and there is
great flexibility in choice of vectors.

Linkers, tails, or adaptors must be added before the cDNA is inserted into the vector.

Many procedures require that the dnuble—stranded cDNA be digested with a restriction enzyme(s) before cloning. This

step can be risky because the cDNA of interest itself may be cleaved. Potential restriction sites can be protected by

methylation of double—stranded cDNA or incorporation of methylcytosine residues during synthesis of first—strand
cDNA, In either case, a strain of E. coli defective in the mcr restriction system should be used as a host. mcr+ strains

restrict DNA carrying methylcytosine residues (Raleigh et al. 1988; Woodcock et al. 1989).

The background of empty clones is generally much higher than that in plasmid-primed methods.

Most cDNA libraries constructed by oligo(dT) priming are enriched for sequences that lie at the 3' end of the mRNAs.

Priming with Primer-Adaptors
Advantages:

Disadvantages:

Synthesis of the second strand can be carried out after the homopolymerically tailed cDNA has been ligated to a vector.

Alternatively, second-strand synthesis can be carried out using the Gubler-Hoffman method (Gubler and Hoffman
1983; Gubler 1988). In this case, directional cloning of the cDNA can be achieved by the use of a linker—primer and an
adaptor for the restriction enzyme Sfil (Miki et al. 1989).

The background of empty clones is generally lower with primer—adaptors than with oligoth)—primed synthesis of the
first strand. Both plasmids and bacteriophage 71 vectors can be used.

Many protocols require the elimination of small oligonucleotides and unused primers from the first strand of cDNA by
electrophoresis through alkaline agarose gels. The recovery of DNA at this stage is often poor.

PIasmid-primed Methods
Admmmgas:

1>i511dvuntages:

Selects for full—length or nearly full-length clones, perhaps because long cDNAs are preferred substrates for terminal
transferase.

Whereas the original protocol (Okayama and Berg 1982) generated libraries of modest complexity, more recent versions

are claimed to be extremely efficient and to generate almost 107 to 109 clones/ug of linker-primer DNA (Bellemare et

al. 1991; Spickofsky and Margolskee 1991).

The original protocol (Okayama and Berg 1982) was difficult and lengthy. More modern versions (e.g., please see
Bellemare et al. 1991; Spickofsky and Margolskee 1991) are slightly easier but remain demanding.

Restricted to plasmid vectors.

Priming with Random Populations of Oligonucleotides
Advantages:

I >i5ad1’mzlages:

Priming of first-strand cDNA by random primers (Goelet et al. 1982; Binns et al. 1985) can sometimes improve the effi—
ciency of cloning 5' sequences of a particular mRNA.

cDNAs generated by random priming tend to be small and must be carefully fractionated according to size to eliminate
the useless population of tiny molecules Random hexamers are usually removed between synthesis of first and second
cDNA strands.

RT-PCR Methods

Admnmges:

Disadvantages:

“Universal primers" may be used for amplification of all mRNAs, regardless of their sequence (please see the informa-
tion panel on UNIVERSAL PRIMERS in Chapter 8). These are used to generate cDNA libraries when only small
amounts of poly(A)+ RNA (<200 ng) are available. Other PCR protocols rely on gene-specific primers that are unique
to or selective for particular target cDNAs (Frohman et al. 1988). For example, the 5' RACE method allows amplifica—
tion of the 5’ end of mRNAs for which some sequence near the 5’ end is known (please see Chapter 8, Protocol 9).

Clones generated by standard PCR amplification are likely to contain a higher number of mutations than those pro—
duced by other means. Methods that require unique primer sequences can be used only if the partial sequence of a
cDNA or its cognate protein is already available.
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cloning longer cDNAs may be improved (Okayama and Berg 1982; Gubler and Hoffman 1983;

D’Alessio and Gerard 1988). Frequently, T4 DNA polymerase or a thermostable polymerase such

as Pfu is added at the end of the second-strand reaction to polish the termini of the completed

double-stranded DNAs. However, generating blunt ends in this fashion sometimes results in loss

of 5'-terminal sequences so that the resulting cDNA clones are 5—30 nucleotides shorter than the
original mRNA (Gerard and D’Alessio 1993).

Replacement Synthesis of the Second Strand of (DNA

In this method, which was introduced by Okayama and Berg (1982) and modified by Gubler and

Hoffman (1983; Gubler 1988), the product of first-strand synthesis — a cDNA-mRNA hybrid —

is used as a template for a nick—translation reaction (please see Figure 1 1—4). RNase H produces

nicks and gaps in the mRNA strand of the hybrid, creating a series of RNA primers that are used

by E. coli DNA polymerase 1 during the synthesis of the second strand of cDNA. The reaction has

three main Virtues:

o It is very efficient.

o It can be carried out directly using the products of the first—strand reaction, which need no fur-

ther treatment or purification.

o It eliminates the need to use nuclease 81 to cleave the single-stranded hairpin loop in the dou-

ble-stranded cDNA, a reaction that is difficult to control and frequently results in a great loss

of cDNA.
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FIGURE 11-4 Schematic for Basic Gubler-Hoffman Strategy

A series of three enzymatic reactions is used to generate doubIe-stranded cDNA. First-strand synthesis is
initiated using poly(dT), the mRNA template is removed by treatment with RNase H, and second-strand
synthesis is carried out using DNA polymerase i and T4 DNA polymerase. The resulting double-stranded
cDNA product is left in a blunt-ended state, convenient for subsequent attachment of linkers or adaptors
to facilitate cloning.
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Although most cDNA libraries are now constructed using a replacement reaction to syn-

thesize the second strand of cDNA, the reaction described by Gubler and Hoffman (1983) pre—

sents three potential problems: (1) Eukaryotic mRNAs carry “cap” structures at their 5' termini,

and it is not clear how these caps are removed so that the double-stranded cDNA can be insert-

ed into a prokaryotic vector; (2) the replacement reaction is incapable of synthesizing the second

strand of cDNA corresponding to the 5’—termina1 region of the mRNA; and (3) hairpin priming

of second-strand synthesis may still occur during the replacement reaction if RNase H efficient-

ly removes the mRNA sequences immediately adjacent to the cap structure. In practice, however,

these disadvantages turn out not to be serious: The products of the replacement reaction can be

efficiently inserted into prokaryotic vectors without taking any special steps to remove the cap

structure; the resulting cDNAs are often very nearly full—length, lacking only a few nucleotides

corresponding to the 5” terminus of the mRNA; and self—priming usually accounts for <10% of
the second—strand synthesis.

OIigonucIeotide-primed Synthesis of the Second Strand of cDNA

For routine construction of cDNA libraries, the simple replacement reaction described by Gubler

and Hoffman (1983) is perfectly adequate. However, if the goal is to establish expression libraries

(which require fuli-length cDNAs) or to clone the 5'—termina1 sequences of eukaryotic mRNA

with high efficiency, the methods outlined below offer some advantages.

0 After completion of first-strand synthesis, terminal transferase can be used to add homopoly—

meric tails of (1C residues to free 3'—hydr0xy1 groups (Rougeon et al. 1975; Land et al. 1981).
This tail is then hybridized to oiigo(dG), which serves as a primer for synthesis of the second

strand of cDNA (please see Figure 11—5). The efficiency of this method seems to depend on the

particular mRNA under study. In the best cases (e.g., chicken lysozyme mRNA [Land et a].

19811), full—length clones of cDNA can be obtained with high efficiency; other mRNAs, how—

ever) have provided more variable results (Rougeon et al. 1975; Cooke et a1. 1980), perhaps

reflecting the relative efficiencies with which terminal transferase uses the 3’ termini of differ-

ent first—strand cDNAs as substrates for homopolymeric tailing. The presence of oligomeric

tails at each end of the first—strand cDNA provides an opportunity to amplify the cDNA in

vitro by PCR (Belyavsky et al. 1989; Tam et al. 1989;We1sh et a1. 1990). This is useful when the

amount of available mRNA is too small for producing cDNA by standard procedures.

However, because PCR amplification of long cDNAs is inefficient, there is a strong selection

against large CDNAS.

o Okayama and Berg (1982) used a fragment of plasmid DNA carrying a short tail of dG residues

as a primer for second-strand synthesis (Figure 11-6). The dG residues are annealed to a
homopolymeric tract of dC residues that has been added to the 3’ terminus of the first strand

of cDNA by terminal transferase. Although the protocol generally works well, it is laborious,

requiring restriction endonuclease digestion of the mRNA:cDNA duplex, followed by the

addition of a fragment tailed with dG to prime the second—strand repair reaction. Several mod-
ifications have been described that simplify the cloning procedure by omitting the need for the

separate upstream linker that is used to prime second—strand synthesis and to join the double-

stranded cDNA to the plasmid. These modifications include:

The use of synthetic primer-aduptors that carry both homopolymeric tails for priming

the synthesis of the first and second strands of cDNA and restriction sites for cloning into
plasmids (Coleclough and Erlitz 1985) and bacteriophage l vectors (Krawinkel and

Zoebelein 1986; Han et al. 1987). The use of primer-adaptors has three advantages. First,
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FIGURE 11-5 Homopolymeric Priming of Second-strand cDNA

First—strand synthesis is initiated with an 0ligo(dT) primer-Iinker (represented in black). After removal of
the mRNA template, a homopolymeric tail is added to the singIe-stranded cDNA product. Second-strand
synthesis is primed using an oligomeric sequence complementary to the the homopolymeric tail, and the
resulting product is cleaved with restriction endonucleases whose recognition sites have been incorpo-
rated at the ends of the double-stranded cDNA molecules.

 

 

the number of steps involved in the synthesis and cloning of cDNA is reduced. For exam—

ple, in the protocol described by Han et al. (1987), the cDNA-mRNA hybrid is attached to

a bacteriophage 7» vector by synthetic adaptors before synthesis of the second strand of

cDNA. This eliminates several steps that are required when double-stranded cDNA is

cloned by addition of synthetic linkers. Second, the increased efficiency of priming of sec-

ond—strand synthesis yields libraries that contain a comparatively high proportion of full-

length cDNA molecules. Third, the method can be adapted to allow the amplification of

first—strand cDNA by PCR. However, there are also some disadvantages: All of the clones

generated by homopolymeric priming of second-strand synthesis carry a tract of dszC
residues immediately upstream of the sequences corresponding to the mRNA template.
The presence of these additional sequences may inhibit transcription of DNA both in vivo
and in Vitro. Furthermore, they may form a barrier to the Klenow fragment of E. coli DNA
polymerase I during DNA sequencing by the dideoxy—mediated chain—termination
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FIGURE 11-6 Schematic of the Okayama and Berg Strategy

Preparation of plasmid primer and linker DNA. The unshaded portion of each vector circle is pBR322
DNA, and the shaded segments represent the restriction endonuclease sites. Please see text for details.
(Adapted, with permission, from Okayama and Berg 1982 [©American Society for Microbiology].)

method, requiring that another DNA polymerase (e.g., reverse transcriptase) be used

instead and the conditions adjusted accordingly.

The use ofa linearized plasmid that carries a synthetic (dT) tail at one 3’ end and a syn-

thetic (dC) tail at the other (Spickofsky and Margolskee 1991). This construct is made by

ligating adaptors bearing the appropriate homopolymeric tails to a plasmid that has been

cleaved by two different restriction enzymes (e.g., KpnI and Sad). The dC tail carries a 3'—

phosphate group to block further addition of residues at the 3' end. After the dT tail has

been used to prime synthesis of first-strand cDNA, dG residues are added to the free 3' end
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of the cDNA by terminal transferase. The blocking 3'-phosphate is then removed by alka-
line phosphatase, and the second DNA strand is synthesized by the combined actions of
RNase H, DNA polymerase I, and DNA ligase.

Careful consideration should be given to the method used to synthesize the second strand
of cDNA, because it can determine the choice of vector and dictate the means used to link the
cDNA to the vector.

MOLECULAR CLONING OF DOUBLE-STRANDED cDNA
 

The cloning of double—stranded cDNA into a vector is facilitated by the addition of various tails,
linkers, or adaptor sequences to the ends of cDNAs,

Synthetic DNA Linkers and Adaptors

Synthetic linkers containing one or more restriction sites provide an effective method for joining
double—stranded cDNA to both plasmid and bacteriophage h vectors and have supplanted other
methods for cloning cDNA populations (please see the information panel on HOMOPOLYMERIC
TAILING). Double—stranded cDNA is treated with bacteriophage T4 DNA polymerase or E. coli
DNA polymerase I, enzymes that remove protruding single—stranded 3’ termini with their 3’——>5’
exonucleolytic activities and fill in recessed 3'-hydroxyl termini with their polymerizing activities.
The combination of these activities generates blunt—ended cDNA molecules, which are then incu—
bated with a very large molar excess of linker molecules in the presence of bacteriophage T4 DNA
ligase, an enzyme capable of catalyzing the ligation of blunt-ended DNA molecules. The products
of the reaction are cDNA molecules carrying polymeric linker sequences at their termini. These
molecules are cleaved at a restriction site in the linker, purified, and ligated to a vector that has
been cleaved with a restriction enzyme that generates cohesive termini compatible with those of
the linker.

Double-stranded cDNA molecules containing the synthetic cohesive termini will of course
ligate to each other, as well as to the vector DNA. It is therefore important to arrange the ligation
conditions to minimize the formation of chimeric molecules, since it is extremely laborious sub—
sequently to test whether cDNA clones that contain the particular restriction site at an internal
location have been formed by end-to-end ligation of two unrelated cDNAs. The ligation mixture
should therefore always contain a high molar excess of vector DNA to cDNA. However, these con-
ditions strongly favor reformation of the vector by self—ligation, leading to unacceptably high
backgrounds of nonrecombinant clones. This problem may be minimized by treating the cleaved
vector with a phosphatase before ligation to cDNA.

If the double—stranded cDNA contains one or more recognition sites for the restriction
enzyme, it will be cleaved and subsequently cloned as two or more DNA fragments, preventing
the isolation and analysis of full-length cDNAs. Attempts to alleviate this problem have included
the following:

o The use of restriction enzymes that cleave mammalian DNA very rarely (e.g., Natl and Sail).
There is no guarantee that even a small cDNA does not contain a recognition site for a partic—
ular restriction enzyme. However, if the size of the cDNA clone of interest is considerably
smaller than the size of the average fragment of genomic DNA obtained by digestion with the
chosen enzyme, there is a good chance that it will not contain a recognition sequence for that
enzyme. For example, the odds of finding the G/C-rich octanucleotide sequence recognized by
Not] in a 5—kb clone of cDNA are less than 1 in 200. For Sall, whose sites occur, on average,
once every 100 kb in mammalian DNA, the odds rise to 1 in 20, still perhaps an acceptable risk.
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By contrast, the average distance between EcoRI sites is ~4 kb, and so there is a reasonably good

probability that a cDNA of average size will be cleaved into two or more pieces. If it is essen-

tial to clone into a restriction site that occurs as frequently as EcoRI, it is advisable to take one

of the additional precautions outlined below to avoid potential problems.

0 The introduction of methyl groups that will modify and protect naturally occurring restric—

tion sites in cDNAs. This modification can be done either by methylation of double—stranded

cDNA with a methylase (e.g., M-EcoRI methylase) before addition of synthetic linkers, or by

incorporating S-methyl dCTP during synthesis of the first cDNA strand (Han and Rutter 1988;

Huse and Hansen 1988). If the cDNA is methylated, then a strain of E. coli must be used that

is deficient in the mcr restriction system, which cleaves DNA at methylcytosine residues

(Raleigh et al. 1988; Woodcock et al. 1989). When constructing cDNA libraries from small

amounts of RNA, many investigators simply omit the methylation step in an effort to stream-

line the procedure and to generate the maximum number of cDNA clones (e.g., please see

McDonnell et al. 1987; Don et al. 1993).

o The use of synthetic adaptors rather than linkers. Adaptors are short, double—stranded

oligonucleotides that carry one blunt end (which can be ligated to the double—stranded cDNA)

and one cohesive terminus (which can be ligated to a compatible terminus in the vector).

Adaptors are essentially precut linkers that do not require digestion with restriction enzymes

after they have been ligated to double-stranded (DNA. However, cDNA molecules carrying

phosphorylated adaptors can form covalently closed circular molecules (which cannot be

cloned) or chimeric linear molecules (which are highly undesirable) during the subsequent lig—

ation reaction in the presence of dephosphorylated vector DNA. To avoid this problem, only

the shorter strand of the adaptor is phosphorylated before ligation to cDNA. The products of

the ligation (cDNA molecules carrying a single adaptor at each end and dimer adaptor mole—

cules) are separated by column chromatography. The termini of the cDNA molecules carrying

adaptors are phosphorylated with bacteriophage T4 polynucleotide kinase and then ligated to

a large molar excess of the appropriate dephosphorylated vector.

In addition to equipping the termini of cDNA for cloning, linkers can also be used as bind—

ing sites for primers in PCRs. By including a PCR step, large cDNA libraries can be established

from very small amounts of cDNA (for methods and reviews, please see Tam et a]. 1989; Hu et al.

1992; Brady and Iscove 1993; Lambert and Williamson 1993, 1997; Rothstein et al. 1993;

McCarrey and Williams 1994; Revel et al. 1995).

Vectors Used for Cloning of cDNA

Until 1983, almost all cDNA cloning was carried out using plasmid vectors, and cDNA libraries

were usually maintained as a collection of >105 independently transformed bacterial colonies.

These colonies were sometimes pooled, amplified in liquid culture, and stored at ~70°C; more fre—

quently, they were maintained on the surfaces of nitrocellulose filters (please see Chapter 1,
Protocol 31). In either case, the results were unsatisfactory. The libraries were difficult to preserve
without loss of viability, and screening by hybridization with multiple radioactive probes often
required painstaking replication of colonies from one nitrocellulose filter to another. This is a
laborious process that can be repeated only a few times before the colonies on the master filter
become smeared beyond recognition. With the advent of more efficient ways to synthesize cDNA
(Gubler and Hoffman 1983) and with the growing availability of linkers, adaptors, methylases,
and packaging mixtures, it became possible to use bacteriophage X as a vector and to take advan—
tage of the high efficiency and reproducibility of in Vitro packaging of bacteriophage A DNA into
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infectious virus particles. The resulting libraries are often large enough to be screened directly

without amplification. Alternatively, they can be amplified, stored indefinitely without loss of via—

bility, and, depending on the particular vector) screened with either nucleic acid probes, antibod—

ies, or other ligands.

The features of the most popular bacteriophage A vectors and plasmid vectors used to con-

struct cDNA libraries are outlined below. We recommend XZAP and its derivatives (Stratagene)

or kZipLox (Life Technologies) for standard cDNA library construction. These vectors have been

engineered to allow recovery of cDNA inserts as plasmids, and they thus obviate the need for

tedious preparation of bacteriophage 7» DNA and conventional subcloning into plasmids.

o AZAP (Short et ai. 1988) carries a polycloning site embedded in the region of the lacZ gene

coding for the (x-complementation fragment of B—gaiactosidase. cDNAs up to 10 kb in length

may be inserted into the polycloning site downstream from the lacZ promoter and expressed

either in infected bacteria or in induced lysogens, essentially as described for thl 1. In addi—

tion, lZAP fusion proteins may be expressed from high-copy-number plasmids following

excision of the DNA insert and flanking plasmid sequences from the bacteriophage A vector.

Among the advantages of lZAP are (1) the presence of six unique restriction sites within the

polycloning region that may be used for directional cloning of cDNA molecules; (2) the pres—

ence of promoters from bacteriophages T3 and T7 that flank the polycloning regions; these

promoters can be used to synthesize strand-specific RNA probes complementary to the

cloned cDNA; and (3) the presence of bacteriophage—fl-derived sequences for in vivo con-
version of the DNA insert from the bacteriophage A. vector to the Bluescript plasmid, whose

sequences are contained within XZAP. Excision is facilitated by positioning bacteriophage fl

sequences that encode signals for initiation and for termination of single-stranded DNA syn-

thesis on either side of the polycloning site (Dotto et al. 1984). When F' cells infected with

XZAP are superinfected with a filamentous helper bacteriophage (e.g., fl R408 [Russel et ai.
1986]), the gene 11 product synthesized by the superinfecting phage nicks one of the two

strands of AZAP DNA at the initiation site. Synthesis of single-stranded DNA proceeds

through the polycloning site (and any cDNA sequences inserted into it) and terminates at the

downstream termination site. Some of the single—stranded progeny DNA molecules circular—

ize and become packaged into filamentous virus particles that are secreted from the cell.

When F’ bacteria are infected with these particles, the incoming single-stranded DNA is con-
verted into a double—stranded molecule that carries a colicin E1 (colEl) origin, expresses [3-

lactamase, and replicates as a conventional plasmid, which can be amplified and purified by

conventional methods (please see Chapter 1). Because the plasmid carries a functional origin

of bacteriophage fl replication, cells superinfected with a suitable helper bacteriophage yield
progeny particles that carry single-stranded copies of the DNA lying between the initiation

and termination sites in the bacteriophage 1 genome.

o MAPII is equivalent to XZAP except that a SamlOO mutation has been removed. Removal of the

SamlOO mutation allows better growth of bacteriophage X, which, in turn, causes the plaques to

turn blue much sooner in the presence of IPTG (isopropyl—B-D—thioga1actopyranoside) and X-

gal (5-bromo-4-chloro-3-indole-B~D-galactoside). A map of lZAPII is presented in Figure 11—7.

0 AZAP Express is similar to other members of this series of vectors except that the excised plas-

mid carries control elements for expression of the cloned cDNA in eukaryotic cells (please see

Figure 11—8). These elements include the powerful immediate early region promoter of the
human cytomegalovirus positioned upstream of the multiple cloning site and an SV4O termi-
nation sequence located downstream from the cDNA insert. Excision of the expression plas-
mid from XZAP Express is mediated by superinfection with a filamentous helper bacterio-
phage. The excised plasmid carries sequences needed (1) for transcription of the cDNA in E.
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FIGURE 11-7 AZAPII

XZAPII is constructed from a fragment derived from the left arm of bacteriophage X carrying A genes A—j;
a fragment derived from the right arm of A carrying cIt585 7; the gene encoding the temperature-sensitive
repressor; and pBIuescript SK phagemid. The multiple cloning site (MCS) carried within the phagemid
sequence is flanked by transcription initiation sites for bacteriophages T3 and T7. The vector carries the
origins of replication from H and c0|E1 and the gene conferring ampicillin resistance. Individual bacte-
riophage A Clones or an amplified library can be used to infect E. coli that are coinfected with filamentous
helper phages. Inside the cell, trans-acting proteins encoded by the helper phage recognize initiator (l)
and terminator (T) domains within the kZAPlI vector arms. Both signals are recognized by the helper
phage gene 11 protein and a new DNA strand is synthesized, displacing the existing strand. The displaced
strand is circularized and packaged as a filamentous phage by helper phage proteins and secreted from
the cell. Circular doubIe-stranded pBIuescript phagemids are generated by infecting an F ’ strain of E. coli
with the population of recovered filamentous bacteriophages and growing smaII-scale cultures of infect-
ed cells in media containing ampicillin. The closed circular phagemid DNA is then isolated by standard
methods (please see Chapter 1). (Adapted with permission, ©1999 Stratagene.)
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FIGURE 11-8 XZAP Express

kZAP Express is constructed from a fragment derived from the left arm of bacteriophage x which carries A
genes A—]; a fragment derived from the right arm of k carrying c1t5857; the gene encoding the tempera-
ture-sensitive repressor; and pBK—CMV plasmid. The multiple cloning site (MCS) carried within the plas-
mid sequence is flanked by transcription initiation sites for bacteriophages T3 and T7. The vector carries
the origins of replication from f1, coIE1, and SV40; the CMV and lacp promoters; and the gene for

neomycin resistance. Individual bacteriophage 7» clones or an amplified library can be used to infect E. coli
cells that are coinfected with filamentous helper phage. Inside the cell, trans-acting proteins encoded by
helper phage recognize initiator (I) and terminator (T) domains within the AZAP Express vector arms. Both
signals are recognized by the helper phage gene M protein and a new DNA strand is synthesized, displac-
ing the existing strand. The displaced strand is circuiarized and packaged as a filamentous phage by the
helper phage proteins and secreted from the cell. Circular doubie-stranded pBK phagemids are generated
by infecting an F ’ strain of E. coli with the population of recovered filamentous bacteriophages and grow-
ing smaII-scale cultures of the infected cells in media containing kanamycin. The circular phagemid DNA
is then isolated by standard methods (please see Chapter 1). (Adapted with permission, ©1999
Stratagene.)
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coli, (2) for in vitro transcription of RNA by bacteriophage DNA-dependent RNA polymeras-

es, and (3) for an expression cassette containing a neomycin resistance gene.

Two strains of E. coli are supplied by the manufacturer of XZAP (Stratagene): BB4 and

XLl-Blue. The relevant genotype of E. coli strain BB4 is supE supF hst [F' proAB+ laclq

lacZAMlS]. This strain supports growth of KZAP, XZAPII, and lZAP Express. The relevant

genotype of E. coli strain XLl—Blue is recA] supE hst lac‘ [F’ proAB+ laclq lacZAMlS]. This
strain supports vigorous growth of AZAPII, but not XZAP, since it does not contain the supF

tRNA suppressor required for XZAP (SamlOO) growth. The Rec“ phenotype of this strain has
advantages if the bacteriophage 7L clone is carrying rare cDNAs with repetitive sequences that
can be deleted or rearranged by recombination between homologous sequences. XLl —Blue also

has the added benefit of allowing improved color discrimination between recombinant and
nonrecombinant clones. A more recent derivative of strain XLl-Blue, XLl—Blue MRF' (avail-

able from Stratagene), carries assorted mutations that should further improve the stability of

repetitive sequences and other recombination—prone DNAs (please see Chapter 2).

BB4, XLl-Blue, and XLl—Blue MRF’ carry a tetracycline resistance marker on the F' epi—
some. It is therefore a simple matter to ensure that the bacteria are expressing F pili by grow—
ing liquid cultures from colonies grown on an agar plate containing tetracycline.

kZipLox (D’Alessio et al. 1992) is a hybrid oflgth and th11 that contains unique EcoRl, Natl,
and SalI sites in the amino—terminal coding portion of a lacZ’ gene, encoding the oc—comple-
mentation fragment of B—galactosidase (please see Figure 11-9). cDNA inserts up to 7 kb in
length can be identified by nucleic acid or immunochemical screening. Cloned cDNAs can be
excised on a replication—competent plasmid that is integrated into the vector DNA. Excision is
accomplished by a Cre/LoxP mechanism in E. coli strains DHIOB(ZIP) or DH125(ZIP), fol—
lowed by plating on media containing ampicillin. The DH10B(ZIP) strain is used for the pro—
duction of double-stranded plasmid DNA, whereas the DH128(ZIP) strain is used to produce
single—stranded plasmid DNA after superinfection with a filamentous helper bacteriophage
such as M13K07 (please see Chapter 3). The excised plasmid, called pZLl, contains 19 differ—
ent 6-base recognition sites for restriction enzymes, as well as promoters from bacteriophages
T7 and SP6 that flank the polylinker sequence.

The major differences between kZipLox (available from Life Technologies) and the XZAP
series of vectors (available from Stratagene) relate to cDNA insert sizes and excision mechanisms.
AZAP vectors can harbor cDNA inserts up to 10—12 kb in length, whereas AZipLox can accom-
modate cDNAs up to 7 kb in size. XZAP relies on an excision system based on the DNA replica—
tion systems of filamentous bacteriophages (please see above), whereas KZipLox relies on the
Cre/LoxP recombination system of bacteriophage P1, which, in our hands, is more reproducible.

kgtlo and kgtll (Young and Davis 1983a,b; Huynh et al. 1985). For much of the 19805, the
standard vectors for construction of cDNA libraries were kgth and kgtll (please see Figure
11—10). lgth was used to construct libraries that were to be screened only by nucleic acid
probes; cDNA libraries constructed in kgtll could be screened with antibodies or other lig-
ands to isolate DNA sequences encoding specific proteins. Although few investigators today
would choose th10 or kgtll to construct new libraries, libraries generated during the 19805
remain important resources that continue to yield valuable cDNA clones. For additional
details on 1gt10 and Agtl 1, please see the information panel on kgflO AND Ag“ 1.

Plasmid vectors. Although the plasmids used in the 19705 to construct the first cDNA libraries
are not longer in use, their derivatives are still employed to construct and propagate cDNA
libraries that may be used for functional screening, expressed sequence-tagged (EST) sequenc-
ing, and the generation of subtracted libraries and probes. As the bacteriophage X vectors have
evolved, becoming more plasmid-like, the plasmid vectors, for example, pSPORTl (Figure 11—
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FIGURE 11-9 kliplox

(A) kZipLox is constructed from an ECORI fragment derived from the left arm of bacteriophage A, an 18.3-
kb Sstl fragment derived from the arm of a deletion mutant of Agt11, and the pZL1 plasmid, flanked by
onP sites to facilitate Cre-mediated recombination and excision. The multiple cloning site (MCS) carried

within the pZL1 sequence contains six unique restriction sites for insertion of foreign DNA and is flanked
by the promoters from bacteriophages SP6 and T7. (B) CDNA sequences cloned into AZipLox can be
recovered in the form of a plasmid by infecting a recombinant kZipLox into a strain of E. coli such as
DH1OB(ZIP) that is Iysogenic for bacteriophage k and expresses cre recombinase. (Adapted with permis-
sion, from Life Technologies, Inc.)

11), pCMV—Script (Figure 11-12), and pcDNA3.l (Figure 11-13) have also extended their util-
ity by incorporating a variety of sequence elements, including versatile multiple cloning

regions, promoters for bacteriophage T3, T7, and/or SP6 polymerase, and a filamentous fl

phage intergenic region that permits DNA to be rescued in single-stranded form.

IDENTIFICATION OF CDNA CLONES OF INTEREST

Methods of Screening

Four methods are commonly used to screen CDNA libraries for clones of interest:

0 conventional nucleic acid hybridization

0 using PCR to identify pools of clones containing the desired nucleic acid sequences

0 binding of specific ligands (e.g., antibodies or DNA) to proteins expressed by recombinant
CDNA clones

o assaying for production of biologically active molecules
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FIGURE 11-10 Agt10 and th11

(Adapted with permission, ©1999 Stratagene.)

Nucleic Acid Hybridization

This is the most commonly used and reliable method of screening cDNA libraries for clones of
interest. None of the other methods display such an abundance of attractive features. Screening
by nucleic acid hybridization allows extremely large numbers of clones to be analyzed simulta—
neously and rapidly, does not require that the cDNA clones be full-length (note, however, that
fulI-length clones are required if the probe hybridizes to a region near the 5' end of the cDNA),
and does not require that an antigenically or biologically active product be synthesized in the
host cell. Furthermore, as a result of more than 30 years of work, the theoretical basis of nucle—
ic acid hybridization is well understood. This has led to the development of a large number of
different techniques that can accommodate nucleic acid probes of very different lengths and
specificities.

HOMOLOGOUS PROBES

These probes contain at least part of the exact nucleic acid sequence of the desired cDNA clone.
They are used in a variety of circumstances, for example, when a partial clone of an existing cDNA
is used to isolate a full-length clone from a cDNA library. Usually, a fragment derived from one
end or the other of the existing clone is isolated, radiolabeled in vitro, and used to probe a library.
Hybridization with homologous probes is always carried out under stringent conditions.
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FIGURE 11-11 pSPORT1

The plasmid pSPORT1 is a multifunctional expression vector that is used for cDNA cloning, in vitro tran-
scription, and construction of subtractive library procedures. It contains the origin of replication from the
pUC series of vectors (ori), the B-Iactamase gene conferring ampicillin resistance (Ampr), and the bacte-
riophage f1 intergenic region for synthesis of single-stranded DNA in E. coli. The multiple cloning site
(MCS) within the the a-peptide region of the IacZ gene is flanked by bacteriophage SP6 and T7 promot-
ers to allow in vitro transcription of either strand of the inserted foreign DNA. (Adapted with permission,
from Life Technologies, Inc.)

PROBES FOR SIMILAR BUT NOT IDENTICAI. SEQUENCES

Probes of this type are used to detect cDNA clones that are related, but not identical, to the probe

sequences, for example, the same gene cloned from another species or a related gene cloned from

the same species. In such cases, it is worthwhile to carry out a series of trial experiments to deter-

mine whether there is sufficient conservation of nucleic acid sequence to allow the screening of an

appropriate cDNA library by hybridization. This task is most easily accomplished by performing a

series of Southern and northern hybridizations at different stringencies. The aim is to establish

conditions that will allow the previously cloned gene to be used as a probe for the cDNA of inter-

est, without undue interference from background hybridization. If the nucleic acid in hand is not

sufficiently conserved to produce reliable signals on Southern and northern blots of DNAs and

RNAs from the target species, two alternative strategies can be explored. First, the nucleic acid can

be used to probe “zoo” blots, which contain genomic DNAs from a wide variety of species. It is

often the case that a gene isolated from yeast, for example, will not cross-hybridize with the homol—

ogous gene from, say, humans. However, the yeast gene may well cross—hybridize with the homol-

ogous gene from Drosophila or Xenopus. In turn, the gene from these “intermediate” species may

be close enough in sequence to the mammalian gene to be used as a probe in screens of genomic

or cDNA libraries. Second, probes can sometimes be generated in PCRs primed by sets of degen-

erate oligonucleotides (please see Chapter 8, Protocol II). In this case, the template for the PCR is  
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FIGURE 11-12 pCMV-Script

pCMV-Script is a vector designed to facilitate high-Ievel expression of cloned cDNAs in mammalian cells.
It contains the origin of replication of bacteriophage f1 for synthesis of single-stranded DNA in E. coli, the
colE1 origin for replication in E. coli, and the SV40 origin for replication in mammalian cells and the pro—
moters from CMV and SV40. The multiple cloning site (MCS) is flanked by bacteriophage SP6 and T7 pro-
moters to allow in vitro transcription of either strand of the inserted foreign DNA. Expression is driven by
the CMV immediate early promoter. The presence of 6418, the gene conferring resistance to neomycin
and kanamycin, provides for selection of stable clones in mammalian cells with expression driven by the
SV40 promoter (PMO), and selection of clones in E. coli with expression driven by the B-Iactamase pro-
moter (Pbld). (Adapted with permission, ©1999 Stratagene.)

 

the DNA or RNA of the target or an intermediate species, and the primers are derived from regions

of the amino acid sequence whose codons are nondegenerate. Wherever possible, the oligonu—

cleotide primers should correspond to regions of the gene that are likely to be conserved between

species (e.g., active sites of enzymes and highly conserved structural motifs).

TOTAL CDNA PROBES

Total CDNA probes are prepared by uniform incorporation of radiolabeled nucleotides in in vitro

reactions catalyzed by reverse transcriptase and containing mRNA as templates; or by end—label—

ing of total or fractionated poly(A)+ mRNA The resu1ting probes can be used to screen CDNA

libraries if the CDNA clones of interest correspond to mRNA species present in the initial popu—

lation at a frequency of at least 1 in 200 (please see Gergen et al. 1979; Dworkin and Dawid 1980;

Travis et al. 1987). Using total CDNA probes, it is not possible to detect CDNA clones homologous

to species that are represented rarely in the mRNA preparation.

SUBTRACTED CDNA PROBES

Subtracted CDNA probes are often used to screen CDNA libraries for clones corresponding to

mRNAs that are differentially regulated (please see both the information panel on ISOLATING
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FlGURE11-13 pcDNA3.1

pcDNA3.1 is a vector designed to facilitate high-Ievel expression of cloned CDNAS in mammalian cells. It
contains the origin of replication of bacteriophage H for synthesis of single-stranded DNA in E. coli, the
pMB1 (pUC) origin for replication in E. coli, the SV40 origin for replication in mammalian cells, and the
signals for poly(A) addition from SV40 and bovine growth hormone (BGH). The multiple cloning site
(MCS) is flanked by bacteriophage T7 promoters to allow in vitro transcription of either strand of the
inserted foreign DNA. Expression is driven by the CMV promoter. The 6418 resistance gene is used to
select clones of mammalian cells that have been stably transformed by pcDNA3.1. (Adapted with per-
mission, ©1996—1998 Invitrogen.)

DIFFERENTIALLY EXPRESSED CDNAS BY DIFFERENTIAL SCREENING AND CLONING and Protocol 9

in Chapter 9). A labeled cDNA probe prepared from one type of mRNA is depleted of sequences
that are present in a second type of mRNA (Timberlake 1980; Zimmermann et al. 1980; Wang
and Brown 1991). Removal of unwanted sequences is achieved by hybridizing single-stranded
cDNA prepared from mRNA extracted from the tissue of interest to a 10—20-fold excess of DNA
or RNA (driver) prepared from another source that does not express the genes of interest. After
hybrids containing the cDNA have been removed, the residual cDNA molecules are used to
probe a cDNA library for clones containing homologous sequences. Using subtracted cDNA
probes, it is possible to detect rare mRNAs that constitute as little as 0.01% of the total popula—
tion of mRNAs as long as the subtraction step removes at least 95% of the original labeled cDNA
(Sargent 1987).

Subtracted cDNA probes are particularly valuable when very few differences exist between
the two starting mRNA preparations, i.e., when most species of mRNA are represented equally in
the two preparations and a small proportion (<2%) of the mRNAs are not present at all in one
preparation. CDNAS that have been cloned using subtracted cDNA probes include the murine I
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immunoglobulin chain (Mather et al. 1981), the murine T-cell receptor (Hedrick et al. 1984),

MyoD (Davis et al. 1987), and a porcine glucose transporter (Weiler-Guttler et al. 1989),

A slightly different approach is used when two preparations of mRNA contain different

concentrations of certain sequences. Examples of such sib pairs might be mRNAs extracted from

control cells and cells that have been exposed to heat shock, drugs, or hormones. cDNAs corre-

sponding to mRNAs whose expression is altered by such treatments can sometimes be detected

by differential hybridization. Labeled first-strand cDNAs are synthesized in vitro using both

mRNAs as templates. Most of the cDNA sequences correspond to mRNAs whose concentrations

are not appreciably changed by the treatment to which the cells were exposed. However, a minor-

ity of the cDNAs will be copied from mRNAs whose concentrations are significantly increased or

decreased. The two cDNA probes are then used to screen replicas of a cDNA library constructed
from mRNA extracted from control cells (when searching for mRNAs that are repressed) or treat-
ed cells (when searching for mRNAs that are induced). The clones that hybridize preferentially to
one of the cDNA probes are chosen for further analysis. Among the many examples of genes
cloned in this way are the galactose-inducible genes of yeast (St. John and Davis 1979), human
fibroblast interferon (Taniguchi et al. 1980), the glucose-regulated proteins of mammalian cells
(lee et al. 1981), hormonally induced proteins (Buckbinder and Brown 1992; Kolm and Sive 1995),
growth—related proteins (Foster et al. 1982; Cochran et al. 1983; Linzer and Nathans 1983), differ—
entiation—specific proteins (Spiegelman et al. 1983), and a variety of heat shock proteins and stress
proteins (e.g., please see Mason et al. 1986). The procedure has also been used to identify cDNA
clones of developmentally regulated mRNAs from organisms of many different species, including
Xenopus (Williams and Lloyd 1979; Weeks et al. 1985; Sive et al. 1989; Le Guellec et al. 1991; Kolm
et al. 1997), Dictyostelium (Rowekamp and Firtel 1980; Mehdy et al. 1983), sea urchins (Lasky et al.
1980), mice (Gorman et al. 1985), and zebrafish (Sagerstrom et al. 1996; Grinblat et al. 1998).

SYNTHETIC OLIGONUCLEOTI DE PROBES

Synthetic deoxyoligonucleotide probes are tracts of defined sequence that have been synthesized
in vitro. The sequences of these probes are deduced, using the genetic code, from short regions of
the known amino acid sequence of the protein of interest. In the vast majority of cases, because
of the degeneracy of the genetic code, the same sequence of amino acids can be specified by many
different oligonucleotides. There is no way to know with certainty which of these oligonucleotides
is actually used in the gene of interest. Three solutions to this problem have been found:

0 A family of oligonucleotides can be synthesized which contains all possible sequences that can
encode a given sequence of amino acids. The number of members in this family depends on
the degree of degeneracy of the codons for the particular amino acids. However, since all pos-
sible oligonucleotide sequences are represented, at least one of the members will match per—
fectly with the cDNA clone of interest. To keep the size of each family within manageable pro-
portions, short oligonucleotides (14—17 nucleotides) are generally used, the minimum size
practical for hybridization. Often, more than one family of oligonucleotides is synthesized
based on separate sequences of amino acids. For more details, please see the section on
Degenerate Pools of Oligonucleotides in the introduction to Chapter 10.

o A longer (40—60-nucleotide) oligonucleotide of unique sequence can be synthesized using the
most commonly used codon for each amino acid. Almost certainly, this oligonucleotide will
not match exactly the sequence in the cDNA, but it will fit well enough to be detected by
hybridization under nonstringent conditions. For more details, please see the section on
Guessmers in Chapter 10.
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0 An oligonucleotide can be synthesized that contains a base such as inosine at positions of high
potential degeneracy. Inosine can pair with all four conventional bases without seriously com—
promising the stability of the resulting hybrid. Families of oligonucleotides can therefore be
generated that are reduced in number and yet are capable of hybridizing to Virtually all cDNA
clones that could encode the protein of interest. For more details, please see the section on
Universal Bases in Chapter 10.

Finally, if the available protein sequence is from the amino terminus of the protein, the
cDNA library that is to be screened must be of high quality to ensure that most of the 5' termiA
nus of the mRNA is represented.

Screening cDNA Libraries by PCR

PCR may be used in several ways to identify clones of interest in a cDNA library. For example,
pools of phagemids or plasmids growing in the individual wells of 96-well plates can be screened
by PCR using two oligonucleotide primers specific for the desired gene. Pools that generate a
product Of the appropriate size are then plated at lower concentration and rescreened. This
process is repeated until individual clones containing the desired sequence are identified
(Alfandari and Darribere 1994; Takumi and Lodish 1994).

PCR is also used to facilitate isolation of a full-length cDNA once a primary cDNA clone
has been identified by, for example, screening by hybridization. The DNA of the primary clone
is used to design two specific oligonucleotide primers, which are used in conjunction with vec—
tor—specific primers corresponding to sequences that flank the insertion site (Rosenberg et al.
1991). The products of the PCR can be cloned and used to reconstruct a full-length copy of the
cDNA or they can be radiolabeled and used as probes to rescreen the library (Hamilton et al.
1991; Sang and Thompson 1994). An alternative method may be used to amplify a sequence
extending from a pool if the library was not constructed by using directional cloning. In this
approach, pairs of oligonucleotide primers corresponding to the flanking vector sequences or
the linker-adaptors used to establish the cDNA library can be used in combination with pools of
degenerate oligonucleotides to amplify and recover cDNA clones containing sequences that
potentially code for the desired protein (e.g., please see Libert et al. 1989; Rasmussen et al. 1989;
Cooper and Isola 1990).

Screening by Binding to Specific Ligands

DETECTION OF SPECIFIC ANTIGENS WITH IMMUNOGLOBULIN PROBES

cDNA libraries constructed in expression vectors such as kgtl 1, kgt18-23, AZAP, and AORF8 can
be screened with antibody directed against the protein of interest. Usually, nitrocellulose filters
imprinted with the detritus of bacterial lysis are soaked in a solution containing the antibody. The
filter is washed and then incubated with Staphylococcus aureus protein A or with a second anti-
body directed against the species-specific epitopes of the first antibody. In the original descrip—
tions of the method, the secondary ligand was radiolabeled with 1251 (Young and Davis 1983b;
Huynh et al. 1985; Snyder et al. 1987). Today, the secondary ligand is covalently linked to an
enzyme whose activity can be detected (e.g., alkaline phosphatase).

The key to success with this method lies in the quality of the antibody. It is essential that the
antibody efficiently recognize the denatured protein (i.e., it should produce strong signals on
western blots). Screening is made easier and more sensitive if, in addition, the antibody is derived
from a polyclonal antiserum of high titer. Because such antisera normally react with many differ-  



Introduction 11.33

ent epitopes, the chance of detecting a cDNA clone that expresses a fragment of the protein of
interest is increased. Polyclonal antisera often contain cross-reacting antibodies that recognize

nonrecombinant components of the bacterial lysate; these must be removed before screening is

undertaken.

The background of nonspecific binding is much lower when a monoclonal antibody is used

as a probe. However, the number of recombinants that can be detected is also reduced, because

each individual monoclonal antibody can react with only a single epitope. The ideal immuno-

logical probe might therefore consist ofa cocktail of several different monoclonal antibodies, each

of which reacts strongly with the denatured target protein.

DOUBLE-STRANDED DNAS AS PROBES

cDNA clones encoding proteins that bind to specific sequences of DNA (e.g., transcription fac-

tors) can be identified by screening expression libraries with double-stranded DNA probes com—

prising the binding site for the factor. This technique is similar in principle to screening expres—

sion libraries with immunoglobulins: cDNA libraries are constructed in expression vectors such
as kgtll and AZAP that express cloned cDNA sequences as fusion proteins with B-galactosidase

after induction with IPTG. The proteins are then transferred in situ to nitrocellulose and probed

with synthetic radiolabeled double~stranded oligonucleotides containing the binding site of

interest. Plaques expressing protein that reacts well with the oligonucleotide probe are picked,

replated, and tested again for the ability to bind to both specific and nonspecific oligonucleotide

probes. The functional characteristics of a putative transcription factor expressed in a positive

plaque must eventually be confirmed in biochemical assays that detect protein binding to DNA

regulatory sequences and, ultimately, in a transcription assay. This approach has been used suc-

cessfully to clone cDNAs encoding different transcription factors of various types (for review,

please see Singh 1993). Curiously, it seems to be particularly powerful in the cloning of factors
belonging to the leucine zipper family. For detailed descriptions of the technique, please see
Harline et al. (1992), Cowell and Hurst (1993), and Singh (1993). For further details on screen—

ing by binding to ligands, please see the introduction to Chapter 14.

Cloning cDNAs by Expression

Several methods of screening are based on detection of the biological activity of the protein
encoded by the target cDNA. In some cases, transfection with cDNA expression libraries can be
used to screen for clones that express proteins capable of complementing a particular genetic
defect in yeast, mammalian cells, or E. coli (for more information, please see Protocol 2). A very
large suite of housekeeping and regulatory genes is potentially accessible by this method.
However, in cases where target protein is so specialized that no genetic screen is available, it may
nevertheless be possible to isolate the target cDNA by screening libraries for the production of
protein molecules that display biological activity. For example, in vitro assays have been used to
identify cDNA clones that express the human lymphokine colony—stimulating factor and inter—
leukin—3 in cultures of mammalian cells (Wong et al. 1985; Yang et al. 1986); transfection of
cDNAs has been used to isolate cDNA encoding cell-surface receptors (Munro and Maniatis 1989;
Kluxen et al. 1992); and microinjection of synthetic RNAs transcribed from cDNA clones has
been used to isolate cDNAs enCOding Xenopus noggin (Smith and Harland 1992). This approach
is usually undertaken when no other methods of screening are available and when the protein
product is small enough to give reasonable assurance that the cDNA library will contain full-
length clones. To increase the sensitivity of the assay, the cDNA is usually divided into a number
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of pools, each consisting of between 10 and 100,000 clones. These pools are then tested for expres—

sion of the sequence of interest. The lower complexity of each pool allows methods that are rela-

tively insensitive to be applied to a complete cDNA 1ibrary.After a pool is identified that scores pos—

itively, it is subdivided into successively smaller and smaller pools, each of which is retested until

the cDNA clone of interest is isolated. The process of sib selection and analysis can sometimes be

performed more rapidly if during subdivision of the initial pool, the individual clones are assigned

to their subpools in a matrix format (Wong et al. 1985). This expands the number of subpools by

a factor of 2 or 3, but it often leads directly to the identification of the clone of interest.

Methods to Validate Clones of cDNA

cDNA libraries are usually plated at high density for screening with antibody or nucleic acid

probes, and any clones that react positively in the first round require several additional cycles of

plating and screening before they can be considered pure. However, the ability to react consis-

tently with a particular probe, although an encouraging and necessary property, is not sufficient

to prove that a given cDNA clone is derived from the mRNA of interest. The only absolute proof

of identity is to show that the cDNA clone contains an open reading frame that encodes the entire

amino acid sequence of the protein. Since this is clearly impractical for most proteins of current

interest, other, less elemental, tests must be used. These include in decreasing order of rigor:

0 Expression from thefull—length cDNA in prokaryotic or eukaryotic cells of a protein that dis—
plays the correct biological or enzymatic activity.

0 Correspondence between portions ofthe nucleotide sequence ofthe cDNA and the amino acid

sequences of peptides derived from the purified protein.

0 Correspondence between the peptide maps of the polypeptide synthesized in vitro by tran-

scripts of the cDNA clone and peptide maps of the authentic protein.

a Immunoprecipitation of the polypeptide synthesized in vitro or in viva from transcripts of

the cDNA clone by antibodies raised against the protein of interest. The stringency of this test

increases when it is carried out with a series of monoclonal antibodies that recognize different

epitopes on the protein.

0 Immunoprecipitation of the authentic protein with antibodies raised against synthetic pep-

tides whose sequences are determined by the nucleic acid sequence of the cloned cDNA.

It is essential that the tests used to validate a cDNA clone do not use the same reagents that
were used to identify the clone in the first place. If, for example, a clone is selected by screening a

library with antibody, it cannot be validated in tests that rely on the same antibody (such as

immunoprecipitation of polypeptides synthesized in vitro from transcripts of the clone). In addi—

tion, the cloned cDNA should hybridize to mRNA whose size, tissue, and species distribution are

consistent with the structure and function of the protein. Finally, the properties of the polypep-

tide predicted by the nucleotide sequence of the cDNA should be in accord with those of the

authentic protein. For example, the vast majority of secreted or plasma membrane proteins are

derived from polypeptide precursors that carry a hydrophobic signal sequence at their amino ter-

mini. The absence of such a signal from the predicted polypeptide would therefore be cause for

concern. Similarly, the predicted size of the polypeptide, its overall charge and amino acid com-

position, the number of potential glycosylation sites, and the presence of hydrophobic regions

that could serve as transmembrane anchors should be consistent with the known properties of
the authentic protein.
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GENE IDENTIFICATION: EXON TRAPPING AND cDNA SELECTION

The construction of a comprehensive gene map is a key component in building the biological

map of an organism and is the primary goal of most genome projects. The identification of bio-

logically significant coding sequences is a complex task in many organisms. The identification of

coding sequences is particularly difficult in mammalian genomes for two reasons: (1) It is likely

that only 5% Of the genome encodes genes, whereas the rest of the genome harbors structural

sequences, regulatory sequences, and junk, and (2) the majority of mammalian genes are not con-

tiguous within the genome but are interrupted by noncoding regions termed introns (Watson et

al. 1987). Exon amplification exploits this latter characteristic by selecting for the ability of a piece

of genomic DNA cloned into a reporter construct to splice within a heterologous system (Buckler

et al. 1991) (please see Protocol 3). In addition to exon amplification, a variety of other strategies

have been developed to facilitate gene identification in complex mammalian genomes. Some of

the more commonly utilized methods are cDNA selection (Lovett et al. 1991; Parimoo et al. 1991;

Simmons and Lovett 1999), large-scale sequence analysis of cDNA libraries (Adams et al. 1992;

Deloukas et al. 1998), and computational analysis of finished genomic sequences (Uberbacher et

al. 1996; Burge and Karlin 1997, 1998). Experimental evidence suggests that the most effective

means for identifying all of the potential transcription units within a given region involves utiliz—

ing a combination of these methods (Yaspo et al. 1995; Pribill et al. 1997; Ruddy et al. 1997).

Direct cDNA selection can be used for targeted gene(s) identification within a large genom-
ic interval. The technique is based on the hybridization “capture” of cDNAs using biotinylated

genomic templates (Morgan et al. 1992; Simmons and Lovett 1999). The specifically selected
cDNA species are subsequently enriched by amplification with PCR.

Completing a collection of expressed sequences (ESTs) over a broad genomic region is tech—

nically difficult for two reasons. First, current methods for isolating cDNAs typically favor repre—

sentation of more abundant transcripts, and second, conventionally constructed cDNA libraries

do not adequately represent mRNA populations present in complex tissues or organs. These dif—

ficulties can be circumvented by using direct cDNA selection which relies upon the use of high-

complexity cDNA pools rather than libraries as the starting source and can be designed to yield

“quasi-normalized” cDNA populations.

Protocol 4 presents a method for direct selection of cDNAs using as an example a bacterial

artificial chromosome contig of 500 kb as the genomic target. The cDNA source for the example

is randomly primed first—strand cDNA, ligated to an amplification cassette.
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PROTOCOLS FOR THE PREPARATION AND ANALYSIS OF cDNA
 

The collection of protocols in this chapter is presented in four parts:

0 Protocol 1 is a traditional protocol for the construction of cDNA libraries in bacteriophage 7L

vectors ( for the investigator who does not have access to kits). This protocol, which is based on

the Gubler-Hoffman method (Gubler and Hoffman 1983), is divided into six stages:

Stage 1: Synthesis of First—strand cDNA Catalyzed by Reverse Transcriptase

Stage 2: Second-strand cDNA Synthesis

Stage 3: Methylation of cDNA

Stage 4: Attachment of Linkers or Adaptors

Stage 5: Fractionation of cDNA by Gel Filtration through Sepharose CL-4B

Stage 6: Ligation of cDNA to Bacteriophage X Arms

0 Protocol 2 (similar to Protocol 1) is for the construction and screening of a cDNA library in

eukaryotic expression vectors.

Stage 1: Construction of cDNA Libraries in Eukaryotic Expression Vectors

Stage 2: Screening cDNA Libraries Constructed in Eukaryotic Expression Vectors

0 Protocol 3 is a method for gene identification using exon amplification.

Stage 1: Construction of the Library

Stage 2: Electroporation of the Library into COS-7 Cells

Stage 3: Harvesting of the mRNA

Stage 4: RT—PCR Analysis

Stage 5: Clone Analysis

0 Protocol 4 is used for gene identification by direct selection of cDNA.

 

 

I cannot understand What makes scientists tick. They are always wrong and always go on.

Sir Fred Hoyle
 

 

 



Protocol 1
 

Construction of cDNA Libraries

I HIS TRADITIONAL PROTOCOL IS BASED ON THE GUBLER-HOFFMAN method (Gubler and Hoffman

1983) and is divided into six stages:

0 Stage 1: Synthesis of First-strand cDNA Catalyzed by Reverse Transcriptase

0 Stage 2: Second—strand Synthesis

0 Stage 3: Methylation of cDNA

0 Stage 4: Attachment of Linkers or Adaptors

0 Stage 5: Fractionation of cDNA by Gel Filtration through Sepharose CL-4B

0 Stage 6: Ligation of cDNA to Bacteriophage k Arms

11.37
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STAGE 1: Synthesis of First-strand cDNA

Catalyzed by Reverse Transcriptase

MATERlALS

Three different RNA—dependent DNA polymerases are currently used to catalyze synthesis of first-

strand cDNA. The optimal reaction conditions for synthesis of first-strand cDNA of maximum

average length differ slightly from one enzyme to the next and are summarized in Table 11-3.

For this protocol, we recommend the use of Mo-MLV reverse transcriptase (RT) that lacks

RNase H activity, for example, StrataScript RT from Stratagene, SuperScript and SuperScript II

from Life Technologies, and Mo—MLV RT RNase H“ from Promega. Please note that many com—

mercially marketed cDNA synthesis and cloning kits are supplied with versions of the wild—type

enzyme that carry RNase H activity (please see the information panel on COMMERCIAL KITS FOR

cDNA SYNTHESIS AND LIBRARY CONSTRUCTION and the information panel on HOW TO WIN THE

BATTLE WITH RNASE in Chapter 7).

 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Actinomycin D

Actinomycin D is needed only when a wild—type version of Mo-MLV RT is used that possesses RNase H
activity. Please see the information panel on ACTINOMYCIN D in Chapter 7.

Dithiothreito/ (1 M)

EDTA (0.5 M, pH 8.0)

KC! (7 M)

TABLE 11-3 Optimal Reaction Conditions for First-strand Synthesis
 

 

 

ENZYME

PARAMETER Mo-MLV RT Mo-MLV H” RT AMV RT

pH‘1 8.0 at 37°C 8.0 at 37°C 8.0 at 42°C

KC] 75 mM 75 mM 50—100 mM

MgCl2 3 mM 3 mM 10 mM

Temperatureb 37°C 37—420C 42°C
Dithiothreitol 10 mM 10 mM 1 mM

dNTPs 500 pM 500 pM 1 mM

Actinomycin DL 50 ug/ml None 50 ug/ml

Other components RNase inhibitor RNase inhibitor sodium pyrophosphate (4 mM)

(optional) (optional) spermidine (0.5 mM) RNase

inhibitor (optional)
 

Modified, with permission, from Gerard and D’Allessio (1993, Humana Press).

“Buffer: The reaction is buffered by Tris—Cl at pH 8.0 (at 37°C). Because Tris buffers have a large temperature coefficient,
the pH of the buffer at room temperature should be 8.3.

“Temperature: cDNA of maximum average length is synthesized by both Mo-MLV and Mo—MLV H’ at 37°C Both enzymes
catalyze the synthesis of larger quantities of cDNA of smaller average size at higher temperatures (Mo-MLV RT at 45°C; M0-
MLV H RT at 50°C).

‘Actinomycin 1): This drug is often used to suppress self—primed synthesis of second-strand cDNA in reactions catalyzed by
Mo—MLV RT (please see the information panel on ACTINOMYCIN D in Chapter 7). Actinomycin D is not required in reac—
tionx‘ catalyzed by Mo—MLV RNase H‘.
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MgC/2 (1 M)
Tris-CI (I M, pH 8.3 at room temperature

Enzymes and Buffers

Reverse transcriptase

Recombinant murine reverse transcriptase is available from several manufacturers. We strongly recom—

mend the use of a mutated form of the enzyme that lacks RNase H activity (e.g., Superscript II reverse
transcriptase from Life Technologies). As discussed in the information panel on the Mo-MLV REVERSE
TRANSCRIPTASE, the specific activity of preparations of reverse transcriptase depends on the particu-
lar cDNA clone used to express the enzyme in E. coli. Follow the individual manufacturer’s directions
(i.e., units/ug input poly(A)+ RNA and incubation temperature) for the enzyme at hand. For additional
information, please see the panel on TROUBLESHOOTING: OPTIMlZINC FlRST—STRAND cDNA
SYNTHESIS at the end of this protocol.

Mo—MLV RT is temperature—sensitive and should be stored at —20°C until needed at the end of Step 1.

RNase inhibitor (optional)

Protein inhibitors of RNase bind to and inhibit the activity of most RNases but do not affect the RNase
H activity of Mo-MLV RT. These inhibitors are sold by several manufacturers under various trade names
(egi, RNAsin, Promega and Prime Inhibitor, 5 Prime—>3 Prime). For more details, please see the infor-
mation panel on INHIBITORS OF RNASES in Chapter 7.

Nucleic Acids and Oligonucleotides

dNTP solution containing all four dNTPs, each at 5 mM
Oligonucleotide primers for cDNA synthesis (7 mg/ml)

Synthesis of first—sttand cDNA is generally primed by random hexamers, 0!igo(dT)12_18, or a mixture of
the twoi For directional cloning, primer—adaptors of the general structure 5 p(ch)—(clR)—(dT)‘-OH3 are
used, where X : a clamp composed of four nucleotides (usually GAGA), R : a recognition site for a

restriction enzyme, and (dT)x : a homopolymeric run of 15 dT residues used for directional cloning.

Oligo(dT)12_18 primers are present in the first—strand reaction mixture at a lO-fold (Mo-MLV H‘) to 40-

fold tMo—MLV) molar excess. Unlike random hexamers and primer—adaptors (please see below), the con—

centration of oligo(dT)]2718 primers generally does not need to be optimized in the reaction mixture.

The concentration of random hexamers in the reaction mixture is critical. As the ratio of hexamers to
mRNA increases, the average length of the cDNA decreases. It is therefore essential to optimize the ratio
of random primers and mRNA template in a series of pilot reactions containing radiolabeled dCTP. The
average size of the first-strand cDNA generated in each of the pilot reactions should be measured by alka—
line agarose gel electrophoresis and autoradiography using DNA markers of known size. When setting
up a large-scale reaction to synthesize first-strand cDNA, use the highest ratio of random primer to
mRNA that generates cDNA of the maximum average length.

Primer-adaptors are generally less troublesome than random primers. However, it is nevertheless pru-
dent to optimize the ratio ofprimer—adaptors and mRNA template in a series of pilot reactions contain—
ing radioiabeled dCTP. Measure the amount of cDNA synthesized in each reaction as outlined in Steps
5 and 6 of this protocol. When setting up a large-scale reaction to synthesize first—strand cDNA, use the
lowest ratio of primer-adaptor to mRNA that generates the maximum yield of cDNA.

Prepare stock solutions of primers (1 mg/ml in 10 mM Tris—Cl [pH 7.41). Store aliquots of the solutions
at —70°C.

Poly(A)+ RNA (7 mg/ml)

Approximately 5—10 pg of poly(A)+ RNA is required to synthesize enough double-stranded cDNA to
construct a large library. (One confluent 90-mm plate of cultured mammalian cells yields 1—2 pg of
poly(A)* RNA.) The synthetic reactions will still work if less template is available, but the losses of cDNA
at each stage in the protocol will be proportionately greater. For assistance when preparing a cDNA
library from a limited number of cells, please see the information panel on CONSTRUCTING cDNA
llBRARlES FROM SMALL NUMBERS OF CELLS at the end of this chapter.

Before beginning construction of the cDNA library, the integrity of the p01y(A)* RNA to be used should
ideally be checked by (1) agarose gel electrophoresis and northern hybridization with a control probe
(please see Chapter 7, Protocols 5 and 8), (2) translation in a cell—free system followed by SDS-polyacry-
lamide gel electrophoresis of the resulting polypeptides, and (3) analysis of the size of the first strand of
cDNA synthesized in a pilot reaction (please see the panel on TROUBLESHOOTING: OPTIMlZING
FIRST—STRAND cDNA SYNTHESIS at the end of this protocol).
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Radioactive Compounds

[a—‘ZPldCTP (10 mCi/ml, 400 Ci/mmole) <!>
[a-“PMATP and [(x-“PldTTP should not be used as radioactive tracers to monitor synthesis of the first
and second strands of cDNA, since they may be incorporated preferentially into cDNA derived from the

poly(A)’ tract at the 3’ terminus ofthe mRNA. Batches of [cx~32P]dCTP >2 weeks old should not be used
in this protocol.

Thaw the [a—33pldCTP just before starting the protocol. Store the thawed radiolabeled dCTP on ice until

needed in Step 2. Return the radiolabeled dCTP to the freezer immediately after use.

A iMPORTANT The Stratagene cDNA Synthesis Kit recommends the use of any label other than dCTP
with its protocol. This kit includes 5-methyl dCTP in the dNTP mixes to protect the cDNA against
cleavage at internal sites by Xhol, which is used to release Xhol ends for ligation. The use of radiola—
beled dCTP with the Stratagene protocol could create unprotected Xhol sites within the cDNA
sequence.

Special Equipment

Microfuge tubes, RNase—free

Water baths preset to 76°C and 70°C

Additional Reagents

METHOD

Step 5 of this protocol requires the reagents listed in Chapter 5, Protocol 8.

1. To synthesize first—strand cDNA, mix the following in a sterile microfuge tube on ice:

1 ug/ul poly(A)’r RNA 10 pl

1 ug/ul oligonucleotide primer(s) 1 til

1 M Tris-Cl (pH 8.0 at 37°C) 2.5 ul

1 M KC1 3.5 pl
250 mM MgCl2 2 pl

solution of all four dNTPs, each at 5 mM 10 pl

0.1 M dithiothreitol 2 til

RNase inhibitor (optional) 25 units

HZO to 48 pl

Add the manufacturer's recommended amount of Mo—MLV H‘ RT to the reaction. Mix the

reagents well by gentle vortexing.

Try to avoid producing bubbles, although this is sometimes difficult because RT is supplied in
buffers containing Triton X—100 or Nonidet P—40 and 50% glycerol. If necessary, remove bubbles
by brief centrifugation in a microfuge.

Mo—MLV RT is temperature—sensitive and should be stored at —20°C until needed.

A IMPORTANT If a preparation of AMV RT is used, please see Table 11-3 for reaction conditions.

. After all of the components of the reaction have been mixed at 0°C, transfer 2.5 pl of the reac-

tion to a fresh 0.5-ml microfuge tube. Add 0.1 pl of [oc—32P]dCTP (400 Ci/mmole, 10 mCi/ml)

to the small-scale reaction.
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3. Incubate the large— and small—scale reactions for 1 hour at 37°C.

Higher temperatures (up to 55°C) can be used with some mutant forms of Mo—MLV RT. Synthesis
at higher temperatures can increase the yield of cDNA from mRNA templates that contain exten—
sive secondary structure. However, the population of cDNAs synthesized at 55°C will be shorter on
average than cDNA synthesized at 37°C.

4. At the end of the incubation period, add 1 pl of 0.25 M EDTA to the small-scale reaction con—
taining the radioisotope. Transfer the small—scale reaction to ice. Heat the large-scale reaction
to 70°C for 10 minutes and then transfer it to ice.

The cDNA synthesized in the large—scale reaction can he used directly as a template in PCRs.

Ifthe first~strand cDNA is to be used as a template for synthesis of the second DNA strand, assem—
ble the materials and prepare a water bath at 16°C while carrying out Steps 5 and 6.

5. Measure both the total amount of radioactivity and the amount of trichloroacetic acid
(TCA)-precipitable radioactivity in 0.5 ul of the small-scale reaction, as described in
Appendix 8. In addition, it is worthwhile analyzing the products of the small-scale reaction
through an alkaline agarose gel using appropriate DNA markers (please see Chapter 5,
Protocol 8).

The first—strand cDNA should appear as a smear with sizes ranging from ~0.7 kh to >6 kb and a
modal value of ~2 kb.

The remainder of the small-scale reaction can be stored at ~20°C.

6. Calculate the amount of first-strand cDNA synthesized as follows:

a. Since 10 pl of a solution containing all four dNTPs at a concentration of 5 mM each was
used (i.e., 10 pl of 20 mmoles/liter of total dNTP), the large-scale reaction must contain

20 nmoles/ul dNTP x 10 ul : 200 nmoles of dNTP

b. Because the molecular weight of each dNMP incorporated into DNA is ~330 g/mole, the
reaction is capable of generating a total of

200 nmoles x 330 ng/nmole : 66 pg of DNA

c. Therefore, from the results of the small-scale reaction,

cpm incorporated
“x 66 pg 2 pg of first strand of cDNA synthesized

total cpm

If the reaction has worked well, the yield of first-strand cDNA should be 30—40% of the

weight of the poly(A)+ RNA in the reaction mixture.

An alternative procedure to monitor synthesis of the first strand of cDNA is to use a small
amount of [a-32PldCTP (10 uCi total) in the large-scale reaction described above and a much
greater amount (100 uCi total) of radiolabeled dNTP in the subsequent reaction to synthe-
size the second strand of cDNA. This procedure is less desirable because it is then necessary
tO expose the alkaline agarose gel to X—ray film for long periods of time to obtain a suitable
image of the first—strand products.

7. Proceed as soon as it is feasible to the next stage in the synthesis of the cDNA.
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TROUBLESHOOTING: OPTIMIZING FIRST-STRAND cDNA SYNTHESIS

Two problems are commonly encountered during first-strand cDNA synthesis: The cDNA is short in
length and/or low in yield. These problems can result from inadequacy in any of the components used
for synthesis of the first strand of cDNA. However, in most cases, the culprit is the mRNA template.

o Check the integrity of the mRNA preparation by northern blotting using an antisense probe com-
plementary to the transcript of a common housekeeping gene. If a radiolabeled band of the correct
size is detected and if the band is crisp and sharp, then degradation of the RNA preparation is not
the cause of the problem. These days, most protocols for synthesis of first—strand cDNA do not use

a denaturation step designed to reduce secondary structure in mRNA. Although there is little effect
of denaturation on the total yield or average length of cDNA, individual mRNAs differ in their amount
of secondary structure and will thus be transcribed into fuII-Iength cDNA with varying efficiencies.
As a precaution, some investigators heat their preparations of mRNA in H20 or TE (pH 7.6) for 5
minutes at 68°C, followed by rapid cooling in ice water immediately before use in first-strand syn-
thesis.

o If the yield of cDNA is low (<30% of the weight of the mRNA in the reaction), treat the mRNA prepa-
ration with proteinase Kas described below. This procedure can sometimes release tightly bound pro-
teins from RNA and remove inhibitors of first—strand cDNA synthesis. As much as 100 pg of poly(A)+
RNA can be treated in a volume of 300 pl containing the following:

5 L1ng proteinase K
100 mM Tris-Cl (pH 7.5)
50 mM NaCl
10 mM EDTA (pH 8.0)
0.1% (w/v) SDS

Incubate the reaction for 1—2 hours at 37°C Remove the proteinase K by extraction with phenolzchlo-
roform at 65°C (please see Chapter 7) and then recover the nucleic acid by precipitation with ethanol
in the presence of 0.3 M sodium acetate.

0 increasing the temperature of the RT reaction to between 45°C and 55°C can sometimes improve
yield of first—strand cDNA. However, this improvement is often coupled to a reduction in the average
size of the cDNA population.

0 If enough poly(A)‘ RNA is available, optimize the amount of each of the other major components in
the reaction (primers and RT) to concentrations that result in the highest yields and longest cDNAs.
Set up a series of small-scale reactions (each containing 0.5—1.0 pg of poly(A)+ RNA) as described
below using different amounts of reverse transcriptase (10—200 units/pg of RNA) and primers
(10—100-fold molar excess over the amount of mRNA). For convenience, assume that the average size
of the mRNA is 2 kb. Measure the yield of cDNA by precipitation with ice-cold trichloroacetic acid
(please see Appendix 8) and determine its size by electrophoresis through alkaline agarose gels
(please see Chapter 5, Protocol 8). For large-scale synthesis of cDNA, use the concentration of
enzyme that gives the greatest yield of long cDNA.
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STAGE 2: Second-strand Synthesis

MATERIALS

If the entire Stage 1 procedure has worked according to plan, the products of that stage should be

a population of perfect hybrids between the original mRNAs and full-length, first-strand cDNAs.

The aim of Stage 2 is to convert these hybrids into full—length double-stranded cDNAs. The

primers for synthesis of second-strand cDNA are created by RNase H, which introduces nicks into

the RNA moiety of the cDNA-mRNA hybrids. E. coli DNA polymerase 1 extends the 3'—hydroxy1

termini of these RNA primers, using the first-strand cDNA as a template and replacing the

remaining segments of mRNA in the cDNA-mRNA hybrid with the newly synthesized second

strand of DNA. Residual nicks in the DNA—DNA hybrid are then repaired by E. coli DNA ligase,

and the frayed termini of the double—stranded cDNA are polished by a DNA polymerase such as

bacteriophage T4 DNA polymerase or Pfu. Finally, bacteriophage T4 polynucleotide kinase is

used to catalyze the phosphorylation of 5’-hydroxy1 groups on the ends of the cDNAs in prepa-

ration for ligation of linkers or adaptors (Stage 4 of this protocol). After completion of these enzy—

matic steps, the double-stranded cDNA is precipitated with ethanol to remove Mg“, which

would otherwise interfere with the methylation reaction described in Stage 3 of this protocol.

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Chloroform <!>

EDTA (0.5 M, pH 8.0)

Ethanol

MgCI2 (1 M)

(NH4)2504 (7 M)

Dissolve 1.3 g of solid (NH4)ZSO4 in a final volume of 10 m1 of H20. Filter—sterilize the solution and store
the solution at room temperature.

B-Nicotinamide adenine dinucleotide (50 mM)

Make a 50 mM stock solution by dissolving 33.2 mg of B—nicotinamide adenine dinucleotide (B-NAD)
in 1 ml of H20. Store the solution in small aliquots at —70°C. B—NAD is a cofactor for E. coli DNA ligase,
as well as the electron acceptor; do not confuse it with oc—NAD.

Phenol:ch/oroform (1:7, v/v) <!>

RNase H buffer (optional)
20 mM Tris-Cl (pH 7.6)

20 mM KCl

0.1 mM EDTA (pH 8.0)

0.1 mM dithiothreitol

Use this buffer only if carrying out the alternative to Step 1.

Sodium acetate (3 M, pH 5.2)

10x T4 polynucleotide kinase buffer
TE (pH 7.6)

Tris-CI (2 M, pH 7.4)
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Enzymes and Buffers

Bacteriophage T4 DNA polymerase (2.5 units/pl)

Bacteriophage T4 polynucleotide kinase (30 units/ul)
E. coli DNA Iigase

E. coli DNA polymerase I
RNase H

The RNase H purified from E. coli is sold by several manufacturers and is required at a specific activity
of ~1000 units/ml.

Nucleic Acids and Oligonucleotides

dNTP solution containing all four dNTPs/ each at 70 mM

First-strand CDNA
Use the large—scale, first-strand reaction mixture prepared in Stage 1 of this protocol.

Markers

Please see the panel on TROUBLESHOOTING:OPTIMIZING SECOND-STRAND CDNA

SYNTHESIS at the end of this protocol.

Radioactive Compounds

[oz-~’2P]dCTP (70 mCi/ml, 400 Ci/mmole) <!>
Do not use [a—33PJdTTP as a radioactive tracer to monitor synthesis of the second strands of CDNA; it
may be incorporated preferentially into the region of the second strand corresponding to the poly(A)’

tract at the 3' terminus of the mRNA.

Thaw the [a—53P]dCTP just before starting the protocol. Store the thawed radiolabeled dCTP on ice until
needed in Step 1. Return the radiolabeled dCTP to the freezer immediately after use.

Special Equipment

METHOD

Sephadex G-50 spun column
Add Sephadex G—50 (medium pore) to sterile H20 (10 g of dry powder yields 160 ml of slurry). Wash

the swollen resin with sterile HQO several times to remove soluble dextran, which can create problems by
precipitating during ethanol precipitation. Finally, equilibrate the resin in TE (pH 7.6) containing 10 mM
NaCl, autoclave (10 psi [0.70 kg/cm3] for 15 minutes), and store at room temperature. Prepacked
columns of Sephadex and other gel filtration resins are commercially available.

Water bath preset to 76°C

 

Second-strand synthesis catalyzed by RNase H and DNA polymerase I results in loss of sequences

(~20 nucleotides) from the extreme 5’ end of the mRNA template. This is because the RNase H

degrades the 5’ sequences of the mRNA-DNA hybrid before DNA polymerase I can initiate syn-
thesis of the second strand (D’Alessio and Gerard 1988). Most mammalian mRNAs carry an

extensive tract of 5'-untranslated sequences, and the absence from CDNA clones of sequences cor—

responding to the 5'—termir1al 20 nucleotides is therefore of little consequence to most investiga-
tors. However, for those who place a premium on these sequences, we have included an alterna-

tive to Step 1 that reduces the risk of losing 5’-terminal regions of CDNA clones. Unfortunately,

the alternative method results in a reduced yield of double-stranded CDNA, and most investiga-

tors will therefore opt for the standard Step 1 method.

1. Add the following reagents directly to the large-scaie first-strand reaction mixture (Stage 1,

Step 4):
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10 mM MgCl2 70 u]

2 M Tris-Cl (pH 7.4) 5 u]

10 mCi/ml [cx-‘zPldCTP (400 Ci/mmole) 10 ul

1 M (NH4)QSO4 1.5 pl
RNase H (1000 units/ml) 1 ul

E. ‘coli DNA polymerase I (10,000 units/ml) 4.5 111

Mix the reagents by gently vortexing, and centrifuge the reaction mixture briefly in a

microfuge to eliminate any bubbles. Incubate the reaction for 2—4 hours at 16°C.

 

ALTERNATIVE TO STEP 1 (D'ALESSIO AND GERARD 1988)

Incubate the second-strand synthetic reaction (above) for 2 hours at 16°C in the absence of RNase H.
Purify the resulting doubIe-stranded cDNA by extraction with phenolzchloroform and precipitation with
ethanol in the presence of 0.3 M sodium acetate (pH 5.2). Dissolve the precipitated DNA in 20 pl of 20
mM Tris-Cl (pH 7.6), 20 mM KCI, 0.1 mM EDTA (pH 8.0), 0.1 mM dithiothreitol. Digest the DNA for 20

minutes at 37°C with RNase H (0.5 units). Proceed to Step 2.   
 

At the end of the incubation, add the following reagents to the reaction mixture:

B-NAD (50 mM) 1 ul

E. coli DNA ligase (1000—4000 units/ml) 1 pl

Incubate the reaction for 15 minutes at room temperature.

At the end of the incubation, add 1 pl of a mixture containing all four dNTPs each at a con-

centration of 10 mM and 2 pl (5 units) of bacteriophage T4 DNA polymerase. Incubate the

reaction mixture for 15 minutes at room temperature.

Remove a small aliquot (3 pl) of the reaction. Measure the mass of second-strand DNA in the

aliquot as described in Steps 7 and 8.

T0 the remainder of the reaction, add 5 pl of 0.5 M EDTA (pH 8.0). Extract the mixture once with

phenolzchloroform and once with chloroform. Recover the DNA by precipitation with ethanol

in the presence of 0.3 M sodium acetate (pH 5.2). Dissolve the DNA in 90 01 of TE (pH 7.6).

. T0 the DNA, add:

10x T4 polynucleotide kinase buffer 10 111

T4 polynucleotide kinase (3000 units/ml) 1 111

Incubate the reaction at room temperature for 15 minutes.

Use the small aliquot from Step 4 to determine the total amount of radioactivity and the

TCA-precipitable counts in 1 ul of the second—strand synthesis reaction as described in

Appendix 8.

Use the following equation to calculate the weight of the cDNA synthesized in the second—

strand reaction, taking into account the amount of dNTPs already incorporated into the first

strand of cDNA:

cpm incorporated in the second-strand reaction
 x 66 —

totalcpm ( ”g xug)

: pg of second-strand cDNA synthesized

where x is the weight of the first strand of cDNA (from Step 6 of Stage 1). The amount of sec—

ond-strand cDNA synthesized is usually 70—80% of the weight of the first strand.
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9.

10.

11.

12.

13.

14.

Extract the reaction containing phosphorylated cDNA (from Step 6) with an equal volume

of phenolxhloroform.

Separate the unincorporated dNTPs from the cDNA by spun—column chromatography

through Sephadex G—50 equilibrated in TE (pH 7.6) containing 10 mM NaCl (please see

Appendix 8).

Precipitate the eluted cDNA by adding 0.1 volume 0f3 M sodium acetate (pH 5.2) and 2 vol—

umes of ethanol. Store the sample on ice for at least 15 minutes. Recover the precipitated

DNA by centrifugation at maximum speed for 15 minutes at 4°C in a microfuge. Use a hand-

held minimonitor to check that all of the radioactivity has been precipitated.

Wash the pellet with 70% ethanol and centrifuge again.

Gently aspirate all of the fluid (check to see that none of the radioactivity is in the aspirated

fluid), and allow the pellet to dry in the air.

Dissolve the cDNA in 80 pl of TE (pH 7.6) if it is to be methylated by EcoRI methylase (please

see Stage 3 of this protocol). Alternatively, if the cDNA is to be ligated directly to NotI or Sal]

linkers, or an adaptor oligonucleotide (please see Stage 4 of this protocol), resuspend the

cDNA in 29 pl of TE (pH 7.6).

After the precipitated DNA has been redissolved, proceed as soon as it is feasible to the next stage
in the synthesis of the cDNA.

Precipitation of cDNA with ethanol is used many times in the construction of a cDNA library.
Because the amounts of cDNA are usually very small (and often very precious!), special care is

required to achieve maximum recovery of cDNA. For advice, please see Appendix 8.
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TROUBLESHOOTING: OPTIMIZING SECOND-STRAND cDNA SYNTHESIS

The sizes of the radiolabeled first- and second-strand products should be analyzed by electrophoresis
through an alkaline 1% agarose gel (please see Chapter 5, Protocol 8), using as markers end~labeled
fragments of a HindIII digest of wild-type bacteriophage A DNA (please see Chapter 9, Protocol 10). If
the reactions have worked well, the population of first-strand cDNA molecules should range in size from
300 bases to >5 kb, with a modal size of ~2 kb.

The size of the products of second-strand synthesis should be similar to that of the population of
first-strand molecules. The presence of large amounts of small products (<500 nucleotides) is a sure sign
that synthesis of the second-strand cDNA has not worked well. Truncation of second-strand cDNA mol-
ecules is the result of gaps that are not filled by DNA polymerase and nicks that are not ligated by E. coli
DNA Iigase. If the modal distribution of the products of second-strand synthesis is significantly skewed
toward molecules of lower molecular weight, it is best to abandon the preparation and reoptimize the

conditions of second-strand synthesis. In most cases, efficient synthesis of long molecules of second-
strand cDNA can be achieved by altering the ratio of template cDNA to RNase H and DNA polymerase
in the reaction.

If the size of the first-strand cDNA is smaller than that of the second-strand cDNA, then a significant
proportion of the second-strand molecules may have been generated by seif-priming rather than by
replacement synthesis. SeIf-priming generates a doubIe-stranded or ”long hairpin” (DNA molecule that
contains a loop of cDNA at the 5 ’ end of the molecule. The covalently closed loop will prevent addition
of Iinker-adaptor in subsequent steps. If the alkaline-agarose gel indicates that the second-strand cDNA
is noticeably larger than the first, carry out the following troubleshooting experiment to diagnose the pro—
portion of seIf-priming in the reaction:

a. Treat two aliquots of radiolabeled first strand and two aliquots of radiolabeled second strand with 1
mM EDTA (pH 8.0), 300 mM NaOH for 30 minutes at 60°C. This treatment hydrolyzes the RNA and
denatures the DNA in the samples. Each aliquot should contain at least 104 Cpm of TCA-precipitable
material.

b. Add 0.1 volume of 3 N HCI, 0.1 M Tris-Cl (pH 7.4) to each aliquot.

c. Purify the DNAs by extraction with phenol:chlorof0rm and standard precipitation with ethanol.

d. Dissolve the DNAs in 10 ul of H20. Add 1 pl of 3 M NaCI. Incubate the DNAs for 5 minutes at 68°C
to allow "hairpins” to form.

e. Add 20 u] of H20 and 3 pl of 10x nuclease 51 buffer (2 M NaCI/0.5 M sodium acetate [pH 4.5]/10 mM
ZnSO4/5% glycerol).

f. Add 5 units of nuclease S1 to one of the two tubes containing the first strand of cDNA and to one
containing the second strand of cDNA. Incubate all four tubes for 30 minutes at 37°C.

g. Analyze the size of first- and second-strand products by electrophoresis through an alkaline 1%
agarose gel (please see Chapter 5, Protocol 8), using end-Iabeled fragments of a Hindlll digest of wild-
type bacteriophage 7L DNA as markers (please see Chapter 9, Protocol 10).

The first—strand molecules should be completely hydrolyzed by nuclease S1, and no more than
10—15% of the second-strand molecules should be resistant to digestion with the enzyme. If the pro-
portion of seIf-primed molecules is unacceptably high, it is often helpful to adjust the amount of RNase
H used during the synthesis of the second strand. In addition, seIf-priming may be suppressed by
including actinomycin D (50 ug/ml) or 4 mM sodium pyrophosphate (Rhyner et al. 1986) in first-strand
reactions catalyzed by avian reverse transcriptase. Note that sodium pyrophosphate should not be used
with murine reverse transcriptase because it inhibits the polymerizing activity of the enzyme (Roth et
al. 1985).   
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STAGE 3: Methylation of cDNA

MATERIALS

The products of Stage 2 are phosphorylated, blunt-ended double—stranded cDNAs that are full-
length, or close to it. Attaching these molecules to a vector requires the addition of adaptors or
linkers to the termini of the cDNAs. If adaptors are used, omit Stage 3 and proceed directly to
Stage 4. If linkers are used, Stage 3 must be carried out with great diligence.

Methylated bases protect internal restriction sites in the double—stranded cDNA against
cleavage by EcoRI, a step required to generate cohesive termini after addition of double-stranded
EcoRI linkers to the cDNA. There are two ways to produce methylated cDNA:

0 Use S'methyldeoxycytosine triphosphate as a precursor in place of dCTP during first-strand
cDNA synthesis (Han and Rutter 1988; Huse and Hansen 1988). Second-strand synthesis is
completed using the four conventional nonmethylated bases. The resulting hemimethylated
double-stranded cDNA is partially resistant to cleavage by EcoRI. This strategy is used in cDNA
synthesis kits sold by Stratagene. If the cDNA is methylated by incorporation of
5’methyldeoxycytosine, it is essential to use a strain of E. coli that is deficient in the mcr restric-
tion system, which normally cleaves DNA at methylcytosine residues (Raleigh et al. 1988;
Woodcock et al. 1989).

Use EcoRI methylase to catalyze the transfer of methyl groups from a donor such as S-adeno—
sylmethionine to the second of the two adenine residues in the recognition sequence of EcoRI.
The modification of adenine to 6—methylaminopurine protects the DNA from cleavage by
EcoRI (Greene et al. 1975). EcoRI methylase is an efficient enzyme and will usually methylate
the vast majority of sites in the cDNA. Specific methylation generally affords the target
sequence a high degree of protection against subsequent cleavage by the cognate restriction
enzyme. However, because the EcoRI methylase is inhibited by Mg“, it is essential to precipi-
tate the cDNA with ethanol to cleanse the preparation of Mg2+ before proceeding with methy-
lation (Steps 11—14 of Stage 2).

When establishing cDNA libraries from very small amounts of mRNA, some investigators
attempt to maximize the number of cDNA clones by simply omitting the methylation step (e.g.,
please see McDonnell et a]. 1987; Don et al. 1993). This approach suffers from the disadvantage
that cDNAs containing “natural” internal EcoRI sites are cleaved by EcoRI into two or more frag-
ments and cloned separately.

 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Chloroform < ! >

70x EcoRI buffer

10x EcoRI methylase buffer (Optional)
If desired, use in place of the Tris-Cl, NaCl, and EDTA in Step ].

EDTA (0.5 M, pH 8.0)

Ethanol
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MgCI2 (7 M)

NaCl (5 M)

Phenol:ch/oroform <!>

S-Adenosylmethionine
Use the iodide salt, grade I. Make a stock solution (20 mM) in 5 mM HZSO4 and 10% ethanol. Store the

solution in aliquots at —20°C. New England Biolabs provides a solution of S—adenosylmethionine when
EcoRl methylase is purchased.

Sodium acetate (3 M, pH 5.2)

TE (pH 8.0)

Tris-Cl (2 M, pH 8.0)

Enzymes and Buffers

EcoRl

EcoRI methylase
New England Biolabs sells an enzyme isolated from a strain of E. coli that expresses the methylase gene
from a multicopy plasmid.

Gels

Agarose gel (7 %)
Please see Step 8.

Nucleic Acids and Oligonucleotides

Doub/e-stranded cDNA
Use the cDNA prepared in Stage 2, Step 14 (p. 11.46) of this protocol.

Linearized plasmid DNA or Bacteriophage A DNA
Either of these is used to check the efficiency of methylation of EcoRI sites. The linearized plasmid DNA
should contain at least one EcoRI site located some distance from the termini. Use a bacteriophage A
DNA such as that used as a size standard for agarose gel electrophoresis (e.g., HindIII—digested 2» DNA).
For plasmid DNA, digest 1 pg to completion with PstI. Purify the DNA by extraction with phenolzchlo-
reform and precipitation with ethanolt Dissolve the DNA in 5 pl of TE (pH 7.6) and store it at —20°C.

Special Equipment

Water bath preset to 68°C

METHOD
 

1. Add to the cDNA (from Stage 2, Step 14, p. 11.46):

2 M Tris-Cl (pH 8.0) 5 pl

5 M NaCl 2 pt

0.5 M EDTA (pH 8.0) 2 pl

20 mM S—adenosylmethionine 1 pl

HEO to 96 pl

2. Remove two 2—ttl aliquots and place each in a separate 0.5-ml microfuge tube. Number tht

tubes 1 and 2, and store the numbered tubes on ice.
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. Add 2 pl of EcoRI methylase (80,000 units/ml) to the remainder of the reaction mixture and

then store the reaction mixture at 0°C until Step 4 is completed.

. Remove two additional aliquots (2 ul each) from the large-scale reaction and place each in a

separate 0.5—ml microfuge tube. Number these tubes 3 and 4.

. To each of the four small aliquots (Steps 2 and 4), add 100 ng of plasmid DNA or 500 ng of

bacteriophage 7L DNA, prepared as described in Materials. These unmethylated DNAs are

used as substrates in pilot reactions to assay the efficiency of methylation.

A IMPORTANT Do not add any DNA to the large—scale reaction!

. Incubate all four pilot reactions and the large—scale reaction for 1 hour at 37°C.

7. Heat the five reactions to 68°C for 15 minutes. Extract the largefscale reaction once with phe-

10.

11.

12.

nolzchloroform and once with chloroform.

T0 the large—scale reaction add 0.1 volume of 3 M sodium acetate (pH 5.2) and 2 volumes of

ethanol. Mix the reagents well and store the ethanolic solution at —20°C until the results of

the pilot reactions are available.

. Analyze the four pilot reactions as follows:

a. To each control reaction, add:

0.1 M MgClz 2 pl
10x EcoRI buffer 2 pl

HzO to 20 pl

b. Add 20 units of EcoRI to reactions 2 and 4.

c. Incubate all four samples for 1 hour at 37°C, and analyze them by electrophoresis

through a 1% agarose gel.

After staining the agarose gel with ethidium bromide, the cDNA can often be seen as a back-
ground smear in the gel. The methylated cDNA (and the plasmid or bacteriophage A DNA in
Tubes 3 and 4) should be resistant to cleavage by EcoRI and show no change in size. The
unmethylated cDNA and the plasmid or bacteriophage DNA in Tubes 1 and 2 should be
cleaved by EcoRI. If both of these expectations are fulfilled, proceed to Step 10; if they are not,
repeat the methylation reaction.

Recover the precipitated cDNA (Step 8) by centrifugation at maximum speed for 15 minutes
at 4°C in a microfuge. Remove the supernatant, add 200 pl of 70% ethanol to the pellet, and
centrifuge again.

Use a hand-held minimonitor to check that all of the radioactivity is recovered in the pellet.
Remove the ethanol by gentle aspiration, dry the pellet in the air, and then dissolve the DNA
in 29 pl of TE (pH 8.0).

Proceed as soon as is feasible to the next stage in the synthesis of the cDNA.
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STAGE 4: Attachment of Linkers or Adaptors

Several different types of oligonucleotide linkers or adaptors may be used to construct cDNA

libraries. The simplest of all are unadorned oligonucleotides (typically from 8 to 12 nucleotides

in length), whose sequence contains a recognition site for a restriction enzyme such as ECORI (5'—

pCGGAATTCCG—S’). These single-stranded oligonucleotides are designed to anneal with one

another to form double-stranded linkers that can be ligated to the polished ends of double—

stranded cDNAs. During the ligation reaction, the linkers are assembled into progressively longer

polymers on each end of the cDNA. The products of the reaction are then cleaved by the appro—

priate restriction enzyme (in this case EcoRI) to remove excess linkers and to expose cohesive ter-

mini at the ends of the cDNA (please see Figure 1 1—14). Clearly, any “natural” EcoRI sites in the

cDNAs that have not been protected by methylation in Stage 3 are vulnerable to attack by the

restriction enzyme. Cleavage at internal sites is undesirable because cDNAs are divided into two

or more fragments, which become separated during the cloning process, and because chimeric

molecules may be created from fragments of cDNAs derived from independent mRNA templates.

These problems will not be bothersome if the methylation reaction (Stage 3) has gone well.

The potential complications of internal cleavage can be suppressed by using adaptors rather

than linkers. Adaptors used in cDNA cloning are short double—stranded synthetic oligonu-

cleotides that carry an internal restriction endonuclease recognition site and a protruding termi-
nus at one end, for example:

5'—AATTCGCGGCCGCGTCGAC—3'

3'—GCGCCGGCGCAGCTGp-5'

Note that the double—stranded structure contains an EcoRI cohesive terminus, internal NotI and

56111 sites, and only one phosphorylated 5' terminus. One adaptor molecule can be ligated to each

end of a blunt-ended double-stranded cDNA molecule. Unlike linkers, adaptors are unable to form

multimers because the protruding single-stranded cohesive terminus lacks a 5'-phosphate group.
The cDNA molecules therefore become equipped with live EcoRI termini without the necessity for
digestion by EcoRI. However, cDNAs modified by the addition of adaptors at both ends must be

phosphorylated before ligation to a dephosphorylated plasmid or bacteriophage A. vector DNA.

Because recognition sites for NotI and 51111 occur very rarely in mammalian DNA (please see
Appendix 6), they are unlikely to be present within a cDNA sequence. Cleavage of the cloned DNA
with one of these enzymes can therefore be used in most cases to release the intact cDNA insert
from the vector.

Other types of adaptors permit excellent alternative strategies to be used when ligating
cDNA molecules to their vectors. For example, the recessed 3' termini created by digestion of a
vector by XhoI may be partially filled by addition of a deoxythymidine residue. Phosphorylated
adaptors with three-base protruding termini complementary to the partially filled XhoI site are
attached to the cDNA. Neither the vector nor the cDNA molecules can anneal to themselves, but
they can join efficiently to each other. Because the XhoI site is regenerated, the cloned cDNA can
be recovered by digestion with XhoI. This strategy greatly improves the efficiency of the ligation
step in cDNA cloning and eliminates the need to methylate the cDNA or to digest it with restric—
tion enzymes before insertion into the vector (Yang et a]. 1986; Elledge et al. 1991).

When joining linkers or adaptors to blunt—ended double-stranded cDNA molecules, it is
important that the ligation reaction be carried out in as small a volume as possible ( to maintain a

  



11.52 Chapter 11: Preparation ochNA Libraries and Gene Identification

EcoRl linker

SPCCGlflfiaCGGTOH +
3‘OHGGCTTA GCC5‘P
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FIGURE 11-14 Addition of Linkers and Adaptors to DoubIe-stranded cDNA Products

A phosphorylated decameric linker containing a recognition site for EcoRl is ligated to blunt-ended target
molecules, such as a preparation of doubIe-stranded cDNA. The target molecules are then prepared for
cloning by digestion with EcoRI.

high concentration of linker—adaptors). The molar concentration of linker-adaptors must be at

least 100 times greater than the concentration of termini of cDNA to minimize blunt—end ligation

of cDNA molecules. Finally, before the cDNA is inserted into the vector, unreacted adaptors and

the low—molecular-weight products created by restriction enzyme digestion of polymerized linkers

must be efficiently removed by column chromatography or gel electrophoresis.
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MATERIALS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

ATP (10 mM)

5x Bacteriophage T4 DNA polymerase repair buffer
90 mM (NH4)ZSO4
0.33 M Tris—Cl (pH 8.3)
33 mM MgCl2

50 mM B»mercaptoethanol <!>

Store the buffer in small aliquots at —20°C.

Bromophenol blue (0.25% w/v in 50% glycerol)
EDTA (0.5 M, pH 8.0)
Ethanol

Phenol:chloroform <!>

Sodium acetate (3 M, pH 5.2)

TE (pH 8.0)
Tris—C/ (7 M, pH 8.0)

Enzymes and Buffers

Bacteriophage T4 DNA Iigase

Bacteriophage T4 DNA polymerase

Restriction enzymes

Depending on the type of linkers or adaptors used, EcoRI, NotI, SalI, or other restriction enzymes are
required.

Gels

Agarose gel (1%)
Please see Step 12.

Nucleic Acids and Oligonucleotides

CDNA, either unmethylated or methylated
Use the cDNA prepared in either Stage 2, Step 14 or Stage 3, Step 11 of this protocol.

Control DNA

Please see note to Step 10.

dNTP solution containing all four dNTPs, each at 5 mM
Linearized plasmid DNA or Bacteriophage 7» DNA

Either of these is used to check the efficiency of digestion following linker addition. A plasmid DNA
should contain at least one EcoRI site located some distance from the ends of the linear DNA (e.g., Xf3
or pBR322 linearized by digestion with PstI). Use a bacteriophage 7» DNA such as that used as a size stan—
dard for agarose gel electrophoresis (e.g., HindIII—digested 7L DNA). For plasmid DNA, digest 1 pg to
completion with PstI. Purify the DNA by extraction with phenolzchloroform and precipitation with
ethanol. Dissolve the DNA in 5 p11 of TE (pH 7.6). Store at —20°C. Predigested K DNA can be used as is.

Synthetic linkers or adaptors
Phosphorylated linkers and adaptors are sold by several manufacturers. If possible, obtain linkers that
are at least 4—8 nucleotides longer than the site recognized by the restriction enzyme. Many restriction
enzymes inefficiently cleave recognition sites located very close to the ends of DNA molecules (please see
Appendix 6).
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Special Equipment

Sephadex 6-50 spun column
Add Sephadex G-50 (medium pore) to sterile H,O (10 g of dry powder yields 160 ml of slurry). Wash
the swollen resin with sterile H,O several times td remove soluble dextran, which can create problems by

precipitating during ethanol precipitation. Finally, equilibrate the resin in TE (pH 7.6), autoclave (10 psi
[0.70 kg/cmz] for 15 minutes), and store at room temperature. Prepacked columns of Sephadex and
other gel filtration resins are commercially available.

Water baths preset to 160C and 68°C

METHOD

Polishing of the cDNA Termini

1. Heat the cDNA (Step 11, p. 11.50) to 68°C for 5 minutes.

This step denatures any double-stranded structures that may have formed from protruding single-
stranded termini of the cDNA molecules.

2. Cool the cDNA to 37°C and add the following to the tube:

5x bacteriophage T4 DNA polymerase repair buffer 10 u]

5 mM dNTP solution 5 pl

1-120 to 50 pl

3. Add 1—2 units of bacteriophage T4 DNA polymerase (500 units/ml) and incubate the reac—

tion for 15 minutes at 37°C.

4. Stop the reaction by adding 1 pl of 0.5 M EDTA (pH 8.0).

5. Extract the sample with phenolzchloroform, and remove the unincorporated dNTPs by spun-

column chromatography through Sephadex G-50 (please see Appendix 8).

6. Add 0.1 volume of 3 M sodium acetate (pH 5.2) and 2 volumes of ethanol to the column

flow-through. Store the sample for at least 15 minutes at 4°C.

7. Recover the precipitated cDNA by centrifugation at maximum speed for 15 minutes at 4°C in

a microfuge. Dry the pellet in the air, and then dissolve it in 13 pl of 10 mM Tris—Cl (pH 7.6).

Ligation of Linker-Adaptors to the cDNA

8. Add the following to the repaired DNA:
10x T4 DNA ligase buffer 2 pl

800—1000 ng of phosphorylated linkers or adaptors 2 pl

105 Weiss units/ml bacteriophage T4 DNA ligase 1 ul

10 mM ATP 2 pl

Mix and incubate for 8—12 hours at 16°C.

It is essential to use a vast molar excess of linkers (>100-fold) to ensure that the ends of the cDNA

become ligated to a linker and not to each other.

9. Withdraw 0.5 u] from the reaction and store the aliquot at 4°C. Inactivate the ligase in the

remainder of the reaction by heating for 15 minutes at 68°C.
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Endonuclease Digestion of the Linker-Adaptors

If endonuclease digestion is necessary to permit ligation of the cDNA to the vector, then proceed

with Steps 10—12. However, when using certain adaptor molecules, endonuclease digestion is not

required. In these cases, skip to Step 13. For additional details, please see the introduction to this

protocol.

 

When using hemiphosphorylated adaptors (please see the introduction to this protocol), an additional phos-
phorylation step with bacteriophage T4 polynucleotide kinase must be carried out after ligation.
Phosphorylation is easily carried out by adding 30—50 units of bacteriophage T4 polynucleotide kinase direct-
ly to the heat-treated ligation products.

a. Add to the heated ligase reaction:

10x bacteriophage T4 polynucleotide kinase buffer 3 u|
bacteriophage T4 polynucleotide kinase 30—50 units

to 30 pl
2

b. Incubate the reaction for1 hour at 37°C.

c. Proceed directly to Step 13.   
 

10. T0 the heated ligase reaction, add:

10x restriction enzyme buffer 20 pi

H20 150 pl
restriction enzyme 200 units

Mix the reagents at 0°C.

As a control, transfer 2 pl of the reaction to a 0.5-ml microfuge tube. To the 2-pl aliquot, add 100

ng ( in a volume of no more than 0.5 ul) of control DNA, i.e., either a linearized plasmid or a prepa-
ration of cleaved bacteriophage A DNA that contains an internal site for the particular restriction
enzyme used.

11. Incubate the large—scale reaction and the control reaction for 2 hours at 37°C.

12. Analyze the DNA in the control sample and the 0.5111 aliquot withdrawn at Step 9 by elec-

trophoresis through a 1% agarose gel. Load one or two lanes of the gel with plasmid or bac-

teriophage k marker DNA.

If the ligation has worked well, the ligated linkers should be visible as a smear at the bottom ofthe
gel. If digestion with the restriction enzyme is complete, the smear of linkers should disappear and
the plasmid or bacteriophage A DNA in the control sample should be cleaved appropriately.

The size of the cDNA will not change appreciably after ligation to adaptors. Analysis of the DNA
by gel electrophoresis can therefore be omitted when using adaptors.

Preparation of the cDNA for Size Fractionation

13. Purify the cDNA by extraction with phenolzchloroform and standard precipitation with

ethanol. Dissolve the cDNA in 20 0,1 of TE (pH 8.0).

14. Add 2.5 ul of a solution of 0.25% bromophenol blue in 50% glycerol. This addition simpli-

fies the next stage in the cDNA library— size-fractionation of the cDNA by chromatography

through Sepharose CL-4B (Stage 5).
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STAGE 5: Fractionation of cDNA by Gel Filtration through
Sepharose CL-4B

Before insertion into a bacteriophage 7» or plasmid vector (Stage 6), the preparation of cDNA is

fractionated by gel filtration to remove unused linker—adaptors and low—molecular—weight prod-

ucts created by restriction enzyme digestion of polymerized linkers. Removing flotsam increases

the number of recombinants that contain cDNAs and dramatically reduces the number of false
recombinants that contain nothing more than annealed linkers. Fractionating the cDNA also cre-
ates an opportunity to discard cDNAs that are <500 bp in length. These short fragments are the

unwanted products of incomplete synthesis of first— and/or second-strand cDNA synthesis and are

of little use to most investigators. Eliminating these fragments from the library certainly reduces

the number of recombinants that must be screened and may also increase the chance that entire

sequences of the mRNAs of interest will be represented in the library. In some circumstances, there

is an advantage in establishing two libraries from the fractionated preparation cDNA — one con-

taining cDNAs whose sizes range is from 0.5 kb to 3.5 kb, and another containing larger cDNAs.

Because only a small fraction of the original mRNA population is longer than 3.5 kb, the number

of clones in the second library is generally ~10% of the number in the first. However, establishing

and screening a library enriched for large cDNAs increases the chance and decreases the labor of

isolating full-length cDNAs corresponding to rare mRNAs encoding large proteins.

Electrophoresis through agarose or polyacrylamide gels may also be used to separate unligat-

ed linker-adaptors from cDNA and to fractionate the cDNA by size. However, the recovery of cDNA

from gels in a form that can be ligated efficiently to the vector can be poor, and chromatography
through a long narrow column (27 x 0.3 cm) of Sepharose CL-4B is therefore the best option.

MATERIALS

Buffers and Solutions
Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Ethanol

Sodium acetate (3 M, pH 5.2)

TE (pH 7.6)
TE (pH 7.6) containing 0.1 M NaCI

Tris-C! (1 M, pH 8.0)

Gels

Agarose gel (1 %)
Please see Step 8.

Nucleic Acids and Oligonucleotides

cDNA

Use the cDNA prepared in Stage 4, Steps 13 and 14.

Marker DNA
The marker DNA should be end—labeled fragments ranging in size from 200 bp to 5 kb.  
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Filtered compressed air
Hemostat or equivalent hose clamp
Hypodermic needle with a bent tip

Pipette, disposable (1 ml)
Polyvinyl chloride tubing

Scissors

Sepharose CL-4B

Wash the paste supplied by the manufacturer several times in sterile TE (pH 7.6) containing 0.1 M NaCl.
This washing removes inhibitors of ligation present in some batches of the gel. Prepacked columns of
Sepharose CL—4B (SizeSep 400 Spun Columns) are available from Amersham Pharmacia Biotech.

Vinyl bubble tubing

Whatman 3MM paper

METHOD

Preparation of Sep

1.

harose CL—4B Column

Use a hypodermic needle with a bent end to pull the cotton wool pledget halfway out of the

end of a sterile, disposable l—ml pipette. Cut the pledget in half with sterile scissors. Discard

the loose piece of cotton wool. Use filtered compressed air to blow the remainder of the pled-

get to the narrow end of the pipette.

Attach a piece of sterile polyvinyl chloride tubing (of the type normally used in peristaltic

pumps) to the narrow end of the pipette. Dip the wide end of the pipette into a solution of

TE (pH 7.6) containing 0.1 M NaCl in a beaker. Attach the tubing to an Erlenmeyer flask con-

nected to a vacuum 1ine.Apply gentle suction until the pipette is filled with buffer. Close the

tubing with a hemostat.

Attach a piece of vinyl bubble tubing to the wide end of the pipette. Fill the bubble tubing

with Sepharose CL-4B equilibrated with TE (pH 7.6) containing 0.1 M NaCl. Allow the slur-

ry to settle for a few minutes and then release the hemostat. The column will form as the

buffer drips from the pipette. If necessary, add more Sepharose CL-4B until the packed

matrix almost fills the pipette.

The dimensions of the packed column should be ~27 x 0.3 cm.

Wash the column with several column volumes of TE (pH 7.6) containing 0.1 M NaCl. After
washing is completed, use a hemostat to close the tubing at the bottom of the column.

Separation and Recovery of Size-selected cDNA

5. Use a Pasteur pipette to remove the fluid above the Sepharose CL—4B. Apply the cDNA (in a

volume of 50 ul or less) to the column. Release the hemostat and allow the cDNA to enter the

gel matrix. Wash the microfuge tube used to store the cDNA with 50 pl of TE (pH 7.6), and

apply this to the column. Fill the bubble tubing with TE (pH 7.6) containing 0.1 M NaCl.

A IMPORTANT Do not allow the column to run dry at any stage!

Monitor the progress of the cDNA through the column using a hand-held minimonitor.

Begin collecting 2—drop fractions (~6O pl) in microfuge tubes when the radioactive cDNA has
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10.

11.

12.

13.

traveled two thirds the length of the column. Continue collecting fractions until all of the

radioactivity has eluted from the column.

Measure the radioactivity in each fraction by Cerenkov counting (please see Appendix 8).

. Analyze small aliquots of each fraction (~5 pl) by electrophoresis through a 1% agarose gel,

using as markers end-labeled fragments of DNA of known size (200 bp to 5 kb). Store the

remainder of the fractions at —20°C until the autoradiograph of the agarose gel is available.

Cast the agarose gel as thin as possible to speed up the drying process at the completion of elec-
trophoresis.

The amount of radioactivity in the preparation of marker DNAs should be ~0.3 times the amount
in the peak fractions of cDNA.

After electrophoresis, transfer the gel to a piece of Whatman 3MM paper. Cover the gel with

Saran Wrap, and dry it on a commercial gel dryer. Heat the gel to 50°C for the first 20—30 min-
utes of drying and then turn off the heat Continue drying the gel under vacuum for a fur—

ther 1—2 hours.

Expose the dried gel to X-ray film at —70°C with an intensifying screen (please see Appendix 9).

The autoradiograph should reveal a size-fractionated smear of radioactivity with cDNAs in the
5—7—kb range in early fractions from the column and progressively smaller cDNAs in subsequent
fractions.

Add 0.1 volume of 3 M sodium acetate (pH 5.2) and 2 volumes of ethanol to fractions con—

taining cDNA molecules that are 2500 bp in length. Allow the cDNA to precipitate for at least

15 minutes at 4°C. Recover the DNA by centrifugation at maximum speed for 15 minutes at

4°C in a microfuge.

Be very conservative in selecting these fractions. Resist all temptation to include fractions that con—
tain any traces of cDNAs smaller than 500 bp; otherwise, the library will contain a preponderance
of short clones.

Dissolve the DNA in a total volume of 20 pl of 10 mM Tris-Cl (pH 7.6).

Determine the amount of radioactivity present in a small aliquot, and calculate the total

amount of cpm available in the selected fractions. Calculate the total quantity of cDNA avail—

able for ligation to bacteriophage 7t arms (for calculation of second—strand cDNA data, please

see Stage 2, Step 8):

cpm available
 _ . x 2x pg second—strand cDNA synthesized
cpm incorporated into second strand

: pg of cDNA available for ligation

If everything has gone well, 10 pg of poly(A)+ RNA should yield at least 250—400 mg, and possibly
as much as 3 pg, of cDNA whose size is larger than 500 bp in length.
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STAGE 6: Ligation of cDNA to Bacteriophage 7» Arms

If everything up to this point has worked perfectly, all of the termini in the preparation of cDNA

should be equipped with cohesive termini that can be ligated efficiently to a bacteriophage k or

plasmid vector. In practice, the situation may be far from ideal. If, for example, the frayed termi—

ni of double-stranded cDNA were inefficiently polished or phosphorylated during Stage 2, they

would not carry a linker or adaptor and would be unable to ligate efficiently to the vector. The

best way to estimate the concentration of competent termini in the cDNA is to carry out pilot lig-

ations and either packaging reactions or transformations. In these reactions, a constant amount

of bacteriophage 7L arms or linearized, dephosphorylated plasmids are ligated to varying amounts

of cDNA. The aim is to settle on an amount of cDNA that yields a mammalian cDNA library of

reasonable size. Today, a library consisting of 5 x 105 recombinants is regarded as barely accept—

able; because of the high quality of enzymes currently available, libraries containing 5 x 106 to S

x 107 independent clones are now well within the reach of the average investigator.

The pilot ligation reactions are carefully arranged to minimize the chance that a single

recombinant bacteriophage or plasmid will contain more than one cDNA molecule. Avoid clones

containing compound cDNAs by

0 using a molar ratio of phosphorylated k arms to cDNA such that only 50/0 of the resulting bac-

teriophages are recombinant

Or

0 if dephosphorylated 7L arms or plasmid vectors are used, ascertaining the amount of cDNA that

generates tenfold more plaques or colonies, respectively, than vector ligated in the absence of
cDNA.

When constructing cDNA libraries in bacteriophage vectors such as Agtl 1, lgt18—23,

kZipLox, and AZAP, which have no system to allow selection against nonrecombinant bacterio-

phages, it is sensible to use dephosphorylated arms, which reduce by ~100-fold the number of

empty bacteriophages in the cDNA library. The same result can be achieved using arms with non-
compatible termini produced by partial filling or addition of appropriate linker-adaptors. With

some of these vectors, it is possible to estimate the ratio of empty to recombinant bacteriophages

in the library by plating on strains of E. coli such as YlO90hst. In the presence of the inducer

IPTG and the chromogenic substrate X—gal, nonrecombinant plaques are blue; recombinant

plaques are colorless.

Nonrecombinant bacteriophages present less of a problem when bacteriophages such as

?.gtlo are used as vectors, since a single round of growth on E. coli strains carrying an hfl‘ muta-

tion eliminates the vast majority of nonrecombinants from the population. Recombinants form

clear plaques on the E. coli th strain BNN102 (because insertion of the cDNA inactivates the cl
gene, which codes for repressor). Nonrecombinant bacteriophages establish repression so effec-

tively that their efficiency of plating is greatly reduced. The absolute number of cDNA recombi-

nants constructed in lgth can therefore be obtained by counting the number of plaques formed

on BNN102. The proportion of recombinants in the bacteriophage stock can be measured by

counting the ratio of clear to turbid plaques on C600, an hflJr strain. Recombinant bacteriophages

form clear plaques on this strain, whereas nonrecombinant bacteriophages, which continue to

synthesize active repressor, give rise to turbid plaques. The number of clear plaques on strain
C600 should equal the total number of plaques on strain BNN102. For reasons that are unclear,
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MATERIALS

this powerful genetic selection against nonrecombinant bacteriophages is used only rarely, with

most investigators preferring to use dephosphorylated Agth DNA arms.

The main protocol provides instructions for preparing a cDNA library in a bacteriophage A

vector. An alternative protocol follows Step 8 that substitutes a plasmid vector for the bacterio—

phage k arms. Plasmid vectors may be preferable when preparing a cDNA expression library that

will be screened after it is transfected into cultured mammalian cells. For details on individual

vectors, please see the information panel on COMMERCIAL KITS FOR cDNA SYNTHESIS AND

LIBRARY CONSTRUCTION.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

ATP (10 mM)

5M

Enzymes and Buffers

Gels

Bacteriophage T4 DNA Iigase

Agarose gel (1%)
Please see Step 8.

Nucleic Acids and Oligonucleotides

cDNA

Use the cDNA prepared in Stage 5, Step 12 (p. 11.58), of this protocol.

Control bacteriophage 7» DNA
This DNA is usually provided with the commercial packaging extract and is used to determine the pack-
aging efficiency of the extract.

Marker DNA
The marker DNA should be fragments ranging in size from 500 bp to 5 kb.

Special Equipment

Water baths preset to 16°C and 42°C

Additional Reagents

Step 4 of this protocol requires the reagents listed in Chapter 2, Protocol 1.

Step 7 of this protocol requires the reagents listed in Chapter 2, Protocol 23.

Vectors and Bacterial Strains

Bacteriophage A arms
If making a large number of libraries, it is much less expensive to prepare arms by agarose gel elec—
trophoresis or by sucrose density gradients (please see Chapter 2, Protocol 16) than to purchase them.
For occasional users, dephosphorylated arms for some vectors (e.g., lgth, lFix, and kZipLox) are avail-
able from Stratagene, Life Technologies, and other commercial suppliers. Whatever the source of arms,
it is important to carry out a series of pilot reactions to check that the arms can be ligated to foreign DNA
and packaged efficiently into infectious bacteriophage A particles. DNAs for these controls are usually
included with commercial preparations of vector arms.

E. coli strain, freshly prepared overnight cultures
Use strains C600 (BNN93) for growth and BNN102 (CGOOhflA) for screening of cDNA libraries con—
structed in bacteriophage lgth. Use strain YlOQOhst for growth and screening of cDNA libraries con«
structed in bacteriophage kgtl 1. Use strain BB4 for growth and screening of cDNA libraries construct—  



Protocol 1: Stage 6: Ligation ochNA to Bacteriophage X Arms 11.61

ed in XZAP and AZAPII or strain XLl—Blue for AZAPII. (Strain XLl-Blue supports vigorous growth of

KZAPII but not of AZAP.) For kZipLox, use strain Y1090(ZL). Please see the panel on PLATING BAC-

TERIOPHAGE k ON E. COLI STRAINS on the following page.

Packaging extracts for bacteriophage X
Packaging extracts are difficult to make and should therefore be purchased commercially. Several com»

mercial suppliers provide packaging kits with unique features. For a description of packaging extracts,
please see the information panel on IN VITRO PACKAGING.

METHOD

1. Set up four test ligation/packaging reactions as follows:

 

Ligation A B C D

A vector DNA (0.5 ug/ul) 1.0 01 1.0 u] 1.0 u] 1.0 pl

10x T4 DNA ligase buffer 1.0 ul 1.0 u] 1.0 u] 1.0 ul

cDNA 0 ng 5 mg 10 ng 50 ng

Bacteriophage T4 DNA ligase 0.1 111 0.1 ul 0.1 pl 0.1 pl

(100 Weiss units/ul)

10 mM ATP 1.0 pl 1.0 m 1.0 ul 1.0 pi
HZO to a final volume of 10 pl 10 pl 10 u} 10 pl

Adding ATP as a component of the 10x1igation buffer leaves more volume for vector or for—
eign DNA in the reaction mixture. If using a commercial ligase buffer that contains ATP, the
addition of ATP is not required.

Incubate the ligation mixtures for 4—16 hours at 16°C. Store the unused portion of the cDNA
at —20°C.

2. Package 5 u] of each ligation into bacteriophage 7» particles following the directions provided
by the manufacturer of the packaging extract.

Because the size of the final cDNA library depends on the efficiency with which recombinant bac-
teriophage X genomes are packaged into infectious bacteriophage A particles, it is essential to use
packaging mixtures of high potency that yield >5 x 108 pfu/ug of bacteriophage 1. DNA.

Be sure to include a control A DNA (usually provided with the packaging reaction kit) to determine
the packaging efficiency of the extract on hand.

3. After the packaging reaction is complete, add 0.5 ml of SM to each mixture.

4. Use the fresh overnight cultures of the appropriate strain(s) of E. coli to plate 10 pl and 100
pt] of a 10“2 dilution of each packaging mixture on each strain (please see Chapter 2, Protocol
1, and the panel on PLATING BACTERIOPHAGE A ON E. COLI STRAINS). Incubate the plates for
8—12 hours at 37°C or 42°C.

5. Count the number of recombinant and nonrecombinant plaques. Ligation A should yield no
recombinant plaques, whereas ligations B, C, and D should yield increasing numbers of
recombinant plaques.

6. From the number of recombinant plaques, calculate the efficiency of cloning of cDNA (pfu/
ng cDNA). If all has gone well, the efficiency should be at least 2 x 104 pfu/ng cDNA. The total
yield of recombinants from 5 ug of poly(AYr RNA should be in excess of 5 x 106.

7. Pick 12 recombinant bacteriophage 7L plaques, grow small—scale lysates, and prepare DNAs for
digestion with the appropriate restriction enzyme.

8. Analyze the size of the cDNA inserts by electrophoresis through a 10/0 agarose gel, using as
markers fragments of DNA 500 bp to 5 kb in length.
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PLATING BACTERIOPHAGE X ON E. COLI STRAINS

Different bacteriophage 7» vectors require different strains of E. coli for plaque formation. The following are
some general notes on preferences:

Plaque formation with Agt10: Grow E. coli strains C600 and BNN102 in NZCYM (please see Chapter 2,
Protocol 1) containing 0.2% maltose. (BNN102 grows much more slowly than C600.) Prepare stocks of
plating bacteria of both strains as described in Chapter 2, Protocol 1. Note that it may be necessary to sus-
pend the bacteria of strain BNN102 in a smaller volume of 10 mM MgSO4 than usual to attain a density of
~1.5 x109 celIs/ml.

Measure the number of infectious bacteriophage particles produced in the packaging mixtures as
described in Chapter 2, Protocol 1, using LB agar plates and LB top agarose. Clear and turbid plaques are
easily distinguished when plated at low density on confluent bacterial lawns. Plaques of recombinant Agt10
bacteriophages appear on lawns of C600 cells after 6—7 hours of incubation at 37°C; plaques on BNN102
take 1—2 hours longer to appear.

Plaque formation with th11 and Agt18-23: Grow E. coli strain Y1090hst in NZCYM medium containing
0.2% maltose. Prepare a stock of plating bacteria in 10 mM MgSO4 as described in Chapter 2.

Measure the number of infectious bacteriophage particles produced in the packaging mixtu res as
described in Chapter 2, Protocol 1, using 3 ml of LB top agarose containing 40 pl of a stock solution of X-
gal (20 mg/ml in dimethylformamide) and 4 pl of a solution of lPTG (200 mg/ml) for each 90-mm Petri dish.
Incubate the plates for 8-10 hours at 37°C.

Plaque formation with AZAP: Grow E. coli strain 884 in NZCYM medium containing 0.2% maltose. Prepare
a stock of plating bacteria in 10 mM MgSO4 as described in Chapter 2, Protocol 1.

Measure the number of infectious bacteriophage particles produced in the packaging mixtures as
described in Chapter 2, Protocol 1, using 3 ml of LB top agarose containing 40 ul of a stock solution of X-
gal (20 mg/ml in dimethylformamide) and 4 pl of a solution of IPTG (200 mg/mi) for each 90-mm Petri dish.
Incubate the plates for 8—1 0 hours at 42°C to prevent the formation of Iysogens. Y1090hst should not be
used with the AZAP vectors, since this strain contains a plasmid (pMC9) that is homologous to the
phagemid sequences within the AZAP vector. This homology can promote recombination between the bac-
teriophage A vector and the plasmid.

Plaque formation with AZAPII: Grow E. coli strain XL1-Blue in NZCYM medium containing 0.2% maltose.
Prepare a stock of plating bacteria in 10 mM MgSO,, as described in Chapter 2, Protocol 1.

Measure the number of infectious bacteriophage particles produced in the packaging mixtures as
described in Chapter 2, Protocol 1, using 3 ml of LB top agarose containing 40 pi of a stock solution of X—

gal (20 mg/ml in dimethylformamide) and 4 pl of a solution of IPTG (200 mg/ml) for each 90-mm Petri dish.
Incubate the plates for 8—1 0 hours at 42°C to prevent the formation of lysogens.

Plaque formation with ?\Ziplox: Grow E. coli strain Y1090(ZL) in NZCYM medium containing 0.2% mal-
tose. Prepare a stock of plating bacteria in 10 mM MgSO,, as described in Chapter 2, Protocol 1.

Measure the number of infectious bacteriophage particles produced in the packaging mixtures as
described in Chapter 2, Protocol 1, using LB agar plates and LB top agarose. Plaques of recombinant XZipLox
bacteriophages appear on lawns of Y1 090(ZL) cells after incubating for 6—7 hours at 37°C. Strain Y1090(ZL)
is a derivative of strain Y1090hst that has been cured of the resident pMC9 plasmid.

Use of 0.2% maltose: Some investigators add maltose to media used to grow and plate bacteriophage k.
The presence of 0.2% maltose leads to a substantial induction of the maltose operon including the lamB
gene, which encodes the cell surface receptor to which bacteriophage A binds (Schwartz 1967). This induc-
tion should theoretically increase the efficiency of infection and hence the yield of bacteriophage. The use
of maltose is a double-edged sword, however, since florid growth of some strains of E. coli in such rich
medium may lead to cell lysis and the accumulation of cellular debris laden with the LamB protein. Binding
of bacteriophage particles to this debris leads to futile release of the viral DNA and an unproductive infec-
tion. In our hands, there is little difference in bacteriophage yield from cultures grown in the presence or
absence of maltose.
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ALTERNATIVE PROTOCOL: lIGATION OF cDNA INTO A PLASMID VECTOR

The decision to use a plasmid vector instead of a bacteriophage 7L vedor will depend on the method used to
screen for the target DNA and on personal preference. A number of highly evolved plasmid vectors are now
available, including pCMV—Script (Stratagene), pSPORT (Life Technologies), and pcDNA3.1 (Invitrogen). These
versatile molecules are especially useful when preparing cDNA expression libraries.

Additional Materials

Plasmid vector
E. coii competent for transformation
Step 2 requires the reagents from one of the transformation protocols in Chapter 1.
Step 5 requires the reagents listed in Chapter 1, Protocol 1.

 

Method

1. Set up four test Iigation/packaging reactions as follows:

ligation A B C D

plasmid vector DNA (50 ng/ul) 1.0 p] 1.0 ul 1.0 u! 1.0 ul
10x T4 DNA ligase buffer 1.0 ul 1.0 ul 1.0 ul 1.0 ul
cDNA 0 ng 5 ng 10 ng 50 ng
Bacteriophage T4 DNA Iigase 0.1 pi 0.1 ul 0.1 ul 0.1 pl
(100 Weiss units/ul)
10 mM ATP 1.0 pl 110 pl 1.0 ul 1.0 ul
HZO to a final volume of 10 u! 10 pl 10 ul 10 ul

incubate the ligation mixtures for 4—1 6 hours at 16°C. Store the unused portion of the cDNA at —20°C.

Be sure to include a control ligation reaction using a test insert to determine the ligation and transformation efficien-
cies.

2. Transform an appropriate strain of competent E. coli bacteria using one of the transformation methods
described in Chapter 1.

3. After an overnight incubation at 37°C, count the number of antibiotic-resistant colonies. Ligation A should
yield few if any colonies, whereas Iigations B, C, and D should yield increasing numbers of colonies con-
taining recombinant plasmid molecules.

4. From the number of colonies, calculate the efficiency of cloning of cDNA (colony-forming units [cfu1/ng
cDNA). If all has gone well, the efficiency should be at least 2 x 104 cfu/ng cDNA. The total yield of recom-
binants from 5 ug of poly(A)’r RNA should be in excess of 5 x 106.

5. Pick 12 colonies, grow smaIl-scale cultures, and prepare DNA for digestion with the appropriate restriction
enzyme as described in Chapter 1, Protocol 1.

6. Analyze the size of the cDNA inserts by electrophoresis through a 1% agarose gel, using as markers frag-
ments of DNA 500 bp to 5 kb in length (whether plasmid or bacteriophage l).
 

 

 
If the recombinant vector molecules (whether plasmid or bacteriophage 1) contain inserts of different sizes
and if the average size of the inserts is ~1 kb or greater, it is worthwhile proceeding to the generation of a
complete cDNA library. If the average size of the inserts is significantly less than 1 kb, then the quality of the
library is not as high as it could be. Go back and reanalyze the quality of the starting mRNA and the cDNA
reactions, paying special attention to the precautions noted in Stage 1, Step 6 and the panel on OPTIMIZING
FIRST—STRAND cDNA SYNTHESIS; Stage 2, Step 8 and the panel on OPTIMIZING SECOND-STRAND
cDNA SYNTHESIS; and the introduction to Stage 5. For additional assistance on improving the quality of the
library, please see the panel on TROUBLESHOOTING on the following page.

The trial ligation reactions will often yield sufficient recombinant molecules (>105 cfu) to begin screen-
ing for the cDNA of interest. To generate a complete library from the size-fractionated cDNA, additional liga-
tion reactions should be set up based on the resuits of the trial Iigations and subsequently packaged or used
to transform E. coli. The amount of cDNA required depends in part on the estimated abundance of the desired
cDNA, how the library will be used in the future, and the laboratory budget. A primary library of >106 clones
should yield even rare cDNAs. if the library is to be screened several times, then as many as 107 recombi-
nants may be required. However, vectors and packaging reactions are expensive, and it can cost many thou-
sands of dollars to ligate and package every nanogram of cDNA. Such sums are usually out of the reach of all
but the richest laboratories.   

 

 



11.64 Chapter 11: Preparation ofcDNA Libraries and Gene Identification

 

 

TROUBLESHOOTING

Several problems related to the addition of Iinker-adaptors to cDNA ends may become evident following
restriction analysis of the recombinant bacteriophage x or plasmid DNA.

o The cDNA inserts contain more sites for Notl, Sal], or EcoRl than expected. In mammalian DNA, Notl sites
occur, on average, once in 1000 kb; Sall sites are separated by an average of 100 kb, and EcoRI sites are
separated by an average of 4 kb. If these sites occur more frequently than expected (e.g., if every cDNA
carries an internal Notl site), it is likely that tandem arrays of cDNA molecules have been cloned into the
vector. This problem can be avoided by decreasing the ratio of inserts to vector molecules in the ligation
mixtures of Step 1 .

o The fi'equency ofIEle sites within the cDNA inserts is < 1 site per 4 Id). This problem arises when methy-
lation of EcoR| sites within the double-stranded cDNA is not complete. In this case, it is usually necessary
to check the methylation reaction in a series of pilot reactions and then to repeat the methylation step using
a fresh batch of cDNA

- No cDNA inserts can be excised from the vector by digestion with the appropriate restriction enzyme.
This problem is almost always caused by inefficiency in adding synthetic linkers or adaptors to the ends of
the double-stranded cDNA. Re-treat the ends of the double-stranded cDNA with bacteriophage T4 DNA
polymerase (Stage 4, Steps 2 and 3), and repeat the large—scale ligation reaction with a mixture of unla-
beled, phosphorylated linkers and 32P-labeled linkers. Analyze an aliquot of the reaction by polyacrylamide
gel electrophoresis to check that the radiolabeled linkers have formed a series of ligation products that
exhibit a ladder-Iike distribution. Finally, cDNA inserts that cannot be excised by digestion with the appro-
priate restriction enzyme can often be recovered by digesting the recombith vector DNA with restriction
enzymes that cleave the vector sequences near the site at which the cDNA is inserted. For example, Hindlli
and Bglll cleave on either side of the single EcoRI site used for cloning in Agt10, generating a DNA fragment
~1 kb in length. The size of cDNA inserts in putative th10 recombinants can be estimated from changes
in the mobility of this fragment and the appearance of novel DNA fragments. Alternatively, cDNA inserts
can be directly amplified via PCR from bacteriophage x plaques or antibiotic-resistant colonies (please see
Chapter 8, Protocol 12).

 

 

 

ADDITIONAL PROTOCOL: AMPLIFICATION OF cDNA llBRARIES

We strongly recommend that primary libraries be used for most cDNA screening purposes. Although ampli-
fication of a primary library can provide a near limitless source of cDNA clones to screen, even a single round
of amplification distorts the representation of mRNAs in a cDNA library. However, amplification is certainly the
best option when the amount of a given library begins to dwindle.

Amplification involves plating the primary library in its entirety on agar plates and then preparing a lysate
from the dishes. The iysate is thereafter used as a source of recombinant bacteriophages for screening with
nucleic acids, antibodies, or other ligands. Although amplification is a simple procedure, plating and growth
invariably reduce the complexity of the |ibrary, i.e., the number of independent cDNA clones in the collection.
This loss results from plating inefficiency, poor growth of some recombinants, and faster growth of nonre-
combinant virus. A good example of this phenomenon is the relative ability of different investigators to isolate
a cDNA for their favorite gene from a commercially available library Often, one investigator can find many
clones for one gene in a given library, whereas a colleague detects no isolates for another equally abundant
mRNA on the same filters. Commercial libraries are invariably amplified, unless they have been custom-syn-
thesized, and they therefore have a biased representation of the starting mRNA population.

As noted several times in this protocol, use primary libraries whenever possible. However, if the need aris-
es, one of the two following methods can be used to amplify most bacteriophage-x-based cDNA libraries.

METHOD 1: Amplification of libraries Constructed in Agtlo

To establish a permanent supply of the library, it should be amplified by growth on E. coli strain BNN102 on
agar plates. The BNN102 strain contains an hflA mutation that selects against nonrecombinant bacteriophages
(please see the panel on PLATING BACTERIOPHAGE A ON E. COLI STRAINS [in the main protocol of Stage
6] and comments in the protocol introduction).
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Additional Materials

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Chloroform <!>
Dimethylsulfoxide < ! >
NZCYM agar plates and top agarose
Sorval/ 55-34 rotor or equivalent

Method

1. For amplification, add 105 bacteriophages or 200 ul of the packaging mixture (whichever is the smaller vol~
ume) to 300 pl of plating bacteria of strain BNN102 (for methods, please see Chapter 2, Protocol 1).
Incubate the infected culture for 20 minutes at 37°C. Then plate the entire culture in top agarose on a 150
mm Petri dish containing NZCYM agar, and incubate the plate for 8—10 hours at 37°C.

In some cases, the use of large volumes of packaging mixture leads to a reduction in plating efficiency. This inhibi-
tion can be checked before amplification by a reconstruction experiment in which known numbers of bacterio-
phage Agt10 (e.g., 1000 pfu) are mixed with increasing amounts of packaging mixture and plated on E. coli strains
C600 and BNN102. The cost of such an experiment can quickly become prohibitive if commercial packaging
extracts are used.

2. Overlay the plates with 15 ml of SM. Store the plates for 2 hours at room temperature or ovemight at 4°C.

3. Harvest the SM carefully, and remove cellular debris by centrifugation at 7000g (7700 rpm in a Sorvall SS-
34 rotor) for 30 minutes at 4°C. The cDNA library will be stable for several months when stored at 4°C in
small (1 -ml) aliquots in tightly closed tubes, each ofwhich contains 20—30 pl of chloroform. For Ionger-term
storage, add dimethylsulfoxide to a final concentration of 7% (v/v) and store aliquots at —70°C.

4. Measure the titer of the library on E. coli strains C600 and BNN102 (please see Chapter 2, Protocol 1). The
titer of clear plaques on strain C600 should be 1010 to 1011 pfu/ml and the ratio of clear to turbid plaques
should be >20:1.

In any amplification, keep in mind that the size or complexity of the library is determined by the number of inde-
pendent recombinant plaques that are amplified. For example, if ten plates, each containing 100,000 plaques, are
used for amplification, the resulting cDNA library can have no more than 1,000,000 members. The titer of the
amplified library has nothing to do with its complexity.

METHOD 2: Amplification of Libraries Constructed in lgt11, AZAP, XZipLox, and
Their Derivatives

Table 11-4 lists the strains that should be used to amplify cDNA libraries constructed in various types of bac-
teriophage A vectors.

Additional Materials

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Chloroform <!>
Dimethylsulfoxide < ! >
200 mg/ml IPTG (20% w/v)
LB agar plates and top agarose
NZCYM agar plates and top agarose
Sorvall 55-34 rotor or equivalent
20 mg/ml X-gal (2% w/v in dimethylformamide) < ! >

Method

1. Mix 105 bacteriophages with 300 pl of plating bacteria of the appropriate E. ooli strain. After incubating for
20 minutes at 37°C, plate the infected culture in top agarose on a 150-mm Petri dish containing NZCYM
agar. incubate for 12 hours at 37—42°C (The later temperature is used with kgfl 1 libraries and libraries pre-
pared in derivatives of Agt11 to prevent the formation of Iysogens. All other viral vectors are grown at 37°C.)

2. Prepare and store the library as described above in Steps 2 and 3 of Method 1.

3. Titer the amplified library on the appropriate E. coli strain using LB agar plates and 3 ml of top agarose con~
taining 40 pl of a stock solution of X-gal and 4 u! of a solution of IPTG (200 mg/ml). The ratio of blue to col-
orless plaques is a measure of the proportion of the library that consists of nonrecombinant bacteriophages.    
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TABLE 11-4 E. coli Strains for the Amplification of cDNA Libraries in Bacteriophage A Vectors

STRAIN OF BACTERIOPHAGE k

USED FOR CONSTRUCTION

STRAIN or E. COLI

RECOMMENDED FOR

 

or cDNA LIBRARY AMPLIFICATION (GENOTYPE) COMMENTS

thI l Y1090hst Strain Y1090hst:
kgtIB (supF hst araD139 o Carries a plasmid (pMC9: pBR322 lach) that expresses the lac

kthO Alon AlacU169 repressor and prevents synthesis of fusion proteins controlled by

th22 rpsL the lacZ promoter.

trpC22::Tn10(tetr)pMC9) o Is deficient in the Ion protease; in lon‘ cells, B-galactosidase

fusion proteins often accumulate to much higher levels than in

wild-type cells.

0 Is supF, suppressing the normally defective lysis of thl l and
leading to a high frequency of lytic plaque.

o Is defective for host—controlled restriction (hst') but carries an
active methylation system (hde*).

Potential sites for restriction by the EcoK system become methylat-
ed during amplification so that, if necessary, the recombinants can
be used to infect a restriction—competent strain of E. coli.

KZAP BB4 XZAP cannot be grown on strain Y1090hst due to the homology
(supF58 supE44 hst514 between the plasmid pMC9 and phagemid sequences within the
galKZ galTZZ trpR55 XZAP vector; this homology interferes with excision of cDNA—con—

metBI tonA AlacU169 taining plasmids from the vector; expression of toxic fusion pro—
F’[proAB* ladcl teins in strain BB4 strain is prevented by a lach gene on an F epi-

lacZAMlSTn10(tet‘)]) some.

Strain BB4 is defective for host-controlled restriction (hst’) but

carries an active methylation system (hdeU; potential sites for
restriction by the EcoK system become methylated during ampli-
fication so that, if necessary, the recombinants can be used to infect

a restriction-competent strain of E coli.

XZAPII XLl-Blue XLl—Blue is defective for host-controlled restriction (hst‘) but

AZAP Express (supE44 hst17 recAI carries an active methylation system (hde+). Potential sites for

kZipLox

endAl gyrA96 thi—I relAl
lac F'LDroAB+ 111ch

lacZAMlSTn10( tet’)] )

Y1090(ZL)
(AlacU169 proA‘r
hst hde“r

Alan araD139 strA supF
(trpC22::Tn10))

restriction by the EcoK system become methylated during amplifi—

cation so that, if necessary, the recombinants can be used to infect
a restriction-competent strain of E. coli.

Strain Y1090(ZL):

o Is deficient in the Ion protease; in lon‘ cells, fi-galactosidase fus-
ion proteins often accumulate to much higher levels than in
Ion+ cells.

0 Is supF, suppressing the normally defective lysis of XZipLox and
leading to a high frequency of lytic plaques.

o Is defective for host-controlled restriction (hst‘) but carries an
active methylation system (hde*); potential sites for restric-
tion by the EcoK system become methylated during amplifica-
tion so that, if necessary, the recombinants can be used to infect
a restriction-competent strain of E. coli.

0 Is a derivative of Y1090h5dR that has been cured of the resident
plasmid pMC9; removal of pMC9 allows the use of ampicillin
selection when cDNA-containing pSPORTl plasmids are
excised from AZipLox.
  



Protocol 2

Construction and Screening of Eukaryotic
Expression Libraries

Protocol 2, like Protocol 1, is a method for the construction and screening of a cDNA library in

eukaryotic expression vectors and is divided into two stages as listed below.

0 Stage 1: Construction of cDNA Libraries in Eukaryotic Expression Vectors

0 Stage 2: Screening cDNA Libraries Constructed in Eukaryotic Expression Vectors

11.67
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STAGE 1: Construction of cDNA Libraries in Eukaryotic

Expression Vectors

Expression cloning in eukaryotic cells is a brute-force method to isolate cDNA clones that encode

functional proteins for which no amino acid sequences exist. Three broad options are available,

depending on the general characteristics of the target protein (for reviews, please see Aruffo 1991;

Frech and Ioho 1992; Simonsen and Lodish 1994; Seed 1995).

o For proteins such as mammalian receptors and channel and transporter proteins, whose

expression on the plasma membrane can be detected by electrophysiological methods: A

cDNA library is prepared in a plasmid or bacteriophage X vector equipped with promoters for

bacteriophage-encoded DNA-dependent RNA polymerases. Pools of cDNA clones, chosen at

random from the library, are transcribed in vitro, and the resulting mRNA is injected into
Xenopus oocytes. The individual oocytes are then scored for expression of the functional pro-

tein. Pools ofcDNAs that generate a positive signal are divided into subpools and retested until

a single clone encoding the target protein is identified and isolated. This type of sib-selection

has been used to isolate cDNAs encoding voltage-gated and ion-gated channels for sodium,

potassium, calcium, and chloride ions; G-coupled receptors for peptide hormones; and trans—

porters for urea, peptides, and antibiotics.

For cell—surface and secreted proteins: A cDNA library is prepared in a bacteriophage X or

plasmid vector equipped with signals for expression in mammalian cells. These signals include

a promoter/enhancer, splice donor and acceptor, and addition of poly(A). Pools of cDNA

clones are then transfected into a line of cultured mammalian cells. In the case of secreted pro-

teins, the supernatant medium from the cells is assayed for the appropriate biological activity.

Transfected cells expressing a target surface protein are identified by binding of a specific lig-

and or antibody. Individual cDNAs encoding the target proteins may be identified by sib-selec~

tion) as described above.A1ternatively, cells expressing the target protein at the cell surface may
be isolated by panning, the use of radiolabeled ligands, or fluorescence-activated cell sorting.

The plasmid DNA is then recovered from the selected population of transfected cells and

amplified in E. coli, yielding a population of cDNA clones that is enriched for the target gene

(Aruffo and Seed 1987; Seed and Aruffo 1987; Horst et al. 1991; please see below). This method

has been used to identify cDNAs encoding a variety of glycotransferases (for review, please see

Fukuda et al. 1996), as well as a large number of cytokines and their receptors (for review,

please see Nakayama et al. 1992).

For intracellular proteins: Pools of cDNA clones are transfected into cultured mammalian
cells. Extracts of the transiently transfected cells are then screened for an activity characteris-

tic of the target protein. For example, Tsai et a]. (1989) used a gel—retardation assay to isolate a

cDNA encoding a DNA—binding protein highly expressed in the erythroid lineage, and

Andersson et al. (1989), screening intact transfected cells for steroid Sa—reductase activity, were

able to isolate a cDNA encoding the enzyme.

Because successful expression screening requires production of biological activity, the prob-

ability of isolating qu-length cDNAs by expression screening is increased, whereas the risk of iso-
lating truncated clones or related cDNAs is decreased.
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MAMMALIAN HOST/VECTOR SYSTEMS THAT AMPLIFY TRANSFECTED cDNA CLONES

To eliminate some of the considerable labor involved in traditional sib—selection schemes, many

investigators in recent years have used host/vector systems in which transfected cDNA clones
replicate as episomes in mammalian cells. cDNA libraries are constructed in plasmids that carry
a wild-type origin of DNA replication derived from SV40, polyomavirus. or, more rarely, Epstein-
Barr virus or bovine papillomavirus (Kern and Basilico 1986; Muller et al. 1994; Shen et al. 1995).
Pools of cDNA clones are then transfected into lines of mammalian cells that express all of the
trans—acting factors required to drive replication of the transfected cDNA clones. Cells that
express the target protein may be identified, for example, by immunological staining (e.g., please
see Horst et al. 1991) and, in some cases, isolated by “panning” on a Petri dish coated with an
appropriate ligand or antibody (for reviews, please see Aruffo 1991; Nakayama et al. 1992; Seed
1995). The cells expressing the target protein are lysed, and the episomal DNAs are isolated (Hirt
1967) and reestablished in E. coli. Depending on (1) the efficiency of panning, (2) the amount of

amplification of the transfected cDNA clones in the mammalian host, and (3) the frequency with
Which the target clone is represented in the cDNA library, the gene of interest may be isolated after
three to four rounds of transient expression and selection.

By far the most popular host cells for this type of cloning are permanent lines of African
green monkey kidney cells that express SV40 T antigen from chromosomally integrated copies
of an origin-minus mutant of SV40 (Gluzman 1981). These lines are known as COS cells (CV-
1, origin-minus, SV40). Because the integrated copies of the viral DNA lack viable origins of
replication, they are unable to be activated by the endogenously expressed T antigen (please see
the information panel on COS CELLS). The yield of episomal DNA therefore consists predomi—
nantly of amplified transfected plasmids. Expression of the cloned cDNA is generally driven by
a strong promoter such as an immediate early cytomegalovirus (CMV) promoter (Aruffo and
Seed 1987).

The SV4O origin of replication is maximally active only in cells of simian origin and is com-
pletely inactive in murine cells, even in the presence of T antigen. A number of other mammalian
host-vector systems have been constructed in an effort to extend the host range of cells that can
be used for expression cloning (please see Table 11—5). For example, cDNA libraries constructed
in plasmid shuttle vectors carrying the origin of replication from polyomavirus can be screened
by expression in murine cell lines that express polyomavirus T antigen. However, few of these sys-
tems match the efficiency of replication routinely achieved in COS cells using shuttle vectors car-
rying an SV4O origin of replication.

VARIABLES THAT DETERMINE SUCCESS OR FAILURE OF EXPRESSION CLONING
 

Prominent among the many factors that determine the success or failure of expression cloning are
the following:

o The assay used to detect the target protein, which must be robust, sensitive, and specific.

0 The abundance and length ofthe target mRNA. The longer the mRNA and the lower its abun—
dance) the smaller the chances of isolating clones capable of expressing an active protein.

a The depth of the library. Because most cDNAs isolated by expression cloning encode relative-
ly rare proteins, it is usually necessary to generate a library consisting of 106 or more indepen-
dent cDNA clones.
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CONTROLS

o The efficiency with which the cloned cDNAs (or mRNAs transcribedfrom them) can be intro-

duced into eukaryotic cells. It is essential to optimize the efficiency of transfection of the host

cells, using plasmids carrying reporter genes (e.g., B-galactosidase or green fluorescent protein)

before embarking on expression cloning.

There is little hope of success with expression cloning if the cDNA library is not of the high—

est quality. The starting mRNA must be intact, the populations of first—strand cDNAs and mRNAs

should match each other for size, the yields of the first— and second—strand cDNAs must be

acceptable, cDNA of the required size should be recovered in sufficient quantity, and all steps in

the ligation and transformation/packaging reactions must be accomplished with high efficiency.

Unless success at each phase of library construction can be documented, it is best to abandon the

preparation and start over again with fresh mRNA. Less work is involved in repeating the syn-

thesis and cloning of cDNA than in screening inadequate expression libraries with a wish and a

prayer.

When constructing an expression cDNA library, it is essential to have internal controls that can

provide evidence that the overall process — from synthesis of first—strand cDNA to the final step

of identifying individual cDNA clones of interest — has worked with acceptable efficiency. The

best internal control is a synthetic, polyadenylated mRNA encoding a protein with a biological

activity that can be readily assayed. If possible, the control mRNA and the target mRNA should

be similar in size and should encode proteins with similar but distinct characteristics. An mRNA

encoding a cytoplasmic protein, for example, is not an appropriate control for an experiment

whose aim is to isolate a cDNA encoding a cell surface protein. The control mRNA is seeded at

an appropriate density into the mRNA preparation used to construct the cDNA expression

library. The library may then be screened for the ability to express two biological activities: one

encoded by the control mRNA and the other encoded by the desired target mRNA. Success in

recovering appropriate numbers of cDNA clones expressing the control protein provides com-

forting reassurance that all has gone well in every phase of the experiment.

A less than perfect but adequate internal control is an already-cloned cDNA encoding a dis-

tinctive, biologically active protein. The cDNA can then be excised from its vector and seeded into

the preparation of second—strand cDNA used to construct the library. A control of this type pro-

vides assurance that construction and screening of the expression library have gone according to

plan.

Some investigators prefer to use as an internal control a cDNA that has already been cloned

into an expression vector. This vector should have the same features as the expression vector used

to construct the cDNA library, but it need not be identical in all respects. For example, the cDNA

used as a positive control may be cloned into an expression plasmid that carries a kanamycin

resistance gene, rather than an ampicillin resistance gene. Using a different antibiotic resistance

gene provides an unambiguous method to distinguish between cDNA clones derived from the

library and the cDNA used as a control.

In the screening phase of the experiment, it is essential to include a negative control, for

example, an empty copy of the expression vector, which should be included in all experiments

involving transfection of cultured mammalian cells. When using Xenopus oocytes as a vehicle to

screen the expression library, the best negative controls are (1) an aliquot of the in vitro tran—

scription reaction from which template DNA has been omitted and (2) an aliquot of an in vitro

transcription reaction that contains empty plasmid DNA as template.  
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MATERIALS

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

70x Restriction endonuclease buffer(s)

Enzymes and Buffers

Restriction enzymes
Please see Step 3.

Nucleic Acids and Oligonucleotides

Poly(A)*-enriched mRNA
This mRNA should be isolated from a cell line or tissue that expresses the activity of interest and puri-
fied by two—pass chromatography on olig0(dT) cellulose (please see Chapter 7,Pr0toc01 3). Identification
of the highest expressing tissue or cell line must be accomplished empirically using the biological assay
that will be employed in the expression cloning screen.

Knowledge of the size of the target mRNA is very useful in expression cloning. This variable can some-
times be determined by translation of size-fractionated mRNA followed by biological assay of the trans-
lation products, by injecting size—fractionated mRNAs into oocytes and then assaying the eggs for the
target protein, or possibly by transfecting size-fractionated mRNAs into cultured mammalian cells
(please see Chapter 16).

Special Equipment

cDNA synthesis kit
These kits are available from several manufacturers and generally include all of the reagents required to

synthesize a population of cDNAs ready for ligation into a bacteriophage or plasmid expression vector

(please see the information panel on COMMERCIAL KITS FOR cDNA SYNTHESIS AND LIBRARY
CONSTRUCTION).

 

Choose a kit that allows the construction of an oriented cDNA library, i.e., one in which the syn-
thesized cDNAs have different restriction enzyme sites at their 5 ' and 3’ ends. For example, by
using the appropriate adaptor-Iinker combination, cDNAs can be synthesized with a Sail site at the
5 ' end and a Notl site at the 3 ’ end. Ligation of the cDNAs into a SaII/Notl-cleaved vector in which
the Salt site is located closest to the promoter and the Not! site is located closest to the transcrip-
tional terminator sequence of the vector will produce an oriented cDNA library. By constructing
and screening an oriented cDNA library, the absolute number of clones that must be screened is
reduced by a factor of 2, and problems with antisense inhibition of expression of the target protein
activity are eliminated.

A possible disadvantage of this type of kit is that the positioning of a Notl site at the 3 ’ end of the cDNA
is usually accomplished by use of an oligo(dT) primer to which a Notl sequence has been attached (e.g.,
5 '-pCCGCGGCCGCT15-3 '). Synthesis of cDNA by reverse transcriptase with this type of primer begins at
the poly(A) tail of most mRNAs and proceeds toward the 5 ' end of the mRNA template. If the target mRNA
is long, the chance of obtaining a fuII-Iength cDNA and hence a positive signal in the injected or transfect-
ed cells is reduced. Options to overcoming this potential problem include (1) the use of random hexanu-
cleotide-Notl primers in the reverse transcriptase reaction (e.g., 5 ’-pCCGCGGCCGCNNNNNN-3 '), which
can lead to biased priming due to the GC-rich nature of the primer or (2) the construction of size-fraction-
ated libraries containing a preponderance of long cDNAs.

In some instances, an antisense approach to screening is taken by design (e.g., please see Liibbert et
al. 1987). In this situation, orient the 3’ end of the cDNA next to the promoter and the 5' end of the
cDNA next to the transcription terminator.   
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TABLE 11-5 Vector Systems for Expression Cloning
 

EXPRESSION IN
 

 

XENOPUS CULTURED
VECTOR SOURCE PROMOTER(S) OOCYTES MAMMALIAN CELLS

pcI)NA 3.1 Invitrogen CMV, T7 \/

pcDNA 4 Invitrogen CMV with enhancer V
QBI SP163

pSPORT Life Technologies lac, SP6, T7 V'

plasmid vectors

pCMV-Script Stratagene CMV \/
plasmid vector

XZipLox Life Technologies lac, SP6, T7 x/

kZAP—CMV Stratagene CMV, T3,T7 V

XZAP Express Stratagene lacZ, T3, T7, CMV \/ \/

AExCell Amersham Pharmacia SP6, T7 /
 

Additional Reagents

Step 7 of this protocol requires the reagents listed in Protocol 1, Stages 1—4.

Step 2 of this protocol requires the reagents listed in Protocol 7, Stage 5.
Steps 4 and 5 of this protocol require the reagents listed in Protocol 7, Stage 6.
Step 8 of this protocol may require the reagents listed in Chapter 1, Protocol 26.

Vectors and Bacterial Strains

METHOD

Electrocompetent E. coli cells
If a plasmid expression vector is Chosen, prepare (please see Chapter 1, Protocol 26) or purchase elec~
trocompetem E. coli as hosts for the cDNA library. The titer of the electrocompetent cells should be at
least 5 x 108 colonies/ug plasmid DNA. Ideally, use a single lot or preparation of cells throughout the
expression cloning and screening procedure.

Packaging extracts
[fa bacteriophage A vector is chosen, then purchase (or prepare) a very high titer packaging extract with
which to insert the recombinant cDNAs into the virus (please see the information panel on IN VITRO
PACKAGING). The titer of the extract should be at least 109 pfu/pg viral DNA.

Plasmid or bacteriophage k expression vector
The choice of vector is dictated by the host system used for expression. If Xenopus oocytes are used, the
expression vector should be a bacteriophage 7» DNA or a plasmid vector DNA carrying promoters for the
bacteriophage SP6, T3, or T7 DNA-dependent RNA polymerases flanking the polylinker (e.g., XZAP
Express, AExCell, and pSPORT). If cultured mammalian cells are used, then choose a plasmid-based
expression vector that contains a powerful promoter (e.g., the immediate early region promoter of
human cytomegalovirus) and a strong transcription terminator sequence (e.g., the 3' sequences of the
human growth hormone gene or the SV40 late terminator region). Examples include the pCMV series
of plasmids and pcDNA 4 (please see Table 11—5 and Appendix 3)

 

1. Use a commercial kit or follow the instructions in Protocol 1 (Stages 1—4) to synthesize blunt-
ended, doubie-stranded cDNA and equip the termini with the appropriate linkers or adaptors.
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. Fractionate the double-stranded cDNA according to size, using gel-filtration chromatogra-

phy. For details, please see Protocol 1, Stage 5.

If the size of the target mRNA is known, pool the column fractions that contain double-stranded

cDNAs ranging in size from 1 kb smaller than the target mRNA to 1 kb larger than the target
mRNA. If the size of the target mRNA is unknown, fractionate the preparation of double-strand—
ed cDNA into three pools containing molecules of different sizes: 500—1500 bp, 1500-3000 bp, and
>3ooo bp.

. Digest 10—25 ug of the plasmid or bacteriophage ?t expression vector with two restriction

enzymes whose recognition sequences occur in the linker-adaptors placed at the 5' and 3'

ends of the cDNA.

A IMPORTANT Take care to ensure that both restriction enzymes digest the vector DNA to com-
pletion. Carry out the digestions in sequence rather than simultaneously; purify the DNA by extrac-

tion with phenoizchloroform and precipitation with ethanol between digests, and where possible, use
gel electrophoresis to check that both of the digests have gone to completion.

To ensure complete cleavage of the expression vector before the cloning of cDNA, some investiga—
tors insert a short “stuffer” fragment of 200—300 bp between the Still and Natl (or other enzyme
combination) sites of the polylinker. The presence of a stuffer fragment allows the efficiency of
digestion to be monitored more readily and, in some cases, enhances double digestion of the vec»

tor since the two restriction sites are usually located close to each other in the polylinker sequence,
and separating them by 200—300 bp removes end inhibition.

. Set up trial ligations using different ratios ofcDNA to bacteriophage X arms or plasmid DNA.

For details on optimizing Iigations, please see the introduction to Stage 6 (as well as Step 1 of

Stage 6) of Protocol 1 of this chapter.

If the cDNA has been separated into fractions of different sizes (please see the note to Step 2),

aliquots of each fraction must be assayed separately.

. Package an aliquot of the products of each of the ligation reactions into bacteriophage X par-

ticles. Determine the titer of infectious particles generated in each packaging reaction. For

details, please see both the panel on PLATING BACTERIOPHAGE k ON E. COLI STRAINS and

Steps 2—6 in Protocol 1, Stage 6.

Of

Use electroporation to transform E. coli with aliquots of each ligation reaction (please see
Chapter 1, Protocol 26).

. Test six bacteriophage l or plasmid recombinants for the presence of cDNA inserts of the

appropriate size and determine the ratio of cDNA to vector DNA that generates the largest

number of recombinant clones. Calculate the size of the library that can be generated from

the ligation reactions containing the optimum ratio of cDNA to vector.

. Using the optimum ratio of cDNA insert to vector, ligate as much of the cDNA as possible to

the bacteriophage k or plasmid DNA.

It is usually better to set up many small ligation reactions, rather than one large reaction.

. Prepare and analyze the recombinants using one of the methods below:

Ifa bacteriophage 1 vector is used: Package the ligated cDNA into bacteriophage X particles fol-
lowing the directions provided by the manufacturer of the packaging extract, measure the
titer of the virus stock, and store the stock at 4°C.

[fa plasmid vector is used: Measure the number of potential recombinants in the ligation reac—
tion by electroporating small aliquots of the ligation mixture into E. coli cells (please see
Chapter 1, Protocol 26).

. Proceed as soon as is feasible to the screening of the eukaryotic expression library.
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STAGE 2: Screening CDNA Libraries Constructed in Eukaryotic
Expression Vectors

MATERIALS

To minimize the amount of work involved in screening expression libraries, the CDNA library is
divided into a series of screening pools that contain the maximum number of cDNA clones com-
patible with efficient detection of the target biological activity. The complexity of the pools there—
fore depends almost exclusively on the sensitivity of the screening assay used to detect the target
activity. For ion channel and other proteins whose activity can be detected by sensitive patch—
clamping or electrophysiological assays, complex pools containing up to 300,000 cDNA clones
have been used (e.g., please see Masu et al. 1987). For a steroid-metabolizing enzyme in which the
assay involved adding [14C]test0sterone to the medium of cultured cells, followed by a thin—layer
chromatography separation of substrate and product, pools of 10,000 clones were successfully
screened (Andersson et al. 1989, 1991). A protein that transports mevalonate was isolated after
screening pools of 1000 cDNAs (Kim et al. 1992), whereas the isolation of one of the endothelin
receptors was accomplished by screening pools of 500 cDNAs (Sakurai et al. 1990). Clearly, the
larger the pool size, the greater the capacity to screen large numbers of clones from the library.

In general, the sensitivity required to detect a single target cDNA in a screening increases as
a linear function of the size of the pool. If there is reason to believe that the biological assay is
insensitive, a large number of screening pools should be constructed, each containing no more
than 1000 or 2000 clones. Whatever the number of clones in the screening pool, the aim should
be to screen at least three times more recombinants than the number of individual cDNA clones
in the expression library. For example, an expression library of 106 individual clones can be divid-
ed into ~30 screening pools, each containing 100,000 clones, or into 1000 screening pools each
containing 3000 clones, or into any intermediate number of pools of proportional size. Always
include a positive and negative control in each screening experiment.

 

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

5M

Enzymes and Buffers

Restriction endonucleases
Restriction endonucleases will be required for certain procedures. Please see Steps 1 and 3.

Nucleic Acids and Oligonucleotides

CDNA library, prepared as described in Stage 1 of this protocol
Transfection/Injection controls

A cDNA that can be used as a positive control is a priceless commodity when setting up expression
cloning. Whenever possible, choose a cDNA that encodes a biological activity similar to that of the  
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desired target cDNA. For example, ifa novel potassium channel is the target cDNA, use a CDNA encod-
ing a previously isolated K* channel as a positive control. The control cDNA is used to establish the opti—

mum pool size and to check that a given transfection/injection experiment worked. The positive control

CDNA should be transferred into the appropriate strain of E. coli (if using a plasmid expression vector)
or packaged into bacteriophage 1 before carrying out Step 1.

Two types of negative controls should be included in screening experiments using Xenopus oocytes: The

plasmid vector alone and the transcription reaction without added template DNA.

In addition, Step 1 requires either an empty bacteriophage A expression vector packaged into bacterio—
phage 7k particles or E. coli transformed with the empty plasmid expression vector.

Media

Terrific agar plates containing the appropriate antibiotic

Terrific broth (or other rich medium) containing the appropriate antibiotic

Additional Reagents

Steps 1 and 2 of this protocol may require a commercial plasmid purification kit (see Chapter
1, Protocol 9).

Steps 1 and 3 of this protocol may require the reagents from one of the transfection protocols
in Chapter 16.

Steps 1 and 3 of this protocol may require the reagents listed in Chapter 9) Protocol 6.

Steps 7 and 3 of this protocol may require the reagents necessary to inject mRNA molecules
into Xenopus oocytes, as described by Spector et al. (1998a).

Step 1 of this protocol may require the reagents listed in Chapter 2, Protocol 1 or 5 and
Protocol 23 or 24.

Step 1 of this protocol requires the reagents necessary to assay for the biological activity
encoded by the positive control cDNA.

Step 2 of this protocol may require the reagents listed in Chapter 1, Protocol 26, and Chapter
2, Protocol 1 and Protocol 23 or 24.

Step 4 of this protocol requires the reagents necessary to assay for the biological activity
encoded by the target cDNA.

Step 6 of this protocol requires the reagents listed in Chapters 7, 12) 15, and 16.

Cells and Tissues

Host cells
Xenopus oocytes are taken from female South African clawed frogs, which are available from several bio—
logical supply houses (such as Carolina Biological Supply or Kons Scientific). The ability of oocyte
clutches to express injected mRNAs varies seasonally and is affected by the age and physiological state of

the donor animals. Difficulties in expressing mRNAs can sometimes be overcome by switching suppli»

ers. For methods to isolate oocytes, please see Colman (1984), Spector et al. (1998a), and Julius et al.

(1988).

Simian COS cells or derivatives of the 293 line of human embryonic kidney cells are the mammalian
hosts of choice for transient expression of cloned cDNAs because of their superior efficiencies of trans-
fection (Gluzman 1981; Gorman 1990). However, many other cell lines have been used successfully (e.g.,
Chinese hamster ovary and NIH-3T3) (Naglich et al. 1992; Bates et al. 1993; Young et a]. 1993).

Before embarking on expression cloning, test lysates of mock—injected oocytes or lysates of mock-trans—
fected cells for the activity of target protein. It is essential to start with an expression host that has low to
undetectable levels of the activity to be cloned.
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METHOD
 

1. Set up a series of trial experiments to optimize the transfection and expression systems used

to screen the library for cDNA clones of interest. This is best done by using a previously

cloned cDNA encoding a biological activity for which reliable assays are available.

IF A EUKARYOTIC PLASMID EXPRESSION VECTOR AND CULTURED CELL HOST ARE USED

Inoculate a single colony of E. coli harboring a plasmid carrying the cDNA used as a pos-

itive control into 10 m1 of rich medium (e.g., Terrific Broth containing a selective antibi—

otic) together with 10, 100, 1000, 10,000, or 100,000 colonies derived from electropora-

tion of E. coli with an empty vector. Grow the cells to saturation in an overnight culture

incubated with agitation at 37°C.

Use a commercial kit to prepare plasmid DNA of a purity sufficient for efficient trans-

fection of cultured mammalian cells (please see Table 1-6 in Chapter 1, Protocol 9).

Use one or more of the methods described in Chapter 16 to transfect the various plasmid

preparations into cultures of eukaryotic cells and assay for the biological activity encod-

ed by the positive control cDNA.

When screening the cDNA library, use the transfection method that generates the maximum
signal and an acceptably low level of background.

|F A BACTERIOPHAGE RNA POLYMERASE (E.G., T3, T7, OR SP6) IS USED TO

TRANSCRIBE CDNAS FROM A PLASMID EXPRESSION VECTOR FOLLOWED BY

XENOPUS OOCYTE INJECTION

3. Follow Steps a and b above.

b. Linearize the pooled, purified plasmid DNAs at the rare restriction site placed at the 3’

end of the cDNAs during library construction, and transcribe the templates in vitro into

mRNA (please see Chapter 9, Protocol 6).

Inject the mRNA prepared from the pooled cDNAs into Xenopus oocytes and assay the

appropriate biological activity or transfect the mRNA into the appropriate cell line.

|F A BACTERIOPHAGE 7» VECTOR CONTAINING BACTERIOPHAGE-ENCODED

RNA POLYMERASE PROMOTERS WAS CHOSEN AS AN EXPRESSION VECTOR

a. Generate a set of bacteriophage suspensions containing different ratios (10:1, 100:1,

1000:1, etc.) of an empty bacteriophage A vector to a recombinant bacteriophage A har—

boring the control cDNA. Infect an appropriate strain of E. coli with a multiplicity of bac—

teriophage particles that yields near-confluent lysis of bacterial lawns or complete lysis Of

infected cells grown in liquid culture (please see Chapter 2, Protocol 1 or 5).

Prepare bacteriophage A DNA from the plates (please see Chapter 2, Protocol 23) or from

the liquid cultures (please see Chapter 2, Protocol 24).

Linearize the bacteriophage k DNA at the rare restriction site placed at the 3” end of the

cDNAs during library construction, and transcribe the cDNAs into mRNA as described

in Chapter 9, Protocol 6.

Inject the prepared mRNA into Xenopus oocytes, and assay the mRNAs for their ability

to encode the biological activity of the cDNA used as a positive control.
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2. Using the results obtained in Step 1 as a rough guide, divide the cDNA library into pools of

a suitable size for screening, and transform or transfect E. coli with the expression library

pools. Prepare plasmid or bacteriophage A DNA that will be used to screen the pools for the
presence of the target cDNA.

IF THE EXPRESSION LIBRARY IS CONSTRUCTED IN A PLASMID VECTOR AND

POOLS ARE GROWN ON SOLID MEDIUM

a. Withdraw a sufficient number of aliquots (e.g., 50—100 aliquots, each capable of generat~
ing ~1000 recombinants) from the ligation mixture (Stage 1, Step 8), and introduce each
aliquot individually into E. coli by electroporation. Plate the entire contents of each elec-

troporation cuvette onto a single dish of Terrific agar medium containing the appropri-

ate antibiotic. Incubate the plates overnight at 37°C.

The goal is for the number of colonies on each plate to equal the desired pool size. For example, if

the pool size to be screened is 50,000 colonies, then enough ligation mix should be electroporated
to produce 1000 colonies on each of the 50 plates. Culture may be grown before plating as
described in Step b for growth in liquid medium.

b. Estimate the number of colonies on each plate. Scrape the colonies from each plate into 5

ml of rich medium (e.g., Terrific broth containing a selectable antibiotic). Grow the bac-

terial suspensions to saturation, and then prepare purified plasmid DNA for screening.

|F THE EXPRESSION LIBRARY IS CONSTRUCTED IN A PLASMID VECTOR AND

POOLS ARE GROWN IN LIQUID MEDIUM

The advantages of this procedure are that the plating step is omitted, thus saving time and

effort, and there is less chance that any individual cDNA will be lost because of poor growth

on agar, or because of mechanical damage.

a. Withdraw a sufficient number of aliquots (e.g., 50—100 aliquots, each capable of generat-
ing ~1000 recombinants) from the ligation mixture (Stage 1, Step 8), and introduce them

individually into separate cultures of E. coli by electroporation. The number of transfor—

mants should equal the desired pool size in each culture.

b. Add 1 ml of rich medium (e.g., SOC or Terrific broth) without antibiotics to each bacte—

rial culture immediately after electroporation. Incubate the culture for 1 hour at 37°C
with very gentle agitation.

The short period of incubation allows the plasmid-encoded antibiotic resistance gene to be
expressed to a level that will protect the transformed bacteria.

C. Use an aliquot of each bacterial culture to inoculate separate 5—ml cultures. After grow-
ing the bacterial cultures to saturation, prepare purified plasmid DNA for screening.

|F THE EXPRESSION LIBRARY IS CONSTRUCTED IN A BACTERIOPHAGE X VECTOR AND

POOLS ARE TO CONTAIN 10,000 TO 100,000 CDNAS

a. Plate an appropriate volume of packaging mixture to produce a semiconfluent lawn of
recombinant bacteriophage plaques. Alternatively, use a sufficient amount of packaging
mixture to obtain complete lysis of E. coli cells grown in liquid culture.

b. Isolate bacteriophage A DNA by a plate lysis procedure or a liquid culture procedure
(please see Chapter 2, Protocol 23 or 24).
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|F THE EXPRESSION LIBRARY IS CONSTRUCTED IN A BACTERIOPHAGE A VECTOR AND

POOLS ARE TO CONTAIN 10,000 OR FEWER CDNAS

a. Plate recombinant bacteriophages, equal in number to the pool size, at a density of 1000

pfu per lOO—mm dish.

b. When plaque formation is complete, overlay each dish with 2—3 ml of SM to produce a

low-titer plate lysate. Calculate the titer of the lysate.

c. From the low-titer plate lysate, produce a high-titer stock in liquid culture.

d. Purify bacteriophage A DNA by a liquid culture procedure (please see Chapter 2, Protocol

24).

Transfer the purified clone into the appropriate background to analyze for expression:

If the clone is purified plasmid DNA: Either transfect into cultured mammalian cells or use as

a template for in vitro synthesis of RNA by a bacteriophage-encoded RNA polymerase, fol—

lowed by injection into Xenopus oocytes.

If the clone is purified bacteriophage k DNA: Linearize the DNA and use as a template for in

vitro synthesis of RNA, followed by injection into Xenopus oocytes.

A typical transfection experiment using 50—100 dishes of cultured mammalian cells permits
50,000—100,000 cDNA clones (from pools containing 1000 clones each) to be screened for their

ability to express the desired biological activity. A typical Xenopus experiment involves injection of
mRNAs transcribed from each pool of plasmid DNA into five Xenopus oocytes. For pools contain—
ing 1000 clones each, 250600 oocytes are therefore required to screen 50,000—100,000 CDNAS for
biological activity.

Assay for the biological activity encoded by the target cDNA.

After a positive p001(s) of CDNAS has been identified, subdivide and rescreen it in an itera-

tive fashion until a single cDNA encoding the target activity has been identified. Carry out

this goal, which is most easily accomplished using the preparation of purified plasmid or bac—

teriophage A DNA corresponding to the positive p001(s) of recombinants, as follows:

a. Divide the positive (primary) pool of plasmid or bacteriophage X DNA into aliquots that
generate approximately one tenth of the original number of transformed colonies or

plaques.

A primary pool containing a total of 10,000 individual recombinant DNAs should be divid»

ed into ~30 aliquots, each of which generates ~1000 colonies or plaques.

b. Repeat Steps 3 and 4 above. Include the original positive pool as a positive control in the

rescreening assay.

C. Repeat the process of subdivision until a single recombinant is obtained that encodes the

desired activity. Make sure that only single well-isolated plaques or bacterial colonies are

used to prepare bacteriophage or plasmid DNA for the ultimate screen.

Characterize the single isolate that encodes the target activity by DNA sequencing (Chapter

12), expression (Chapter 15 or Chapter 16), and RNA blotting (Chapter 7).

If the recombinant does not encompass the entire coding region of the cDNA, additional recom—
binants should be isolated by screening the cDNA library by hybridization at high stringency, using
cDNA isolated from the first isolate as a probe.  



Protocol 3
 

Exon Trapping and Amplification

Deanna M. Church

National Institutes of Health, Bethesda, Maryland

EXON AMPLIFICATION SELECTS FOR THE PRESENCE OF FUNCTIONAL splice donor and acceptor sites

within a fragment of genomic DNA. This process has been used successfully with genomic DNA

from a variety of sources, including cosmids, bacterial artificial chromosomes, yeast artificial

chromosomes, and total genomic DNA (North et al. 1993; Church et al. 1994). An unforeseen dif-

ficulty with the original vector (pSPLl) used for exon amplification is the production of an unac-

ceptable level of a particular mRNA artifact that occurs due to the presence of a cryptic splice site

within the intron of the vector. Three additional problems arise as a result of the use of pSPLl and

the current experimental design. First, the majority of genomic fragments cloned into the vector

do not contain an exon; thus, the major splice product will be an empty vector. Second, restric-

tion enzymes used for library production can interrupt the sequence of an exon, thus preventing

or interfering with splicing. Third, transcription units consisting of less than three exons will not

be identified in this scheme. The use of an improved vector, pSPL3, ameliorates or eliminates the

first three of these problems. However, transcription units consisting of less than three exons must

still be identified using alternative methods (Church et al. 1993; Church and Buckler 1999). The

inclusion of BstXl sites within the multiple cloning site of the vector (Figure 11-16) allows for the

elimination of most of the cryptic splice products. The presence of a multiple cloning site expands

the choices of different enzymes that may be used for library design, thus reducing the likelihood

of cutting within an exon. Finally, to eliminate the vector-only splice product, BstXI half—sites now

flank the vector splice sites. Vector—only splicing will reconstitute this restriction site, and subse-

quent digestion with BstXI will virtually eliminate this product (Figure 11-16). However, because

the protocol involves PCR amplification of spliced gene products, any molecules that result from

aberrant splicing will be amplified and contribute to the background.
This protocol presents a method to amplify exons, using the mammalian shuttle vector

pSPL3, and is divided into five stages as listed below (please see Figure 11-15).

0 Stage 1: Construction of the Library

Stage 2: Electroporation of the Library into COS-7 Cells

Stage 3: Harvesting the mRNA

Stage 4: Reverse Transcriptase—PCR

Stage 5: Analysis of Clones

11.79
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Preparation and assessment of library

   

 

Electroporation into COS-7 cells

   

 

Harvest mRNA

   

 

RT—PCR

   

 

Analysis of exon trapped products

   
FIGURE 11-15 Flowchart of the Experimental SEES in Exon Amplification

(Adapted, with permission, from D.M. Church.)
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STAGE 1: Construction of the Library

An important aspect of exon amplification is the construction of a highly representative library

of genomic DNA. In this protocol, the library is constructed in the vector pSPL3 (Figure 11—16),

which contains features that improve the efficiency of library construction and exon trapping. For

additional details on these features, please see the discussion on Amplification and Trapping of

Exons in the introduction to this chapter. Great care should be taken in preparing the DNA,

because any contaminating material from the host used to propagate recombinants can con-

tribute to the background. Although splicing is unknown in bacteria, and is a rare event in yeast,

both types of genomes contain sequences capable of undergoing splicing in this heterologous sys—

tem (D.M. Church and A. Buckler, unpubl.).

MATERIALS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions
Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

ATP (70 mM)

Phenol:ch/oroform (1:1, v/v) <!>

TE (pH 8.0)

Enzymes and Buffers

PVuII

Restriction endonucleases
For a map of the pSPL3 multiple cloning site, please see Figure 11-16.

T4 DNA ligase

Gels

Agarose gel (0.9% w/v) in TAE buffer
Please see Step 3.

Agarose gel, preparative
Please see Step 1.

Nucleic Acids and Oligonucleotides

Cosmid, BAC, or PAC recombinant DNA, encompassing the target genomic region
Purify the recombinant to be analyzed as described in Chapter 4.

or
Genomic DNA

Prepare the DNA as described in one of the methods presented in Chapter 6.
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MCS

BstXI(1/2)",EcoRi,BstXl(1/2)",Sacl,Xhol,NotI,PstI,

BamHI, BstXI(1/2)',ECORV,BStXI(1/2)*

 

   

Pvuil

3' splice site

 
FIGURE11-16 pSPL3

The SV40 promoter drives the transcription of a heterologous minigene. Two exons are interrupted by an
intron derived from the HIV tat gene. A multiple cloning site (MCS) has been inserted into the intron. The
vector carries the SV40 promoter and the origins of replication from pUC (pUC ori) and from SV40 (SV40
ori). An enlarged view of the MCS reveals possible cloning sites for library construction. The presence of
half sites of BstXl (BstXI [1/21) decreases the background from cloned sequences that do not contain exons.
An expanded view of the minigene within pSPL3 is shown in Figure 11-18. (Adapted, with permission,
from D.M. Church.)

 

LB agar plates containing 50 ug/ml ampicillin

Please see Step 8 to determine the appropriate size plates to use.

LB broth containing 50 ug/ml ampicillin
SOC medium

Special Equipment

Water baths preset to 15°C and 65°C

Additional Reagents

Step 1 of this protocol requires the reagents listed in Chapter 1, Protocol 20.
Step 6 of this protocol requires the reagents required for transformation listed in Chapter 1

Protoc0123, 24, or 25.

Steps 10 and 12 of this protocol require the reagents listed in Chapter 1, Protocol 1 or 9.

1

Vectors and Bacterial Strains

E. coli strain HB101, competent for transformation
Prepare as described in Chapter 1, Protocols 23, 24, or 25.

pSPL3
The vector pSPL3 is available separately or as part of a kit from Life Technologies.  
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. Digest pSPL3 with a restriction enzyme(s) that will permit insertion of the genomic DNA ( for

the map of the pSPL3 multiple cloning site, please see Figure 11-16). Dephosphorylate the

ends of the linearized vector, and purify the vector by gel electrophoresis.

It is important that the vector DNA be completely digested into a single fragment of ~6 kb.

Digest 1—2 pg of genomic DNA or recombinant vector carrying genomic target DNA with a

restriction enzyme(s) that is compatible with the enzyme used to prepare pSPL3 in Step 1.

. Analyze 100/0 of the digested genomic DNA on a 0.9% agarose gel cast and run in TAE.

The genomic DNA should be completely digested and undegraded. When examining the genomic
DNA in the agarose gel, also look for the presence of contaminating bacterial (or yeast) DNA,
which will appear as a generalized haze in the background.

Inactivate the restriction enzyme from the digested genomic DNA by heating the reaction

mixture to 65°C for 15 minutes. Extract the reaction mixture with phenol:chloroform and

recover the DNA by standard ethanol precipitation. Resuspend the DNA at a concentration

of 100 ug/ml in TE (pH 8.0).

Ligate the genomic DNA to the vector by combining the following:

digested genomic DNA 150 rig

digested, dephosphorylated pSPL3 vector 50 ng

10x ligation buffer 1 pl

bacteriophage T4 DNA ligase 10 Weiss units

HZO to 10 til

Incubate the reaction mixture for 2—3 hours at room temperature or overnight at 15°C.

Adding ATP as a component of the 10x ligation buffer leaves more volume for vector 01“ foreign
DNA in the reaction mixture. lfusing a commercial ligase buffer that contains ATP, the addition of
ATP is no longer required.

Be sure to include a control containing only the vector DNA. This control is important for assess—

ing the quality of the library.

Transform 40 ul of competent HBlOl cells With the ligation reaction.

Be sure to include positive (vector alone DNA) and negative (no DNA) transformation controls to

assess efficiency.

A IMPORTANT It is imperative that HB101 be used to propagate the library and the vector,

because pSPL3 is unstable in other bacterial strains (Church and Buckler 1999).

After transformation, add 800 ul of SOC medium to the cells and incubate the culture for

30—45 minutes at 37°C to allow expression of the antibiotic resistance marker encoded on the
plasmid.

Amplify the library by growing the bacteria overnight at 37°C in the presence Of ampicillin.

If using a single cosmid: Plate 100 pl of the transformation mixture onto an LB agar plate con-

taining 50 ug/ml ampicillin. Grow the remainder of the transformation in a 2-ml liquid cul-

ture of LB broth containing 50 ug/ml ampicillin.

Growth on the small LB plate allows the transformation efficiency to be assessed.

If using a BAC, PAC, or pools of cosmids: Plate the entire contents of the transformation onto

separate 150-mm LB agar plates containing 50 ug/ml ampicillin.

Plating these complex libraries on l50—mm plates helps eliminate the preferential growth of certain
clones by reducing competition for nutrients, thus allowing for the construction of a more repre
sentative library.
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10.

11.

12.

13.

4kb

2kb

Estimate the efficiency of ligation by comparing the number of recombinant and nonrecom—

binant clones (i.e., colonies arising from the transformation of HBIO] with the ligation mix-

ture containing only pSPL3).

The recombinant clones should be anywhere from SOO-fold to lOOO—fold in excess of the nonre—
combinant clones.

If the library was amplified on a 150—mm LB agar plate, proceed to Step 11. If the genomic

library was amplified in liquid culture, purify plasmid DNA from the bacteria using a stan-

dard alkaline lysis procedure (please see Chapter 1, Protocol 1) or use a commercial plasmid

purification kit. Proceed to Step 13.

If the entire library was plated onto a large LB agar plate, flood the plate with 10 ml of LB

broth, and gently scrape the colonies from the surface of the agar. Minimize the amount of

agar that is scraped into the LB broth.

Purify the plasmid DNA using a modification of the standard alkaline lysis minipreparation:

triple the amounts of Alkaline lysis solutions I (300 pl), II (600 pl), and III (450 pl) added to

the bacterial pellet. To simplify the procedure, after addition ofAlkaline lysis solution I, trans-

fer the bacterial slush to a 2-ml microfuge tube. The rest of the procedure can be carried out
in 2-ml tubes. After adding Alkaline lysis solution III and centrifuging, divide the recovered,

crude nucleic acid supernatant into two 1.5—ml tubes. Extract the resulting supernatant with

phenolzchloroform and with chloroform. Precipitate the supernatant with isopropanol and

combine the two dissolved DNA pellets. Alternatively, use a commercial plasmid purification

kit (Chapter 1, Protocol 9).

Digest an aliquot of the purified DNA with PvuII to determine the quality of the library.

Pvull sites flank the multiple cloning site in the vector. The digestion of empty vector with Pvull
produces 4-kb and Z—kb bands. Recombinant clones should still produce a prominent 4—kb band,
but little or no 2—kb band. A clearly visible 2-kb band suggests that the library is of poor quality or,
less probably, that a 2—kb Pvull fragment is highly represented in the genomic DNA (Figure 11—17).
If the library is of acceptable quality, it can be used for the next stage.
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FIGURE 11-17 Representation of a Gel

Demonstrating Good library Construction

Pvull digestion of the library constructed in pSPL3 is a good
indicator of the quality of the library. (Lane 1) Pvull digest of
pSPL3; note the 2-kb and 4-kb bands. (Lane 2) Example of a
poor library; note the strong 2-kb band, indicating a substan-
tial vector religation. (Lane 3) Example of a good library; note
the reduction in the amount of the 2-kb band, and the large

number of fragments released by the Pvull digestion.
(Adapted, with permission, from D.M. Church.)  
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STAGE 2: Electroporation of the Library into COS-7 Cells

In this stage of the exon amplification protocol, COS—7 cells are transfected with recombinant

pSPL3 plasmids containing the genomic DNA of interest. COS—7 cells were originally derived

from the African green monkey kidney cell line CV-l by transformation with a replication-defi-

cient SV40 that encodes wild—type large T antigen (Gluzman 1981; please see the information

panel on COS CELLS). The large T antigen drives replication of the transfected plasmid by activat-

ing the SV40 origin of replication. The resulting high—copy number of the transfected plasmid

allows for vigorous transcription, initiating at the SV40 promoter of pSPL3, of the heterologous

minigene (please see Figure 11-16).

Other transfection techniques, such as lipofection, have been used with success in exon

amplification (e.g., please see Nisson et al. 1994)

MATERIALS
 

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Phosphate-buffered saline (PBS) without divalent cations

Enzymes and Buffers

Trypsin-EDTA solution

Nucleic Acids and Oligonucleotides

DNA

The plasmid DNA to be transfected was prepared in Stage 1 of this protocol, Steps 10—12.

Plasmid vector for use as control (Step 3)

Media

Dulbecco’s modified Eagle’s medium (DMEM) containing 10% heat—inactivated fetal calf serum

Centrifuges and Rotors

Sorvall H1000B rotor or equivalent

Special Equipment

Electroporation device and cuvettes fitted with electrodes spaced 0.4-cm apart
Tissue culture dishes (100 mm)

Wide-bore pipettes

Cells and Tissues

COS—7 cells

COS-7 cells are grown to a confluency of 75—85% in DMEM containing 10% heat-inactivated fetal calf
serum. For details of dealing with cells in culture, including trypsinizing, please see Spector et al. (1998b).
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METHOD

1. Wash the monolayer of COS-7 cells with phosphate-buffered saline lacking divalent cations.

Remove the cells from the surface of the dishes by treatment with trypsin-EDTA. Collect the

cells by centrifugation at 250g (1 100 rpm in a Sorvall H1000B rotor) for 10 minutes at 4°C.

A IMPORTANT Keep the COS-7 cells cold throughout the procedure.

For details on trypsinizing cells, please see Spector et al. (1998b).

Adjust the volume of the DNA sample to be used for transfection to a total volume of 100 pl

in PBS without divalent cations.

The amount of DNA required for transfection must be optimized as described in Chapter 16,
Protocol 5,

Resuspend 4 x 106 COS-7 cells in a volume of 700 pl of PBS without divalent cations. Mix the

cells with the DNA in a cooled electroporation cuvette (0.4-cm chamber). Incubate the mix-

ture for 10 minutes on ice.

Use of PBS with divalent cations can lead to arcing during electroporation, which can ruin the elec—
troporator.

Be sure to perform a transfection with vector—only DNA as a control.

Gently resuspend the cells and introduce the DNA into the cells by electroporation at 1.2 IN
(3 kV/cm) and 25 pF. Immediately return the cuvettes to ice, and store them for 10 minutes.

The conditions for electroporation may need to be optimized as described in Chapter 16, Protocol
5.

Use a wide—bore pipette to transfer 1 x 106 of the electroporated cells into a series of 100-mm

tissue culture dishes that contain 10 ml of DMEM containing 10% heat-inactivated fetal calf

serum that has been warmed to 37°C. Incubate the cultures for 48—72 hours at 37°C in a

humidified incubator with an atmosphere of 5—7% C02.
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STAGE 3: Harvesting the mRNA

MATERIALS

RNA is isolated from the transfected COS-7 cells by differential centrifugation, followed by pre-

cipitation of nucleic acids from the cytoplasmic component. A lOO-mm tissue culture dish, near-

ly confluent with transfected COS-7 cells, will provide RNA for several experiments.

A IMPORTANT Prepare all reagents used in this protocol with DEPC-treated HZO (please see the infor-
mation panel on HOW TO WIN THE BATTLE WITH RNASES in Chapter 7).

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

DEPC—treated HZO <!>

Ethanol

NaCl (5 M)

Phenol <!>

Phenol:chloroform <!>

Phosphate-buffered saline (PBS) without divalent cations

SDS (5% w/v)

TKM buffer

10 mM Tris-Cl (pH 7.5)

10 mM KCl

1 mM MgCl2

Triton X—100 (70% v/v) or Nonidet P-40 (4% v/v)

Centrifuges and Rotors

Sorva/l HTOOOB rotor or equivalent

Special Equipment

Cell scrapers or Rubber policemen
Polystyrene tubes (15 ml), chilled to 0°C in ia

Cells and Tissues

COS-7 cells transfected with the recombinant and nonrecombinant forms of p5PL3
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METHOD

10.

11.

12.

13.

14.

. Rinse the tissue culture plates of transfected COS-7 cells three times with ice-cold PBS lack-

ing calcium and magnesium ions. Keep plates on a bed of ice between rinses.

Add 10 ml of ice-cold PBS to each plate. Place the plate on the bed of ice, and gently scrape

the cells off the plate.

Transfer the cell suspensions to chilled 15—ml polystyrene tubes.

The use of polystyrene tubes, which are transparent, will facilitate recovery of cytoplasm free of
nuclei in Steps 8 and 9.

Recover the cells by centrifugation at 300g (1200 rpm in a Sorvall HIOOOB rotor) for 8 min-

utes at 4°C.

Decant as much of the supernatant as possible. Remove the residual supernatant with a

pipette.

Resuspend the cell pellet from 1 x 106 to 2 x 106 COS cells in 300 u] of TKM buffer and store
the suspension on ice for 5 minutes.

Add 15 pl of 10% Triton X—100 or 40/0 Nonidet P—40 and store the cell suspension on ice for

a further 5 minutes.

Addition of nonionic detergent gently lyses the plasma membrane while leaving the nuclear mem-
brane intact.

Recover the nuclei by centrifugation at 500g (1500 rpm in a Sorvall HIOOOB rotor) for 5 min—

utes at 4°C.

Transfer the supernatant to a chilled 1.5-m1 microfuge tube.

A IMPORTANT Use extreme care when removing the supernatant. Do not touch the nuclear pel-

let. If the nuclear membranes burst, the sample will become too viscous to pipette due to the con-
tamination with genomic DNA.

Add 20 pl of 5% SDS and 300 pl of phen01.Vortex the mixture vigorously and separate the

organic and aqueous phases by centrifugation at maximum speed for 5 minutes at 4°C in a
microfuge.

Transfer the aqueous layer to a 1.5-ml microfuge tube containing 300 pl of phenolzchloro—

form. Vortex the suspension vigorously and then separate the organic and aqueous phases by

centrifugation at maximum speed for 3 minutes at room temperature in a microfuge.

Transfer the aqueous (upper) layer to a chilled 1.5—ml microfuge tube containing 12 pl of 5
M NaCl and 750 pl of ethanol. Allow the RNA to precipitate for 2—3 hours at —20°C or for 30
minutes at —80°C.

Nucleic acids are more stable in ethanol than in H20. For long—term storage, store the RNA in
ethanol at —80°C (please see the panel on STORAGE OF RNA at the end of Protocol 1 in Chapter
7).

Recover the RNA by centrifugation at maximum speed for 10 minutes at 4°C in a microfuge.

Discard the supernatant and wash the pellet with 70% ethanol. Dry the pellet in air and redis-
solve it in 20 pl of DEPC—treated HZO.

- w—— 7 u77‘—--A7 ,  
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Stage 4: Reverse Transcriptase—PCR

In this stage of the protocol, cDNA molecules are generated from the RNA isolated in Stage 3.

Molecules of pSPL3-derived cDNA lacking genomic DNA sequences and those containing

genomic DNA sequences harboring cryptic splice sites are eliminated by digestion with BstXI

(please see Figure 11—18). The digestion products are cloned into a Bluescript vector (Stratagene)

to facilitate identification of the exon-trapped products.

HIV—tat |ntron

BstXI BstXI
half site MCS half site

SV4O promoter po|y(A) signal

5' splice site 351)“ sites 3' splice site

subclone genomic fragments

possible splicing events

/ \
A. Genomic fragment with no exon C. Genomic fragment with cryptic splice site

cDNA product eliminated by BstXI digestion cDNA product eliminated by BstXI digestion

B. Genomic fragment containing exon

W
proper splicing occurs; BstXI site interrupted by exon

FIGURE 11-18 Linear View of the Minigene of pSPL3

The SV4O promoter sequence (shaded box) and poly(A) addition signal (open box) are shown at either
ends of the linear scheme. (Shaded pattern) Vector-derived exons; (open box) intronic sequences; (nar-
row open box) multiple cloning site (MCS). Note the inclusion of BstXl half—sites at the vector splice donor
and splice acceptor sites. Three possible splicing classes can be derived from this experiment: (A) The
genomic fragment does not contain an intact exon or the fragment is cloned in the wrong orientation; vec-
tor-only splicing occurs. This product is virtually eliminated by BstXl digestion prior to cloning of the prod-
ucts. (B) The genomic fragment contains an intact exon, cloned in the proper orientation; proper splicing
occurs between the vector sequences and the exon sequences found in the genomic DNA. The BstXI half-
sites are not reconstituted. (C) The genomic sequence contains a cryptic splice site that activates a cryp-
tic splice site found in the intron of pSPL3. In this case, improper spiicing occurs between the vector
sequences and the genomic fragment. However, this product will retain a portion of the MCS. The MCS
is flanked by BstXl sites, allowing this product to be eliminated by BstXl digestion before cioning. (Adapted,
with permission, from DM. Church.)
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MATERIALS
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CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

70x Amplification buffer

Chloroform <!>
DEPC—treated HzO <!>

Dithiothreito/ (1 M)
dNTP solution containing all four dNTPs, each at a concentration of 1.25 mM
Phenol <!>

RNase inhibitor

Enzymes and Buffers

Gels

BstXI

EcoRV

Mo—MLV reverse transcriptase

Taq DNA polymerase

Uracil DNA glycosylase (1 unit/pl)

Agarose gel (1.5% w/v) in TBE buffer

Nucleic Acids and Oligonucleotides

Media

Oligonucleotides primers (20 mM in TE [pH 8.01):
SAZ 5' ATC TCA GTG GTA TTT GTG AGC 3'

SD6 5' TCT GAG TCA CCT GGA CCA CC 3'

SDDU 5' AUA AGC UUG AUC UCA CAA GCT GCA CGC TCT AG 3'

SADU 5' UUC GAG UAG UAC UTT CTA TTC CTT CGG GCC TGT 3'

BSD-U 5' GAU CAA GCU UAU CGA TAC CGT CGA CCT 3'

BSA-U 5' AGU ACU ACU CGA AUT CCT GCA GCC 3'

Please note that the 5' ends of oligonucleotides SDDU, SADU, BSD-U, and BSA—U contain uracil
residues to facilitate ligation—independent cloning (please see the information panel on lIGATlON-
INDEPENDENT CLONING; Rashtchian 1995). SADU and SDDU are nested primers.

RNA isolated from COS-7 cells transfected with control and recombinant vectors (Stage 3)

LB agar plates containing 50 ug/ml ampicillin

Special Equipment

Barrier tips for automatic micropipettes

Microfuge tubes (0.5mm! thin-walled for amplification reactions, RNase-free)
Positive-displacement pipette

Thermal cycler programmed with desired amplification protocol
If the thermal cycler is not equipped with a heated lid, use either mineral oil or paraffin wax to prevent
evaporation of liquid from the reaction mixture during PCR. Paraffin wax may be used not only to pre-
vent evaporation, but also to maintain separation between components (e.g., primer and template) until
the reaction mixture is heated. This prevents nonspecific binding of primers during the initial phase of
the reaction (please see the information panel on HOT START PCR in Chapter 8).

Water baths preset to 42°C, 55°C, and 65°C
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Step 74 of this protocol requires the reagents listed in Chapter 1, Protocol 25.

Vectors and Bacterial Strains

E. coli strain DHSa (or another strain that permits (x-complementation)

pBIuescript II (KS or SK) (Stratagene)

METHOD

Synthesis of the cDNA

11.91

1. Generate the first—strand cDNA from the cytoplasmic RNAs isolated in the previous stage

(Stage 3), using the SA2 oligonucleotide as a primer. In an RNase—free 0.5-ml tube combine:
RNA 3 pl
10x amplification buffer 2.5 ul

dNTP solution at 1.25 mM 4 ul

0.1 M dithiothreitol 1 pl

3’ oligo (SA2, 20 pM) 1.25 1.11

DEPC—treated HZO 11.25 ul

Heat the reaction mixture to 65°C for 5 minutes.

A IMPORTANT To reduce formation of secondary structures in the RNAs, do not place the reaction

mixture on ice!

Then add:

RNase inhibitor 1 pl

Mo-MLV reverse transcriptase (200 units) 1 ul

Incubate the reactions for 90 minutes at 42°C.

. Use both the SA2 oligonucleotide primer and the SD6 oligonucleotide primer to carry out a

limited second—strand synthesis. Combine the following in a sterile thin-walled amplification

tube:
reverse transcriptase reaction (Step 1) 12.5 pl

10x amplification buffer 4 u]

dNTP solution at 1.25 mM 6 ul

SA2 oligonucleotide primer (20 uM) 2 u]

SD6 oligonucleotide primer (20 MM) 2.5 ul

Taq DNA polymerase 1—2 units

DEPC—treated HZO to 40 11]

Process the vector-only control in the same way. This will serve as an important control during the
PCR analysis.

. If the thermal cycler is not fitted with a heated lid, overlay the reaction mixtures with 1 drop

(~SO pl) of light mineral oil. Alternatively, place a bead of paraffin wax into the tube if using

a hot start PCR. Place the tubes in the thermal cycler.

. Amplify the nucleic acids using the denaturation, annealing, and polymerization times and

temperatures listed in the table.
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Cycle
Number Denaturation Annealing Polymerization

l 5 min at 94°C

5—6 30 sec at 94°C 30 sec at 62°C 3 min at 72°C

Last cycle 5 min at 72°C

These times are suitable for 40-01 reactions assembled in thin-walled 0.5-m] tubes and incu-

bated in thermal cyclers such as the Perkin—Elmer 9600 or 9700, Master Cycler (Eppendorf),
and PTC 100 (Ml Research). Times and temperatures may need to be adapted to suit other
types of equipment and reaction volumes.

The purpose of this PCR is to generate double—stranded material for BstXI digestion.

Three—minute extensions are used in this initial PCR to increase the efficiency of capture of
longer cDNA products. Limited cycling time is used to minimize the possibility of generat—

ing PCR artifacts.

Continue to process the material amplified from COS cells transfected with vector DNA
alone (Stage 2).

Preparation of the cDNA and Vector for Cloning

5. Add 30 units of BstXI to the PCRs. Overlay the reaction mixtures with light mineral oil (if not

already on the reaction) and incubate the mixtures overnight at 55°C.

BstXI digestion greatly reduces vector-only splice products and false positives generated by a cryp-
tic splice site within the vector intron.

The vector pSPL3 contains several cryptic splice sites. The molecules generated by aberrant splic—
ing at these sites are generally a minor component of the amplified products, and generally appear
only (i) in the reaction tube containing empty vector, (ii) in a reaction in which the pSPL3 library
is of poor quality, or (iii) when the genomic DNA contains no transcripts that can be identified
with this method.

6. Add an additional 20 units of BstXI to the PCR and incubate the reaction for an additional

2—3 hours at 55°C.

7. Meanwhile, digest 1 pg of pBSII(KS or SK) to completion with EcoRV. Purify the DNA by
extraction with phenol and precipitation with ethanol. Dissolve the digested DNA in HZO at

a concentration of 2 ng/ul.

8, In a 0.5—ml amplification tube, mix the following:

BstXl-digested RT-PCR (Step 6) 5—10 pl

10x amplification buffer 4.5 ul

dNTP solution at 1.25 mM 7.5 pl

SADU oligonucleotide primer (20 0M) 2.5 p]

SDDU oligonucleotide primer (20 0M) 2.5 ul

Taq DNA polymerase 10—20 units

HZO to 45 ul

9. In another 0.5-ml amplification tube, mix the following:

pBSII(KS or SK) digested with EcoRV (2 ng/pl) 10 pl

IOX amplification buffer 10 ul

dNTP solution at 1.25 mM 16 p]

BSD—U oligonucleotide primer (20 0M) 5 pl

BSA—U oligonucleotide primer (20 0M) 5 pl

Taq DNA polymerase 2—4 units

HZO to 100 “1  
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10. If the thermal cycler is not fitted with a heated lid, overlay the reaction mixtures (Steps 8 and

9) with 1 drop (~50 pl) of light mineral oil. Alternatively, place a bead of paraffin wax into the

tubes if using a hot start PCR. Place the tubes in the thermal cycler.

11. Amplify the nucleic acids using the denaturation, annealing, and polymerization times and
temperatures listed in the table.

 

Cycle

Number Denaturation Annealing Polymerization
l 5 min at 94°C

25—30 30 sec at 940C 30 sec at 62°C 3 min at 72°C
Last cycle 5 min at 72°C

These times are suitable for reactions assembled in thin-walled 0.5—m1 tubes and incubated
in thermal cyclers such as the Perkin—Elmer 9600 or 9700, Master Cycler (Eppendorf), and
PTC 100 (Ml Research). Times and temperatures may need to be adapted to suit other types
of equipment.

The 5' ends of the primers used in the second round of PCR amplification contain dUTP
rather than dTTP. This facilitates ligation-independent cloning (Rashtchian 1995). The 5'
ends of BSD—U and BSA-U are complementary to the 5' ends of SADU and SDDU.

It is best to perform the uracil DNA glycosylase reaction (Step 13) the same day as the ampli—
fication. If this is not possible, purify the amplification reactions by extraction with phe—
nolzchloroform, followed by ethanol precipitation, and store them at —20°C until ready for
use. The dU—amplified vector (Step 9) can be stored for several weeks at —20°C.

12. Run an aliquot of the PCR on a 1.5% agarose gel in TBE to assess the quality of the reaction.
There should be a smear representing several amplification products (Figure 1 1-19).
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FIGURE 11-19 Representation of a Gel

Demonstrating Possible Products Seen after ——
Amplification of the Exon-trapped Products

with SADU and SDDU, before Cloning

Amplification of nonrecombinant pSPL3 is shown in -—
the right-hand lane (vector only). The lowest band rep-
resents the vector—only splice product, whereas the
other two bands are derived from additional cryptic —
splice sites in the vector. The other three lanes (library
1, 2, 3) show representations of three typical amplifi-

cation reactions. The vector—only band is present in all
other lanes, but it is reduced in intensity. (Adapted,
with permission, from D.M. Church.)
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Cloning the Exon-trapped Products

13. In a 0.5-ml microfuge tube, mix the following:

14.

15.

BstXI-digested cDNA (Step 8) 3 pl

amplified in Step 11

EcoRV—digested pBSII DNA (Step 9) 1 pl

amplified in Step 11

10x amplification buffer 1 pl

uracil DNA glycosylase (UDG; l unit/ul) 1 pl

HZO to 10 u]

Incubate the reaction mixture for at least 30 minutes at 37°C.

A IMPORTANT During this reaction, DNA containing dU residues is digested by uracil DNA glyco-

sylase. In addition, the complementary termini of the plasmid and the amplifed cDNA anneal to form
recombinant molecules. To prevent nonspecific annealing of the vector and PCR product, do not

place the reaction on ice after the 37°C incubation. If Steps 14 and 15 cannot be carried out imme-
diately, leave the reaction at 37°C or store it at —20°C.

Use the entire UDG reaction mixture to transform 30—50 pl of DHSOL E. coli cells using a

CaCl2 transformation procedure (please see Chapter 1, Protocol 25).

Plate 100—500 pl of the transformation reaction onto LB agar plates containing 50 ug/ml

ampicillin, and incubate them overnight at 37°C.
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STAGE 5: Analysis of Clones

The final stage of this protocol outlines a strategy for the initial analysis of amplified and exon—

trapped products (ETPs). By amplifying the ETPs with the —20 and REV primers of pBSlI, pro—

moters for bacteriophages T3 and T7 remain intact. The amplicons can therefore be sequenced

using oligonucleotide primers complementary to the promoter sequences. Direct sequencing of

the amplicons using these internal primers can then be easily performed.

Sequence analysis and comparison to public databases will allow quick elimination of

clones derived from splicing artifacts that escaped BstXI digestion. Sequences other than authen—

tic exons that can be captured in this system, such as the Alu, Line, and HERV repetitive elements,

can be identified by comparing the ETP sequences with those in public databases. In addition,

contamination of the genomic DNA with DNA from E. coli or yeast can be readily identified by

sequence analysis, as the genomes of both organisms have been sequenced completely.

Once false positives have been eliminated, further analysis is required of the reduced ETP

set. A critical goal is to determine the map locations of the ETPs. If an ETP fails to map to a region
of interest, it may be because the original DNA was chimeric or because chimeras formed during

amplification.

After the initial analysis has been performed and a minimal set of ETPs has been validated,

these reagents become ideal starting materials for other analyses, including northern hybridiza-

tion, RNase protection, and in situ hybridization (Church et al. 1993; D.M. Church et al.,

unpubl.). ETPs are also the starting point for the identification of full—length RNAs. They can be

used to probe cDNA libraries (Church et al. 1993), or oligonucleotide primers can be synthesized

from their sequences and used in other protocols, such as rapid amplification of cDNA ends

(RACE; please see Chapter 8, Protocols 9 and 10), or PCR-based cDNA screening (Frohman 1993;

Munroe et al. 1995).

MATERIALS
 

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

7 Ox Amplification buffer

Enzymes and Buffers

Taq DNA polymerase

Gels

Agarose gel (1.5%) cast in TAE buffer
Please see Step 7.

Nucleic Acids and Oligonucleotides

dNTP solution containing all four dNTPs, each at 1.25 mM

Exon-trapped products cloned into a pBSII vector
Clones are in the form of recombinant DHSa colonies prepared in Stage 4.
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Media

Special Equipment

Microtiter plates (96 well) for PCR

Multichannel pipettor or insulating manifoId/frogger (e.g., Dank or Scientific)
Thermal cycler capable of accepting 96-well microtiter dishes

oligonucleotide primers (20 mM in TE [pH 8.0])
T3 5' AAT TAA CCC TCA CTA AAG GG 3'

T7 5' GTA ATA CGA CTC ACT ATA GGG C 3'

—2O 5' GTA AAA CGA CGG CCA GT 3’

REV 5’ AGC GGA TAA CAA TTT CAC ACA GG 3’

LB broth containing 50 ug/ml ampiciIIin

LB broth containing 30% (v/v) glycerol

Additional Reagents

METHOD

Step 8 of this protocol requires the reagents listed in Chapter 12, Protocol 3, 4 or 5.

 

1. Dispense 100 pl of LB broth containing 50 ug/ml ampicillin into each well of a 96-well

microtiter plate. Transfer one transformed bacterial colony (from Step 15 of Stage 4) at a time

into individual wells. Cover the plate with Parafilm, and grow the colonies for 3—4 hours at

37°C. It is not necessary to agitate the plate.

. Prepare a master mix (sufficient for 100 wells) of PCRs by combining the following compo-
nents together:

10x amplification buffer 250 pl

dNTP solution at 1.25 mM 400 pl

—20 oligonucleotide primer (20 pM) 125 u]

REV oligonucleotide primer(20 uM) 125 pl

H20 1475 pl
Taq DNA polymerase 75 units

Aliquot 24 pl of the master mix into each well of fresh 96-well PCR plates.

. Use a 96-prong replicating device to transfer bacterial cultures from the plate in Step 1 to the
plate containing the PCR master mix.

. If the thermal cycler is not fitted with a heated lid, overlay the reaction mixtures with 1 drop
(~50 pl) of light mineral oil. Alternatively, place a bead of paraffin wax into the wells if using
a hot start PCR. Place the 96—well plates in the thermal cycler.

. Amplify the nucleic acids using the denaturation, annealing, and polymerization times and
temperatures listed in the table.

 

Cycle

Number Denaturation Annealing Polymerization

1 5 min at 94°C
25—30 30 sec at 94°C 30 sec at 62°C 30 sec at 72°C
Last cycle 30 sec at 94°C 30 sec at 62°C 5 min 72°C
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. Use a multichannel pipettor to make a replica of the 96—well plate (from Step 1) containing

the bacterial colonies and allow them to grow overnight at 37°C. The next day, add to each
well 100 pl of LB broth containing 30% glycerol. Seal the plate with Parafilm, and store it at
—80°C

. Analyze the amplification products from Step 5 by gel electrophoresis on a 1.5% agarose gel.
There should be a variety of different size bands on the gel. It is not productive to determine ETP
redundancy based on size, because the PCR products typically cluster around 120 bp.

. Determine the sequence of each of the ETPs (please see Chapter 12, Protocol 3, 4, or 5).
If pBSIISK' was used for cloning, sequencing with T7 will produce sequence from the 5' end of the
ETP. The ETP will be flanked by the following pSPLS—derived sequence:

5' GTCGACCCAGCA ETP sequence ACCTGGAGATCC 3’
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Direct Selection of cDNAs with Large
Genomic DNA Clones

Michael Lovett

Washington University, St. Louis, Missouri

11.98

THIS TECHNIQUE IS USED TO DERIVE PARTS OF CANDIDATE GENES from large genomic regions. It is

based on the hybridization capture of cDNAs using biotinylated genomic templates (Morgan et

al. 1992; Simmons and Lovett 1999). The starting template is a genomic contiguous sequence

(contig) carried in bacterial (cosmid, P1, PAC, or BAC) and/or yeast (YAC) vectors. These

genomic DNA clones, which can cover a region as short as a few kilobases or as large as 100 Mb

(Del Mastro et al. 1995) are labeled with biotin and then hybridized in solution to PCR—ampli—

fiable cDNA pools. After washing, the genomic DNAs and hybridizing cDNAs are captured using

streptavidin beads. The cDNAs are eluted, amplified by PCR, and recycled through a second

round of direct selection, after which they are again amplified and then cloned (please see Figure

1 1-20).

Whereas in the first cycle of selection, the genomic DNA is in molar excess relative to the

concentration of rare cDNA species, in the second round of selection, the concentration of

genomic DNA is limiting. This sequence results in large increases in the relative abundance of the

more prevalent cDNA species in the first round of selection. During the second round, insuffi-

cient genomic target is present to capture all of the abundant cDNAs, which become reduced in

abundance. However, the genomic target is still in excess relative to the iow—abundance species of

cDNAs, whose relative abundance is increased, leading to a quasi-normalized final library of

selected cDNAs.
The efficiency of each round of the selection procedure is monitored using reporter genes.

This is accomplished by hybridizing gene—specific DNA probes to a Southern blot containing the

amplified starting cDNA, cDNAs from the first round of selection, and cDNAs from the second

round of selection. Enrichments of 103—fold to 104—fold are routinely achieved when genomic tar-

gets of ~1 Mb are used.
Efficient labeling of the genomic template with biotin is a critical step in this procedure and

is indirectly monitored using trace amounts of [tx-32PldCTP in the labeling reaction in addition
to the biotin—labeled nucleoside triphosphate. Part of the labeling reaction is then tested for its

ability to bind to streptavidin—coated beads. The ratio of bound to unbound counts on the beads

provides an estimate of the biotin incorporation. The labeling reactions are also performed using
a 1:10 molar ratio of biotin—16-dUTP to dTTP to reduce steric hindrance during the hybridiza-
tion reactions. For further details on labeling with biotin and subsequent detection using strep-

tavidin—coated beads, please see the information panels on BIOTIN and MAGNETIC BEADS.
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\ :QQgenomic
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genomic clones \%§Z
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  \elute cDNAs, amplify them by
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bacteriophage

or plasmid vector

FIGURE 11-20 Scheme for Direct Selection of cDNAs

For details of the reaction, please see text. (Adapted, with permission, from Simmons and Lovett 1999
[©Academic Press].)

The best source of cDNA for direct selections is an uncloned pool of PCR—amplifiable
cDNA (Reyes and Kim 1991; Reyes et al. 1992). Conventional cDNA libraries contain only a sub-
set of the transcripts expressed in a complex tissue source, and their average insert lengths are
usually not optimal for en masse PCR amplification of all the inserts. By contrast, uncloned
cDNA pools represent the entire mRNA complexity of the source tissue, and they can be con-
structed by random priming to have a mean length of ~500 bp, which is optimal for all the PCR
steps. For the cleanest results, it is advisable to use cytoplasmic RNA purified from mammalian
cells or tissues to reduce the possibility of selecting heterogeneous nuclear RNA and/or genomic
DNA (Clemens 1984). Polyadenylated RNA is purified by two rounds of oligo(dT)-cellulose chro—
matography (please see Chapter 7, Protocol 3). Synthesis of double-stranded cDNA can be per-
formed using a combination of oligo(dT) and random hexamer primers (please see Protocol 1,
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MATERIALS

Stage 2). It is advisable to select cDNA products that are at least 500 bp in length by either column

chromatography or gel electrophoresis, before adding linkers. The linker cassettes contain a 2—bp

overhang at the 3' end, which forces the cassette to be ligated in only one orientation and also pre-

vents the formation of large oligomers of the cassette. Direct selections are often performed with

multiplexed cDNA pools from several different tissues. These can be amplified separately by PCR

and cloned after the two rounds of selection are completed (Simmons et al. 1995).

This protocol describes direct selection of cDNAs complementary to a 500—kb human

genomic DNA contig cloned in a BAC vector, but it can be adapted to any size of genomic target.

The cDNA source for the example is random-primed cDNA, which is ligated to an amplification

cassette. If a cDNA library is used instead of primary cDNA, then vector primers for PCR must be

substituted in these steps. It is important to change the relative ratios of cloned genomic DNA to

cDNA as the total length of the contig changes and to recalculate the CotI Q of the reaction using all
of the nucleic acid components that are added to the mixture.

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

10x Amplification buffer
lnclude 0.010/0 (w/V) gelatin in the buffer.

ATP (10 mM)

2x Hybridization solution
1.5 M NaCl

40 mM Na phosphate buffer (pH 7.2)

10 mM EDTA (pH 8.0)

lOX Denhardt’s solution

0.2% SDS

NaOH (0.1 M) <!>

10x Nick translation buffer
500 mM Tris—HCI (pH 7.5)
100 mM MgCl2
50 mM dithiothreitol

SDS (10%)

20x 55C

Streptavidin bead-binding buffer
10 mM Tris—HCl (pH 7.5)

1 mM EDTA (pH 8.0)

1 M NaCl

Tris-HCI (1 M, pH 7.5)

Enzymes and Buffers

Gels

DNA polymerase/DNase I (5 units/ul; Boehringer Mannheim)
Restriction endonucleases

T4 DNA ligase

Thermostab/e DNA polymerase

Agarose gels (7%) cast in 0.5x TBE

Please see Steps 18, 19, 24, and 25.  
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Nucleic Acids and Oligonucleotides

BAC DNA encompassing the target genomic region

Purify as described in Chapter 4, Protocol 8 or 9.

Blunt-ended, random-primed CDNAs
Please see Protocol 1, Stage 1.

C0t1 genomic DNA
Purchased from Life Technologies.

Cytoplasmic poly(A)+ RNA, purified from tissue or cell line of interest
Please see Protocol 1, Stage 1.

Please see the introduction to this protocol for recommendations of purifying RNA to be used in this
protocol.

DNA size markers

dNTP solution for nick translation containing all four dNTPs, each at 0.4 mM (pH 8.0)

dNTP solution for PCR containing all four dNTPs, each at 2.5 mM (pH 8.0)
Oligonucleotides (10 mM in TE [pH 8.01):

Olig03 5'—CTCGAGAATTCTGGATCCTC-3'

Oligo4 5'—GAGGATCCAGAATTCTCGAGTT—3'

Positive-control DNA
The positive—control DNA should be a part of a gene or expressed sequence tag (EST) known to be pre-
sent in the starting segment of DNA. Ifno genes are known, then a single-copy control DNA can be seed-
ed into the genomic target before labeling (at a 1:1 molar ratio) and diluted into the cDNA (at a 1:106
molar ratio). Label the DNA sample using one of the protocols given in Chapter 9; the choice of label—
ing protocol is determined by the experimental goal (for a discussion of options, please see the intro—
duction to Chapter 9).

Labeled Compounds

[oc-“PldCTP (3000Ci/mmole) <1>

Biotin-16-dUTP (0.4 mmole)

Special Equipment

Barrier tips for automatic pipettes

Geiger counter or Cerenkov counter

Heating blocks preset to 14°C and 100°C

Hybridization oven with rotating spindle, or shaking water bath

Magnetic separator for removing streptavidin beads (Dyna!)
Microfuge tubes (0.5-ml thin-walled for amplification)
Positive displacement pipettes

Sephadex (3—50 spun column, equilibrated in TE (pH 7.6)
Prepacked columns of Sephadex and other gel filtration resins are commercially available.

Streptavidin-coated paramagnetic beads

Thermal cycler programmed With desired amplification protocol
If the thermal cycler is not equipped with a heated lid, use either mineral oil or paraffin wax to prevent
evaporation of liquid from the reaction mixture during PCR. Paraffin wax may be used not only to pre—
vent evaporation, but also to maintain separation between components (e.g., primer and template) until
the reaction mixture is heated. This prevents nonspecific binding of primers during the initial phase of
the reaction (please see the information panel on HOT START PCR in Chapter 8).

Water bath preset to 65°C

Additional Reagents

Step 1 of this protocol requires reagents listed in Chapter 10, Protocol 2.
Step 2 of this protocol requires reagents for the synthesis of random primed double-stranded

CDNAs or PCR—amplified inserts from a cDNA library listed in Protocol 1, Stages 1 and 2.
Step 2 of this protocol requires reagents for labeling listed in Chapter 9, Protocols 3, 5, and 6.
Steps 19 and 20 require reagents listed in Chapter 6, Protocols 8 and 10.
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METHOD
 

Preparation of the Linkered cDNA Pools

1 . Label oligonucleotides 3 and 4 separately by phosphorylation at their 5' termini using polynu—

cleotide kinase, as described in Chapter 10, Protocol 2. Mix the labeled complementary oligos

in equal molar ratios (~2 pg of each), denature them for 10 minutes at 100°C, and slowly cool

them to room temperature. During this process, the oligonucleotides anneal to form an adap—

tor. Adjust the concentration of the adaptor to 1 pg/ml.

2. Prepare at least 2 pg of double—stranded cDNA from cytoplasmic polyadenylated RNA by

random priming (please see Protocol 1).

3. Prepare the following ligation reaction in a sterile 0.5-ml microfuge tube:

double-stranded blunt-ended cDNA (Step 2) 2 pg

oligonucleotide amplification cassette mixture 3 pl

at 1 ug/pl, from Step 1

10x T4 DNA ligase buffer 3 pl

10 mM ATP 3 pl

T4 DNA ligase at 1 unit/pl 3 til

HZO to 30 pl

Incubate the ligation for 16 hours at 14°C. Inactivate the T4 DNA ligase by a 10-minute incu-

bation at 65°C.

Adding ATP as a component of the 10x ligation buffer leaves more volume for vector or foreign
DNA in the reaction mixture. If using a commercial ligase buffer that contains ATP, the addition of
ATP is no longer required.

4. Purify the products of the ligation reaction by phenolzchloroform extraction, by spun—col-

umn chromatography through Sephadex G-50 (please see Appendix 8), and by standard

ethanol precipitation. Dry the pellet and resuspend it in 10 pl TE (pH 7.6).

Biotin Labeling of the Genomic Clones

5. Incorporate biotinylated residues into the BAC genomic DNA done using nick translation.
Prepare the following nick translation reaction in a sterile 0.5-m1 microfuge tube (label each
BAC DNA separately):

purified BAC DNA (0.1 mg/ml) 1 pl

biotin—lG—dUTP (004 mM) 1 pl

10x nick translation buffer 2 pl

dNTP mix for nick translation (0.4 mM) 1 ul

[a-“ZPMCTP (3000 Ci/mmole) 1 pl

DNA polymerase/DNase I (5 units/ul) 1 pl

Hzo to 20 “1

Incubate the reaction for 2 hours at 4°C.

6. Purify the radiolabeled and biotinylated products of the nick translation reaction by spun-
column chromatography through Sephadex G-50 (please see Appendix 8) and standard
ethanol precipitation. Resuspend the pellet in 10 pl of TE and store it at —20°C.
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Prepare Streptavidin-coated Paramagnetic Beads

7. In a 1.5-ml sterile microfuge tube, wash 3 mg (300 pl) of beads with 500 ill of streptavidin

bead-binding buffer three times. Following each wash, remove the beads from the binding

buffer using a magnetic separator. Resuspend the heads at a concentration of 10 mg/ml in

streptavidin bead—binding buffer.

Test an aliquot of each labeling reaction (from Step 6) for the ability to bind to streptavidin

beads. Prepare the following binding reaction in a sterile 0.5—m1 microfuge tube:

washed streptavidin—coated beads (Step 7) 20 pl

labeled genomic DNA contig“ (Step 6) 1 til

streptavidin bead-binding buffer 29 pl

‘Mix equimolar amounts of each separately labeled BAC in the contig to yield a mixture at a con—
centration 0f10 ng/ul.

Incubate the reaction for 15 minutes at room temperature with occasional gentle mixing.

Remove the beads from the binding buffer using a magnetic separator, and transfer the super-

natant to a fresh sterile 0.5-ml microfuge tube. Use a Geiger counter or Cerenkov counter to

measure the radioactivity present on the beads and in the supernatant. If the ratio of bound

to free cpm is >8:1, then proceed with the selection.

If the ratio of bound to free cpm is <8:1, it is likely that the DNA was resistant to proper labeling
in Step 5. Before labeling, try purifying the BAC DNA further by several rounds of extraction with
phenolzchioroform and passing it through a Sephadex G—50 spun column.

Direct cDNA Selection (Primary Selection)

9.

10.

11.

Block or “repeat suppress” repetitive sequences in the pool of cDNA (from Step 4) using Coil
DNA as follows:

a. Prepare the following annealing reaction in a sterile 0.5-ml microfuge tube:

cDNA carrying linkers (Step 4) 5 pl (1 pg)

human genomic Cotl DNA 5 til (1 pg)

b. Overlay the reaction mixture with light mineral oil (~50 pl) to prevent evaporation, and

denature the DNA by heating for 10 minutes at 100°C. Cool the reaction mixture to 65°C,

deliver 10 ul of 2x hybridization solution under the oil. Mix the components gently

Incubate the reaction mixture for 4 hours at 65°C.

IFYAC DNAs are used as the genomic target, the DNA may be contaminated with host (yeast)
ribosomal sequences. Block these sequences by using at least 100 ng of cDNA derived from
rRNA (please see the panel on TROUBLESHOOTING at the end of this protocol).

After hybridization of the cDNA pools to the Cori DNA is complete, set up the primary direct

selection. Deliver 5 pl (50 ng) of biotinylated BAC DNAs from Step 6 into a fresh microfuge

tube, and overlay the solution with light mineral oil (~50 pl ) to prevent evaporation.

Denature the BAC DNA by heating to 100°C for 10 minutes. Cool the reaction to 65°C.

Prepare the following annealing reaction in a sterile 0.5-mi microfuge tube:
biotinylated BAC DNA from Step 10 5 pl (50 ng)

blocked cDNA from Step 9 (1 pg cDNA plus 20 ul

1 pg Cot] DNA)

2x hybridization solution 5 pl

Mix the reagents gently, and incubate the reaction for >54 hours at 65°C in a rotating
hybridization oven or shaking water bath.  
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12.

13.

To capture and wash the genomic DNA and hybridized CDNAS, prepare the following in a

sterile 1.5-ml microfuge tube:
washed streptavidin—coated beads 100 pl

annealing reaction from Step 11 30 ul

streptavidin bead—binding buffer 100 ul

Incubate the mixture for 15 minutes at room temperature with occasional gentle mixing.

Remove the beads from the binding buffer using a magnetic separator, and then remove and

discard the supernatant. Wash the beads twice, for 15 minutes each time, in 1 ml of 1x

SSC/O.1% SDS at room temperature followed by three washes, 15 minutes each, in 1 ml of

0.1x SSC/O.1% SDS at 65°C. After the final wash, transfer the beads to a fresh microfuge tube.

To elute the hybridizing cDNAs from the beads in Step 12:

a. Add 100 pl of 0.1 M NaOH, and incubate the reaction mixture for 10 minutes at room

temperature.

b. Add 100 ul ofl M Tris-Cl (pH 7.5).

c. Desalt the mixture by spun-column chromatography through Sephadex G—50 (please see

Appendix 8).

Amplification of the Primary Selected cDNAs

14.

15.

16.

17.

Transfer three aliquots (1 pl, 5 111, and 10 01, respectively) from the 200 pl of eluted cDNA

(Step 13) to 0.5-ml sterile amplification tubes.

To each tube, add the following:

primer oligo3 (10 mM) 5 pl

10x amplification buffer 2.5 111

dNTP mixture for PCR (2.5 mM) 2.5 pl

Taq DNA polymerase 0.2 pl

(Perkin Elmer 5 units/ul)

HZO to 25 ul

Set up two control reactions at the same time as the above test reactions. For the negative con-

trol, include all of the components listed above, but omit the template cDNA. For the second

control, include 10 ng of the starting cDNA (Step 4).

If the thermal cycler is not fitted with a heated lid, overlay the reaction mixtures with 1 drop

(~50 pl) of light mineral oil to prevent evaporation. Alternatively, place a bead of wax into

the tube if using a hot start PCR. Place the tubes in the thermocycler.

Amplify the nucleic acids using the denaturation, annealing, and polymerization times and

temperatures listed below.

 

Cycle

Number Denaturation Annealing Polymerization

30 cycles | 30 sec at 94°C 30 sec at 55°C 1 min at 72°C

These times are suitable for 25111 or 50—01 reactions assembled in thin-walled 0.5-m1 tubes

and incubated in thermal cyclers such as the Perkin—Elmer 9600 or 9700, Master Cycler
(Eppendorf), and PTC 100 (Ml Research). Times and temperatures may need to be adapt—
ed to suit other types of equipment and reaction volumes.

  



18.

19.

20.

21.
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Analyze 10% of each amplification reaction on a 10/0 agarose gel cast and run in 0.5x TBE,

including DNA markers of an appropriate size. Stain the gel with ethidium bromide or SYBR

Gold to visualize the DNAs, estimate the concentration of the amplified cDNA, and deter—

mine which input cDNA concentration produces the highest yield of cDNA.

A successful reaction should yield a visible smear of amplified cDNA fragments and may contain
some distinct bands.

Onto a second 10/0 agarose gel, load the same amounts (~0.5 pg per lane ) of the amplifiied
products of each PCR, as well as the appropriate size markers. Also load 0.5 pg of randomly
primed cDNA from Step 4.

Transfer the separated DNA species to a membrane by Southern blotting (Chapter 6,
Protocol 8) and hybridize with the radiolabeled, positive control cDNA.

The intensity of hybridization to the selected cDNA should be ~1000-fold greater than to the ran-
domly primed cDNA (Step 4),

Once the positive control enrichment is confirmed, scale up the optimal amplification reac—
tion to yield at least 1.5 pg of selected cDNAs. Extract the pooled reactions with phenolzchlo—
reform and recover the DNA by standard ethanol precipitation. Resuspend the dried cDNA
pellet in 7.5 til of TE (200 ug/ml).

Direct cDNA Selection (Secondary Selection)

Carry out the secondary selection under the same conditions as the primary selection, using 1 pig
of the primary selected cDNA and 50 ng of the target DNA (total length 500 kb in this example).

22.

23.

24.

25.

26.

Block repetitive sequences in the primary selected cDNA as described in Step 9 (with 1 pg of
cDNA being used and 0.5 pg of cDNA being held in reserve for later analysis).

Set up the secondary selection as described in Steps 9 through 13.

Analyze the products of the second amplification by electrophoresis through a 1% agarose gel
as in Step 18, including a lane with 0.5 pg of primary cDNA (held in reserve) and a lane with
0.5 pg of the starting cDNA.

Analyze the gel by Southern blotting and hybridization with the radiolabeled reporter probe
as described in Step 20.

In general, the result of this analysis should reveal a large increase in abundance of the reporter
probe between the starting and primary cDNAs and a more modest (~10—fold) increase between
the primary and secondary cDNAs.

Once enrichment of the control is confirmed, clone the selected cDNAs into the appropriate
vector(s). The restriction enzyme sites in the amplification cassette facilitate the cloning of
the secondary selected cDNAs into bacteriophage or plasmid vectors.

A useful alternative is to use one of several ligation—independent cloning systems now commer-
cially available (e.g., the UDG system from Life Technologies or the CLONEAMP pAMP vector sys-
tem from Life Technologies). If one of these alternatives is used, then use the 01ig03 primer with a
modified 5' extension (see manufacturers for details). For further discussion of this strategy, please
see the information panel on LIGATION-INDEPENDENT CLONING.

 * ~~—~mm”m~=wm< s er) row vmw
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TROUBLESHOOTING

. Poor labeling of the genomic target with biotin is the most common cause of failure in direct selection. It
is very important not to proceed with the selection if the test binding (Step 8) fails to yield the correct ratio
of bound to unbound genomic DNAs. If the DNA is resistant to labeling, it may be purified by several extrac-
tions with phenolzchioroform and passage over a Sephadex G-50 spun column.

0 High frequency ofbackgroundsequences in the final Cloned selected CDNAS. These sequences usually fall
into four classes.

Plasmid vector sequences can be a problem when using commericiai cDNA libraries that are frequent-
|y contaminated with these ”inserts.” The best way to eliminate these inserts is to block the cDNA with Iin-
earized vector DNA during the selection. Blocking by the vector should be used whenever a cDNA library,
rather than primary cDNA, is used in the selection.

Mitochondrial cDNA is sometimes present because the yeast mitochondrial genome is contaminating
a YAC DNA preparation. This contaminant can easily be identified and discarded by screening colonies by
hybridization to a mitochondrial DNA probe.

Whether or not ribosomal sequences are blocked in YAC direct selection, they tend to sneak through to
the final set of clones. This contaminant can be counterscreened with an rDNA probe. A ribosomal probe
can be generated by first-strand cDNA synthesis from the poly(A)‘ fraction of total RNA.

The final common “contaminants” are CDNAs containing repetitive sequences. Approximately 10% of
mRNAs contain repetitive elements within their untranslated regions. Although repeat—containing cDNAs
are usually not analyzed due to the technical problems in manipulating these clones, these clones may in
fact be bone tide parts of a transcript that is encoded by the target region. Fortunately, if cDNAs synthesized
by random priming are used in the selection, then another nonrepetitive part of the same transcription unit
is likely to be identified. The clones containing repetitive sequences can then be identified by colony screen-
ing with labeled C0t1 DNA and then discarded.  
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COMMERCIAL KITS FOR cDNA SYNTHESIS AND LIBRARY CONSTRUCTION

Between 1975, when the first cDNA clones were isolated, and the late 19805, when methods to generate large

cDNA libraries became routine, virtually all of the advances in cDNA cloning flowed from academic labo-

ratories. Since then, however, most of the progress in both synthesis of cDNA and establishment of cDNA

libraries has come from commercial companies. Very few of these improvements have been described in the

formal scientific literature. Some have been published in the house journals of commercial companies,

whereas others appear in advertising and technical literature and on Web pages. However, many of the sig-

nificant improvements are simply incorporated into kits marketed by commercial suppliers.

The quality and number of premade cDNA libraries available from commercial sources have increased

greatly in the past few years. In addition, custom—made cDNA libraries can be synthesized to order, some—

times at a reasonable price. Consequently, fewer academic laboratories now need to generate their own

cDNA libraries. Establishing such a library is a lengthy process, requiring many specialized enzymes and

reagents, most of which need to be tested and optimized. Laboratories that need to generate their own

cDNA libraries should therefore consider the advantages of using a commercial kit. Enzymes, buffers,

reagents, and in many cases vectors and host cells are provided; each of the steps in the protocol has been

optimized, a task that might otherwise require several weeks’ work by an academic scientist; control mRNAs

and DNAs are often provided; some of the improvements in cDNA cloning are available only in kit form;

and finally, although kits are expensive, the true cost of generating a cDNA library the old-fashioned way

may be far greater.
Commercial kits are now available in such number and variety (for a sampling, please see Table 11-6)

that at least one of them is likely to fit the needs of a particular project. Wherever possible, choose a kit con-
taining a versatile vector, for example, one that contains control elements for both prokaryotic and eukary-

otic expression and, in the case of bacteriophage X, allows the cDNA to be rescued as a plasmid or phagemid.

When faced with a choice of kits produced by different companies, look on the Web to see which company

provides better support if something should go wrong and try to obtain a copy of the protocol that accom-

panies the kit (many of these are available on the Web). Read the protocol thoroughly to ensure that the

individual steps make sense and are described and explained in sufficient detail. Pay particular attention to

the troubleshooting section of the technical literature because it often gives clues to places in the protocol

that might prove difficult. See if individual components of the kit can be replaced as they are used up. Check

carefully to determine which items are provided in the kit and which are the responsibility of the investiga—

tor to provide. Do not order the kit until all of the necessary solutions and materials have been prepared

locally and, if possible, tested.
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TABLE 11-6 Commercial Kits for cDNA Synthesis and library Construction
 

COMMENTS (REVERSE

 

MANUFACTURER WEB SITE ADDRESS KITS 3 ’ PRIMER TRANSCRIPTASE, VECTORS)

Amersham-Pharmacia www.apbiotech.com cDNA Synthesis Kit Oligo(dT) Mo~MLV
Biotech lExCell

TimeSaver cDNA Synthesis Kit Olig0(dT)12_ 18 Mo—MLV

Random Primer (pd[N]6) th11

cDNA Synthesis Module Anchored dT25 Primer
Random primer AMV

kgthJgtll (classical method
of Gubler-Hoffman)

CLONTECH www.clontech.com SMART cDNA Synthesis Kit CDS II Primer RT not specified
5' PCR Primer

SMART cDNA Library CDS III Primer RT not specified
Construction Kit lTriplExZ

SMART RACE cDNA Amplifi- 5', 3' RACE cDNA RT not specified
cation Kit Synthesis Primers

lnvitrogen www.invitrogen.com Copy Kit (cDNA synthesis) Oligo(dT)/(Notl) Primer AMV

Life Technologies www.lifetechmm

Novagen www.novagen.c0m

Promega www.promega.c0m

Roche Diagnostics

Stratagene www.stratagene.com

Takara/BioWhittaker

cDNA Synthesis System

SuperScript Choice System for
cDNA synthesis

SuperScript Plasmid or Lambda
System for cDNA Synthesis

Premade SuperScript Libraries

SuperScript Lambda—System
for cDNA Synthesis

OrientExpress cDNA
Synthesis Kit

Universal RiboClone cDNA

Synthesis System

cDNA Synthesis Kit

cDNA Synthesis Kit

kZAP-CMV Library
Construction Kits

ZAP Express cDNA
Synthesis Kits

ZAP cDNA Synthesis Kits

Plasmid Library Construction
Kits

Premade cDNA libraries

cDNA Synthesis Kit

 

Random Primer

Olig0(dT)12_18

Oligo(dT)12_ls and/or

Random hexamers (R6)

Natl Primer-Adaptor

Oligo(dT) or HindIII

Random Primer

Oligo(dT) Primer

Random(dN)6 Primer

Olig0( dT) S-Primer

Random(ciNk—Primer

Oligo( dT) -Linker-Primer

Olig0( dT) -Linker—Primer

and/or Random Primcr

Random or Olig0(dT)

Primers

Random or Oligo(dT)
Primers

Random or Oligo(dT)

Primers

Oligo(dT) and/or Random
Primer

Olig0(dT)l8 Random(dN)9

Cloned Mo—MLV (classical
method of Gubler-Hoffman)

SuperScript II
(RNase H“)

SuperScript II (RNase H‘)

pCMV—SPORT or
AZipLox Expression
libraries
pSPORTl

Mo-MLV (classical method
of Gubler-Hoffman)

AMV

(classical method of
Gubler-Hoffman)

AMV (classical method of

Gubler-Hoffman)

AMV

Mo-MLV

Mo-MLV
XZAP—CMV
High-level eukaryotic ex-
pression

Mo-MLV
Eukaryotic and prokary-
otic expression

Mo-MLV
Prokaryotic expression

Mo—MLV

pCMV—script
pBluescript [I
PAD-GAL4—2.1

A vectors (ZAP, ZAPII,

Uni-ZAP)

RAV-2 (classical method
of Gubler—Hoffman)
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Mo-MlV REVERSE TRANSCRIPTASE

Early work on copying mammalian mRNA into DNA (Kacian et al. 1972; Ross et al. 1972; Verma et al. 1972),

which predated cDNA cloning by several years, used reverse transcriptase extracted from particles of avian

myeloblastosis virus (AMV). Throughout the 19705, Dr. I.W. Beard of the University of Florida was con-

tracted by the National Cancer Institute to supply AMV particles harvested from the blood of leukemic

chickens, and later, reverse transcriptase prepared from the virus particles, to the research community in the

United States. This work was beyond the reach of most laboratories since it involved infecting day-old male

chicks with AMV and processing large volumes of chick blood. Beard’s skill and hard work provided the
foundation for synthesis and cloning of cDNAs as well as the means to purify the enzyme to homogeneity

and to define its chief biochemical features. However, it was not until 1988 that the cDNAs encoding the two

chains of avian reverse transcriptase were cloned, independently expressed in E. coli (Soltis and Skalka 1988;

Terry et al. 1988), and marketed commercially. Perhaps because the active enzyme consisted of several

monomeric and heterodimeric forms (for review, please see Skalka 1993), the quality of these early recom-

binant preparations varied quite dramatically from one manufacturer to another. In addition, the powerful

RNase H activity associated with both subunits of the enzyme was a liability when using avian reverse tran-
scriptase to copy populations of mRNA into full-length double-stranded cDNAs. Yields of cDNA rarely

exceeded 50%, probably because the hybrid formed between the oligo(dT) primer and the 3’—terminal

poly(A) tract of the mRNA template was efficiently degraded by the endogenous RNase H activity of the

avian enzyme. In addition, the endonucleolytic and exonucleolytic degradation of the RNA moiety of the

hybrid between the first—strand cDNA and the mRNA increased the difficulty of synthesizing and cloning

doubie-stranded cDNA copies of long mRNAs.

In 1985, cDNA encoding the reverse transcriptase of the Moloney strain of murine leukemia virus

(Mo-MLV) was cloned and expressed in an enzymatically active form in E. coli (Kotewicz et al. 1985; Roth

et al. 1985). The enzyme has been expressed both as a fusion protein with the bacterial gene trpE product

(Tanese et al. 1985) and the bacteriophage MII (Hu et al. 1986) and in a form where the amino terminus of

the protein more closely resembles that of the authentic enzyme (Hizi and Hughes 1988; Kotewicz et a].

1988). Most, if not all, of the commercially available enzyme preparations are from genes encoded by plas-

mid pBéB15.23 (Roth et al. 1985) or pRT601 (Kotewicz et al. 1985; Gerard et al. 1986). The specific activi-

ties of the enzymes encoded by these plasmids differ by a factor of ~10, with the reverse transcriptase encod-

ed by pRT601 being the greater. On the face of it, this may seem to be an advantage. However, maximum

yields of cDNA are obtained with both enzymes when the molar ratio of reverse transcriptase to mRNA is

~5. Since all manufacturers of the enzyme use the same units of activity, ~10 times as many units of the

enzyme encoded by pRT601 are required to obtain equal efficiency of copying ofmRNA into cDNA (Gerard
and D’Alessio 1993).

Mo-MLV reverse transcriptase contains two independently functional, nonoverlapping domains

(Tanese et al. 1985; Tanese and Goff 1988; for review, please see Prasad 1993). The larger amino-terminal

domain (~450 residues) contains the DNA polymerase activity, whereas the RNase H activity is encom-

passed within the carboxy-terminal domain (~220 residues). The DNA polymerase is rather sluggish and

prone to pausing at regions of the RNA template rich in secondary structure (Matson et al. 1980; Gerard et

al. 1989). In addition, the RNase H activity has the capacity to hydrolyze the RNA template near the point

of chain growth, which can result in dissociation of the DNA-RNA hybrid and termination of the first-
strand cDNA. Up to 50% of the first—strand cDNA molecules initiated by Mo-MLV reverse transcriptase

may be prematurely terminated by one or the other of these mechanisms (Berger et al. 1983).

Solving the three-dimensional structure ofMo-MLV reverse transcriptase in the early 1990s (Arnold et

al. 1992; Kohlstaedt et al. 1992; Georgiadis et al. 1995) was an important step forward since it opened the

way to rational genetic engineering of the enzyme. However, by then, one of the chief problems had already

been solved by the creation of a mutant of Mo—MLV that retained DNA polymerase activity but lacked

RNase H activity (Kotewicz et al. 1988). Surprisingly, inactivation of the RNase H domain by deletion or

point mutation led to a dramatic increase in the ability of the enzyme to catalyze the synthesis of cDNA at

elevated temperature (Gerard et al. 1989, 1992). Until this serendipitous discovery, Mo-MLV had been used

at temperatures no greater than 42°C. However, certain mutants of Mo-MLV deficient in RNase H can effi-

ciently catalyze the synthesis of cDNA at temperatures as high as 50°C (Gerard et al. 1989, 1992), whereas

RNase H" forms of the avian enzyme can be safely used at 60°C (for review, please see Gerard 1998).
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The elimination of the RNase H activity from reverse transcriptase increases the ability of the enzyme

to generate full-length cDNA molecules at standard temperatures. Various commercially marketed forms of

this variant include a mutant of Mo-MLV reverse transcriptase that lacks RNase H activity expressed from

a modified version of pRT601 encoding 497 residues of Mo~MLV reverse transcriptase plus five additional

residues at the carboxyl terminus. Other commercial forms ofMo-MLV reverse transcriptase lacking RNase

H activity include StrataScript RT from Stratagene, SuperScript and SuperScript II from Life Technologies,

and two versions from Promega. SuperScript carries a deletion that eliminates RNase H activity, and the

Stratagene enzyme SuperScript II and an enzyme from Promega are point mutants.

 

HOMOPOLYMERIC TAILING

Until 1981, most cDNAs were cloned by adding complementary homopolymeric tracts to the double-

stranded cDNA and to a plasmid vector. The vector and the double—stranded cDNA were then joined by

hydrogen bonding between the complementary homopolymers to form open circular hybrid molecules

capable of transforming E. coli. Although it was used with success for many years, cloning of homopoly—

merically tailed cDNAs into homopolymerically tailed vectors suffers from several of the following draw-
backs and is no longer used with any regularity.

o The method can be used effectively only with plasmid vectors, which yield cDNA libraries that are much

more difficult to store and replicate than those constructed in bacteriophage 7L vectors.

0 For optimal efficiency of cloning, the number of homopolymeric residues on the plasmid and the cDNA
should be approximately equal, with ~ 100 dA/dT residues or 20 dC/dG residues being added to each end

of the DNAs (Peacock et al. 1981). However, the addition of dNTPs often proceeds asynchronously, so

that different termini of DNA molecules carry homopolymeric tails of very different lengths. This prob-

lem can be alleviated, but not completely solved, by using plasmids carrying homopolymeric tails of

defined size, which are available from a number of commercial suppliers.

. Different strains of E. coli are transformed at different efficiencies with plasmid:cDNA molecules that are

held together by complementary homopolymeric tails. For example, E. coli strain RRl, which is recA”,

yields ten times as more recombinant cDNA clones made by the dA:dT tailing procedure than the recA‘

strain HB101 (Peacock et al. 1981). Untreated plasmid DNA transforms the two strains at equal effi-

ciency. These results indicate that the bacterial RecA system may be involved in repairing open circular

hybrid DNA molecules that contain homopolymeric tails. Whether other bacterial genes are involved is

unknown. However, the fact that the genetic background of the recipient strain of E. coli can markedly
influence the efficiency of transformation by DNA molecules containing unligated homopolymeric tails

raises the possibility of systematic selection for or against specific classes of plasmid-cDNA hybrids.

Homopolymeric tailing capitalized on the ability of calf thymus terminal transferase to catalyze the

addition of dNTPs to the 3’-hydroxyl termini of single- or double-stranded DNA. It was first used by

Wensink et al. (1974) to introduce recombinant DNA into E. coli by pairing between dA:dT homopolymers

(Jackson et al. 1972; Lobban and Kaiser 1973). In the original procedure, a small number of nucleotides
were removed from the 5’ termini of the double-stranded DNAs to leave protruding single-stranded 3’-

hydroxyl termini, which served as efficient templates for terminal transferase. The need for this step was

obviated when it was shown that terminal transferase could utilize recessed 3’ termini in the presence of

cobalt ions (Roychoudhury et al. 1976). Usually, between 50 and 150 dA residues were added to the lin-

earized vector DNA, and a corresponding number of dT residues were added to the double-stranded cDNA.

However, homopolymeric dA:dT tailing was used only rarely for cDNA cloning, chiefly because there was

no satisfactory way to excise cDNA inserted into plasmids by dA:dT tailing. The methods described in the

literature (Hofstetter et al. 1976; Goff and Berg 1978) are inefficient and not routinely reproducible. For

many years, therefore, almost all cloning of cDNA was carried out by homopolymeric dC:dG tailing: dC

residues were added to the double-stranded cDNA, and complementary dG residues were added to a plas-

mid vector that had been digested with PstI (Villa—Komaroff et al. 1978; Rowekamp and Firtel 1980). This

enzyme creates protruding 3' termini that are ideal substrates for addition of homopolymeric tails. cDNA
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clones carrying dC:dG tails can easily be removed from the plasmid vector because the addition of a short

stretch of dG residues to the linearized plasmid DNA results in regeneration of a Pstl site at each end of the

dC-tailed insert. In practice, the efficiency of regeneration of the Pstl site depends on the quality of the

restriction enzyme used to linearize the plasmid and on the quality of the terminal transferase.

Contamination of either enzyme preparation with exonuclease or single~strand~specific nuclease prevents

regeneration of the site.
A variation of this strategy is to insert the double-stranded cDNA into a site that is closely flanked by

two hexanucleotide restriction sites. In pUC18, for example, the Pstl site is flanked by SaII and SphI sites,
which occur only rarely in mammalian DNA. In most cases, cDNAs inserted into the Pstl site by homopoly-

meric tailing can be recovered intact by cleavage with SalI and Sphl.

 

xguo AND igtn
 

Bacteriophage th10 (Young and Davis 1983a) is a member of a family of immunity insertion vectors

(Murray et al. 1977) designed to accept foreign segments ofDNA in the region of the bacteriophage genome

that encodes the repressor (Cl) gene (please see map of th10 in Appendix 3). These vectors carry a func-

tional cl gene and, like wild-type bacteriophage x, form turbid plaques on most strains of E. coli. kgth DNA

contains a single EcoRI cleavage site located within the coding region of the cl gene into which DNA frag-
ments can be inserted. Insertion causes the cI gene to be inactivated, generating recombinant cI‘ bacterio—

phages that give rise to clear plaques which are readily distinguishable from the turbid plaques formed by

the parental (i.e., nonrecombinant) kgtIO.

Parental Agth DNA is ~43 kb in length and thus can accept inserts of foreign DNA up to 7.6 kb in
length. However, the vector does not require a fragment of foreign DNA to be inserted to generate a genome

of packageable size. Thus, cDNA libraries constructed in th10 always consist of a mixture of nonrecombi—

nant and recombinant bacteriophages. These two types of bacteriophages can be distinguished phenotypi-
cally by their ability to form clear (recombinant) or turbid (nonrecombinant) plaques. More importantly,

however, the proportion of recombinants in these libraries can be greatly increased by plating on a strain of

E. coli that carries an hfl mutation. The clI gene of bacteriophage A is a pcsitive activator of synthesis of cl.
The stability of the CH gene product is controlled by the products of the host hflA gene and the CHI gene of
the bacteriophage. Mutation of the hflA gene enhances the stability of the CH gene product, resulting in an

increased production of the cl gene product and a high frequency of lysogenization. The growth of parental

bacteriophages that carry an intact cl gene is therefore suppressed on strains of E. coli that carry an hfl’

mutation. By contrast, the growth of recombinant bacteriophages that cannot synthesize an active cl gene

product is not inhibited (for a discussion of the interactions of the cl, cIl, cm, and hflA gene products, please

see Hoyt et al. [1982] and for a method to plate bacteriophage th10, please see Chapter 2).

kgtll (Young and Davis 1983a,b, 1991) is an expression vector that carries a copy of the E. coli lacZ

gene, with a single EcoRl cleavage site located 53 bp upstream of the translational termination codon of the

lacZ gene (please see the map of lgtll in Appendix 3). Approximately 7.2 kb of foreign DNA can be accom-
modated at this site. Coding sequences inserted in the correct reading frame and orientation will be

expressed to yield fusion proteins whose amino termini consist of B-galactosidase sequences and whose car-

boxyl termini consist of a foreign polypeptide. Some of these fusion proteins will display antigenic or lig-

and—binding epitopes that can be detected by their ability to react with specific antibodies or other ligands.

Libraries constructed in th11, like those constructed in thlo, can be screened with nucleic acid
probes. However, libraries constructed in kgtlo are far better suited for this purpose. An efficient method is

available to select against nonrecombinant kgtlo bacteriophages (please see above), and both the parental

and recombinant thlO bacteriophages grow to higher titer than Agtll and its derivatives. Furthermore,

during amplification of libraries constructed in thl 1, some recombinants may express low levels of fusion

proteins that either are toxic to the host cell or suppress growth of the infecting bacteriophage. Passage of

cDNA libraries constructed in kgtll can therefore result in loss of some classes of recombinants and selec-
tive amplification of others. For these reasons, kgtll should be used to construct cDNA libraries that will
be screened only with immunological or double-stranded DNA-binding site probes.
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CONSTRUCTING cDNA LIBRARIES FROM SMALL NUMBERS OF CELLS
 

Mammalian tissues contain different cell types, none ofwhich express exactly the same sets of genes. cDNA

libraries established from tissues therefore consist of a melange of sequences, some common to all cells, oth—

ers unique to a particular population. mRNAs can sometimes be extracted from homogeneous populations

of cells obtained by microdissection of fixed tissues, harvesting of oocytes, sorting of cells with specific sur-

face properties, or individual colonies of specific types of differentiated cells. A somatic diploid mammalian

cell contains ~106 mRNA molecules (1 pg), whereas a mammalian oocyte contains 7—35-fold more. The
scarcity of the starting materia1 therefore demands that special techniques and precautions be required to

establish cDNA libraries of useful size. The chance of establishing a fruitful library is increased by the fol-

lowing:

o Usefreshly harvested material and extract the RNA immediately. A less desirable alternative involves

storing the cells or tissue at —70°C in lysis buffer containing an inhibitor of RNase until sufficient mate-
rial has been harvested.

0 Use a scaled-down version ofstandardprotocols to isolate the RNA (e.g., please see Belyavsky et al. 1989;

Weng et al. 1989; Brady et al. 1990; Hahnel et al. 1990; Revel et al. 1995).

. Use carriers to reduce loss of material onto surfaces and to improve the efficiency and speed ofprecip—

itation of the mRNA with ethanol. Recommended carriers (McCarrey and Williams 1994) include

tRNA, poly(I), and poly (I:C). Be aware, however, that using a carrier may decrease the fraction of DNA

clones in the library that correspond to the target mRNA population.

0 Use total RNA rather than poly(A)+ mRNA as a templateforfirst—strand cDNA synthesis. Most meth-

ods used to purify small amounts of poly(A)Jr RNA result in significant loss of material on surfaces and

yield preparations that are too dilute to allow the mRNA to be recovered efficiently. The use of total

mRNA as template means that synthesis of first-strand cDNA must be primed by oligo(dT) rather than
random primers (Domec et al. 1990; Urven et al. 1993). Olig0(dT) priming can be carried out in solu-

tion or by using oligo(dT) tethered to paramagnetic beads (Lambert and Williamson 1993).

0 Use a single bufferfor synthesis offirst—strand cDNA, second—strand cDNA, and addition of linkers or
homopolymeric tails (Brady et al. 1990; Don et al. 1993; Aatsinki et al. 1994).

0 Use PCR to amplify eitherfirst—strand or double—stranded cDNA (e.g., please see Belyavsky et al. 1989;

Brady et al. 1990; Ennis et al. 1990; McCarrey and Willams 1994; Revel et al. 1995). To provide binding

sites for oligonucleotide primers, the 3' terminus of first-strand cDNA is modified by addition of a

homopolymer tail (Belyavsky et al. 1989). Alternatively, both termini of blunt-ended double~stranded

cDNA can be modified by addition of linkers, 18—20 bp in length (Tam et al. 1989; Don et al. 1993). First-

strand cDNA can then be amplified using primers complementary to the poly(dT) tract at the 3' end and

the homopolymer tail (usually oligo[dG]) at the 5’ end. Double-stranded cDNA can be amplified using

primers complementary to the linkers. In each case, long extension times improve the yield of clones

containing cDNAs >2 kb in length (Domec et al. 1990; Seeber et al. 1993; Aatsinki 1997). cDNA libraries

have been established by PCR methods from as few as ten oocytes and by modified versions of conven-

tional cloning from 105 somatic mammalian cells.
0 Omit the methylation step in the interest ofstreamlining the procedure and maximizing the size ofthe

cDNA library (McDonnell et al. 1987; Don et al. 1993). The double—stranded cDNA can be prepared for

ligation to the vector by addition of adaptors or by using linkers containing recognition sites (such as

Natl) that are rarely found in cDNAs.

o Use column chromatography rather than gel electrophoresis to fractionate the cDNAs according to size

(Weng et al. 1989; Urven et al. 1993).

0 Use pilot reactions to ascertain the optimum ratio ofcDNA to vector in the ligation reactions.

When potent packaging mixtures became commercially available, bacteriophage l vectors were pre-

ferred to plasmids for establishment and propagation of cDNA libraries constructed from limiting amounts

of material. However, since the development of strains of E. coli that can be efficiently transformed by elec-

troporation, construction of cDNA libraries in plasmid vectors is once again a viable option (Gruber 1995).

Libraries constructed in bacteriophage h are easier to maintain, amplify, and screen; on the other hand,p1as-

mids are available in greater variety and may be the vectors of choice when the library, or individual cDNA

clones, are to be used for transfection of mammalian cells.
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IN VITRO PACKAGING

Packaging of bacteriophage A DNA in vitro was initially developed by Becker and Gold (1975) using mix-

tures of extracts prepared from bacteria infected with strains of bacteriophage ?t carrying mutations in genes

required for the assembly of bacteriophage particles. The procedure has been modified and improved to the

point where 2 X 109 pfu can be generated routinely in packaging reactions containing 1.0 pg of intact bac-

teriophage A DNA. This high efficiency of packaging, coupled with the development of a large stable of bac—

teriophage A vectors and the ability to screen libraries by hybridization or immunochemical methods, led

to the dominance of these vectors in cDNA library construction in the 19805. The increased use of bacte-

riophage 1 as a cloning vector also led to the development of commercial packaging reactions. Today, the

preparation of packaging reactions as described in the Second Edition of this manual is almost a lost art,

even in the laboratories of experienced bacteriophage investigators. Commercial packaging reactions work

exceedingly well and are so reasonably priced that they have replaced home-made extracts in most routine

cloning tasks. However, for specialized applications such as the construction of linking and jumping genom-

ic DNA libraries (which use huge numbers of packaging reactions), it is worth taking the time to prepare

home-brewed packaging extracts (Poustka 1993). Packaging extracts are prepared by one of two general

strategies:

0 Expression of bacteriophage 1» genes is induced in two separate lysogens that provide complementing

components of the packaging reaction (e.g., please see Scalenghe et al. 1981). As a consequence of muta-

tions in the prophage genomes, neither lysogen alone is capable of packaging exogenously added bacte-

riophage DNA. Extracts of each culture are prepared separately and blended at the bench into a mixture

that contains all of the components necessary for packaging. The resulting packaging mixtures are effi-

cient, typically yielding in excess of 109 pfu/pg of bacteriophage 1 DNA and essentially free from back-

ground (when assayed on appropriate host strains). Examples of commercially available, two-compo—

nent systems are Gigapack II Gold (Stratagene), and the X packaging system available from Life

Technologies.

o A single E. coli C bacteriophage 7» lysogen is used to prepare an extract that contains all of the compo-

nents necessary to package exogenously added viral DNA (Rosenberg 1987). One lysogen can be used to

prepare packaging extracts for two reasons. First, the prophage carried in the lysogenic strain encodes all

of the proteins needed for packaging. Second, the cos site of the prophage has been deleted. These fea—

tures work together in the following manner. Induction of the lysogen results in the intracellular accu-

mulation of all protein components needed for packaging, and complete preheads are formed. However,

the next steps in the packaging process are the recognition of the cos sites on concatenated bacteriophage

X DNA by the bacteriophage A protein and the insertion of the bacteriophage k genome into the pre-

head. The lack of the cos site in the prophage DNA prevents this step from occurring, and packaging is

thus effectively halted at the prehead stage, even though all necessary components that are used later in

the process are present. However, exogenous DNA with an active cos site can be inserted into the pre—

head, and the packaging process then leads to the production of an infectious bacteriophage particle.

Extracts made in this way usually have a lower background ofplaques than the classical binary mixtures,

because the deletion of the cos site blocks packaging of endogenous bacteriophage 7» DNA more com-

pletely than do the mutations present in the binary strains. E. coli C was chosen as the lysogenic host to

lessen the probability of recombination between cryptic bacteriophage 7L prophages, which are known to

be present in the genome of E. coli K, and the cos-deleted prophage. Furthermore, E. coli C lacks the EcoK
restriction system (Rosenberg 1985). This system, like other restriction systems, cuts unmodified DNA

in a sequence-specific manner and is also functional in packaging reactions in vitro. Thus, extracts pre-

pared from cells of E. coli K have the potential to select against DNA that contains an unmodified EcoK

recognition site, Because eukaryotic DNA used to construct libraries will not be protected from cleavage,

clones that by chance contain an EcoK recognition site may be lost from the population during packag-

ing. Reconstruction experiments show that bacteriophage 1 DNA carrying an EcoK recognition site is

packaged two- to sevenfold less efficiently in extracts derived from E. coli K than in extracts prepared
from E. coli C (Rosenberg 1985).

E. coli C encodes restriction—modification systems that contain components (mcrA/mch and mrr) that

digest DNA carrying methyl groups on cytosine and adenine residues (e.g., please see Kretz et al. 1989;
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Kohler et al. 1990). Because most eukaryotic DNAs are methylated on these residues, packaging extracts

from strains of E. coli carrying intact mcr and mrr systems select against methylated eukaryotic DNA

sequences. However, the use of packaging extracts prepared from bacterial cells deficient in the EcoK, mcr,

and mrr genes (genotype A[mrr—hstMS-mchl) effectively eliminates this problem (Kretz et al. 1989). For

good measure, the mch- and mrr—encoded restriction systems have also been eliminated from the E. coli

strains used to prepare some commercially available in vitro packaging extracts. Examples of single com-

ponent bacteriophage 7t packaging extracts that are commercially available are the Gigapack 111 Gold

(Stratagene), the MaxPlax packaging extract from Epicentre Technologies, and the Packagene extract from

Promega.

 

COS CELLS
 

COS cells are a stable line of African green monkey kidney cells that carry integrated copies of the SV40

genome and constitutively express biochemically active, SV40-encoded large T antigen. Because large T

antigen is the only virally encoded product required to activate the SV40 origin of DNA replication, COS

cells are able to support the replication of any plasmid that contains an intact SV40 origin. Transfection of

C08 cells with recombinant plasmids containing an SV40 origin and a functional transcription unit leads

to efficient amplification of the transfecting DNA and an enhanced level of transient expression of the

cloned DNA segment. Since their construction in 1980, COS cells have proven to be invaluable for studying

different aspects of eukaryotic gene regulation, for expressing cloned genes in sufficient quantity for bio-

chemical analysis, for analyzing the intracellular transport and properties of wild-type and mutant proteins,

and for cloning cDNAs for which no protein sequences are available.

COS cells did not arise by accident but were the result of several years of steady effort by Yasha

Gluzman to develop a line of SV40—transformed cells that were permissive to superinfection by SV40. In the
mid 19705, when he was a graduate student at the Weizmann Institute, Gluzman exposed simian cells to
UV-irradiated SV40 and isolated three lines of morphological transformants that were fully permissive to

superinfection by wild-type SV40 (Gluzman et al. 1977). Unfortunately, none ofthe cell lines could support

the replication of SV40 mutants that expressed defective T antigen. Several years later, Gluzman showed that

the cells that had been transformed by SV40 had acquired a mutation affecting a function required for viral

DNA synthesis (Manos and Gluzman 1985).

When he went to Cold Spring Harbor Laboratory as a postdoctoral fellow, Gluzman decided to try

again —— this time using mutants of SV40 (Gluzman et al. 1980a,b) that carried a defective origin of repli~

cation but expressed wild-type T antigen. He isolated three lines of transformed simian (CV-l) cells that

were completely permissive for lytic growth of SV40 and could support the replication ofboth temperature-

sensitive and deletion mutants of T antigen (Gluzman 1981). These cells were called COS-l, COS-3, and

COS-7, COS being an acronym for CV-1 origin, SV40. Gluzman thought of seeking a patent but was advised

that COS cells were unlikely to be of use to commercial companies. He immediately began to distribute the

cells to investigators who wanted to express cloned genes from plasmids carrying an SV40 origin of repli-

cation. The first of the many papers using COS cells for this purpose was published a few months later
(Mellon et al. 1981).

Two of the original three lines of COS cells (COS-l and COS-7) are still used extensively in both com-

mercial and academic laboratories. However, many people are confused about which line they carry. This is

because Gluzman, who was born in Russia, used a flamboyant writing style in which the numeral 1 is easi-
ly confused with numeral 7. Many of the people who received COS-1 cells from him interpreted the label

as COS-7 and vice versa. However, the two cells lines can easily be distinguished on the basis of their pat-

tern of integration of SV40 DNA: authentic COS-7 cells contain SV40 DNA sequences integrated at sever-

al sites (Rio et al. 1985), whereas COS~1 cells contain only two integrated copies of the viral DNA (Gluzman

1981). Despite these differences, both cell lines amplify plasmids containing an SV40 origin to approxi-

mately the same extent and express genes carried on the plasmids with approximately equal efficiency.

 

 



Information Panels 11.115

 

BIOTIN

Biotin (vitamin H, coenzyme R [FW : 244.31]) (please see Figure 11-21 for the chemical structure) is a
water—soluble vitamin that binds with high affinity to avidin, a tetrameric basic glycoprotein, abundant in

raw egg white (for review, please see Green 1975). Because each subunit of avidin can bind one biotin mol-

ecule, 1 mg of avidin can bind ~14.8 ug of biotin. The dissociation constant of the complex is ~l.0 x 10‘IS
M, which corresponds to a free energy of association of 21 kcal/mole. With such a tight association, the off-
rate is extremely slow and the half—life of the complex is 200 days at pH 7.0 (Green and Toms 1973) For all
practical purposes, therefore, the interaction between avidin and biotin is essentially irreversible. In addi-
tion, the avidin-biotin complex is resistant to chaotropic agents (3 M guanidine hydrochloride) and to
extremes of pH and ionic strength (Green and Toms 1972).

Biotin can be attached to a variety of proteins and nucleic acids, often without altering their proper-
ties. Similarly, avidin (or streptavidin, its nonglycosylated prokaryotic equivalent) can be joined to reporter
enzymes whose activity can be used to locate and/or quantitate avidin-biotin-target complexes. For exam-
ple, in enzyme immunoassays, a biotinylated antibody bound to an immobilized antigen or primary anti-
body is often assayed by an enzyme, such as horseradish peroxidase or alkaline phosphatase, that has been
coupled to avidin (Young et al. 1985; French et al. 1986). In addition, in nucleic acid hybridization, biotiny—
lated probes can be detected by avidin-conjugated enzymes or fluorochromes. Derivatives of biotin are used
to biotinylate proteins, peptides, and other molecules (for review and references, please see Wilchek and
Bayer 1990). These derivatives include:

- Various N-hydroxysuctinimide esters of biotin, which react with free amino groups of proteins or pep-
tides to form amides. N-hydroxysuccinimide is released as a by—product (please see Figure 11-22).

- Photoreactivable biotin (photobiotin), which upon activation with a mercury vapor lamp (350 nm)
reacts via an aryl nitrene intermediate and binds indiscriminantly to proteins, oligosaccharides, lipids,
and nucleic acids.

- Iodoacetyl biotin, which reacts specifically with thiol groups, generating a stable thioether bond.
0 Biotin hydrazide, which reacts with aldehydes generated by mild oxidation of carbohydrates.
- Derivatives ofbiotin equipped with extended spacer arms (e.g., biotinyl-e-aminocaproyl-N—hydroxysuc-

cinimide ester). These arms improve the interaction between avidin and biotinylated macromolecules.

The strength of the interaction between biotin and avidin provides a bridging system to bring mole-
cules with no natural affinity for one another into close contact (please see Figure 11-23).

Biotinylation of Proteins

Biotinyl-N—succinimide ester, the most commonly used agent for biotinylation of proteins, reacts with pri-
mary amine groups, which are located at the amino terminus of the protein and in lysyl side chains. Being
highly charged, lysine residues are usually located on the solvent-accessible surfaces of the protein. Most of
the attached biotin residues therefore decorate the outer surface of the protein, where they generally cause
little disturbance to structure and function. Nevertheless, it is essential to use appropriate biological and
enzymatic tests to confirm that the biotinylated protein has (1) retained its activity and (2) can bind to
avidin-reporter molecules.

Protein biotinylation kits are available from many manufacturers, including Pierce and Life
Technologies. Using the manufacturer’s instructions as a guideline, optimal conditions for biotinylation can
be established by setting up a series of reactions containing different ratios of biotinylating reagent and tar-
get protein. The biotin content of the resulting conjugates are assayed in an avidin/HABA assay. HABA (2-
[4’-hydr0xyazobenzene]) benzoic acid is a yellow dye that adsorbs strongly at 350 nm. When avidin is added
to saturating concentrations of HABA, a spectral change occurs and the absorbance at 500 nm increases
(Green 1975). The absorbance at 500 nm decreases with addition of biotin, which competes with HABA for
binding sites on avidin. The change in absorbance at 500 nm is directly proportional to the amount of biotin
in the system. The amount of biotin attached to the target protein can therefore be calculated from a stan-
dard curve constructed with known quantities of biotin (Wilchek and Bayer 1990). (The HABA system is
accurate but not very sensitive. Each assay requires between 50 and 100 pg of biotinylated conjugate at a
concentration of ~1 mg/ml.)
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TABLE 11-7 Biotinylation of Nucleic Acids
 

METHOD REFERENCES
 

Nick translation with biotinylated nucleotides

Replacement synthesis using bacteriophage T4 DNA polymerase

Filling of recessed 3’ ends with ‘biotinylated nucleotides

3’-hydroxyl terminal addition using terminal deoxynucleotidyl
transferase

In vitro transcription with biotinylated nucleotides

PCR with biotinylated primers

PCR with biotinylated nucleotides

Chemical reaction of NHS-biotin with 5’-aminoa1ky1
phosphoramidite DNA

Photobiotinylation of DNA and RNA

Leary et al. (1983); Shimkus et al.
(1986)

BRL/Life Technologies (1985)

Murasugi and Wallace (1984)

Brakel and Engelhardt (1985)

Weier and Rosette (1988)

Hultman et al. (1989); Uhlén (1989)

Carter et al. (1992); Mertz et al.
(1994)
Chollet and Kawashima (1985)

Forster et al. (1985); McInnes et

a]. (1987)
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The biotinylated protein produced in each reaction can then be checked for activity and for its ability ;

to bind to avidin-Sepharose columns. The specificity of biotinylated antibodies and their level of nonspe- :

cific binding can be checked by dot—blots and western blots that have been “spiked” with varying quantities
of the antigen.

Biotinylation of Nucleic Acids

Biotinylated nucleotides, which are available commercially, are effective substrates for a variety of poly-
merases including the DNA polymerases of E. coli, Thermus aquaticus, bacteriophage T4, and the RNA poly-
merases of bacteriophages T3 and T7. Biotinylated nucleic acids can therefore be generated in vitro by
almost all of the procedures (nick translation, end-filling PCR, random priming, and transcription) that are
used to generate radiolabeled probes (please see Table 11-7). In addition, biotin adducts can be introduced
into nucleic acids and oligonucleotides by a number of chemical methods, including attachment to a 5'
amine group. This group is added during the final step of conventional cyanoethyl phosphoroamidite syn—
thesis of oligonucleotides. The amino-oligonucleotide can then be labeled with commercially available
biotinyl-N—succinimide ester.

As long as their content of biotinylated nucleotide does not exceed a few percent, the resulting probes
hybridize to target sequences at approximately the same rate as unsubstituted probes. Incorporation of
additional biotin residues is unlikely to increase the sensitivity of detection given that a typical avidin-linked
reporter molecule (e.g., avidin-alkaline phosphatase) bound to a single biotin residue will cover between 50
and 100 nucleotides of nucleic acid.

The efficiency of detection of biotinylated probes by avidin-linked reporter systems is greatly improved
if the length of the linker between the biotin moiety and the nucleotide is sufficient to overcome steric hin-
drance and to allow the biotinyl group to penetrate effectively into the binding sites of avidin. A number of
companies sell biotinylated nucleotides with linkers containing six or more carbon atoms.

Biotin can also be introduced into nucleic acids simply by mixing photoactivatable biotin with double-
or single—stranded DNA or RNA and then irradiating the mixture with visible light (350 nm) (Forster et al.
1985). The usual protocol yields a nucleic acid that contains an average of one biotin residue per 200 or so
residues. Modification at this modest level certainly does not interfere with the ability of the probe to
hybridize to its target and yet is sufficient to allow detection of single~copy sequences in Southern hybridiza—
tion of mammalian DNA (McInnes and Symons 1989). The following are advantages ofbiotinylated probes.

0 They can be stored for long periods of time without loss of activity.

o They need no special method of disposal.
o Signals from a biotinylated probe can be detected with a variety of avidin—reporter molecules, including

those that can be detected by chemiluminescence and fluorescence. This means that a single probe can
be used for a variety of different purposes (e.g., Southern blotting and in situ hybridization).

o The biotinylated nucleic acid can be recovered by affinity purification on avidin columns or on avidin-
coated magnetic beads.

Note that the incorporation of bulky biotin groups reduces the electrophoretic mobility of nucleic
acids. For example, each addition of biotin‘14-dCTP is equivalent to increasing the mass ofthe nucleic acid
by 1.75 cytosine residues (Mertz et al. 1994).

Despite these advantages, biotinylated probes have not displaced conventional radiolabeled probes
from their preeminent position in molecular cloning. In part, this may be because the first-generation
biotinylated probes were not as sensitive as claimed to be and sometimes failed the litmus test of detecting
single—copy sequences in Southern hybridizations of mammalian DNA. In addition, one set of circum-
stances in which biotinylated probes are at a particular disadvantage is when screening for partially homol-
ogous sequences by cross-species hybridization. Here, there is a possibility that the presence of bulky
biotinyl groups may lower the stability of mismatched hybrids to the point where no signal can be observed.
Biotinylated probes are nevertheless likely to grow greatly in importance during the next few years as the
difficulties and cost of disposal of radioactive waste increase dramatically.

Useful information about avidin-biotin chemistry and avidin—biotin techniques is available in Methods
in Enzymology (volume 184 [ed. M. Wilchek and E.A. Bayer] 1990). In addition, Pierce Chemical Company
sells a handbook (Avidin-Biotin Chemistry: A Handbook) that contains much practical advice.
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MAGNETIC BEADS

Since their introduction to molecular cloning in 1989 (Hultman et al. 1989), magnetic beads (also known

as microspheres) have been used for a variety of purposes, including purification and sequencing of PCR

products, construction of subtractive probes and cDNA libraries, affinity purification of DNA-binding pro-

teins, rescue of shuttle vectors from transfected cells, and hybridization of covalently attached oligonu-

cleotides. Although such tasks can be accomplished by more traditional techniques, these older methods are

almost invariably more tedious and less efficient. Among the advantages offered by magnetic beads are

speed of operation and the possibility of working at kinetic rates close to those occurring in free solution.

Binding of ligand takes only a few minutes, magnetic separation takes seconds, and washing or elution can

be completed in <15 minutes in most cases.

Magnetic beads are nonporous, monodisperse, superparamagnetic particles of polystyrene and divinyl

benzene with a magnetite core (8 J_r 2 X 10“3 cgs units) and a diameter of ~2.8 um. Different types of beads

carry different active groups on their surfaces (OH, NHZ, OH[NH2], COOH, etc.), which can be used for

covalent attachment of protein and nucleic acid ligands (e.g., please see Lund et al. 1988). However, most

investigators prefer to purchase magnetic beads that are preloaded with covalently bound streptavidin (Lea

et al. 1988), which can then be used to tether any biotin—labeled nucleic acid or protein to the surface of the
head (for review, please see Haukanes and Kvam 1993). Note that the binding capacity varies with bead size,

bead composition, and the size of the binding ligand. Difi‘erent brands of beads carry different amounts ofcova—
lently attached streptavidin so that the binding capacities of beads supplied by different manufacturers are not

necessarily equivalent. In addition, some brands ofbeads can be reused, whereas others must be discarded after

a single use. Once attached, the tethered ligand can be used for affinity capture and purification of target

molecules from solution. Because the surface area of the particles is very large (5—8 mz/g), streptavidin-coat-

ed heads have a very high biotin-binding capacity (>200 pmoles/mg). Furthermore, because of the high

affinity of streptavidin for biotin (Kass = 1015 M‘1;Wilcheck and Bayer 1988), complexes between biotin and
streptavidin form very rapidly and once formed are resistant to extremes of pH, organic solvents, and many

denaturing agents (Green 1975). Stringent washing does not cause leaching of tethered ligand from the sur-
face of the bead, and enrichment factors of 100,000 can be attained during a single round of affinity cap-
ture. Perhaps the major disadvantages of magnetic beads are (1) their high cost and (2) the need for an effi-

cient magnetic particle separator. The best of these devices contain one or more neodymium-iron—boron
permanent magnets and are available in a number of formats from several commercial suppliers.

Figure 11—24 illustrates a generic procedure for affinity capture of a specific DNA-binding protein by a

biotin-labeled oligonucleotide ligand tethered to magnetic beads. However, many other applications have
been described, some of which are listed in Table 11-8. Further information may be found in the review by

Iakobsen et al. (1994) and in the literature published by manufacturers of magnetic beads (e.g., Dyna]

http://www.dyna1.net/DynalWeb/DynalWeb.nsf/htmlmedia/molecular_biology.html).
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FIGURE 11-24 Affinity Purification Using Magnetic Beads

A generic approach is illustrated here for the capture of a specific target ligand, using as an example a
DNA-binding protein. The biotin-Iabeled ligand, in this case, an oligonucleotide encoding the putative
binding site for the target protein, is attached to streptavidin-coated magnetic beads and incubated in a
solution containing the desired target protein‘ The bound particles are collected with a magnetic separa-
tion device and washed repeatedly with a solution containing a nonspecific competitor. Finally, the bound
target ligand is eluted from the oligonucleotide and analyzed.
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TABLE 11-8 Affinity Capture and Purification Using Magnetic Beads
 

TASK REFERENCE
 

Solid-phase DNA sequencing and preparation
of templates

Purification of poly(A)+ RNA

PCR-directed cDNA synthesis and capture

Subtractive hybridization and subtractive
libraries

In vitro mutagenesis

Purification of transcription factors

Detection of mutations by SSCP

Sequencing by hybridization

Restriction mapping of cosmids

Quantitation of PCR products

Plasmid rescue from transformed mammalian
cells

Capture of RNAs encoded by specific genomic
sequences

Enrichment for specific sequences of genomic
DNA by affinity capture

Hultman et al. (1989, 1991); Uhlén (1989); Wahlberg et al.

(1990, 1992); Bergh et al. (1991); Sylvanen et al. (1991); Théin

and Hinton (1991); Hopgood et al. (1992); Kasai et al. (1992);

Tong and Smith (1992); Uhlén et al. (1992); Bowman and
Palumbi (1993); Debuire et al. (1993); Leren et al. (1993);

Hultman and Uhlén (1994); Ohara and Ohara (1995); Wang

et al. (1995)

Albretsen et al. (1990); Homes and Korsnes (1990); Jakobsen

et al. (1990); Karrer et al. (1995)

Raineri et al. (1991); Lee and Vacquier (1992); Lambert and

Williamson ( 1993); Morgan and Kalsheker (1994); Karrer et

al. (1995)

Rodriguez and Chader (1992); Aasheim et al. (1994); Coche et

al. (1994); Sharma et al. (1994); Sagerstrom et al. (1997)

Hultman et al. (1990)

Gabrielsen et al. (1989); Gabrielsen and Huet (1993); Rem et

al. (1994); Roth and Messer (1995)

Weidner et al. (1994)

Broude et al. ( 1994)

Takahashi—Fujii et al. (1994)

Rhoer-Moja et al. (1993)

Gossen et al. (1993)

Morgan et al. (1992); Sedlacek et al. (1993); Tagle et al. ( 1993);

Schoen et al. (1995);De1Mastro and Lovett (1997); Simmons

and Lovett (1999)

Abe (1992); Ito et al. (1992); Ii and Smith (1993); Sena and

Zarling (1993); Ii et al. (1994); Kom et al. (1994)
 

 Mum<¢._.._.—__—_——

 



Information Panels 11.121

 

LlGATION-INDEPENDENT CLONING
 

Ligation—independent cloning (LIC-PCR) (also known as enzyme-free cloning) increases both the efficien-

cy and speed of cloning of PCR products. LIC-PCR eliminates the need to Iigate PCR products to a vector,

does not rely on restriction sites, and avoids problems caused by extra bases that are added by the extendase

activity of thermostable DNA polymerases at the 3' termini of PCR products (Clark 1988; Hu 1993). By

allowing direct cloning of a PCR product into a particular site of a plasmid vector, LIC-PCR eliminates

complex constructions that arise when a vector lacks suitable cloning sites, or a genetic basis for screening

for recombinants (Aslandis and de Iong 1990; Haun et al. 1992; Hsiao 1993; Yang et al. 1993;Ka1uz and Flint

1994). Several variants of LIC-PCR have been described:

Amplification of the target with primers that carry at least 24 extra bases at their 5 ’ end. These bases
correspond to sequences at the end of a linearized plasmid vector. Amplification with these primers
therefore generates PCR products whose 5’ ends are complementary to the 3’ ends of the recipient lin-

earized plasmid. The PCR product and the linearized plasmid are then spliced together in a second PCR

which extends the overlapping complementary 3' ends (Shuldiner et al. 1990).

Generation of PCR products that carry 3'-protruding termini, 12 or more bases in length, that are
annealed to complementary single-stranded sequences at the 3’ termini of a linearized vector. Base pair-

ing between the two sets of protruding tails creates a chimeric molecule that can be introduced into E.

coli by transformation (Aslandis and de long 1990).

Methods to generate complementary singIe-stranded tails at the 3' termini of the vector and the PCR

product include:

Exonuclease resection of3 ’ termini. The sequences of the vector and the PCR product are designed so
that one of the four bases does not occur within the first 12 nucleotides of the end of the 3’ strand.
Complementary tails of defined length can therefore be produced by the 3'-S' exonuclease activity of T4
DNA polymerase in the presence of a single dNTP. The enzyme removes nucleotides in the 3'-5' direc-

tion until it reaches the first nucleotide that corresponds to the dNTP included in the reaction mix.

Further exonucIeolytic digestion by T4 DNA polymerase is neutralized by incorporation of the dNTP at

the 3’—hydroxyI terminus of the recessed strand. After the enzyme has been inactivated by heat, the PCR

product is annealed to a vector that has been prepared in a similar way (Aslandis and de Iong 1990; Haun

et al. 1992). When the chimeric molecule is used to transform E. coli, the Iigase of the bacterial cells seals

the single-stranded nicks and generates a covalently closed circular molecule.

In a variation of this method, overIapping sequences are designed into the PCR primers used to

amplify the target DNA and the vector. Controlled digestion of the PCR product and the vector with

either exonuclease III (Hsiao 1993; Li and Evans 1997) or 7» exonuclease is used to generate complemen-

tary protruding 3” termini (Tseng 1999). Because the overhangs created by the action of the exonucleas-
es are slightly longer than the complementary sequence, after hybrid formation, a stretch of single-strand
gap remains, which can be repaired in vivo (in the case of exonuclease III) or in vitro by the Klenow frag—
ment of E. coli DNA polymerase I (in the case of l exonuclease).

Uracil DNA glycosylase (UDG) cloning. In this method, the primers used in PCR contain dUMP in their

5’-terminal regions. Digestion of the PCR products with UDG results in cleavage of the N—glycosidic
bond between the deoxyribose residue and uracil. This cleavage generates abasic residues and destroys

the base-pairing ability of the 5’-terminal sequences of the PCR products (Duncan 1981; Friedberg et al.
1981). In this method, both the vector and the insert are amplified in reactions primed by uraciI-con-

taining primers and then treated with UDG. Thus, when the insert and vector are mixed, only one strand

of insert is available for annealing with the complementary strand of the vector (please see Figure 11-25)

(Nisson et al. 1991; Rashtchian 1995). Several linearized vectors are commercially available (Life

Technologies) that carry defined 3’-protruding termini, 12 nucleotides in length.
Primers containing nonbase residues (Kaluz and Flint 1994). In this method, a nonbase residue (1,3-

propanediol) is incorporated at defined positions in the oligonucleotide primers used to amplify the

insert DNA. This modification does not affect the priming ability of oligonucleotides. However, during

the amplification reaction, the DNA polymerase stops when it encounters the abasic site, resulting in
products that carry 3’-protruding termini, 12 bp in length (pIease see Figlre 11-26), which in this case
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FIGURE 11-25 CIoneAmp pAMP Vectors and the UDG Cloning Strategy

(A) Schematic maps of pAMP vectors. pAMP1 and pAMP10 are identical vectors except for the sequence
of the singIe-stranded region (shown here, and described in the text) required for annealing with insert
DNA. pAMP1 is for unidirectional cloning of insert DNA and pAMP10 is for bidirectional cloning. pAMP1
and pAMP1O contain a bacterial origin of replication, the ampicillin resistance gene for the selection of
transformed bacteria, and the f1 intergenic region from M13 bacteriophage for the production of single-
stranded DNAs. The polylinker is within the IacZ gene, permitting color selection of positive colonies.
Vectors pAMP18 and pAMP19 are modified pUC18 and pUC19 vectors. They have a single-stranded
region added in the polylinker of the original vectors for annealing to complementary PCR product inserts.
The singIe-stranded cloning region contains the restriction endonuclease sites Ncol and Hg!" on one
strand, and Mlul and Spel on the other strand. The two plasmids are identical except for the orientation
of the polylinker region (shown here), which is inverted. The single-stranded tails are the same for both
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FIGURE 11-25 (continued)

clones and can be used for directional cloning of an insert. The vectors contain a bacterial origin of repli-
cation and the ampicillin resistance gene for the selection of transformed bacteria. The polylinker, with-
in the [ad gene, permits color selection of positive colonies. (B) dUMP PCR primer tails for pAMP1,
pAMP1 0, pAMP18, and pAMP19. The sequences shown for each clone are required at the 5’ end of
oligonucleotide primers to be used for PCR amplification. (C) pAMP Cloning protocol. PCR primers with
pAMP—specific sequences at the 5 ’ end are used to amplify DNA. PCR products are treated with UDG in
the presence of a compatible pAMP vector (supplied as a linear molecule). The vector and the insert are
then annealed, and the recombinant plasmid is transformed into competent bacteria. Primer-specific
sequences for pAMP1 are shown in this diagram. The protocol is identical for all of the pAMP clones.
(Adapted, with permission, from Life Technologies, Inc.)
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primer 1

——-—-————>

GCGGTGGCGGGXGCCCAGATGTCATTTAGA TTGTTTAAAAGTTAAAGC

CGGGTCTACAGTAAATCT AACAAATTTTCAATTTCGXCGGCGAGATCT

<-——-——-——————-—

primer 2

FIGURE 11-26 Generation of PCR Products Carrying Protruding 3’ Termini in PCRs with

Primers Containing the Nonbase 1,3-Propanediol

The location and use or primers containing the nonbase 1,3-propanediol are indicated with an X.
(Modified, with permission, from Kaluz and Flint (1994 [Oxford University Press].)

are complementary to the lZ-nucleotide regions flanking the NotI site of the Bluescript vector. The insert

is annealed to a NotI linearized and exonuclease-III—treated vector, and the resulting chimera is used to

transform E. coli. Abasic residues are removed and gaps are repaired by the repair machinery of bacteri-

al cells, which results in restoration of the NotI site.
a Use of multiple primers to create complementary staggered overhangs on both insert and vector by a

post—PCR denaturation—hybridization reaction (Liu 1996; Tillett and Neilan 1999). Eight sets of primers

and four separate PCRs are required to generate two PCR products (target DNA and vector) that can be

denatured and annealed to yield nicked circular recombinants that can be used, without further manip-

ulation, to transform E. coli.
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The Klenow Fragment of E. coli DNA Polymerase 1

Preparation of Stock Solutions of Oligonucleotide Primers for DNA Sequencing

Sequenase

ConvenfionalChan¢ennmafionSequendngofPCRfiflthfled[DNA

Preparation of Stock Solutions of dNTPs and ddNTPs for DNA Sequencing

Glycerol in DNA Sequencing Reactions

Compressions in DNA Sequencing Gels

7-deaza-dGTP

Dichlorodimethylsilane

Reading an Autoradiograph

Electrical Mobility of DNA

12101

12103

12104

12106

12107

12108

12109

12111

12112

12113

12114

 

had an almost completelyfree choice... . 

When the war finally came to an end, I was at a loss as to what to do.,. . I took stock of my

qualifications. A not-very—good degree, redeemed somewhat by my achievements at the Admiralty

A knowledge ofcertain restricted parts of magnetism and hydrodynamics, neither of them subjects

for which Ifelt the least bit ofenthusiasm. No published papers at all... . Only gradually did I realize

that this lack of qualification could be an advantage. By the time most scientists have reached age

thirty they are trapped by their own expertise. They have invested so much efi‘ort in one particular

field that it is often extremely difiqcult, at that time in their careers, to make a radical change. I, on

the other hand, knew nothing, exceptfor a basic training in somewhat old—fashioned physics and

mathematics and an ability to turn my hand to new things... . Since I essentially knew nothing, I

Francis Crick, What Mad Pursuit.
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THE POWER OF DNA SEQUENCING IS ITS ABILITY to reduce genes and genomes to chemical enti—

ties of defined structure. Few other techniques provide biologists with such certainty and com—

fort. A11 molecular cloners must therefore be fluent DNA sequencers — not necessarily on a grand

scale, but at least on a level that dissolves doubts, confirms hopes, and pinpoints problems.

In molecular cloning laboratories, DNA sequencing today is used chiefly to characterize

newly cloned cDNAs; to confirm the identity of a clone or mutation; to check the fidelity of a

newly created mutation, ligation junction, or product of a polymerase chain reaction (PCR); and,

in some cases, as a screening tool to identify polymorphisms and mutations in genes of particu—

lar interest. Until a few years ago, these tasks were achieved by manual labor: Virtually all steps in

sequencing protocols were carried out locally and with radioactive labels. Nowadays, however,

most laboratories have access to sequencing facilities equipped with oligonucleotide synthesizers

and automated machines that utilize fluorescent detection systems rather than autoradiography

to vizualize the products of DNA-sequencing reactions. The sequences are captured automatical—

ly and transferred to computers. These machines have taken much of the grunt work out of

sequencing and have greatly increased its power and accessibility. Old timers may reminisce about

the joy of running a great sequencing gel and of the pleasure in deciphering its sharp bands one

by one. Do not believe them, it was not that much fun.

THE BEGINNING OF DNA SEQUENCING
 

In the mid 19705, when molecular cloning techniques in general were rapidly improving, simple

methods were also developed to determine the nucleotide sequence of DNA. The first attempts

mirrored techniques developed 10 years earlier by Robert Holley’s group to sequence tRNAs

(Holley et al. 1964, 1965). Holley’s method involved digesting RNAS with sequence—specific

RNases, fractionating the resulting oligoribonucleotides by ion-exchange chromatography or

two—dimensional homochromatography (Sanger et a1. 1965; Brownlee and Sanger 1967), and

establishing the order of bases within each fragment by exonuclease digestion. By using two dif-
ferent methods of fragmentation, Holley was able to establish overlaps between fragments and

hence to assemble the entire 77-nuc1eotide sequence of a yeast alanine tRNA.

Several attempts were made to apply this method to DNA sequencing by cleaving DNA into

smaller fragments with endonuclease IV or chemicals (pyrimidine tract analysis; Robertson et al.

1973; Ziff et al. 1973). However, none of these methods proved to be equal to the magnitude of

the task. Indeed, the problems were so intractable that in some cases, DNA was transcribed with

Escherichia coli RNA polymerase and then sequenced as RNA (Gilbert and Maxam 1973). Within

10 years, however, as a consequence of work in the Gilbert laboratory at Harvard University and

in the Sanger laboratory at Cambridge, England, DNA sequencing was to become a routine mat—

ter, well within the range of any molecular biology laboratory.

The best-known DNA—sequencing techniques are the enzymatic method of Sanger et al.

(1977a) and the chemical degradation method of Maxam and Gilbert ( 1977). Although very dif-

ferent in principle, these two methods both generate populations of oligonucleotides that begin

from a fixed point and terminate at a particular type of residue. In the simplest case, four popu-

lations are created that terminate at A, G, C, and T residues, respectively. The termination points

are nucleotide—specific but occur randomly along the length of the target DNA. Each of the four

populations therefore consists of a nested set of fragments whose lengths are determined by the

distribution of a particular base along the length of the original DNA. These populations of frag-

ments are resolved by electrophoresis under conditions that discriminate between individual
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DNAs differing in length by as little as one nucleotide (Sanger and Coulson 1978). When the four

populations are loaded into adjacent lanes of a sequencing gel, the order of nucleotides along the

DNA can be read directly from an image of the gel.

The Dideoxy Method of DNA Sequencing

The Sanger technique uses controlled synthesis of DNA to generate fragments that terminate at

specific points along the target sequence. This idea originated with Ray Wu of Cornell University,

who used partial repair in the presence of one, two, or three deoxynucleoside triphosphates

(dNTPs) to sequence the 12—nuc1eotide cohesive termini of bacteriophage A DNA (Wu and Taylor

1971; Tu and Wu 1980). Wu’s idea of partial repair is formally equivalent to the “minus” arm of a

short-lived technique known as the “plus and minus” sequencing technique (Sanger et al. 1973;

Sanger and Coulson 1975), which was the immediate forerunner of the current dideoxy-mediat—

ed chain~termination method. In the course of in vitro experiments to prepare DNA copies of

high specific radioactivity, Sanger and his colleagues noticed that the size of newly synthesized

DNA chains was frequently less than unit length. Premature termination generally occurred at the

residue immediately upstream of the site at which a radioactive nucleotide should have been

incorporated. This anomaly occurred because the concentration of the radiolabeled nucleotide in

the reaction was far lower than that of the other three unlabeled nucleotides The 3’ ends of the

resulting mixture of products therefore corresponded to the position of the nucleotide whose

concentration was limiting. By carrying out four separate reactions in which each of the

nucleotides was limiting in turn and separating the four sets of truncated fragments according to

their size, Sanger and his colleagues were able to generate a readable DNA sequence (Sanger et al.

1977a). Although the plus and minus technique was slow and inaccurate, it was used successful-

ly to determine almost all of the 5386—nucleotide sequence of bacteriophage ¢X174 DNA (Sanger

et al. 1977b). The plus and minus system was an important advance because it first described (1)

the use of a specific primer for extension by DNA polymerase, (2) base—specific chain termina-

tion, and (3) the use of polyacrylamide gels to discriminate between single—stranded DNA chains

differing in length by a single nucleotide. However, the plus and the minus reactions were noto—

riously unreliable, and it was always difficult to get all four of them to work simultaneously, as the

method required. Clearly, a further advance was required if nucleotide sequencing by controlled

synthesis of DNA was to become practical.

The breakthrough came with the introduction of dideoxynucleoside triphosphates

(ddNTPs) — nucleoside analogs that (1) could be substituted for deoxynucleotides at random

positions during template—directed copying of a DNA strand by a DNA polymerase and (2) could

efficiently terminate DNA synthesis in a base-specific manner (please see Figure 12—1) (Sanger et

al. 1977a). By using ddNTPs corresponding to the conventional nucleotide bases in separate syn-

thetic reactions, four populations of oligonucleotides could be generated that terminate at every

position in the template strand. The DNA bands in the reactions could be displayed by gel elec-

trophoresis and the DNA sequence deduced from the order of bands in the four lanes. 80 well did

these chain terminators work that by the beginning of the 19805, the Sanger method had become

the method of choice for DNA sequencing — a position it still occupies.

The Chemical Method of DNA Sequencing

Whereas the dideoxy—mediated chain—termination method grew logically from Sanger’s earlier

work on protein and RNA sequencing, the chemical method of DNA sequencing was discovered

accidentally in Walter Gilbert’s laboratory (please see Gilbert 1981). In the late 19605, and early

19705, Gilbert’s work focused on the interaction between the lac repressor and the lac operator in  
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FIGURE 12-1 Termination of DNA Synthesisjy Incogzoration of ddNTPs

(A) DNA polymerase-catalyzed esterification of the normal dNTP with the 3 ’-terminal nucleotide of DNA.
The reaction, which extends the length of the primer by a single nucleotide, can be recapitulated until all
of the bases in the template strand (not shown) are paired with the newly synthesized strand. (B)
Corresponding reaction with a ddNTP, which lacks a 3 '-hydroxy| residue. The ddNTP can be incorporated
into the growing chain by DNA polymerase, where it acts as a terminator because it lacks the 3 '-hydrox-
yI group required for formation of further 5'——>3 ' phosphodiester bonds.

vitro. He isolated the fragment of DNA protected by the repressor and worked out its sequence

by copying the DNA into RNA and then applying the techniques of RNA sequencing developed

in Sanger’s laboratory (Gilbert and Maxam 1973). This approach was transformed when Andre

Mirzabekov, a Russian scientist, Visited Harvard in 1975. Working at the Institute of Molecular

Biology, Academy of Science of the U.S.S.R. in Moscow, Mirzabekov had shown that binding of

histones and antibiotics to DNA could inhibit methylation of purines by dimethylsulfate. He

urged Gilbert to find out whether binding of the repressor could block methylation of the oper-

ator DNA and to identify which bases in the sequence were protected. During discussion of this

problem with Mirzabekov, Alan Maxam, and Jay Gralla over a lunch, Gilbert had the idea that

ultimately became the basis of the chemical sequencing technique. If a DNA fragment could be

labeled at one end with a radioactive phosphate group and then subjected to partial degradation

with base-specific chemical reactions, the position of each base in the chain could be determined

by measuring the distance between the labeled end and the point of breakage. By 1976, it was clear

that the method could be used to locate adenine and guanine residues in short fragments (~40
nucleotides) of DNA. Knowing the locations of the two purine bases on each of the two comple—
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mentary strands of DNA, one could, in principle, deduce a complete DNA sequence. The next

year was spent in developing differential methods to cleave cytosine and thymine residues and

thus to position two pyrimidine bases in a DNA sequence. By 1977, Maxam and Gilbert were able

to publish a description of the complete sequencing technique (Maxam and Gilbert 1977),

From the date of this first publication until today, the chemical method of sequencing has

undergone a continuous series of refinement and improvements. The number of base-specific

cleavage reactions has increased, and their efficiency and discrimination have gradually improved

to the point where 200—400 bases may be routinely read from the point of labeling. However,

none of these improvements have been sufficient to save chemical sequencing from decline. Toxic

chemicals, large amounts of radioactivity, sequencing gels that were sometimes ambiguous and

all too often ugly, and most recently, the lack of automated methods to prepare end-labeled tem-

plates have all contributed significantly to the eclipse of the method by the chain-termination

technique.

THE SANGER METHOD OF DNA SEQUENCING BY DIDEOXY—MEDIATED

CHAlN TERMINATION

The first group of protocols in this chapter deals with the practical aspects of the chain-termina—

tion method of DNA sequencing. This introduction describes the general principles of the

method and the strategies commonly used to bring sequencing projects to fruition.

General Principles

Primers

A synthetic oligonucleotide primer is annealed to a single—stranded DNA template. Four different

sequencing reactions are set up each containing a DNA polymerase and the four normal dNTPs.

One of the precursors or, in some cases, the primer is labeled radioactively with 32P, 3313, or 355 or
with a nonradioactive fluorescent tag. The four reactions also contain a small proportion of a

2’,3’-ddNTP that carries a 3’-H atom on the deoxyribose moiety, rather than the conventional 3’—

OH group. If a ddNTP molecule is incorporated into a growing DNA chain, the absence of a 3'—

OH group prevents formation of a phosphodiester bond with the succeeding dNTP: Further

extension of the growing chain is impossible. Thus, when a small amount of one of the ddNTPs

is included with the four conventional dNTPs in a reaction mixture for DNA synthesis, there is

competition between extension of the chain and infrequent, but base-specific, termination

(please see Figure 12-1). The products of the reaction are a population of oligonucleotide chains

whose lengths are determined by the distance between the 5’ terminus of the primer used to ini-

tiate DNA synthesis and the sites of chain termination. In a sequencing reaction containing ddA,

for example, the termination points correspond to all positions normally occupied by a

deoxyadenosyl residue. By using the four different ddNTPs in four separate enzymatic reactions,

populations of oligonucleotides are generated that terminate at positions occupied by every A, C,

G, or T in the template strand. These populations of oligonucleotides can be separated by elec-

trophoresis, and the locations of each band can be ascertained by autoradiography or the emis-

sion of fluorescence. When the four populations are loaded into adjacent lanes of a sequencing

gel, the sequence of the newly synthesized strand can be read in a 5'—3' orientation by calling the

order of bands from the bottom to the top of the gel.

ln enzymatic sequencing reactions, priming of DNA synthesis is achieved by the use of a synthetic
oligonucleotide complementary to a specific sequence on the template strand. In many cases, this  
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template is obtained as a single—stranded DNA molecule by cloning the target DNA fragment into

a bacteriophage M13 or phagemid vector (please see Chapter 3). However, it is also possible to use

the Sanger method, albeit with some loss of efficiency, to sequence denatured, double-stranded

DNA molecules (e.g., denatured plasmid DNA). In either case, the problem of obtaining primers

that are complementary to an unknown sequence of DNA is then solved by using a “universal”

primer that anneals to vector sequences flanking the target DNA. Universal primers are typically

15—30 nucleotides in length and are available from a large number of commercial companies. In

addition, many companies sell primers that have been designed to allow sequencing of target

DNAs cloned into a variety of restriction sites in different vectors. For details of primers that are

commercially available, please see Appendix 6.

Templates and Strategies

One of the virtues of the Sanger method of sequencing is its ability to accommodate many dif-

ferent types of DNA templates and many types of sequencing strategies. For example, templates

can be:

0 SingIe—stranded DNA isolated from recombinant M13 bacteriophages (please see Chapter 3

and Protocol 1). Alternatively, single-stranded templates can be generated synthetically in

asymmetric PCRs (Innis et al. 1988; Wilson et al. 1990) (please see Chapter 8).

o Double-stranded plasmid DNA that has been denatured by heat or alkali (Chen and Seeburg

1985) (please see Protocol 2).

o Double—stranded PCR-amplified DNA denatured by heat or alkali (Gyllensten and Allen

1993; Rao 1994) (please see Protocol 2).

o Double—stmnded DNA digested with an exonuclease to expose a single-stranded template

(Higuchi and Ochman 1989; E. Lee et al. 1992).

. Double—stranded DNA denatured by heat during cycle sequencing (Murray 1989) (please see
Protocol 6).

Faced with these possibilities, it is important to develop an overall strategy that takes into

account the size of the region to be sequenced, the accuracy required of the sequence, the nature

and amount of the template required, and the resources available. PCR-based methods have the

advantage of by—passing time—consuming steps of cloning and purification of template DNA and

allowing nucleotide sequences to be determined from crude templates, for example, lysates of cul—

tured cells, viruses, bacteriophages, and bacteria. These methods are therefore ideal to determine
the sequence of a specific region of genomic DNA (e.g., an individual exon of a mammalian

gene). On the other hand, shotgun libraries constructed in bacteriophage M13 are preferred for
large~scale projects where the goal is to accumulate long tracts of virgin sequence. Virtually all of

these large-scale projects are carried out in sequencing factories equipped with assembly lines of

robotic devices and automated machines to perform each stage of the process, from preparation

of single-stranded templates to harvesting of the nucleotide sequence. By contrast, confirmatory
sequencing (e.g., of mutants generated by oligonucleotide-mediated mutagenesis) often requires
no more than one set of sequencing reactions to verify the order of nucleotides in a local region
of one of the two strands of DNA. Although sequencing on this small scale can be simple and
enjoyable, most laboratories today buy DNA~sequencing kits and use automated machines main-
tained in institutional core facilities to carry out their DNA sequencing. As a consequence, the
laboratory often has little more to do than settle a monthly account in order to establish a
nucleotide sequence.
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Choosing a Sequencing System

The majority of double- and single-stranded DNA templates can be sequenced without great dif—

ficulty at moderate temperatures (37°C) by enzymes specially tailored to the task (e.g.,

Sequenase). About 10% of templates, however, present problems that result for the most part
from:

o The base composition of the template. The higher the GC content of the template, the higher
its potential to form knotty secondary structures that obstruct the passage of DNA poly—
merases. Because secondary structures are less stable at high temperature, cycle sequencing or

high—temperature isothermal sequencing is the preferred technique for GC-rich templates.

o The base sequence ofthe template. Cycle—sequencing reactions should not be used to sequence

template DNAs suspected of containing a repeating sequence, for example, a dinucleotide

repeat. Such regions often produce bands that are highly variable in intensity in all four chan-

nels of sequencing gels. This problem can sometimes be alleviated by using 5' 32P-labeled

oligonucleotides to prime high—temperature isothermal or cycle-sequencing reactions.
Frequently, repetitive tracts yield cleaner sequences in reactions catalyzed at low temperature

by enzymes such as Sequenase or the Klenow fragment of E. coli DNA polymerase I.

o The amount of template. Cycle sequencing with its in—built amplification of signal is the
method of choice when the template DNA is in short supply.

End Labeling or Internal Radiolabeling?

End—labeled oligonucleotide primers reduce the frequency and intensity of sequencing artifacts,
most of which are caused by nonspecific priming by fragments of contaminating DNA or RNA.
These terminally labeled primers are preferred when sequencing DNA templates that tend to gen-
erate messy sequencing ladders, for example, sequencing impure DNA preparations from bacte-
rial colonies or bacteriophage M13 plaques, or large DNAs, such as bacteriophage K and cosmids.
When using end-labeled primers, all DNA chains become labeled to an equal extent regardless of
their length. The intensity of the bands is therefore equal throughout the whole length of the gel.
Sequencing ladders obtained from reactions primed by labeled oligonucleotides are therefore far
easier to read than ladders produced in conventional sequencing reactions containing unlabeled
primers and radiolabeled dNTPs.

Primers can be labeled at their 5' ends by transfer of the y—phosphate from [y-3ZP]ATP or
[y—33P]ATP in a reaction catalyzed by bacteriophage T4 polynucleotide kinase. Labeling with 32P
results in shorter exposure times and costs less per reaction than 33P. However, the weaker [3 par-
ticles emitted from 33P generate sharper bands during autoradiography, which is an advantage
when longer reads are required. In addition, primers and sequencing products labeled with 33P
suffer less radiolytic damage and can be stored for several weeks at —20°C.

[a-3SS]dATP is an analog of dATP in which a sulfur atom replaces a nonbridge oxygen atom
on the a—phosphate. The lower energy of the [3 particles emitted by 358 sharpens the image of
bands on sequencing gels (Biggin et al. 1983). As with 33P, the longer half—life of 358 allows the
radioisotope and the completed sequencing reactions to be stored for several weeks without dam-
age. ([y—3SS]ATP is not a good substrate for polynucleotide kinase and is transferred inefficiently
to 5'-hydroxyl groups.)  
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Which Enzyme? Which Protocol? Which Kit?

A first-time sequencer who wants to use low—temperature isothermal DNA sequencing with

radioactive dNTPs or radiolabeled primers should probably look no further than the kits sold by

U.S. Biochemicals containing Sequenase, version 2.0. Like kits supplied by manufacturers of other

enzymes, Sequenase kits contain almost everything required for isothermal sequencing, from a

template DNA for use as a positive control to sets of comprehensive didactic instructions. A

method to sequence using Sequenase is described in Protocol 3.

Kits provide a fast and easy way to gain some experience and confidence, but they are too

expensive for routine use. Therefore, the casual sequencer who generates small numbers of tem—

plates from time to time should consider replacing the various components of the kit with home—
made reagents and buying in bulk the enzymc(s) used to catalyze sequencing reactions.

At some point, when preparation of templates becomes a chore, the sequencer may want to

switch to cycle sequencing (Protocol 6), again beginning with a kit. Here the choices are many and

varied, but the decision among them depends on the available detection facilities. If a traditional

radioactive detection system is used, a kit containing a thermostable enzyme engineered to

remove 5’—3' cxonuclease activity should be adequate. Obviously, it would be better to use an

enzyme carrying a mutation that abolishes the preference for incorporation of dNTPs over

ddNTPs (for examples of these modified enzymes, please see Table 12-9 in Protocol 5). However,

these enzymes are at present significantly more expensive. All of the enzymes listed in Table 12-9

can be obtained in kit form. Some also contain a thermostable pyrophosphatase to suppress

pyrophosphorolysis and thereby reduce variation in band intensity.

Finally, the more serious sequencer will need to use some form of automated DNA-

sequencing facility using fluorescent detection methods. The services offered by these facilities

vary widely. In some, the users bring (or mail) their completed sequencing reactions to the facil—

ity for separation by electrophoresis and capture of data on automated machines. In others, the

facility carries out all steps of the sequencing process from template preparation to analysis of

results. Whatever the arrangement, the sequencing protocols will almost certainly be defined by

the facility, based on the expertise and the equipment available. Many facilities provide a range of

kits (homemade and/or commercial) at reduced prices to their users.
This chapter is a compendium of information about DNA sequencing. The first section of

the chapter deals chiefly with the enzymatic method of sequencing and contains protocols

describing the production of templates and primers and the assembly of sequencing reactions.

The second part focuses on the chemical method of sequencing, whereas the third and final sec—

tion deals with the pouring and running of DNA sequencing gels. Computational and robotic

aspects of sequencing are discussed in the information panels at the end of this chapter.
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Generation of a Library of Randomly
Overlapping DNA Inserts

12.10

ALMOST ALL MOLECULAR BIOLOGISTS ARE FACED at some time in their career with the challenge

of sequencing a large segment of DNA that has been cloned into a high—capacity vector such as a

cosmid, bacterial artificial chromosome, or bacteriophage P1 artificial chromosome. Efficient

sequencing of a cloned DNA fragment more than a few kilobases in size requires access to a high-

thro ughput, automated DNA sequencing facility. If such a facility is available, sequencing projects

of this magnitude, which until a few years ago were beyond the reach of most laboratories, are

now within the capacity of any competent group.

Most large-scale sequencing projects rely on a shotgun strategy, which involves random

fragmentation of the target region into small segments that can be subcloned into a bacteriophage

M13 vector (Anderson 1981; Deininger 1983; Messing 1983; Baer et al. 1984; Bankier et al. 1987).

The goal is to create a library of overlapping clones that provide at least fivefold sequence redun-

dancy over the entire target fragment. Each of these clones contains a random segment of target

DNA located next to a primer—binding site that can be used repeatedly to derive, on automated

DNA sequencers, 600—800 nucleotides of DNA sequence. Clones chosen at random from the

library are used as templates until the nucleotide sequence of at least 95% of both strands of the

target DNA has been captured. Where gaps and ambiguities remain, directed sequencing is used

to complete the sequence (e.g., please see Edwards et al. 1990). The accumulated data are stored

managed and assembled with the aid of computer programs (e.g., please see Dear and Staden

1991; Bonfield et al. 1995; Huang 1996; Dear et al. 1998). Please also see the collection of elec—

tronic resources in Appendix 11. Two methods are used to cleave double—stranded DNA into frag-

ments of a suitable size for shotgun sequencing.

o Hydrodynamic shearing. Hydrodynamic forces are generated in a number of different ways, a

few of which are listed in Table 12—1. In each case, breakage of DNA results from drag forces
that first stretch and then break the phosphodiester backbone in the central regions of double-

stranded DNA molecules (for discussion, please see Oefner et al. 1996). Because breakage tends

to occur in the center of DNA molecules, the ends of the original DNA molecule are under-

represented in shotgun libraries generated by hydrodynamic shearing. This problem can be

alleviated by ligating the DNA into concatemers before exposing it to hydrodynamic shear.

o Enzymatic Cleavage. In the presence of Mn“, or when very high concentrations of the enzyme

are used in the absence of monovalent cations, DNase I breaks both strands of double—strand-

ed DNA simultaneously at approximately the same site (Melgar and Goldthwait 1968; Campbell
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and Jackson 1980). Under these conditions, the enzyme displays very little sequence specificity

and cleaves all regions of the molecule (except for the terminal nucleotides) at an equal rate. As

a consequence, the fragments generated by DNase I digestion have a relatively broad size distri-

bution. Only a small fraction of the fragments are useful for cloning and sequencing.

Until recently, restriction enzymes were seldom used to generate fragments for shotgun

sequencing. Because complete digestion of DNA with a single restriction enzyme results in

nonoyerlapping fragments, separate libraries constructed from digests generated by several dif-

ferent restriction enzymes would be necessary to provide overlap between fragments. Partial

digestion has been an unattractive option because regions of DNA with very few restriction sites

would be underrepresented in shotgun libraries. However, this problem has been solved by the

discovery of conditions under which the enzyme CviII cuts DNA at the sequences PyGCPy and

PuGCPu, generating blunt—ended fragments (Xia et al. 1987; Fitzgerald et al. 1992). Under these

“relaxed” conditions, the enzyme finds a potential cleavage site every 16—64 bases in DNA. DNA

fragments of ~1 kb obtained by partial digestion of cosmid-sized DNAs with CviJI contain many

potential sites and show little representational bias (Gingrich et al. 1996). Table 12-1 summarizes

the strengths and weaknesses of the various methods used to generate overlapping fragments for

shotgun sequencing.

TABLE 12-1 Methods Currently Used to Fragment DNA for Shotgun Sequencing
 

 

METHOD PROS AND CONS REFERENCES

Hydrodynamic sonication Requires relatively large amounts of DNA (10-100 pg); fragments of Deininger ( 1983)
shear DNA distributed over a broad range of sizes; only a small fraction of

the fragments are of a length suitable for cloning and sequencing.
Requires ligation of DNA before sonication and end-repair afterward;
DNA may be damaged by hydroxyl radicals generated during cavitation
(McKee er al. 1977).

nebulization Easy and quick; requires only small amounts of DNA (0.5—5 ng) and Bodenteich et a]. (1994);
large volumes of DNA solution; no preference for AT—rich regions. Hengen (1997)

Size of fragments easily controlled by altering the pressure of the gas
blowing through the nebulizer; fragments of DNA distributed over a
narrow range of sizes (700—1330 bp); requires ligation of DNA before
nebulization and end—repair afterward.

circulation through Requires expensive apparatus, ligation of DNA before sanitation, and Oefner et al. (1996)

an HPLC pump 1—100 pg of DNA; fragments of DNA distributed over a narrow range
of sizes that can be adjusted by changing the flow rate; end—repair of
fragments before cloning not necessary.

passage through Cheap, easy, and requires only small amounts of DNA; however, the Davidson (1959, 1960);
the orifice ofa 28- fragments are a little larger (1.5—2.0 kb) than required for shotgun Schriefer et al. (1990)
gauge hypodermic sequencing; requires ligation of DNA before cleavage and end-repair
needle afterward.

Enzymatic partial digestion Cheap, easy, and requires no special equipment; only small amounts of Fitzgerald et al. (1992);
cleavage with the restriction DNA necessary (0.5—5 pg); ligation of DNA before digestion desirable Gingrich et al. (1996)

enzyme Cvill but end—repair ofdigested DNA unnecessary.
Variable rate of digestion from experiment to experiment; each new
batch of Cvi11 must be calibrated.

cleavage by DNase Like sonication. generates fragments with a wide distribution of sizes; Anderson (1981
1 in the presence only a small fraction ofthe fragments are ofa suitable length for
of M113’ cloning and sequencing; requires end—repair after cleavage.

Variable rate of digestion from experiment to experiment; each new
batch of DNase I must be calibrated.
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Many aspects of DNA sequencing have been automated, for example, the use of robotic

workstations to assemble dideoxy-mediated sequencing reactions and the automatic reading and

transfer of fluorescently tagged sequence to computers. For a review of these advances, please see

the information panel on AUTOMATED DNA SEQUENCING.

The following protocol describes the initial stages of shotgun sequencing, from shearing of

the target DNA to establishment of a library of fragments in a bacteriophage M13 vector, and out-

lines two methods —— sonication and nebulization — to break a double-stranded target DNA into

overlapping pieces and to polish the ragged ends with DNA polymerases. The fragments are then

fractionated according to size by agarose gel electrophoresis. After recovery from the gel, the frag-

ments are ligated with the DNA of a bacteriophage M13 cloning vector. The products of the lig-

ation reaction are introduced into a suitable strain of E. coli, and a library of recombinant bacte—

riophage M13 clones is established. Single—stranded DNA templates are then prepared from indi-

vidual clones grown in a 96-well format, essentially as described by 20110 and Chen (1994). Figure

12-2 illustrates the steps involved in random sequencing. Subsequent protocols describe how

clones selected at random from this library are used as templates in dideoxy-mediated chain-ter-

mination sequencing reactions and how the DNA sequence is completed and assembled.

purify the target DNA

circularize the target

DNA by ligation

fragment the target

DNA by sonication

or nebulization

universal primer

repair the termini

of fragmented

DNA and clone

the fragments

into a suitable

cloning vector

sequence the fragments

of target DNA using
universal primer

use a computer

to assemble

and align

sequences of the

fragments of

target DNA 
 

FIGURE 12-2 The Strategy for Random Sequencing

Please see text for details.
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CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions
Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Ammonium acetate (10 M)

ATP
Optional, please see Step 1.

Ethanol

Glycerol (sterile, 100%)

HZO (deionized distilled)

IPTG

MgCI2

NaCI
Phenol (saturated with Tris at pH 7.6) <!>

Phenol:chloroform (1:1, v/v) <!>

Polyethylene glycol (30% w/v PEG 8000) <!>
OptionaL please see note to Step 1.

Polyethylene glycol (20% w/v PEG 8000) in 2.5 M NaCI

TE (pH 7.6)
10x TM buffer

0.5 M Tris-Cl (pH 8.0)

150 mM MgCl2

TTE buffer

0.5% Triton X—100 in TE (pH 8.0)

X-gal

Enzymes and Buffers

Gels

Bacteriophage T4 DNA ligase

Bacteriophage T4 DNA polymerase
Bacteriophage T4 polynucleotide kinase

Klenow fragment of E. coli DNA polymerase I

Agarose gels (two 1% and one 0.7%)
Polyacrylamide gel (neutral, 5% polyacrylamide) <!> or Agarose gel (0.8% low-melting-point
agarose)

Nucleic Acids and Oligonucleotides

Bacteriophage k or ¢X174 DNA, cleaved to completion with Alul (1 pg in a volume of 20 u/ of
TE (pH 7.6)

After digestion, remove the restriction enzyme from the DNA by extraction with phenolzchloroform.
Recover the DNA by precipitation with ethanol and dissolve in TE (pH 7.6). The digested DNA will be
used to check the efficiency of ligation of the dephosphorylated, linearized vector as described in Step

13. The digested DNA is not required if commercial preparations of vector are used.

DNA size markers
Appropriate size markers are, for example, fragments generated by digestion oprCIS or pUC19 DNA
with Sau3AI, or the 123—bp ladder sold by Life Technologies, or ¢X174 DNA digested with HaeIII (New
England Biolabs).

dNTP solution containing all four dNTPs, each at 2.0 mM
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Target DNA
Target DNA is usually prepared by digesting a recombinant constructed in a high-capacity vector (e.g., cos-

mid, BAC, PAC, or P1) with a restriction enzyme that does not cleave within the cloned sequences.

Wherever possible, use a restriction enzyme that generates cohesive termini. This simplifies ligation of the
purified target DNA into concatemers (Step 1 ), After release from the vector, purify the target DNA by elec—

trophoresis through a gel cast with low—melting—temperature agarose (please see Chapter 5, Protocol 6 or
7). Dissolve the purified DNA in TE (pH 7.6) at a concentration of 1 mg/ml. Check the integrity and recov—
ery of the purified DNA by analyzing an aliquot (50 rig) by agarose gel electrophoresis.

Media

LB or 2x YT medium containing 5 mM MgCl2

Top agarose

YT agar plates

Centrifuges and Rotors

Centrifuge capable of spinning deep-well microplates and standard microtiter plates
at 3000 rpm
For example, Beckman GPR centrifuge equipped with a “Microplus” carrier or a louan Model CR 422
equipped with a swing—out rotor (M4 type) and microplate adaptors.

Special Equipment

Deep-we/I microplates, lids, and caps

The wells should have a l—ltZ—ml capacity and be capable of withstanding centrifugation at 3000 rpm.

An example is 96—well flat—bottomed Bioblock (DBM Scientific, San Fernando, California) and caps (V3—

Verl—Tips-Cover, Ulster Scientific; order through Baxter Inc, McGaw Park, Illinois). An alternative is the

Beckman 96—tube box equipped with tubes fitted with a one—piece lid and a cap. Two boxes with lids and

one cap are required to prepare 96 M13 templates.

Microtiter plates (96-well, fitted with lids)
Please see the information panel on MICROTITER PLATES.

Multichannel pipettor (8 or 12 channels)

Multitube vortex mixer
Silver tape (3M Corporation) or equivalent

The tape must be capable of effecting a watertight seal across the 96—tube box. The R.S. Hughes C0.
(http://www.rshughes.com) distributes this 3M silver tape in the United States and Mexico.

Sonicator or Nebu/izer
Please see Appendix 8.

For sonication‘ use either a microtip probe sonicator or a cup—horn sonicator. In this protocol, we rec—
ommend a cup horn sonicator (e.g., Heat Systems model XL2015 with a CL4 cup horn probe) for two
reasons: (1) The DNA is contained in a small volume (20—25 pl) within a microfuge tube and (2) there

is no contamination by a metal probe because the probe of the cup horn sonicator does not touch the
DNA solution.

For nebulization, modify a disposable therapeutic nebulizer (IPI Medical Products, model 4207) as

described in Appendix 8.

Toothpicks

Water baths preset to 760C, 37°C, 68°C and 80°C

Vectors and Bacterial Strains

Bacteriophage M73 vector DNA, equipped for blue-white screening, linearized, blunt-ended,

and dephosphorylated
Vector DNAs of this type may be purchased ready—made from several commercial vendors. Otherwise,
prepare the vector DNA as described in the additional protocols at the end of this protocol.

E. coli competent cells of an appropriate strain (e.g., XL1F’-Blue, DH5aF’)
To obtain a library that covers the target DNA to the greatest depth, it is important that the efficiency of

transfection of E. coli be as high as possible (>109 transfectants/ug of closed circular vector DNA).
Preparations of competent E. coli that can be transformed with high efficiency may be purchased ready—
made from several commercial vendors or may be prepared as described in Chapter 1, Protocols 23—26.
If an electroporation apparatus is available, we recommend using preparations of electrocompetent E.

i'oii, because of their higher efficiencies of transformation.
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METHOD
 

Self—Iigation of the Target DNA

Self—ligation is required to ensure that sequences at the ends of the target DNA are adequately rep—
resented in the population of fragments used to construct the library.

1. Transfer 5—10 pg of the purified target DNA (see Materials) to a fresh microfuge tube and
add:

10x bacteriophage T4 DNA ligase buffer 2.5 ul

5 mM ATP 2.5 pl

30% w/v PEG 8000 (optional) 5.0 ul

bacteriophage T4 DNA ligase O.5—2.0 Weiss units

HZO to 25 pl

Incubate the mixture for 4 hours at 16°C, and then inactivate the Iigase by heating the mix-
ture for 15 minutes at 68°C.

If the target DNA is blunt—ended, include PEG in the reaction to increase the efficiency of ligation.

Use 0.5 Weiss unit for cohesive termini, and 2.0 Weiss units for blunt termini.

Some commercial ligasc buffers contain ATP. When using such buffers, the addition of ATP is not
required.

2. Add 175 pl of TE (pH 7.6), and purify the ligated DNA by extraction with phenol:chloro-
form. Recover the ligated DNA by precipitation with 3 volumes of ethanol in the presence
of 2.0 M ammonium acetate. After centrifugation at maximum speed for 5 minutes in a
microfuge, wash the pellet with 0.5 ml of 700/0 ethanol at room temperature and centrifuge
again.

3. Remove as much of the supernatant as possible and allow the last traces of ethanol to evap-

orate at room temperature. Dissolve the DNA in 25 ul of TE (pH 7.6) in a microfuge tube.

Fragmentation of the Target DNA

This step was adapted from Birren et al. (1997, pp. 419—422 with permission).

4. Fragment the target DNA into segments 0.8—1.5 kb in length by sonication or nebulization
(please see Table 12-1).

To FRAGMENT THE DNA BY SONICATION (PLEASE SEE FIGURE 12-3)

a. Place ice water in the cup horn of the sonicator. Set the sonicator power switch to on, the
timer to hold, and the power setting to 10. Apply two 40-second pulses, and allow the
sonicator to warm up.

The ice water helps prevent denaturation of the DNA. It is advisable to replace the ice water
in the cup horn before each sample is sonicated.

b. Place the tube containing the DNA in the ice water such that the bottom of the tube is
1—2 mm above the hole in the center of the cup horn probe (please see Figure 12-3), and
sonicate the DNA.

Establish the appropriate conditions for sonication (the power setting and the number and
duration of pulses) by sonicating a test sample of DNA and analyzing the results as described
in Step d. For most DNA samples, two 6-sec0nd pulses at a power setting of 3 typically pro-
duce fragments of 500—2000 bp.
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buret ciamp

 

 probe cup

ice—water level

DNA sample

 

 

  
 

 

w horn probe

 center hole   FIGURE 12-3 Cup Horn Sonicator for Random

_ Fragmentation of DNA

The cup horn attachment for a Heat Systems sonicator is
depicted with a sample tube in place. The cup horn unit,
which contains a large horn probe, is attached to the sonica-
tor control unit and filled with ice water before the sample is
sonicated. Typically, the sample tube is held in place from

 

   
above by using a buret clamp and a ring stand. Alternatively, a
tube holder can be fabricated from 1/4-inch plastic and used
to hold up to eight tubes for simultaneous processing.

attached to control unit (Redrawn, with permission, from Birren et al. 1997.)

C. Centrifuge the tube briefly to collect the sonicated DNA sample at the bottom of the tube

and place it on ice.

d. Analyze 1 pl of the sonicated DNA sample with the appropriate molecular—weight mark—

ers by electrophoresis through a 0.7% agarose gel. Keep the remainder of the DNA on ice

while the gel is running.

If the desired size range of sheared DNA has not been obtained, sonicate the sample again
using altered conditions. If the size range is acceptable, proceed with end-repair of the DNA
as described in Step 5.

To FRAGMENT THE DNA BY NEBULIZATION (PLEASE SEE FIGURE 12-4)

a. Prepare the following DNA solution and place it in the nebulizer cup.

DNA sample (from Step 3) 5—10 ug

10x TM buffer (pH 8.0) 200 pl

sterile 100% glycerol 1 ml

sterile H20 to a final volume 0f2 ml

b. Place the DNA sample in an ice-water bath and nebulize using the empirically deter—

mined optimal conditions.

The size of the DNA fragments is determined primarily by the pressure of the nitrogen gas.
For example, a pressure of 8 psi (0.56 kg/cm') typically shears cosmid DNA into fragments of
1000—2500 bp. The optimal pressure and length of time for nebuiization should be estab—
lished empirically for each type of target DNA when this method is first used.

As with sonication, the use of an ice-water bath prevents degradation of the DNA and is
therefore important for generating an even distribution of DNA fragment sizes.

c. Place the nebulizer in a suitable centrifuge rotor and cushion it with pieces of styrofoam.

Centrifuge at 2000g (1000 rpm in a centrifuge equipped with a microplate adaptor)

briefly at 4°C to collect the DNA sample at the bottom of the nebulizer cup.
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FIGURE 12-4 Nebulizer for DNA

Fragmentatlon DNA solution

A viscous DNA solution containing glycerol is
placed in the nebulizer. The nebulizer is pressure from N2
attached to a nitrogen tank. Pressure from the entering chamber
nitrogen entering the chamber syphons the forces DNA solution
DNA solution from the bottom of the chamber Up the Siphon
to the top. The solution exits the siphon and
impacts on a small plastic cone suspended
near the top of the chamber, thus shearing the
DNA. N2 from tank

d. Divide the DNA sample into four equal aliquots in 1.5-ml microfuge tubes, carry out

standard ethanol precipitation of the DNA, and dry the DNA pellets under vacuum.

e. Dissolve each DNA pellet in 35 iii of TE (pH 7.6), and analyze 1 ul of the sheared DNA

with appropriate molecular—weight markers by electrophoresis through a 0.7% agarose

gel. Keep the remainder of the DNA at 4°C while the gel is running.

If the desired size range of sheared DNA has not been obtained, fragment the sample again

using altered conditions. If the size range is acceptable, proceed with end—repair of the DNA
as described in Step 5.

Repair, Phosphorylation, and Size Selection of DNA

The termini produced by nebulization and sonication are highly heterogeneous, consisting of

blunt—ended and frayed ends, with and without phosphate residues. Because only a fraction of these

molecules can be repaired by DNA polymerases, the efficiency with which hydrostatically sheared

DNA can be cloned in bacteriophage M13 vectors is generally low. However, 5—10 ug of sonicated,

repaired, and size—seiected target DNA generally yields several thousand recombinant clones.

5. T0 the fragmented DNA (~25 pl) add:

10x bacteriophage T4 DNA polymerase buffer 4.0 pl

2.0 mM solution of four dNTPs 4.0 pl

bacteriophage T4 DNA polymerase 5 units

H20 to 40 pl

Incubate the reaction for 15 minutes at room temperature, and then add ~5 units of the
Klenow fragment. Continue incubation for a further 15 minutes at room temperature.

This reaction uses two DNA polymerases to repair the frayed ends of the DNA fragments generated
during hydrodynamic shearing. Bacteriophage T4 DNA polymerase catalyzes filling of recessed 3’ ter-
mini and the exonucleolytic removal of protruding 3” termini: The Klenow fragment provides a sec
and means to fill recessed 3’ termini. Please see the information panel on THE KLENOW FRAGMENT
OF E. COLI DNA POLYMERASE I.
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6. Purify the DNA by extraction with phenolzchloroform. Transfer the aqueous (upper) phase

to a fresh tube, and adjust the solution to 0.1 M NaCl. Recover the DNA by precipitation with

2 volumes of ethanol. Wash the pellet with 70% ethanol.

7. Redissolve the precipitated DNA in 25 pl of TE (pH 7.6).

8. Combine the following in a microfuge tube:

fragmented DNA 23 pl

10x polynucleotide kinase buffer 3 pl

20 mM ATP 3 u]

bacteriophage T4 polynucleotide kinase 1 unit

Bacteriophage T4 polynucleotide kinase catalyzes the phosphorylation of the 5' termini of the
blunt—ended DNA fragments. This step is not mandatory, but, in most cases, leads to more efficient

ligation of the fragments to the vector.

9. Incubate the reaction for 30 minutes at 37°C.

10. Purify the fragments ofDNA of the desired size (08—15 kb) by electrophoresis through a low-

melting-temperature agarose gel (0.8%) or 50/0 neutral polyacrylamide gel (see Chapter 5).

To minimize the possibility of contamination, leave several lanes empty between the fragmented
target DNA and the molecular-weight markers. This is especially important when using blunt-
ended DNAS as markers since these are ligated to the vector DNA with much higher efficiency than
the sheared target DNA.

11. Recover the target DNA from the gel by one of the methods described in Chapter 5. Dissolve

the purified DNA in 25 pl of TE (pH 7.6).

12. Check the integrity and recovery of the purified DNA by analyzing an aliquot (1.0 ul) by elec-

trophoresis through a 1% agarose gel.

Ligation to Vector DNA

13. Set up a series of test ligations containing 50 ng (~0.01 pmole) of linearized and dephos—

phorylated vector DNA and increasing concentrations of fragmented, blunt-ended, phos-

phorylated target DNA (please see Table 12-2).

TABLE 12-2 Test Ligation Reactions of Dephosphorylated Vector DNA
 

 

T4 DNA 30% PEG
TYPE or DNA3 10x LIGATION ATP (5 mM) LIGASE (OPTIONAL)°

TUBE A B C H20 (111) BUFFER (pl) (pl)b (WEISS UNITS) (pl)

1 + 5.0 1.0 1.0 2.0 1.6

2 + 6.0 1.0 1.0 — 1.6

3 + + 3.0 1.0 1.0 2.0 1.6

4 + + 3.0 1.0 1.0 2.0 1.6

5 + + 3.0 1.0 1.0 2.0 1.6

6 + + 3.0 1.0 1.0 2.0 1.6

7 + + 3.0 1.0 1.0 2.0 1.6
 

“A : 50 ng oflincarized, dephosphorylated vector (in a volume of2 111); B : 20 ng of bacteriophage A DNA or ¢X174 RF DNA cleaved to completion
with Al“! (in A volume of2 pl); C : fragmented, blunt-ended, phosphorylated target DNA. Tubes 4, 5, 6, and 7 should contain 10, 20,50, and 100 ng of
si/c-xelected. fragmented target DNA. respectively (100 ng of sizeselected fragments : ~0.1 pmole).

“home commercial ligase buffers contain ATP. When using such buffers, omit the ATP.
The efficiency of ligation can be increased by adding PEG 8000 (30% w/v) to a concentration of 50/0 in the final ligation mixture (see Chapter 1,

Protocol 19), It is important to warm the stock solution of PEG 8000 to room temperature before adding it as the last component ofthe ligation reac'
110m. DNA can preeipitate at cold temperatures from solutions containing PEG 8000.  
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14. Introduce aliquots of the test ligations into competent E. coli of the appropriate strain by elec—

troporation or transformation (please see Chapter 1, Protocols 23—26). Plate the bacteria on

media containing IPTG and X—gal. Incubate the plates overnight at 37°C.

The purpose of this step is to find a concentration of fragmented target DNA that minimizes the
number of recombinants containing artificially fused target fragments, which can complicate
assembly of the final DNA sequence. When setting up a large—scale ligation reaction (Step 16),
avoid using saturating quantities of target DNA; instead, use an amount of target DNA that pro-
duces a modest increase (~5Afold) in the number of recombinant clones over background.

15. The following day, count the number of blue and colorless plaques.

The number of recombinants obtained with fragmented, blunt—ended target DNA should be ~10—
fold lower than the number obtained with an equivalent amount of blunt-ended DNA prepared by
restriction digestion (e.g., the AluI-digested k or ¢X174 DNA used in the initial test ligations).

If the yield of clones is low, treat the preparation of DNA fragments successively with calf alkaline
phosphatase and mung bean nuclease, and then repeat Steps 5—15 of this protocol. For protocols

on treating DNA with CIP and mung bean nuclease, please see Chapter 1, Protocol 20.

16. Set up a large-scale ligation reaction using the minimum amount of fragmented, blunt—ended

target that will yield sufficient recombinant clones to complete the sequencing project and

transform E. coli with the ligated DNA. Incubate the plates overnight at 37°C.

The goal is to cover the target fragment with at least a fivefold redundancy of recombinant clones.
Figure 12—5 shows graphical plots ofthe approximate number of clones that must be sequenced to

achieve 95% coverage of a double—stranded target DNA.

17. The following day, collect the plates and store the resulting transformants under the appro-
priate conditions until required. Prepare template DNAs from a series of individual colorless

plaques as described in Chapter 3, Protocol 4.

Pick and propagate recombinant bacteriophage M13 plaques as soon as possible (please see the
panel on PICKING PLAQUES in Chapter 3, Protocol 2). Since the bacteriophage particles diffuse
considerable distances through the top agar, plaques grown for extended periods of time (>12—16
hours) at 37°C or stored for a few days at 4°C frequently become contaminated. Both the intensi-
ty and number of background bands increase when single-stranded DNAs prepared from old
plaques are used in sequencing reactions.

Growth of Recombinant Clones of Bacteriophage M13 in a 96-tube Format

Individual colorless plaques, picked as described in Chapter 3, Protocol 2, may be grown in Z-ml

bacterial cultures in IS—ml tubes. The recombinant virus particles can then be recovered and DNA

purified from each individual culture (Chapter 3, Protocols 3 and 4), The template purification

procedure is slow and unwieldy, since only one or two dozen clones can be processed at a time.

Large-scale sequencing projects typically require many thousands of DNA templates.

Preparations of single-stranded DNA simply cannot be produced in a timely and economic fash-

ion by methods that require extraction with organic solvents and multiple centrifugation steps.

Instead, mass production of bacteriophage M13 templates for large-scale sequencing generally

involves purification of bacteriophage particles or single-stranded DNAs using filtration (Eperon

1986), magnetic beads (Alderton et al. 1992; Wahlberg et al. 1992; Hawkins et al. 1994), or para-

magnetic particles (Fry et al. 1992; Wilson 1993) in conjunction with robotic devices (e.g., please

see Mardis and Roe 1989; Smith et al. 1990). The equipment and personnel required to feed and

manage these devices are beyond the reach of most academic laboratories. However, 20110 and
Chen (1994) have described a robust and reproducible method for the growth and preparation of

single-stranded DNAS from bacteriophage M13 clones grown in a 96-well format. The templates
are required in large numbers to satisfy the appetites of fluorescence—based automated DNA
sequencing machines.
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FIGURE 12-5 Approximate Number of Sequences That Must Be Read from Randomly

Selected Subclones to Achieve 95% Coverage of a Double-stranded Seguence

The theoretical number of sequences that must be read from randomly selected subclones to achieve 95%
coverage of both strands of a sequence (i.e., four- to sixfold sequence redundancy) in a shotgun sequenc-
ing project is depicted for 0—10-kb targets (top) and 0—40-kb targets (bottom). These rough estimates are
shown for reading sequences with various average lengths. Project requirements will vary with the
sequence composition and complexity of the target DNA and with the presence of repeated sequences.
Note that the number of subclones required is based on obtaining sequencing data from subclones that
actually contain segments of the target DNA — not from those containing vector DNA or contaminating
DNA. (Adapted, with permission, from Birren et al. 1997.)

For shotgun sequencing projects, it is much more efficient to grow the bacteriophage M13

recombinants, 96 at a time, in small—scale bacterial cultures grown in flat-bottomed wells in dis-

posable trays or in disposable tubes arrayed in boxes. All of the subsequent steps involved in

preparation of single—stranded DNA templates can be carried out in the same format. Minimizing
the work involved in transfer of clones from one step to the next allows one investigator to pre—

pare 960 or more DNA templates in 1 day (please see 20110 and Chen 1994).

 



18.

19.

20.

21.

22.

23.
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For each set of 96 clones, inoculate 100 ml of LB medium or 2X YT medium in a 500—ml flask

with a single colony of a suitable F' strain of E. coli (e.g. XLl-Blue, XLl—Blue MRF', or

DHSOLF). Incubate the culture for 6—8 hours at 37°C with agitation at 300 rpm or until it

enters the early log phase of growth.

Add MgSO4 to the culture to a final concentration of 5 mM.

To maintain balance and symmetry during centrifugation, it is best to grow bacteriophage Ml3
clones in even—numbered multiples of 96.

Mgz‘ increases the yield of bacteriophage MIS and eliminates much ofthe asynchrony between the
growth rate of different clones (Reddy and McKenney 1996).

Approximately 80 ml of cells are required to grow each set of 96 bacteriophage M13 clones.

Use a multichannel pipettor to transfer 0.8-ml aliquots of the cells to individual tubes in a 96-
tube box.

Wearing gloves, use sterile toothpicks to transfer individual well-separated, colorless bacte-
riophage M13 plaques into each tube of the 96—tube arrays. Stab the toothpick into the mid—
dle of a plaque and then drop the toothpick into the culture tube.

To avoid confusion, leave the toothpicks in the tubes until all 96 tubes in the box have been
inoculated.

When the last plaque has been picked, remove the toothpicks, and seal the box. Label the box
and place it in an orbital shaker set at 250—300 rpm and 37°C. Repeat Steps 20 and 21 as need-
ed. Incubate the infected cultures for 8—12 hours.

If the cultures are incubated for >12 hours, the preparations of single-stranded templates may be
contaminated to a significant extent by bacteriophage M13 double-stranded replicative form DNA
and/or chromosomal DNA. These DNAs, which originate from lysed bacterial cells, increase the
opportunity for mispriming during the dideoxy—sequencing reaction. Longer incubation times also
provide opportunities for deletion and for rearrangement of cloned segments of DNA. Short incu—
bation periods are therefore the key to success with this method.

Purification of M13 DNAs

24.

25.

26.

27.

Remove the boxes from the incubator and pellet the bacterial cells by centrifugation at
2400g (3000—3250 rpm in a centrifuge equipped with a microplate adaptor) for 20 minutes.

A master stock of bacteriophage M13 clones can be made by mixing 25 pl of 80% glycerol with 50
pl of each of the supernatants. Mix the solutions well by pipetting up and down and store the
archival plates at ~80°C. These plates serve as a source of infectious bacteriophage if additional
preparations of template DNAs are required. This is the last point in the protocol at which archival
stocks can be safely made. From this point on in the protocol, there is a high probability of cross-
contamination between tubes. This does not matter for DNA sequencing but is unacceptable for
archival stocks.

Use a multichannel pipettor to transfer 120 pl of 20% PEG 8000 in 2.5 M NaCl to individual
tubes in a fresh 96-tube box.

Carefully remove the tubes from the centrifuge; use the multichannel pipettor to transfer 0.6
ml of each supernatant to a tube containing the PEG/NaCl solution.

A IMPORTANT Do not disturb the pellet of bacterial cells during this step. Inclusion of bacteria wiII
drastically reduce the quality of DNA sequence obtained.

Place a 96-tube cap over the tubes containing the bacteriophage suspensions and PEG/NaCl
solution. Make sure that a liquid-tight seal has formed, and then mix the solutions by invert-
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28.

29.

30.

31.

32.

33.

34.

35.

ing the box several times. Incubate the box for 30 minutes at room temperature, followed by

a 30—60—minute incubation on ice.

Collect the precipitated bacteriophage by centrifugation of the boxes at 2400g (3000—3250

rpm in a centrifuge equipped with a microplate adaptor) for 30 minutes. Remove a row of

tubes and drain the supernatant by inversion over a sink. A small white pellet should be vis-

ible on the bottom of each tube. Return the row of tubes to the box.

When all of the tubes have been emptied, invert the boxes on a paper towel and allow the last

traces of supernatants to drain for a few minutes. Keeping the box in an upside-down posi-

tion, replace the wet paper towel with a fresh dry towel. Transfer the inverted box—towel com-

binations to the centrifuge. Remove the last traces of PEG/NaCl solution from the bacterio—

phage M13 pellets by centrifugation at 300 rpm for 3—5 minutes.

Remove the boxes from the centrifuge, check that the pellets have remained in place, and add

20 pl of TTE buffer to each tube.

If the recombinant bacteriophages have grown well, the pellets should be white and opaque; if
grown less well, they should be bluish and opaque. If the pellets have a brownish hue, it is likely
that bacterial cells have been accidentally transferred in significant numbers at Step 26. Templates
prepared from brown pellets yield poor-quality sequencing data.

Seal the tubes with 3M silver foil tape and shake the boxes vigorously on a multitube vortex-

er for 15—30 minutes.

Centrifuge the boxes briefly to bring the solution to the bottom of the tubes. Pry the base
from each of the 96—tube boxes and place the tubes in an 80°C water bath for 10 minutes.

This step lyses the bacteriophage M13 particles. Removing the base of the box ensures that all tubes
are incubated at 80°C for the full 10 minutes.

Remove the tubes from the water bath and allow them to cool to room temperature. Replace

the bottoms of the boxes and briefly centrifuge each unit to bring the solutions to the bottom
of the tubes.

Use a multichannel pipettor to transfer 70 ul of sterile HZO to the individual wells of 96-well

microtiter plates. Transfer the bacteriophage lysates from the tubes in Step 33 to the

microtiter plate wells. Mix the two solutions by pipetting up and down. Seal the plates with

a strip of 3M silver foil tape or with the plate lid if sequencing is to be carried out within the

next 24—48 hours. Label each plate and store it at —20°C.

The yield of single—stranded bacteriophage M13 DNA should be 2.5—5 pg per starting culture.

Examine aliquots (5 pl) of DNA selected at random from a few wells by electrophoresis
through a 1% agarose gel.

If everything has worked well, there should be little variation in yield from tube to tube. Between
2 pl and 7.5 ul of each DNA preparation should be used in cycle sequencing reactions (see Protocol
6).
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ALTERNATIVE PROTOCOL: PREPARATION OF SMALL NUMBERS OF

SINGLE-STRANDED DNA TEMPLATES FROM BACTERIOPHAGE M13

This protocol is an abbreviated version of Protocol 4 in Chapter 3. Please refer to Protocol 4 for required mate-
rials.

Method

1.

10.

11.

12.

lnoculate 5 ml of 2x YT medium in a 17 x 100-mm tube with a single colony of an appropriate F' strain
of E. coli (e.g., XL BIue-1, DHSaF’). Incubate the culture overnight at 37°C with agitation at 300 rpm.

Transfer 0.1 ml of the culture into 5 ml of 2x YT medium containing 5 mM MgSO4 in a disposable 30-ml
centrifuge tube. Incubate for 2 hours at 37°C with vigorous agitation.

. Dilute the 5-mI culture into 45 ml of 2x YT medium containing 5 mM MgSO4 and dispense115-ml aliquots
into as many sterile 13 x100mm tubes as there are plaques to grow.

Use sterile toothpicks or a sterile needle to inoculate each tube with a separate bacteriophage M13
plaque. Incubate the tubes for 8—12 hours at 37°C with vigorous agitation.

. Transfer ~1 .2 ml of each culture to a separate microfuge tube and centrifuge the tubes at maximum speed
for 5 minutes at room temperature.

The remainder of each culture can be stored and used as a master stock.

Transfer exactly1 ml of each supernatant to a fresh microfuge tube containing 200 pl of 20% PEG 8000
in 2.5 M NaCl. Mix the suspensions by inverting the tubes several times. DO NOTVORTEX! Incubate the
tubes for 15—30 minutes at room temperature.

Recover the precipitated virus particles by centrifugation at maximum speed for 10 minutes. Remove
every last drop of the supernatant from each tube by careful aspiration.

Resuspend the small white pellets of bacteriophage particles in 100 pl ofTE (pH 8.0) by vortexing. Do not
proceed until the pellets have completely dispersed.

Add 100 ul of phenol equilibrated in TE (pH 8.0). Mix the phases by vortexing twice for 30 seconds.
Separate the phases by centrifugation for 3 minutes at room temperature in a microfuge.

Transfer the upper, aqueous phase to a fresh microfuge tube and recover the single-stranded DNA by pre
cipitation (15—30 minutes at room temperature) with 2 volumes of ethanol in the presence of 0.3 M sodi-
um acetate (pH 5.2). Recover the precipitate of DNA by centrifugation at maximum speed for 5 minutes
at 4°C.

Carefully wash the precipitate of DNA with 70% ethanol and centrifuge again. Remove the supernatant
by careful aspiration and allow the pellet of DNA to dry at room temperature.

Dissolve the DNA in 40 p| of TE (pH 8.0).

The yield of single-stranded DNA is usually 5—10 pg/ml of the original infected culture. Usually 2—3 pl of the DNA
preparation is required for each set of four DNA sequencing reactions using dye primers. The integrity and amount
of DNA in each preparation can be estimated by analyzing 2~4-pl aliquots by electrophoresis through a 1.0%
agarose gel containing ethidium bromide.
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1.

10.

11.

12.

13.

ADDITIONAL PROTOCOL: PREPARATION OF DEPHOSPHORYLATED BLUNT-ENDED
BACTERIOPHAGE M13 VECTOR DNA FOR SHOTGUN CLONING

Method

Set up two tubes, A and B, each containing 5 pg of the replicative form of the DNA of the desired bacte-
riophage M13 vector. Adjust the volume of each tube to 44 pl with H20 and then add 5 ul of the appro-
priate 10x restriction buffer. Digest both aliquots of DNA with a restriction enzyme that cleaves once
within the polycloning site and generates blunt termini (e.g., digest M13mp18 and/or M13mp19 with
Hincli).

- Analyze aliquots of the two digests by agarose gel electrophoresis in parallel with a sample of undigest-
ed DNA, to be sure that no circular forms of the DNA remain. Continue incubating the remainder of the

digestion mixtures at the appropriate temperature while the gel is running.

. Meanwhile, digest1 ug of bacteriophage 1 DNA or other high-molecular-weight DNA of defined size to
completion with AIuI. At the end of the digestion, extract the reaction with phenol:ch|oroform and pre-
cipitate the DNA with ethanol. Redissolve the precipitated DNA in 20 pi of TE (pH 7.6). Store the dis-

solved DNA on ice until needed in Step 9 of this protocol.

- When the M13 restriction digestions are complete, add 10 tti of 1 Ox CIP buffer to both tubes. Add 5 units
of CIP to Tube A, and incubate the reactions for 15 minutes at 37°C.

. To each tube add 2 pi of 0.5 M EDTA (pH 8.0) and 5 pl of 10% SDS. Add proteinase K to a final concen-
tration of 50 pg/ml. Incubate the reactions for 30 minutes at 56°C.

it is important to treat the vector DNA with proteinase K at this stage to remove all traces of restriction enzyme
and CIP. Subsequent ligation reactions will not work efficiently if residual enzymes are active. Although some inves-
tigators reiy on heat inactivation (65°C for1 hour, or 75°C for 10 minutes) and a single extraction with phenolzchlo-
roform to accomplish this purification, treatment with proteinase K ensures maximum purity of the vector DNA
and efficient ligation.

. Extract the reaction mixtures once with phenol and once with phenoizchloroform. Transfer the aqueous
phase to a fresh microfuge tube, and add 2 pl of 5 M NaCi. Add 2 volumes of ice-cold ethanol, and store
the tube on ice for 10 minutes.

NaCI is used instead of sodium acetate (pH 5.2) to prevent precipitation of EDTA at this step.

- Recover the DNA by centrifugation at maximum speed for 5 minutes at 4°C in a microfuge. Remove the
supernatant by aspiration, and add 1 ml of 70% ethanol at room temperature to the tube. Centrifuge again
for a further 5 minutes. Carefully discard the supernatant, and store the open tube on the bench until the
last traces of ethanol have evaporated. Dissolve the DNA in 100 ui of TE (pH 7.6).

- Check the recovery and integrity of the vector DNA by analyzing an aliquot (2 pl) by electrophoresis
through a 0.8% agarose gel.

- Carry out a series of test Iigations to determine the effectiveness of the phosphatase treatment. Set up
five reactions as detailed in Table 12-3.

Incubate the ligation reactions for 12—1 6 hours at 16°C.

Transfect competent E. coli of an appropriate strain (see Chapters 1 and 3) using10’2, 101, and 1 pl of
each of the ligation reactions.

Plate the bacteria on media containing IPTG and X-gal. Incubate the plates at 37°C.

The following day, count the numbers of blue and colorless plaques. If the results of the test Iigations are
satisfactory, dispense the dephosphorylated vector DNA into aliquots and store them at —20°C.

Dephosphorylation should reduce the number of plaques by a factor of 50—100 (Reaction 3 vs. Reaction 1 in Table
12-3). Ligation of dephosphorylated vector to a standard preparation of qunt-ended fragments should result in a
10—50-f0ld increase in colorless plaques (Reaction 3 vs. Reaction 5).
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TABLE 12-3 Test Ligation Reactions of Dephosphorylated M13 Vector DNA

 

T4 DNA 30% PEG
TYPE OF DNAa 10x LIGATION ATP (5 mM) LIGASE (OPTIONAL)c

TUBE A B C H20 (111) BUFFER (pl) (uhb (WEISS UNITS] (pl)

1 + 5.0 1.0 1.0 2.0 1.6

2 + 6.0 1.0 1.0 — 1.6

3 + 5.0 1.0 1.0 2.0 1.6

4 + 6.0 1.0 1.0 — 1.6

5 + + 3.0 1.0 1.0 2.0 1.6
 

“A z 50 ng (~0.()1 pmolc) of linearized. nonphosphatase—treated vector (in a volume of 2 141); B = 50 ng of linearized, phosphatase-treated vector (in

a volume 01'2 ul); C : 20 ng of bacteriophage A DNA or ¢X174 RF DNA cleaved to completion with AluI (in a volu me of2 111).
hSome commercial ligusc buffers contain ATP. When using such buffers, the addition of ATP is no longer required.
"l‘hc efficwncy of ligation can be increased by adding PEG 8000 (30% w/v) to a concentration of 5% in the final ligation mixture (sec Chapter 1,

1’roluco1 19). 1t is important to warm the stock solution of PEG 8000 to room temperature before adding it as the last component of the ligation reacv
tions. DNA mm precipitate at c01d temperatures from solutions containing PEG 8000.
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Preparing Denatured Templates for
Sequencing by Dideoxy-mediated
Chain Termination

I N THEORY, SEQUENCING OF DENATURED DOUBLE-STRANDED PLASMID DNA templates should work

well; in practice, the results have been a little disappointing. The simultaneous isolation and

purification of large numbers of plasmids has been difficult to automate, but preparing them in

smaller batches by conventional techniques is obviously a deeply inefficient way to attack a DNA

sequence longer than a kilobase or two. Furthermore, the results of the sequencing reactions

themselves have often been less than ideal: Blank images, weak banding patterns, short read—

lengths, premature termination of sequencing products, and strong stops causing bands across all

lanes of the gel have all been common complaints. More recently, however, with the availability of

improved DNA polymerases and the advent of cycle sequencing, the quality of DNA sequence

obtained from denatured double—stranded templates has greatly improved. If care is taken with

the preparation of the template, it is now possible to obtain sequences approaching the quality, if

not the read~length, routinely obtained from single—stranded DNA templates.

PREPARATION OF TEMPIATE DNA

12.26

The key factor that determines success or failure of sequencing of double-stranded plasmid DNAs

is the quality of the template. The goal is to use a method of purification that eliminates salt and

other small molecules that inhibit DNA polymerases, and to get rid of small fragments of nucle-

ic acid that may serve as unwanted primers. In most cases, the methods used for isolation of

sequencing-grade plasmid DNA from transformed bacterial cultures are based on the standard

alkaline lysis procedure of Birnboim and Doly (1979). The best results, however, are obtained

from large-scale preparations of plasmid DNAs that have been purified extensively by equilibri-

um centrifugation in CsCl-ethidium bromide gradients or by column chromatography (see

Chapter 1, Protocols 9, 10, and 11). The final preparations of plasmid DNA should contain a very

high proportion of closed circular molecules. Nicked circular molecules provide a source of 3'-

hydroxyl termini that can be extended by DNA polymerases. In sequencing reactions that use

internal labeling, the unbidden products of unwanted extension reactions can generate a band at

every position of a sequencing ladder.
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Plasmid templates suitable for sequencing can also be prepared from small-scale cultures.

Several high-throughput methods have been described, (e.g., please see Huang et al. 1994; Mohler

and Blau 1997), but, as yet, these have not been widely adopted. Commercial kits such as

GENECLEAN (O'BlOgene), QIAprep Turbo Miniprep (Qiagen), Wizard (Magic) Minipreps

(Promega), PERFECTprep (Eppendorf—S Prime) are always an option, but they are relatively

expensive and/or are limited in throughput. For routine sequencing, we recommend purifying

plasmid DNA from small—scale cultures by precipitation with PEG (please see the panel on ADDI-

TIONAL PROTOCOL: PURIFICATION OF PLASMID DNA FROM SMALl-SCALE CULTURES BY PRECIPI-

TATION WITH PEG at the end of this protocol). In our hands, this method, although lengthy, con—

sistently yields preparations of plasmid DNA of very high quality.

Dideoxy-mediated sequencing is performed on denatured plasmid DNA using gene-specif-

ic primers or universal primers that are complementary to sequences flanking restriction sites

commonly used for cloning (e.g., please see Chen and Seeburg 1985; Hattori and Sakaki 1986;

Mierendorf and Pfeffer 1987) (please see the information panel on UNIVERSAL PRIMERS in

Chapter 8). Denaturation is generally achieved by exposing the closed circular plasmid DNA to

alkali followed by neutralization (e.g, please see Chen and Seeburg 1985; Hsiao 1991).

Alternatively, heat may be used to denature linearized preparations of double—stranded plasmid

(e.g., please see Wang and Sodja 1991 ). However, the details of these procedures vary greatly from

one paper to the next as authors seek to find conditions that prevent rapid renaturation of the

template. In this protocol, we use a denaturation procedure that is thorough and reproducible,

but lengthy. More rapid alternative methods of denaturation are discussed in an additional pro—

tocol at the end of this protocol.

In sequencing methods that use thermolabile DNA polymerases such as Sequenase, denat-
uration of the template DNA is carried out before the sequencing reaction is assembled.

The following protocol to denature plasmid DNA by alkali should be used in conjunction
with Protocol 3, in which dideoxy—sequencing reactions are catalyzed by Sequenase. For cycle-

sequencing reactions, which are catalyzed by a thermostable DNA polymerase, template DNA is

denatured by heating the sequencing reaction to ~94°C for 3—5 minutes before beginning the

thermal cycling protocol (please see Protocol 6). Table 12-4 presents the amounts of double—

stranded DNA typically required for dideoxy sequencing.

TABLE 12-4 Amounts of DoubIe-stranded DNA Required for Dideoxy-mediated Sequencing

 

 

 

Reactions

AMOUNT or TEMPLATE SIZE or DOUBLE-STRANDED DNA (VECTOR + |NSERT) in kbp

REQUIRED (FMOLES) 1 kb 2.5 kb 5 kb 10 kb 20 kb

10 6.6 ng 16.5 ng 33 ng 66 ng 132 ng

25 16.5 ng 41 mg 82.5 ng 165 ng 330 ng

50 33 ng 82.5 mg 165 ng 330 ng 660 mg

100 66 ng 165 ng 330 ng 660 ng 1.33 pg

150 100 mg 250 ng 475 mg 1.0 pg 2.0 ug

200 133 ng 330 ng 660 fig 1. 33 pg 2.66 ug

250 166 ng 410 mg 850 ng 1.66 pg 3.33 pg

500 330 mg 825 ng 1.65 pg 3.33 pg 6.66 11g
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MATERIALS
 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Ammonium acetate (5 M, unbuffered, pH ~7.4)

Chloroform:isoamyl alcohol (24:1, v/v) <!>
DMSO <!>

Optional, please see Step 10.

Ethanol

NaOH (2 NJ/EDTA (2 mM) <!>
Prepare by appropriate dilution of a 10 N concentrated stock solution of NaOH just before use.

Phenol, equilibrated With HZO or TE (pH 7.6) <!>

Sequenase reaction buffer

Gels

Agarose gel (0.8% w/v)

Nucleic Acids and Oligonucleotides

Oligonucleotide primers
Oligonucleotide primers used to sequence denatured double—stranded DNA templates are frequently
longer (20—30 nucleotides) than primers normally used for sequencing single—stranded templates.
Longer primers give rise to fewer artifactual bands when used with denatured double-stranded DNA
templates.

For a list of “universal” primers that bind to vector sequences upstream of the target region, please see
the information panel on UNIVERSAL PRIMERS in Chapter 8. Please also see the information panel on

PREPARATION OF STOCK SOLUTIONS OF OLIGONUCLEOTIDE PRIMERS FOR DNA

SEQUENCING at the end of this chapter.

Plasmid DNA, closed circular, doubIe-stranded
Prepare plasmid DNA from small— or large—scale cultures of bacteria (see Chapter 1) or according to the

additional protocol at the end of this protocol; 5 pg of DNA is required for each set of four sequencing
reactions (ddA, ddG, ddC, and ddT).

Special Equipment

Dry ice—ethanol bath <!>

Water bath preset to 65°C

METHOD
 

1. Transfer ~5 pg of purified plasmid DNA to a 1.5—m1 microfuge tube. Adjust the volume to 50

pl with H2O. Add 10 pl of freshly prepared 2 N NaOH/Z mM EDTA solution. Incubate the

mixture for 5 minutes at room temperature.

2. Add 30 pl of 5 M ammonium acetate and mix the contents of the tube by vortexing.

3. Add 45 pl of equilibrated phenol and mix the contents of the tube by vortexing.

4. Add 135 pl of chloroform:isoamyl alcohol, mix the contents of the tube by vortexing, and

then separate the phases by centrifugation at maximum speed for 15 minutes at room tem-
perature in a microfuge.  
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10.

11.

Carefully remove the upper aqueous phase to a fresh microfuge tube and precipitate the DNA

by the addition of 330 pl of ice-cold ethanol. Mix the contents of the tube and place it in a

dry ice—ethanol bath for 15 minutes.

Recover the denatured DNA by centrifugation at maximum speed for 15 minutes at 4°C in a

microfuge.

Very carefully decant the supernatant without disturbing the DNA pellet, which may or may

not be Visible on the side of the tube.

Recentrifuge the tube for 2 seconds and remove the last traces of ethanol with a drawn—out

pipette tip without disturbing the DNA precipitate.

Allow the precipitate to dry at room temperature and resuspend the DNA in HZO at a con-

centration of 1 ug/ul.

Anneal the primer DNA to the denatured template, using 5 pg (5 pl) of alkali—denatured plas—

mid DNA for each set of four DNA sequencing reactions (i.e., 1.25 ug denatured DNA for the

reaction containing the ddA reaction, 1.25 pg for the reaction containing ddG, etc). Set up

annealing reactions as follows:

alkali—denatured DNA 5.0 pg (in 5 pl HQO)

DMSO (*optional) 2.0 u]

Sequenase reaction buffer 2.0 ul

sequencing primer 1.0 pl (10 mg)

1120 to 11.0 ul

‘Please see the panel on TROUBLESHOOTING in Protocol 4,

Heat the mixture to 65°C for 2 minutes and then allow it to cool slowly to room temperature.

Store the annealed samples on ice until the elongation/chain termination reactions are set up.

Proceed to Step 3 in Protocol 3.

 

TROUBLESHOOTING

A problem commonly encountered in sequencing doubIe-stranded plasmid DNA templates is the
appearance of bands at the same position in two or more lanes of the sequencing gel. These bands are
frequently more intense than the bands in the authentic sequencing ladder and are usually caused by
Contamination of the DNA template with short DNA and RNA oligonucleotides that act as nonspecific
primers in the DNA-sequencing reactions. This problem can be solved by rigorous purification of the
plasmid DNA prior to denaturation. More rarely, these bands, some times called BAFLs (bands in all four
lanes), result from problems with denaturation. BAFLS can sometimes be reduced in intensity and fre-
quency by (1) switching to the faster denaturation protocol (please see the pane| on ADD|T|ONAL PRO-
TOCOL: RAPID DENATURATION OF DOUBLE-STRANDED DNA) and (2) converting the Closed Circu-
lar superhelical plasmid DNA to linear molecules by digestion with a restriction enzyme (Wang and Sodja
1991). Another solution to this problem is to use a 32P-Iabeled primer in the DNA-sequencing reactions
in place of a radiolabeled dNTP (see Protocol 3).

  

 

BACTERIOPHAGE k TEMPLATES FOR DNA SEQUENCING

DNAs cloned in bacteriophage A can be sequenced essentially as described in this protocol. However,
improved results are obtained if the bacteriophage DNA is first cleaved with restriction enzymes that
release the target DNA from the vector sequences. The cloned DNA is then purified by gel elec-
trophoresis, extraction with phenol, and precipitation with ethanol (see Chapter 5, Protocol 3).
Approximately 3 pg of DNA insert is used for each set of sequencing reactions. Alternatively, small (<3—4
kb) inserts can be amplified from a bacteriophage A vector by PCR using oligonucleotide primers that
flank the insertion site. The amplified product can be purified and subjected to DNA sequencing.   
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ADDITIONAL PROTOCOL: RAPID DENATURATION OF DOUBLE-STRANDED DNA

The standard protocol for denaturing doubIe-stranded plasmid DNAs works well almost all of the time, but it
is quite lengthy. The following protocol is easier and less demanding. However, the length of DNA sequence
that can be read is slightly shorter than the several hundred nucleotides routinely obtained from doubIe-strand-
ed DNA denatured at alkaline pH.

Additional Materials

Ammonium acetate (4 M)
NaOH (2 N) containing 1 mM EDTA

Method

W
Q
W
N
—
l

. Resuspend 5 pg of doubIe-stranded closed circular plasmid DNA in 18 p| of H20.

. Add 2 ul of freshly prepared 2 N NaOH containing 1 mM EDTA.

. Incubate the alkaline solution for 5 minutes at room temperature.

. Add 10 pl of 4 M ammonium acetate and 20 p.| of H20. Mix the contents of the tube by vortexing.

. Precipitate the denatured DNA with 125 ul of ice-cold ethanol and collect the precipitated DNA by cen-
trifugation at maximum speed for 15 minutes at room temperature in a microfuge.

. Remove the supernatant by careful aspiration and rinse the pellet with 0.5 ml of ice-cold 70% ethanol.
Recover the DNA pellet by centrifugation for 2 minutes and then carefully remove the supernatant. Allow
the pellet to dry in the air for a few minutes.

. Redissolve the denatured DNA in HZO at a concentration of ~1 ug/pl. Anneal the primer to the template
DNA as described in Steps 10 and 11 of the main protocol.
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10.

11.

12.

13.

14.

15.

ADDITIONAL PROTOCOL: PURIFICATION OF PLASMID DNA FROM SMAlL-SCALE
CULTURES BY PRECIPITATION WlTH PEG

CAUTION:PIease see Appendix 12 for appropriate handling of materials marked with <!>.

Additional Materials

Alkaline lysis solution I
Alkaline lysis solution II

Alkaline lysis solution II should be freshly prepared and used at room temperature.

Alkaline lysis solution III, ice cold
Ammonium acetate (7.5 M)
DNase-free RNase
Isopropanol
NaCl (4 M)

Phenolrch/oroform < ! >
Polyethylene glycol (13% w/v PEG 8000) < 1 >
Proteinase K (10 mg/ml)
TE (pH 8.0)
Terrific Broth

Method

1. Grow 5-ml cultures of transformed bacteria in Terrific Broth plus the appropriate antibiotic (see Appendix
2) overnight at 37°C with vigorous aeration.

E. coli strains DHScx and XL1-Blue are the preferred hosts.

2. Transfer 1.5 mi of the overnight culture to a microfuge tube and recover the bacteria by centrifugation at
maximum speed for 1 minute. Remove the supernatant and replace it with another1.5-ml aliquot of the
overnight culture. Centrifuge at maximum speed for 1 minute.

3. Remove all of the supernatant by aspiration and resuspend the bacterial pellet in 200 u| of Alkaline lysis
solution I containing 5 mg/ml iysozyme.

4. Add 300 pl of a freshly prepared solution of Alkaline lysis solution II and mix by inverting the tube sever-
al times. The solution should clear to transparency. DO NOT VORTEX. Store the tube in ice for 5 minutes.

5. Add 300 111 of Alkaline lysis solution III and mix by inverting the tube several times.

6. Centrifuge the tube at maximum speed for 10 minutes at room temperature. Taking care not to disturb
the pellet of bacterial debris, transfer the supernatant to a fresh microfuge tube.

7. Add DNase-free RNase to a final concentration of 25 ug/ml. Incubate the tube for 20 minutes at 37°C.

8. Extract the preparation with 400 ul of chloroformzisoamyl alcohol (24:1 ), transferring the aqueous phas-
es to fresh tubes between each extraction. Continue the extractions until no more material is visible at the
interface.

. Add an equal volume of isopropanoi, mix by vortexing, and then recover the precipitated DNA by cen-
trifugation at maximum speed for 10 minutes at room temperature.

Remove the supernatant by aspiration and then wash the pellet of plasmid DNA and the sides of the tube
with 70% ethanol. After centrifugation at maximum speed for 3 minutes at room temperature, remove
the supernatant by aspiration and then allow the remaining ethanol to evaporate at room temperature.

(Optional: Use only if the length or quality of sequence obtained from recent minipreparations ofplasmid
DNA has been unsatisfactory) Dissolve the pellet in 100 p.| of TE (pH 8.0), add 1 p] of proteinase K (10
mg/ml), and incubate the reaction for 20 minutes at 37°C. Extract the solution with phenolzchloroform
and recover the DNA by adding 50 0| of 7.5 M ammonium actetate and 300 pl of ethanol. Remove the
supernatant and a||ow the last traces of ethanol to evaporate at room temperature.

Dissolve the pellet in 32 pl of H20 and then precipitate the DNA by adding 8.0 pl of 4 M NaCi and 40 pl
of 13% PEG 8000. Mix the contents of the tube by inverting it several times and then store the tube for
1 hour on ice.

Recover the plasmid DNA by centrifugation at maximum speed for 15 minutes at 4°C.

Carefully remove the supernatant by aspiration and then wash the pellet of DNA with 500 u| of 70%
ethanol. After centrifugation at maximum speed for 3 minutes at room temperature, remove the super-
natant by aspiration and then allow the remaining ethanol to evaporate at room temperature.

Dissolve the pellet of DNA in 20 pl of H20. Analyze 1.0 pl of the preparation by agarose gel elec-
trophoresis and store the remainder of the preparation at —20°C.
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SEQUENASE, A MODIFIED VERSION OF BACTERIOPHAGE T7 DNA polymerase, is the enzyme of

choice to catalyze automated or manual dideoxy-mediated isothermal DNA-sequencing reactions.

Like the classical sequencing enzyme, the Klenow fragment of E. coli DNA polymerase I, Sequenase

lacks 3'-5' exonuclease activity. However, by sharp contrast to the bacterial enzyme, Sequenase is

capable of generating DNA ladders that are strikingly beautiful, where every band is of similar

intensity and readable DNA sequence extends over the full length of the gel. Since its introduction

(Tabor and Richardson 1987a), Sequenase has almost completely replaced the Klenow fragment,

with consequent benefit to sequencing projects, large or small, manual, or robotic.

Of the several versions of Sequenase that are available (please see the information panel on

SEQUENASE), most DNA sequencing is carried out with version 2.0. The reaction is carried out in

the following three steps.

0 Denatumtion ofdouble—stranded DNA templates (if necessary) and annealing of primer to its

complementary sequence.

0 A briefpolymerization reaction in which the primer is elongated by 20—100 nucleotides. This

step is performed under conditions where DNA polymerase is present in excess and the con—

centrations of the four dNTPs are limiting. A radiolabeled dNTP is included in the reaction so

that the short elongation products become radiolabeled at multiple sites. During this prelimi-

nary polymerization reaction, most of the available dNTPs, including the radiolabeled dNTP,

are incorporated into DNA.

0 Extension and termination reactions of the elongated radiolabeled primers. This step is car—
ried out in four reactions that contain high concentrations of unlabeled dNTPs and a single

unlabeled ddNTP (ddA, ddG, ddC, or ddT).

Sequenase version 2.0 produces excellent DNA sequences using either single-stranded tem—

plates or denatured double-stranded DNA templates. This protocol, adapted from Tabor and

Richardson (1987a, 1989b, 1990), describes DNA sequencing with single-stranded DNA tem-

plates (for production of single—stranded bacteriophage M13 or phagemid DNAs, please see

Chapter 3, Protocols 4 and 8, and Chapter 12, Protocol 1). A method for denaturing double—

stranded DNA templates in preparation for sequencing with Sequenase is described in Chapter

12, Protocol 2. For further details on sequencing PCR—amplified DNA, please see the information

panel on CONVENTIONAL CHAIN-TERMINATION SEQUENCING OF PCR-AMPLIFIED DNA.
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MATERIALS

A IMPORTANT All the materials required for sequencing with Sequenase version 2.0 are contained in
kits, sold by USB/Amersham Life Science, which include a detailed protocol describing the reagents
and steps used in the sequencing reaction. This kit is invaluable for first-time or occasional sequencers,
but it is expensive. After gaining experience, it may turn out to be more economical to purchase

Sequenase version 2.0 in bulk and then assemble the remaining reagents locally.

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Deionized distilled HZO (ice cold)

Dithiothreitol (100 mM)

dNTPs and ddNTPs, stock solutions (0.5 mM) of each of the four dNTPs and ddNTPs

Please see the information panel on PREPARATION OF STOCK SOLUTIONS OF dNTPs AND
ddNTPs FOR DNA SEQUENClNG.

5x Labeling mixture and ddNTP extension/termination mixtures (ddCTR dd7TR ddATP} and ddCTP)

These reaction mixtures can be assembled by mixing the volumes of the solutions shown in Table 12—5.

Formamide-Ioading buffer <!>

Sequenase dilution buffer
10 mM Tris-Cl (pH 7.5)

5 mM dithiothreitol

0.50 mg/ml bovine serum albumin

Store at —20°C

5x Sequenase reaction buffer with MgCI2
200 mM Tris-Cl (pH 7.5)

100 mM MgCl2
125 mM NaCl

Store at —20°C.

TABLE 12-5 5x Labeling Mixture and ddNTP Extension/Termination Mixtures for Sequenase Reactions
 

 

 

STOCK SOLUTIONS OF dNTPs AND ddNTPs (ALL VOLUMES IN N) OTHER REAGENTS

REACTION dCTP dTTP dATP dGTP ddCTP ddTTP ddATP ddGTP 5 M

MIXTURE 0.5 mM 0.5 mM 0.5 mM 0.5 mM 0.5 mM 0.5 mM 0.5 mM 0.5 mM NaCI HZO

Labeling 15 15 — 15 — — — — — 955

ddCTP 160 160 160 160 16 — — — 10 334

ddTTP 160 160 160 160 — 16 — ~ 10 334

ddATP 160 160 160 160 — — 16 — 10 334

ddGTP 160 160 160 160 — — — 16 10 334

 

Thu 5x labeling mixture contains unlabeled dGTP, dCTP, and dTTP, each at a concentration of 7.5 mM. Radiolabeled dATP is added at Step 7 to a final
cnncemmtion of ~30 pM. Each ofthe ddNTP extension/termination mixtures contains 2111 four dNTPs at a concentration of 160 pM and a single ddNTP
At a concentration of 0.16 pM. The 5X labeling mixture and extension/termination mixtures should be dispensed in 501.1] aliquots and stored frozen at

-»Z()"(:.

When sequencing templates that are rich in GC structure, use base analogs such as 7-deaza—2'-dGTP or dITP in place of dGTP. If using 7-deaza-dGTP,
~1mp|y replace the GTP in all the ddNTP extension/termination mixtures with an equimolar amount of the base analog.

H us'mg dITP. substitute 30 pl of a 0.5 mM stock solution of leP for dGTP in the 5x labeling mixture and decrease the amount of H10 to 940 “1. In
the ddN'l'P extension/termination mixtures containing ddCTP, ddTTP, and ddATP, substitute 160 pl of a 0.5 mM stock dITP solution for dGTP. In the
cttcnsion/termination mlxture containing ddGTP, substitute 320 ul of 0.5 mM stock solution of dITP for dGTP, decrease the amount ofddGTP to 3.2 pl,
and decrease the volume of H20 to 187 u].
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5x Sequenase reaction buffer With MnClZ
200 mM Tris—Cl (pH 7.5)

25 mM MnCl2

125 mM NaCl
Store at —20°C.

The presence of Mn“ in the Sequenase reaction buffer increases the efficiency with which Sequenase will
utilize ddNTPs, even ifMg” is also present (Tabor and Richardson 1989b). The net result is a more effi—

cient termination of sequencing reactions closer to the starting primer. This modification is useful for
improving the strength of the bands that run close to the oligonucleotide primer or when using a base
analog such as leP to iron out compressions in GOrich regions of sequence.

To use Mn“, add 1 1.11 of 5x Sequenase reaction buffer with MnCl2 to the labeling reaction before adding
Sequenase (Fuller et al. 1996). Alternatively, add 0.01 volume of 1 M MnCl7 to the dideoxy—dNTP exten~
sion/termination mixtures (Kristensen et al. 1990). Do not use manganese—Eontaining buffers that devel—
op a slight yellowish color or that contain a yellow—brown precipitate.

TE (pH 7.6)

Enzymes and Buffers

Sequenase (version 2.0)
Sequenase is supplied by the manufacturer at a concentration 0f~13 units/ul (~1 mg/ml) Store at —20°C
(not in a frost-free freezer).

Yeast inorganic pyrophosphatase
Optional, please see Step 6. This is supplied by the manufacturer (USB/Amersham Life Science) at a con—

centration of 5 units/ml; it catalyzes the hydrolysis of pyrophosphate to two molecules of orthophos—
phate.

Pyrophosphatase can be mixed with Sequenase at a ratio of 1 unit of pyrophosphatase to 3 units of

Sequenase. This is best done by mixing equal volumes of the two enzyme preparations and diluting the
mixture with 6 volumes of enzyme dilution buffer. This dilutes Sequenase to its working concentration
of ~1.6 units/ul and adds enough pyrophosphatase to prevent build—up of pyrophosphate; 2 pl of the

mixture of diluted enzymes is required for each sequencing reaction.

Nucleic Acids and Oligonucleotides

O/igonucleotide primer
Use at a concentration of 0.5 pmole/til (~3.3 ng/ul) in HZO or TE (pH 7.6).

Please see the information panel on PREPARATION OF STOCK SOLUTIONS OF OLIGONU-
CLEOTIDE PRIMERS FOR DNA SEQUENCING. For a list of universal primers that bind to vector
sequences upstream of the target region, please see the information panel on UNIVERSAL PRIMERS in

Chapter 8.

Template DNAs (1 pg) in TE (pH 7,6)
Single—stranded DNA (1 pg) or 2.0 pg of denatured double—stranded plasmid DNA is required for each
set of four sequencing reactions. Linear double—stranded DNA can be denatured and annealed to the
primer by mixing the template with an excess of primer and heating the mixture in a boiling water bath
for ~2 minutes and then plunging the tube into an ice—water bath. The mixture should not be allowed
to warm up and should be used without delay.

The concentration of single—stranded DNA in small—scale preparations of bacteriophage M13 recombi—
nants varies from 0.05 ug/ml to 0.5 ug/ml, depending on the growth rate ofthe particular bacteriophage.
Under the conditions normally used for sequencing, the template DNA is present in excess. Small vari—
ations in the amounts of template added to different sets of sequencing reactions do not generally affect
the quality of the results; however, please see Table 12—6 at the end of this protocol.

Radioactive Compounds

[a-355]dATP (1000 Ci/mmole, 10 mCi/ml) <!>

OI’

[a-33deATP (1000—3000 Ci/mmole, ~20 mCi/ml) <!>

OI’

[a-32PldATP (1000 Ci/mmole, 10 mCi/ml) <!>
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Instead of internal labeling with [‘3P]dATP, carry out sequencing with a 5’ jzP»labeled oligonuclotide
primer. In this case, 2 pl (~5 x 105 cpm; ~0.5 ng) ofthe radiolabeled primer and 2 pl ofHIO are includ-
ed in the reaction mixture in place of the unlabeled primer (Step 1) and [31P]dATP (Step 7). All other
steps remain the same. The 5’ termini of oligonucleotides are generally labeled by transfer of [y—“lPl
from [y—“PMTP in a reaction catalyzed by polynucleotide kinase. For details of the labeling reaction,

please see Chapter 10, Protocol 2.

Centrifuges and Rotors

Microfuge rotor or adaptors for use With 0.5-ml microfuge tubes or Swing-out rotor and
microtiter—platc holder (e.g., Sorva/I), lined with polystyrene foam or rubber pads

Special Equipment

METHOD

Microfuge tubes (0.5 ml) or Microtiter plates (flexible, heat-stable, with 96 U-shaped wells
of ~300 pl capacity)
Please see the information panel on MICROTITER PLATES.

Water baths or heating blocks preheated to 37°C and 65°C

 

A IMPORTANT When sequencing doubIe-stranded plasmid DNAs that have already been denatured and

annealed to a sequencing primer (Protocol 2), ignore the first two steps of this protocol and begin at
Step 3.

1. To a 0.5-ml microfuge tube or well ofa microtiter plate, add:

single—stranded template DNA (~1 ug/pl) 1 pl

oligonucleotide primer (~1 ng/ul) 3 pl

5x Sequenase reaction buffer containing 2 pl

MgClJ or MnCl2

H20 to 10 ul

2. Incubate the tightly closed tube for 2 minutes at 65°C. Remove the tube from the water bath
and allow it to cool to room temperature over the course of 3—5 minutes.

Some investigators prefer to cool the annealing reactions more slowly over the course of 30 min—

utes in a small heating block or beaker of water. In our hands, both slow— and fast—cooling regimens
yield sequence of the same quality.

3. While the primer and template are cooling, thaw the 5x labeling and ddNTP extension/ter—

mination mixtures and radiolabeled dATP. Store the thawed solutions on ice.

4. Transfer 2.5 ul of each ddNTP extension/termination mixture into separate 0.5—ml

microfuge tubes or into individual wells of a microtiter plate color-coded or labeled C, T, A,

and G.

The fluid should be deposited as a droplet on the wall of the tubes or wells, near the rim.

5. Make a fivefold dilution of the 5X labeling mixture in ice-cold HZO. A volume of 2 pl of the
diluted labeling mixture is required for each template sequenced.

6. Dilute Sequenase in ice—cold Sequenase dilution buffer, with or without addition of yeast

pyrophosphatase, as described above in Materials.

A volume of 2.0 1.11, containing ~3.0 units of Sequenase enzyme, is required for each template
sequenced. Store the diluted enzyme on ice at all times.
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7.

10.

11.

 

Pyrophosphatase is used to prevent reduction in band intensity during prolonged incubation of sequenc—
ing reactions This reduction occurs because DNA polymerases (including Sequenase) can catalyze a
reaction between the base at the 3 ’ terminus of a DNA chain and pyrophosphate ions in solution. The
products of the pyrophosphorolytic reaction are a free dNTP molecule and a DNA chain that is now one
base shorter. Pyrophosphorolysis, which is the reverse of polymerization, occurs at an insignificant rate
in most DNA—sequencing reactions. However, when the reactions are incubated for a long time or when
leP is used in place of dGTP, pyrophosphorolysis may become a problem. Since the efficiency of
pyrophosphorolysis varies according to the nucleotide sequence at the 3 ' end of DNA chains, the inten-
sities of some sequencing bands are reduced while others are unaffected. The consequent variation in
band intensity can be prevented by using high concentrations of dNTPs or by including yeast pyrophos-
phatase in the reaction mixture (Tabor and Richardson 1990; Patel et al. 1991; Fuller 1992). 
 

To carry out the labeling reaction, add the following to the lO-ttl annealing reaction of
Step 2:

diluted labeling mixture (from Step 5) 2 pl

0.1 M dithiothreitol 1 pl

[a-HPHATP, [ot—32P]dATP, or [ot—35S]dATP 05 ul

diluted Sequenase (~1.6 units/ul) 2.0 pi

Mix the components of the reaction by gently tapping the sides of the tube or microtiter plate

and then incubate the reaction for 2—5 minutes at 20°C.

Store the diluted Sequenase in ice; do not allow it to warm to ambient room temperature. Store the

concentrated stock of enzyme supplied by the manufacturer at —20°C. It may lose activity ifstored
in an ice bucket for hours.

Toward the end of the labeling reaction, prepare to set up the termination reactions by pre-

warming the labeled microfuge tubes or microtiter plates to 37°C. This step is important!

Then transfer the 3.5 ul of the labeling reaction to the walls of each of the prewarmed labeled

microfuge tubes or to the sides of prewarmed microtiter wells containing the appropriate

dideoxy terminator mixtures (Step 4 above).

Place the microfuge tubes in a microfuge at room temperature (use appropriate rotor or adap—

tors for 0.5—ml tubes or place inside decapitated 1.5—ml tubes), or place the microtiter plates

in a centrifuge at room temperature equipped with an appropriate adaptor. Centrifuge the C,

T, A, and G tubes or plates for a few seconds at 2000 rpm to mix the components of the reac-

tions. Immediately transfer the reactions to a heating block or a water bath for 3~5 minutes
at 37°C.

Stop the reactions by adding 4 pl of formamide—loading buffer.

The reactions may be stored for up to 5 days at —20°C or analyzed directly by denaturing gel

electrophoresis (Protocols 8, 9, or 10, 11, and 12). After heat denaturation (2 minutes at

100°C) and quick cooling on ice, load 3 pl of each of the C, T, A, and G reactions into indi-

vidual wells of a sequencing gel.
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SEQUENCING RANGE

The reaction conditions in this protocol have been optimized to obtain the sequence of DNA lying up to
300—400 nucleotides from the 5 ’ terminus of the primer. Reading of the sequence closer to or further
away from the primer can be facilitated by the following modifications:

Distance of target DNA from 5 '
terminus of primer (in nucleotides) Modification of basic procedure

20—100 Dilute labeling mixture, prepared at Step 5 above, by a factor of 10.
Halve the time for incubation of both labeling and extension/ter-
nation reactions. Use MnCI2 in polymerization reaction.

10—300 Use primer labeled at its 5’ terminus with [32P1ATP or [”P]ATP ‘
(please see Chapter 10, Protocol 2).

 

100—400 Normal reaction conditions.

>400 Use four times the normal concentrations of unlabeled dNTPs and
radioisotope in the labeling reaction.
Double the time of incubation of the labeling reaction.   
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Protocol 3: Dideoxy—mediated Sequencing Reactions Using Bacteriophage T7 DNA Polymerase (Sequenase) 12.39

 



Protocol 4
 

Dideoxy-mediated Sequencing Reactions Using
the Klenow Fragment of E. coli DNA Polymerase l
and SingIe-stranded DNA Templates

12.40

WHEN THE FIRST CHAIN-TERMINATING DNA SEQUENCING METHODS were developed by Sanger

and colleagues (Sanger et al. 1977b, 1980), only one suitable DNA polymerase was available — the

Klenow fragment of E. coli DNA polymerase I. This enzyme retains the ability to polymerize

dNTPs in a template—specific manner but lacks the potent 5’-3' exonuclease of complete poly-

merase I (please see the information panel on THE KLENOW FRAGMENT OF E. COLI POLYMERASE

I). Although extensive tracts of DNA sequence were determined using the Klenow fragment, it

soon became obvious that the enzyme was far from ideal as a catalyst for sequencing reactions: It

was not highly processive, could not traverse regions of the template that were rich in secondary

structure, greatly preferred to use dNTPs rather than ddNTPs as substrates, was adversely affect-

ed by the contaminants that frequently adulterated the DNA preparations of the time, and could

work efficiently only on single-stranded DNA templates. With such a set of handicaps, it is hard-

ly surprising that large-scale sequencing projects no longer rely on the Klenow enzyme. Today,

these projects are increasingly carried out using thermostable DNA polymerases and modified

versions of bacteriophage T7 DNA polymerase.

Nevertheless, the Klenow fragment is still very useful for many small-scale sequencing pro-

jects where single-stranded DNA templates are available and long reads are not required. Such

projects include verification of mutations, confirmation of constructs, and pinpointing the ter-

mini of deletions. The Klenow fragment still has a faithful, but aging, coterie of supporters who

believe that the enzyme has an ability to capture sequences from regions of cloned DNAs that are

difficult to sequence with other DNA polymerases. Why this should be is unknown, but differ-

ences in template requirement and differential sensitivity to secondary structure are possibilities.

The enzyme works best on single—stranded DNA templates, where read—lengths of

~300—4OO bases can be expected. Denatured, double-stranded DNA templates are a far more

doubtful proposition. There is no good reason to use the Klenow fragment to sequence denatured

plasmid DNA when so many better alternatives are available.

The following protocol, adapted from Sanger et al. (197721, 1980), describes how to use the

Klenow enzyme to sequence single—stranded DNA templates.
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TABLE 12-7 ddNTP Extension/Termination Mixtures and Chase Mixtures for Klenow Sequencing
 

 

 

 

Srocx SOLUTIONS or dNTPs (1 mM) STOCK SOLUTIONS or ddNTPs (5 mM) OTHER REAGENTS

Rucnon (ALL VOLUMES IN pl) (Au VOLUMES IN pl) Tms-CI EDTA

MIXTURE dCTP dTTP dATP dCTP ddCTP ddTTP ddATP ddGTP (1 M, pH 8.0) (10 mM, pH 8.0) H20

ddtiTP 5 100 — 100 30 — — — 10 10 745

ddT’I‘P 100 5 — 100 — 25 — — 10 10 675

ddATP 100 100 — 100 — — 5 — 10 10 580

ddGTP 100 100 — 5 — ~ — 25 10 10 750

Chase 245 245 245 245 — — — — 10 10 —

dA’l'P — — 100 — — — — — IO 10 880

 

The l‘dtios of ddNTP:dNTP in the extension/termination mixtures are 30:1, 25:1, and 25:1 for dCTP, dTTP, and dGTP respectively. In the assembled

sequencing reaction, the ratio of ddATPszTP is ~45:1.
Dispense mixtures as 50—01 aliquots and store frozen at —20°C.

MATERIALS
 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

dATP (0.7 mM)

Optional, please Step 4.

Deionized distilled H20

EDTA (10 mM, pH 8.0)
Extension/termination mixtures and chase mixture

These reaction mixtures can be assembled by mixing the volumes (in 01) of the stock solutions odeTPs
and ddNTPs, as shown in Table 12-7.

Formamide-loading buffer <!>

TM buffer
100 mM Tris—Cl (pH 8.5)
50 mM MgCl2

Tris—CI (1 M, pH 8.0)

Enzymes and Buffers

Klenow fragment of E. coli DNA polymerase I (5 units/ul)
Approximately 2.5 units of enzyme are required for each set of four dideoxy sequencing reactions.

The Klenow fragment is generally supplied in a buffer containing 50% glycerol. The overenthusiastic use
of the enzyme in sequencing reactions may cause distortions in sequencing gels, because of interactions

between glycerol and borate ions in TBE, and the standard buffer used to pour and run DNA sequenc—
ing gels (please see the panel on TROUBLESHOOTING at the end of this protocol).

Nucleic Acids and Oligonucleotides

dNTPs, ddNTPs, stock solutions of dNTPs (1 mM) and ddNTPs (5 mM) in HzO

Oligonucleotide primer
Use at a concentration of ~0.5 pmole/pl (~3.3 pg/ml) in HQO.

For a list of universal primers that bind to vector sequences upstream of the target region, please see the
information panel on UNIVERSAL PRIMERS in Chapter 8 and the information panel on PREPARA-
TION OF STOCK SOLUTIONS OF OLIGONUCLEOTIDE PRIMERS FOR DNA SEQUENCING at
the end of this chapter.
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Template DNA, sing/e-stranded
Use at a concentration of ~0.05 pmole/pi, which is equivalent to ~0.15 tig/pl of bacteriophage Ml} sin-
gle—stranded DNA.

The concentration of single—stranded DNA in small-scale preparations of bacteriophage M13 recombi—

nants varies from 0.05 to 0.5 pg/ml, depending on the growth rate of the particular bacteriophage. Under

the conditions normally used for sequencing, the template DNA is present in excess. Therefore, small
variations in the amounts of template added to different sets of sequencing reactions do not generally
affect the quality of the results; however, please see the panel on TROUBLESHOOTING at the end of
the protocol.

Radioactive Compounds

[a-32PldATP (3000 Ci/mmole, 10 mCi/ml) <!>

OI'

[a-“Pk/ATP (3000 Ci/mmole/ 10 mCi/ml) <!>

OI'

[a-3551dATP (7000 Ci/mmole, 70 mCi/ml <!>

OF

5' JZP-labe/ed oligonucleotide primer <!>
Instead ofinternal labeling with [3ZPJdATR sequencing may be carried out with a 5’ 32P<labeled oligonu—
ciotide primer. In this case, 2 Hi (~5 X 105 cpm; ~O.5 ng) of the radiolabeled primer and 2 u] of H10 are
included in the reaction mixture in place of the unlabeled primer (Step 1) and [33P]dATP (Step 4). All
other steps remain the same. The 5' termini of oligonucleotides are generally labeled by transfer of
[y—33P]- from [y—32P]ATP in a reaction catalyzed by polynucleotide kinase. For details of the kinasing
reaction, please see Chapter 10, Protocol 2.

Centrifuges and Rotors

Microfuge rotor or adaptors for use with 0.5-m/ microfuge tubes, or Swing-out rotor and
microtiter—p/ate holder (e.g., Sorva/I) lined with polystyrene foam or rubber pads

Special Equipment

METHOD

Microfuge tubes (0.5 ml) or Microtiter plates (flexible, heat-stab/e, with 96 U-shaped wells
of ~300 pl capacity.

Please see the information panel on MICROTITER PLATES.

 

1. Transfer the following to a 0.5—ml microfuge tube, or well of a microtiter plate:
singie-stranded template DNA (0.1 pg/pl) 5 pl

oligonucleotide primer (1 pg/ml, ~160 pmoles/ml) 4 [11

TM buffer 1 ul

2. Close the top of the tube or seal the microtiter plate and anneal the oligonucleotide primer

to the template DNA by incubating the reaction mixture for 5—10 minutes at 55°C.

If necessary, the annealed template and primer may be stored for several months at —20°C.

3. Meanwhile, label four microfuge tubes or four contiguous wells of a 96-well disposable

microtiter plate with the letters C, T, A, and G; then add 4 pl of the appropriate ddNTP exten—
sion/termination mixture to each tube (i.e., 4 pl of ddCTP mixture to tube/well labeled C, 4

pl of ddTTP mixture to tube/well labeled T, etc.).
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Place the annealed primer-template solution from Step 2 on ice and add:

[a—‘ZPMATP or [tx—“HdATP or [a-35S]dATP 1 pl

Klenow enzyme (~2.5 units) 1 pl

0.1 mM dATP (if [a—HP] or [afiP] is used) 1 pl

or

HZO (if [afiSSJdATP is used) 1 pl

Store the stock of Klenow enzyme at —20°C; do not allow it to warm to ambient room temperature.
The enzyme may lose activity if stored in an ice bucket for hours.

Transfer 3 pl of the mixture from Step 4 to the walls of each of the C, T, A, and G tubes or to

the sides of microtiter wells. Do not allow the radiolabeled mixture to come into contact with

the ddNTP extension/termination mixture.

The fluid should be deposited as a droplet on the wall of the tubes or wells, near the rim.

Place the microfuge tubes in a microfuge (use appropriate rotor or adaptors for 0.5—m1 tubes

or place inside decapitated 1.5-ml tubes), or place the microtiter plates in a centrifuge

equipped with an appropriate adaptor. Centrifuge the C, T, A, and G tubes or plates for a few

seconds at 2000 rpm to mix the components and initiate the extension/termination reactions.

Incubate the reactions for 10~12 minutes at 37°C.

Extension/lermination and chase reactions catalyzed by the Klenow enzyme work equally well at
temperatures ranging from room temperature to 37°C.

After 9—11 minutes of incubation, transfer 1 ul of the chase mixture to the side of each C, T,

A, and G tube or well. Do not allow the solution to slide into the polymerization reactions.

When a total of 10—12 minutes has elapsed, centrifuge the tubes/plates for 2 seconds to intro—

duce the chase mix into the extension/termination reactions. Incubate the reactions for an

additional 10-12 minutes at room temperature.

After 9—11 minutes of the second incubation, transfer 6 pl of formamide—loading buffer to

the sides of each C, T, A, G tube or well. Again, take care that the solution does not slide down

into the reaction. At the end of the incubation period, centrifuge the tubes or plates to stop

the sequencing reactions.

The DNA sequencing reactions may be stored for up to 5 days at —20°C or analyzed directly

by denaturing gel electrophoresis (Protocols 8, 9, or 10, 11, and 12). After heat denaturation

(2 minutes at 100°C) and quick cooling on ice, load 3 ul of each of the C, T, A, and G reac-

tions into the individual wells of a sequencing gel.
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TROUBLESHOOTING

Although dideoxy-mediated sequencing with the Klenow fragment usually goes smoothly, it is hardly ever per-
fect. For example, it is sometimes necessary to adjust the ratio of ddNTPs to dNTPs in the chain extension/chain
termination reactions to maximize the amount of information that can be obtained. More serious problems
that compromise the quality of the DNA sequence can be solved by adjustments to the techniques used to
prepare templates or by small alterations in the conditions used for chain extension/chain termination reac-
tions or poiyacrylamide gel electrophoresis. An important first step is to determine whether the problem is sys-
tematic (i.e., affects all sequencing reactions) or whether it is template-specific. If this difference is not imme-
diately obvious from a comparison of the results obtained from different templates sequenced on the same
day, it can be rapidly ascertained by carrying out sequencing reactions with a reliable template (i.e., one that

has given good results previously or one that is supplied as part of a commercially produced sequencing kit).
The most common types of systematic sequencing problems are listed in Tabie 12-6 in Protocol 3, together
with suggestions for solving them. When problems of this type arise, it is often useful to use the reagents pro-
vided in commercial sequencing kits to identify the defective component of the chain extension/chain termi-
nation reaction.

Template Problems

The vast majority of template-specific problems have one of the four causes listed below. The diagnostic symp-
toms of each of these problems and suggestions for possible solutions are listed in Table 12-6.

- Presence of contaminating DNA (usually bacterial chromosomal DNA) in the preparation.

0 Presence of residual PEG or high concentrations of EDTA in the preparation.

0 low concentrations of template DNA in the chain extension/chain termination reactions.

- Absence ofa primer-binding site. This problem arises chiefly when sequencing deletion mutants generat-
ed by digestion with exonuciease Ill (see Chapter 13, Protocol 9). Occasionally, these deletions extend back
into the primer—binding region, thereby eliminating the ability to obtain DNA sequence. This problem can
sometimes be corrected by using a primer complementary to sequences that lie further upstream of the
target DNA.

Secondary Structure Problems

Regions of high secondary structure (e.g., homopolymeric tracts and palindromic sequences) in a DNA tem-
plate can give rise to strong stop sequences that appear as bands in all four channels of the sequencing gel
autoradiograph. These regions severely impede the progress of the DNA polymerase and are often encoun-
tered when using the Klenow fragment. The first solution is to try sequencing the other strand of the DNA.
Another solution is to carry out the sequencing reactions at 50—550C (Comer et ai. 1985). Alternatively add a
boost of Kienow (0.5 unit in a volume of 1.0 pi) at Step 7 to replenish the enzyme that was inactivated during
the termination readions and so enhance extension beyond the block. It is possible to use dITP in place of
dGTP to reduce secondary structure problems. if this modification is necessary, then substitute manganese for
magnesium in the reaction buffer to enhance the ability of the Kienow enzyme to utilize the analog (Tabor and
Richardson 1989b). As a final solution to secondary structure problems, sequence a template using another
DNA polymerase such as Sequenase (Protocol 3) or a thermostable DNA polymerase (Protocol 5).

If problems related to secondary structure in the template persist, the addition to the chain extension/chain
termination reactions (at Step 4 in the protocol above) of 0.5 ug of singIe-stranded DNA-binding protein from
E. coli (e.g., USB) usually eliminates the difficulty. If singIe-stranded DNA-binding protein is used, the sequenc-
ing reactions must be incubated with proteinase K (0.1 ug/reaction) for 20 minutes at 65°C after adding the
formamide-Ioading buffer (Step 8 above). This treatment allows the DNA to enter the sequencing gel and pre-
vents smearing of bands.
  

 



Protocol 5
 

Dideoxy-mediated Sequencing of DNA
Using Taq DNA Polymerase

I N ADDITION TO THEIR MORE FAMILIAR ROLE IN PCRs/ thermostable DNA polymerases can be used

in place Of Sequenase or the Klenow fragment to catalyze conventional dideoxynucleotide—medi—

ated, chain—terminating sequencing reactions (Innis et al. 1988). The ability to carry out isother—

mal chain-termination reactions at elevated temperature (70°C) reduces problems associated

with mismatched annealing of primers at spurious binding sites in the template DNA and facili—
tates sequencing of templates rich in secondary structure. However, there are some disadvantages.

Thermostable polymerases of the DNA polymerase I family (e.g., Taq) and thermostable enzymes

encoded by Archaen (e.g., Pfu) catalyze the incorporation of ddNTPs at a rate that is at least two

orders of magnitude slower than the rate of incorporation of dNTPs (please see Table 12-8). In

addition, the efficiency of incorporation of a ddNTP at a particular site is affected by the local
sequence of the template DNA. Investigators who have used Taq DNA polymerase for standard

sequencing know the consequences: band—to—band variation in intensity on autoradiographs of

sequencing gels, fading of bands from the bottom to the top of the autoradiograph, and shadow

bands in locations where none should be.
These problems can be alleviated by using genetically engineered versions of thermostable

DNA polymerases that lack S’—>3’ exonuclease activity and catalyze the incorporation of ddNTPs

with high efficiency (please see the discussion on Choosing a Sequencing System in the chapter

introduction and Table 12-9 and Figure 12—6). However, these modified enzymes are relatively

expensive and are best reserved for use in cycle sequencing where equality of band intensity is

required to obtain long reads. Wild-type Taq DNA polymerase remains a useful alternative to

Sequenase when problems caused by mismatching of primers or knotty secondary structures lead

to ambiguous results in reading specific segments of sequence

TABLE 12-8 Relative Efficiency of Incorporation of dNTPs and ddNTPs by

ATaq DNA Polymerase
 

RATIO OF INCORPORATION or dNTPszddNTPs

G A T C

 

 

ZOOzl 2500:1 30,600:1 240011
 

Data from Vander Horn et al. (1997) ATaq DNA polymerase. which lacks the first 235 ammo acids of
the wild-type enzyme and is devoid of 5'—3’ exonuclease activity, is sold by Amersham.
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TABLE 12-9 Modified Thermostable DNA Polymerases Widely Used to Catalyze Cycle-sequencing Reactions

NAME AND SUPPLIER STRUCTURE PROPERTIES
 

Taq DNA polymerase
(numerous sources)

Ampli'l‘aq (ZS
(cvcle sequencing)
(Perkin—Elmer)

Ampli'l‘aq FS

(fluorescent sequencing)
(Pcrkin—Elmer)

Klentaql

(AB Peptides,
St. Louis, Missouri)

'111quenase

(Scien'l‘ech Corp,

St. louis, Missouri)

“l‘hermoSequenase

(Amersham)

832—amino-acid protein with a deduced
molecular mass 0f93.9 kD (Lawyer et al.

1989),

AmpliTaq CS is not a deletion mutant like

most other modified DNA polymerases.

Instead, it contains a single point mutation
(G46D) that eliminates exonuelease activity

while retaining the processivity and exten—
sion rate of the wild~type enzyme.

AmpliTaq FS like AmpliTaq CS contains a
point mutation (G46D) that eliminates exo—

nuclease activity. AmpliTaq FS also carries
a point mutation (F667Y) that reduces the

preference of wild—type Taq polymerase for
dNTPs over ddNTPs or fluorescent analogs.

A Klenow-like variant of Taq DNA polymer-
ase that lacks the first 278 residues of the
wild—type enzyme (Barnes 1992).

A Klenow-like variant of Taq that lacks the
first 278 residues of the wild-type enzyme

and carries a point mutation (F667Y) that

reduces the preference of wild—type Taq

polymerase for dNTPs over ddNTPs or
fluorescent analogs.

A Klenow-like variant of Taq that lacks the
first 272 residues of the wild-type enzyme

and carries a point mutation (F667Y) that
reduces the preference of wild—type Taq poly-
merase for dNTPs over ddNTPs.

Taq DNA carries a potent 5’—3’ exonuclease activity
(Longley et al. 1990) and can catalyze the incorporation

of dNTPs, dUTP, leP in PCR (Knittel and Picard 1993;

Slupphaug et al. 1993) and ddNTP in sequencing reac-
tions; prefers dNTPs to ddNTPs or fluorescent analogs as

substrates by a factor of ~103 (Tabor and Richardson
1995) and generates ugly ladders in cycle sequencing
with highly variable intensity between adjacent bands
(Voss et al 1997). The structure of the crytallized enzyme
has been defined (please see the information panel on
TAQ DNA POLYMERASE in Chapter 8).

Lacks the 5’—3’ exonuclease activity and shows a strong
preference for dNTPs over ddNTPs as substrates. Ampli-
Taq CS is used for cycle sequencing with end-labeled
primers or with radiolabeled dNTPs.

Used for fluorescence—based sequencing.

Lacks the 5'-3’ exonuclease activity of the wild—type
enzyme. Together with Taquenase (and possibly Thermo—
sequenase), it is the most heat stable of the DNA poly—
merases but is acknowledged to be inferior to Taquenase
for cycle sequencing. The structure of the crystallized
enzyme has been defined (Korolev et al. 1995).

Lacks the 5'-3' exonuclease activity of the wild-type
enzyme. Efficiently catalyzes the incorporation of
dNTPs, ddNTPs, and fluorescent derivatives in cycle—

sequencing reactions (Voss et al. 1997). Better suited to

internal labeling than many other thermostable DNA
polymerases.

Lacks the 5’-3’ exonuclease activity of the wild-type
enzyme. Does not readily accept fluorescent analogs of
dNTPs as substrates. When used in combination with a
thermostable pyrophosphatase, it produces gels as beau—
tiful as those of Sequenase in dye-primer sequencing.
 

Several other modified thermostable polymerases are marketed commercially, e.g., TaqEXPRESS (GenPak Co, UK) and SequiTherm (Epicenter
Bmtechnologies). Many of these modified enzymes resemble Klentaql in structure and properties.

Mutated thermostable enzymes are quickly replacing wild—type enzymes as the DNA poly-

merases of choice in dideoxy-terminator sequencing. Because mutated thermostable enzymes
exhibit reduced discrimination between dNTPs and cldNTPs, the ratios of these two deoxynu-

cleotides in the DNA-sequencing reaction must be changed from those recommended in Table

12—10. The manufacturers of thermostable DNA polymerases usually provide recipes for labeling
mixes that are optimal for their particular enzyme. In the absence of information from the man-

 .M MW“. 1
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FIGURE 12-6 Structure of Thermostable DNA Polymerases Commonly Used in DNA
Sequencing

 

 

 

A275Klentaq1
 

 

All of the thermostable polymerases listed in the diagram are modified versions of Taq DNA polymerase,
which shares the domain structure and many of the motifs conserved among all DNA polymerases of the
polymerase I type. In the diagram, the conserved motifs in the 3 '—>5' exonuclease domain are marked in
Roman numerals. Those in the polymerase domain are marked in uppercase Arabic characters. The numbers
above the diagrams designate particular amino acid residues. The sites and nature of point mutations are
marked with an arrow. For a description of the properties of these thermostable DNA polymerases, please
see Table 12-9. (Diagrams drawn from data in Barnes [1992], Vander Horn et al. [1997], Wayne Barnes
Internet Site [httpz//barne51 .wustl.edu/~wayne/], and literature provided by commercial companies.)

ufacturers, use the following labeling mixture recipes: Mix new ddNTP solutions that contain 150
MM dNTP and 1.5 pm ddNTP. For example, in the ddATP mixture , include 150 pM each of dATP,
dTTP, dCTP, and dGTP (or 7—deaza—dGTP) and 1.5 ttM of ddATP. Substitute this mixture and the
other three ddNTP mixtures for those of Table 12—10 and carry out the protocol as described. The
steps involved in sequencing with Taq DNA polymerase are similar to those used for Sequenase
(Protocol 3):

0 Denaturation ofdouble—stranded DNA templates (if necessary) and annealing of primer to its
complementary sequence.

0 A briefpolymerization reaction, carried out at low temperature (42°C) in which the primer is
elongated by 20—100 nucleotides. This step is performed under conditions where the poly-
merase is present in excess and the concentrations of the four dNTPs are limiting. A radiola-
beled dNTP is included in the reaction so that the short elongation products become radiola—
beled at multiple sites. During this preliminary polymerization reaction, most of the available
dNTPs, including the radiolabeled dNTP, are incorporated into DNA.

0 Extension and termination of the elongated radiolabeled primers in four reactions that con-
tain high concentrations of unlabeled dNTPs and a single unlabeled ddNTP (ddA, ddG, ddC,
or ddT). The extension-termination reactions are carried out at 70°C.

The following protocol was supplied by D. Davis (University of Texas Southwestern Medical
Center, Dallas) and is a modification of that described by Innis et al. (1988) and Brow (1990).
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MATERIALS 7

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Deionized distilled HZO (ice cold)

ddNTPs, stock solutions of each of the four ddNTPs (5 mM)

dNTPs, stock solutions of each of the four dNTPs (1 mM)

Formamide-Ioading buffer <!>
7 Ox Labeling mixture and ddNTP chain extension/termination mixtures

When sequencing templates that are rich in secondary structure, replace dGTP in the 10x labeling mix»
ture and the ddNTP extension/termination mixtures with an equimolar amount of 7—deaza-2'—dGTP.

Enzymes and Buffers

5x Reaction buffer
200 mM Tris-Cl (pH 8.8)

25 mM MgCl2

Taq (5 units/ul) or a similar thermostable DNA polymerase

Taq dilution buffer
25 mM Tris (pH 8.8)

0.01 mM EDTA (pH 8.0)

0.15% Tween—ZO

0.15% Nonidet P-40

Thermostable enzymes purified from other organisms may require slightly different reaction and dilu—
tion buffers. For optimal buffers of individual enzymes, please see the specifications provided by the
manufacturer. 1 unit of thermostable DNA polymerase activity is usually defined as that amount which
will incorporate 10 nmoles of nucleotide into an acid-precipitable form in 30 minutes at 70—800C.

Nucleic Acids and Oligonucleotides

Oligonucleotide primer
Use at a concentration of 1.0 pmole/ul (~6.6 ng/pl) in TE (pH 7.6).

For a list of universal primers that bind to vector sequences upstream of the target region, please see the
information panel on UNIVERSAL PRIMERS in Chapter 8 and the information panel on the PREPA-
RATION OF STOCK SOLUTIONS OF OLIGONUCLEOTIDE PRIMERS FOR DNA SEQUENCING
at the end of this chapter.

TABLE 12-10 10x Labeling Mixture and ddNTP Chain Extension/Termination Mixtures for Use in Conventional
DNA-sequencing Reactions Catalyzed by Taq Polymerase
 

 

 

STOCK SOLUTION OF dNTP AND ddNTPs (ALL VOLUMES IN pl) OTHER REAGENTS

REACTION dCTP dTTP dATP dGTP ddCTP ddTTP ddATP ddGTP TRIS-Cl EDTA

MIXTURE 1 mM 1 mM 1 mM 1 mM 5 mM 5 mM 5 mM 5 mM (1 M, pH 8.0) (10 mM, pH 8.0) H20

Labeling 1.5 1.5 — 1.5 — — — — 10 10 975

ddCTP 15 15 15 15 90 — — — 10 10 830

dd’l‘TP 15 15 15 15 — 240 — — 10 10 680

ddATP 15 15 7.5 15 — — 120 — 10 10 800

ddGTP 15 15 15 15 — — — 9 10 10 911

 

The 10x labeling mixture contains dGTP, dCTP, and dTTP, each at a concentration of 1.5 uM.

The ratios of ddN'szdNTP in the four ddNTP extension/termination mixtures are 30:1, 80:1, 80:1, and 3:1 for C, T, A, and G, respectively.
The 10x labeling mixture and ddNTP extension/termination mixtures should be dispensed in SO—ul aliquots and stored frozen at 420°C.
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Template DNAS (100 ng/ul) in TE (pH 7.6)
Single—stranded DNA (500 ng) or 1.0 ug ofdenatured double—stranded plasmid DNA is required for each
set of four sequencing reactions. Denature and anneal the linear double-stranded DNA to primer by
mixing the native template DNA with an exceSS of primer, heating the mixture in a boiling water bath
for ~2 minutes, and then plunging the tube into an ice-water bath. Do not allow the mixture to warm
up; use immediately.

The concentration of single—stranded DNA in small-scale preparations of bacteriophage Ml3 recombi—
nants varies from 0.05 to 0.5 pg/ml, depending on the growth rate ofthe particular bacteriophage. Under
the conditions normally used for sequencing reactions catalyzed by Taq polymerase, the template DNA
is present in excess. Therefore, small variations in the amounts of template added to different sets of
sequencing reactions do not generally affect the quality of the results; however, please see the panel on
TROUBLESHOOTING in Protocol 4.

Radioactive Compounds

{a-3ZPldATP (3000 Ci/mmole, 10 mCi/ml) <1>
or

[oc-355/dATP (1000 Ci/mmole, 10 mCi/ml) <!>
or

10-33PldATP (2000-4000 Ci/mmole, ~10 mCi/ml) <!>

or

5’ 32P-Iabeled oligonucleotide primer <!>
Instead of internal labeling with radiolabeled dATP, carry out sequencing with an oligonucleotide primer
labeled at the 5' end with 32P or 33P. In this case, 1.0—1.5 pmoles of the radiolabeled primer and 2 pl of
H20 are included in the reaction mixture in place of the unlabeled primcr (Step 1) and radiolabeled

dATP (Step 6). All other steps remain the same. The 5’ termini of oligonucleotides are generally labeled
by transfer of [y—nP] from [y-3ZP]ATP in a reaction catalyzed by polynucleotide kinase. For details, please
see Chapter 10, Protocol 2.

Special Equipment

METHOD

Microfuge tubes (0.5 ml) or Microtiter plates (flexible, heat-stable, with 96 U-shaped wells
of ~300 u/ capacity)
Please see the information panel on MlCROTITER PLATES.

Programmable thermal cycler fitted with multiwell heat blocks (e.g., Dri-B/ock cyclers, Techne)
Less satisfactory alternatives are water baths preheated to 45°C and 72°C; please see note to Step 8.

Water bath preheated to 65°C

 

1. To a 0.5—ml microfuge tube or well of a microtiter plate, add:

single—stranded template DNA 5.0 pl
(250 fmoles) (100 ng/ul)

oligonucleotide primer (0.5 pmole) 3.0 ul
(~3.3 ng/pl)

5X reaction buffer 2.0 ul

2. Incubate the tightly closed tube for 2 minutes at 65°C. Remove the tube from the water bath
and allow it to cool to room temperature over the course of 3—5 minutes.

Some investigators prefer to cool the annealing reactions more slowly over the course of 30 min-
utes in a small heating block or beaker of water. In our hands, both slow— and fast-cooling regimens
yield sequence of the same quality.

3. While the primer and template are cooling, thaw the 10x labeling and ddNTP extension/ter-
mination mixtures and radiolabeled dATP. Store the thawed solutions on ice.
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Preparing ddNTP Extension/Termination Mixtures

4. For each annealing reaction) transfer 4 ul of each ddNTP termination/extension mixture into

color—coded 0.5—ml microfuge tubes or into individual wells of a microtiter plate prelabeled

C, T, A, and G (i.e., 4 pl of ddCTP mixture to tube/well labeled C, 4 pl of ddTTP mixture into

tube/well labeled T, etc.). Store the tubes/microtiter plates on ice.

Dilute enough thermostable DNA polymerase enzyme 1:8 for all templates to be sequenced,

for example,

Taq DNA polymerase (5—10 units/pl) 1 u]

Taq dilution buffer 7 pl

2 pl (2 units) of diluted enzyme is needed for each set of four sequencing reactions. The final con—
centration of the enzyme should be ~1 unit/ul. Store the diluted enzyme on ice at all times.

Add the following to each annealing reaction (Step 2 above):

10x labeling mixture 2 u]

radiolabeled dATP 0.5 pl

diluted DNA polymerase enzyme 8 pl

(~l unit/pl)

Mix the contents of the tube by vortexing and then incubate the reactions for 5 minutes at

45°C.

Transfer 4 pl of the labeling reaction to the sides of each of the C, T, A, and G tubes or to the

sides of microtiter wells containing the appropriate dideoxy terminator mixtures (Step 4
above).

. Place the microfuge tubes in a microfuge (use appropriate rotor or adaptors for 0.5-ml tubes

or place them inside decapitated 1.5—ml tubes), or place the microtiter plates in a centrifuge

equipped with an appropriate adaptor. Centrifuge the C, T, A, and G tubes or plates for a few

seconds at 2000 rpm to mix the components of the reactions. Incubate the reactions for 5

minutes at 72°C.

Incubate the tubes/plates in an efficient heating block or place them in contact with HEO, oil, or
other efficient conductor of heat. Tubes/plates placed in an air incubator set at 72°C will not reach
optimum temperature [or Taq DNA polymerase during the course of the brief incubation.

Stop the reactions by adding 4 pl of formamide—loading buffer .

. The reactions may be stored at —20°C for up to 5 days or analyzed directly by denaturing gel

electrophoresis (Protocols 8, 9, or 10, 11, and 12). After heat denaturation (2 minutes at

100°C) and quick cooling on ice, load 3 pl of each of the C, T, A, and G reactions into indi—

vidual wells of a sequencing gel.

 

For guidance with any difficulties, please see the panel on TROUBLESHOOTING at the end of Protocol
4 and Table 12-13 in Protocol 6.

 
 

 

  



Protocol 6
 

Cycle Sequencing: Dideoxy-mediated
Sequencing Reactions Using PCR
and End-Iabeled Primers

CYCLE DNA SEQUENCING (MORE PROPERLY CALLED THERMAL CYCLE DNA sequencing 01‘ linear

amplification DNA sequencing) is a technique in which asymmetric PCR is used to generate a sin—

gle—stranded template for sequencing by the Sanger dideoxy—chain termination method

(Carothers et al. 1989; Murray 1989; Craxton 1991; Lee 1991; E. Lee et al. 1992). Four separate

amplification reactions are set up, each containing the same oligonucleotide primer and a differ-

ent chain-terminating ddNTP. Two cycling programs are typically used in a cycle—sequencing pro—

tocol. In the first program, reaction mixtures are subjected to 15—40 rounds of conventional ther—

mal cycling (e.g., please see Halloran et al. 1992; Fulton and Wilson 1994). Each amplification

cycle consists of the usual three steps: denaturation of the double—stranded DNA template,
annealing of a 32P-labeled sequencing primer to its target sequence, and then extension of the

annealed primer by a thermostable DNA polymerase and termination of the extended strand by

incorporation of a ddNTP. The resulting partially double-stranded hybrid, which consists of the

full-length template strand and its complementary chain-terminated product, is denatured dur-

ing the first step of the next cycle, thereby liberating the template strand for another round of

priming, extension, and termination. Therefore, the radiolabeled, chain-terminated products

accumulate in a linear fashion during the entire first phase of the cycle-sequencing reaction. In

the second program, the annealing step is omitted so that no further extension of primers is pos—

sible. Instead, the “chase” segment provides an opportunity for further extension of reaction

products that were not terminated by incorporation of a ddNTP during the initial rounds of con—
ventional thermal cycling. The radiolabeled products of cycle-sequencing reactions are finally dis-

played on a denaturing polyacrylamide gel and detected by autoradiography. The following are

some of the advantages of cycle sequencing:

0 Works as well with double-stranded as with single-stranded templates (Carothers et al. 1989;

Murray 1989), thereby eliminating the need to subclonc the DNA of interest into bacterio-

phage M13 or phagemid vectors.

0 Requires onlyfemtomole amounts of template. Sufficient DNA can be obtained from a single

plaque or colony or from a PCR product purified from a gel (Smith et al. 1990; Krishnan et al.

1991; Kretz et al. 1994).
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0 Can be set up in either microtiter plates or microfuge tubes.

0 Can be adapted for use with internal labeling by 01—32P-, 0c—33P—, or (x-3SS—labeled nucleotides
(Carothers et al. 1989; Murray 1989) or with 5'—labeled primers (Lee 1991; Ruano and Kidd

1991; Sears et al. 1992). Cycle sequencing can also accommodate biotinylated and fluorescent-

ly labeled nucleotides (e.g., please see Wilson et al. 1990; Civitello et al. 1992; Du et al. 1993;

Voss et al. 1997). The fluorescent labels can be attached to either the 5’ end of the primer or to

the chain—terminating nucleotides (Rosenthal and Charnock—Iones 1992).

0 Can be used with commercially available robotic workstations (Civitello et al. 1992) and

automatic DNA sequencers (Craxton 1991; Rosenthal and Charnock—Iones 1992; Sears et al.

1992).

o Accepts nucleotide analogs such as 7-deaza—dGTP (Mizusawa et al. 1986) and dITP, which

reduce band compressions during electrophoresis (Sears et al. 1992) (please also see the infor—

mation panels on COMPRESSIONS IN DNA SEQUENCING GELS and on 7-DEAZA-dGTP).

0 Can be modified to obtain the sequence of each strand of a double-stranded DNA template

(Ruano and Kidd 1991).

0 Can be adapted for rapid screening of point mutants (Carothers et al. 1989; Hattori et al.

1992).

The key to consistent success in cycle sequencing is the cleanliness of the template DNA.

Impurities such as agarose, salts, and proteins all cause premature termination and pausing of

DNA polymerases, whereas oligonucleotides produced by degradation of DNA and RNA cause
false priming. These impurities lead to an unacceptably high level of false bands and “empty”

bands (also known as dropouts). Because the only significant source of impurities in the sequenc-

ing reactions is the template DNA, problems can usually be prevented by purifying template

DNAs by chromatography through spun columns of Sepharose CL-6B or Sephacryl 5-400. When

preparing templates from single bacteriophage M13 or k plaques, use agar or agarose that is war—

ranted to be free of inhibitors of DNA polymerases. When PCR is used to generate the DNA tem—

plate, residual primers should be removed by spun column chromatography, by electrophoresis

through agarose or neutral polyacrylamide gels, or by centrifugal ultrafiltration through devices

such as Centricon-IOO or Microcon-lOO units (Krowczynska and Henderson 1992; Leonard et al

1998; please see Chapter 8, Protocol 3). The requirement for complete removal of residual PCR

primers may be eliminated by substituting a 5' 32P-radiolabeled oligonucleotide primer for (x-‘SZP-

or (1-35S—labeled nucleotides (Protocol 6) in cycle-sequencing reactions.

This protocol is a modification of an unpublished method of N. Sasavage (Life

Technologies) which is an elaboration of a method previously published by Lee (1991). The pro-

cedure uses 5' 32P-labeled oligonucleotide primers and can be readily adapted to sequence a vari-

ety of DNA templates, including purified DNAs, PCR amplification products (Carothers et al.

1989; Murray 1989), plasmids in E. coli hosts (Krishnan et al. 1991), genomic DNA (Ruano and

Kidd 1991), and bacteriophage DNAs in plaques (Krishnan et al. 1991 ).

An additional protocol for cycle sequencing with internal labeling of chain-terminated

products by (x—32P—, (x—33P—, or a-SSS-labeled nucleotides is described at the end of this protocol.  



Protocol 6: Cycle Sequencing: Dideoxy-mediated Sequencing Reactions Using PCR and End—labeled Primers 12.53

MATERIALS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions
Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

ddNTP extension/termination mixtures

ddNTP solutions of the four ddNTPs, each at 5.0 mM
dNTP solutions of the four dNTPs, each at 1.0 mM

EDTA (0.05 M, pH 8.0)
Formamide-Ioading buffer <!>

Tris-Cl (1 M, pH 8.0)

Enzymes and Buffers

AmpIiTaq C5 or other exonuclease-deficient versions of Taq DNA polymerase (5 units/pl)
5x CyCIe-sequencing buffer

200 mM Tris—Cl (pH 8.8)

25 mM MgCl2

Thermostable DNA polymerase
For advice on which enzyme to use, please see Choosing a Sequencing System in the chapter introduc-
tion and Table 12- 19 in Protocol 5. This protocol has been written with AmphTaq CS in mind, but it will
work well for thermostable enzymes with similar properties.

Nucleic Acids and Oligonucleotides

Oligonucleotide Primers, radiolabe/ed at the 5 ’ terminus with 33P or 32P <!>

To prepare end—labeled primers, please see Chapter 10, Protocol 2.

Template DNAS
Plasmids, cosmids, bacteriophage 1», and bacteriophage M13 DNAS, purified from large— or small~scale
cultures by any of the methods described in Chapters 1—4, can be used as templates. Table [2-12 shows
the amounts of each type oftemplate required (please also see Table 12-4).

Special Equipment
Microfuge tubes (0.5 ml) or Microtiter plates (flexible, heat-stable, with 96 U-shaped wells of

~300 111 capacity)
These plates are available color-coded and/or prelabeled C, T, A, and G (please see the information panel
on MICROTlTER PLATES).

Thermal cyc/er programmed With desired amplification protocol
Please see Step 5.

TABLE 12-11 ddNTP Extension/Termination Mixtures for Use in Cycle-sequencing Reactions
 

 
 

 

 

ddNTP OTHER REAGENTS

REACTION STOCK SOLUTION OF dNTP (1 mM) AND ddNTPS (5 mM) (ALL VOLUMES IN 111) TRIS-CI. EDTA

MIXTURE dCTP dTTP dATP dGTP ddCTP ddTTP ddATP ddGTP (1 M, PH 8.0) (10 mM, PH 8.0) H20

ddGTP 20 20 20 20 80 — — — 10 10 820

ddTTP 20 20 20 20 — 160 ~ — 10 10 740

ddATP 20 20 20 20 — — 120 — 10 10 780

ddGTP 20 20 20 20 — — — 40 10 10 860
 

Dispense as 50111 aliquots; store frozen at —20°C.
The ratios 010 ddNszdNTP in the four extension/temination mixtures are 20:1, 40:1, 30:1, and 10:1 for C, T, A, and G, respectively. These ratios were

uptimlzcd for mmions catalyzed by AmpliTaq CS DNA polymerase. When using other thermostable DNA polymerases, the ratios may need to be re—opti—
mwcd.
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METHOD

TABLE 12-12 Amounts of Various Types of Templates Required in CycIe-sequencing

Reactions
 

TYPE OF TEMPLATE

AMOUNT or PURIFIED DNA REQUIRED FOR EACH SET or

FOUR DIDEOXYSEQUENCING REACTIONS (moms)
 

Double—stranded plasmid DNA

Single-stranded bacteriophage M13 DNA

DoubIe—stranded bacteriophage A DNA

Double-stranded cosmid DNA

20—200

1—50

20—200

50—200
 

Lycle sequencing tolerates great variation in the amount of template in the extension/termination reaction. From 1 femto—

mole to several hundred femtomoles of various types of double-stranded DNA vectors have been reported to work well (Kretz
et d]. 1994). However, there is little point in using more than 50 fmoles of template since the cycle-sequencing reaction contains
only ~1 pmole of radiolabeled oligonucleotide whose concentration will become limiting during the PCR phase.

Although purified DNA templates yield the best results, crude preparations of DNA from bacteriophage M 13 plaques, bac—
teriophage k plaques, and high-copy—number plasmid DNAs in bacterial colonies may also be sequenced, albeit with reduced
efficiency (Krishnan et al. 1991; Kretz et al. 1994). Our experience has shown that freshly grown colonies and plaques produce
the best DNA sequence. For unknown reasons, storage of bacterial colonies or lawns of cells containing plaques overnight at
43C drastically reduces the amount and quality of DNA sequence. This problem can be overcome by streaking the colonies or

plaques on fresh agar plates (please see Chapters 1 and 2), followed by sequencing of the new cnlonies/plaques.

 

1. Transfer 4 pl of appropriate ddNTP extension/termination mixture (please see Table 12—11)

into 0.5—m1 color-coded microfuge tubes or into individual wells Of a heat-stable microtiter
plate prelabeled C, T, A, and G (i.e., 4 pl of ddCTP mixture into tube/well labeled C, 4 pl of

ddTTP mixture into tube/well labeled T, etc). Store the tubes/microtiter plates on ice.

2. T0 the side of each tube or well add:

double»stranded template DNA 10—100 fmoles

1.5 pmoles of 5' 32P—end labeled primer” 1.0 pl
5x cycle-scqucncing buffer

HZO

2.0 pl

to 5.0 ul

*If using a 33P end—labeled primer: 1.5 1.11 of a standard preparation of 33P-labeled oligonucleotide
contains ~5.0 pmoles of primer (please see the panel on ADDITIONAL PROTOCOL: CYCLE

SEQUENCINC REACTIONS USING PCR AND INTERNAL LABELING WITH [a-ledNTPs at
the end ofthis protocol). To maintain the stoichiometry ofthe components ofthe sequencing reac-
tion, increase the amount of template DNA ~3—fold (30—300 fmoles) without increasing the total

volume of the reaction.

3. Dilute an aliquot of the preparation of AmpliTaq CS DNA polymerase with 1x cycle—

sequencing buffer to a final concentration of 0.5—1.0 unit/ttl. Add 1 pl of the diluted enzyme

to the side of each tube or well.

4. Mix the reagents by flicking the tubes with a finger or shaking the microtiter plate. If neces-

sary, overlay each reaction with a drop of light mineral 011, cap the tubes, and centrifuge them

at 2000 rpm for 2 seconds in a microfuge or briefly in a centrifuge with microtiter plate adap-

tors.

Make sure that the mineral oil has not been exposed to UV irradiation. Such exposure can cause
the formation of potent inhibitors of PCR.
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5. Load the tubes or plate into a thermocycler, preheated to 95°C. Then begin thermal cycling

according to the program outlined below.

A IMPORTANT Do not delay in starting the program. Make sure that the samples are not exposed
for >3 minutes to 95°C during the loading/preheating step. Othewvise, the DNA polymerase may be

 

inactivated.

Cycle

Number Denaturation Annealing Polymerization

Preheating 60 sec at 95°C

20—25 cycles 30 sec at 95°C 30 sec at 55°C 60 sec at 72°C

10 cycles 30 sec at 95°C 60 sec at 72°C 60 sec at 72°C

These times are suitable for cycle—sequencing reactions assembled in thin—walled 0.5—ml
tubes and incubated in thermal cyclers such as the Perkin-Elmer 9600 or 9700, Master Cycler
(Eppendorf), PTC 100 (MJ Research), and Dri—Block MW-l and PTC— (Techne). Times and
temperatures may need to be adapted to suit other types of equipment and reaction vol—
umes.

6. Remove the tubes or plates from the thermocycler and add 5 ul of formamide-loading buffer
to each cycle—sequencing reaction.

7. The reactions may be stored for up to 5 days at —20°C or analyzed directly by denaturing gel

electrophoresis (Protocols 8, 9, or 10, 11, and 12). After heat denaturation (2 minutes at

100°C) and quick cooling on ice, load 3 ul of each of the C, T, A, and G reactions into indi-

vidual wells of a sequencing gel.

 

TROUBLESHOOTING: BACKGROUND IN CYCLE-SEQUENCING GELS

For general guidance on dealing with problems, please see Table12-13. Background bands are not usu-
ally a problem in cycIe-sequencing reactions primed by an end-Iabeled oligonucleotide. However, if the
sequencing autoradiograph has bands in the same position in more than one lane, it may be helpful to
substitute 7-deaza-dGTP for dGTP in the cycle-sequencing reaction. Make up a new set of ddNTP exten-
sion/termination mixtures that contain 7-deaza—dGTP at a concentration of 45 pM, instead of dGTP at a

concentration of 20 0le The concentrations of all other components are unaltered.
Aberrant bands can also be caused by mispriming events. This problem can be alleviated by ensur-

ing that the concentrations of primers and template DNA in the cycIe-sequencing reactions are correct.
VWth some DNA templates, the use of 0.25% (v/v) Nonidet P-40 detergent or 0.1 % Tween-20 in the

5x cycle-sequencing buffer may result in a more intense signal with fewer background bands.   
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ADDITIONAL PROTOCOL: CYCLE SEQUENCING REACTIONS USING PCR AND
INTERNAL lABELING WITH [a-“PldNTPs

Most radiolabeled cycIe-sequencing reactions use 5 ’ 32P-Iabeled oligonucleotide primers to generate labeled
chain-terminated products that can be detected on sequencing gels by autoradiography. Another way to
achieve the same goal is to include [a-32P]dNTPs in cycIe-sequencing reactions. This method, however, in our
hands, produces messier gels with higher backgrounds and cannot be recommended with enthusiasm. The
following protocol is an amalgam of methods harvested from individual investigators and from the manufac-
turers of thermostabie DNA polymerases. The protocol has been optimized for use with AmpIiTaq CS, but sim-
ilar thermostable enzymes from other manufacturers should be equally effective (please see Choosing a
Sequencing System in the Chapter introduction and Table 12-9).

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Additional Materials

[a-32PldATP (3000 Ci/mmole, 10 mCi/ml) < !>
or
[a-355]dATP (1000 Ci/mmole, 10 mCi/ml) < ! >
or
Iot-33PldATP (2000—4000 Ci/mmO/e, ~7O mCi/ml) < ! >

CycIe-sequencing extension/termination mixtures
Prepared as outlined in Table 12-14.

Oligonucleotide primer (unlabeled and dissolved in H20 at a concentration of20 pM)

Method

1. Transfer 2 pl of the appropriate ddNTP mixture (see Table 12-14) into 0.5-ml color-coded microfuge tubes
or into individual wells of a heat-stable microtiter plate prelabeled C, T, A, and G (i.e., 2 ul of ddCTP mix-
ture into tube/well labeled C, 2 pl of dd'I'I'P mixture into tube/well labeled T, etc.). Store the tubes/microtiter

plates on ice.

2. For each template to be sequenced, prepare 30 1.0 of the following mixture and add the reagents in the order
shown.

template DNA in HZO 1—100fmoles
oligonucleotide primer (10 pM) 1.0 p|
oc-Iabeled dATP 1.5 pi
5x cycIe-sequencing buffer 8.0 p|
HZO to 30 pl

Mix the reagents by gently flicking the outside of the closed tube. If necessary, centrifuge the tube briefly to
deposit all the reagents in the bottom.

3. Transfer 6 pl of the mixture prepared in Step 2 into each of the four tubes/wells prepared in Step 1.

4. Dilute an aliquot of the preparation of AmpIiTaq CS DNA polymerase with 1x cycIe-sequencing buffer to a
final concentration of 0.5—1.0 unit/pl. Add 1 pl of the diluted enzyme to the side of each tube or well.

5. Follow Steps 4—7 of the main protocol.
 

TABLE 12-14 ddNTP Extension/Termination Mixtures for Use in CycIe-sequencing Reactions with Radiolabeled

 

 
 

 

 

dATP

ddNTP OTHER REAGENTS

REACTION STOCK SOLUTION or dNTP (1 mM) AND ddNTPS (5 mM) (Au VOLUMES IN ul) TRIS-CL EDTA

MIXTURE dCTP dTTP dATP dGTP ddCTP ddTTP ddATP ddGTP (1 M, pH 8.0) (10 mM, pH 8.0) H20

ddCTP 20 20 20 20 80 — — — 10 10 820

dd‘l‘Tl’ 20 20 20 20 — 160 — — 10 10 740

ddATP 20 20 20 20 — — 120 — 10 10 780

ddt i’l‘l’ 20 20 20 20 — 2 — 40 10 10 860
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Chemical Sequencing

UNLIKE THE CHAIN-TERMINATION TECHNIQUE, WHICH INVOLVES ENZYMATIC SYNTHESIS, the

Maxam-Gilbert method entails chemical degradation of a segment of DNA. A fragment of DNA

radiolabeled at one end is partially cleaved in five separate chemical reactions, each of which is
specific for a particular base or type of base (Maxam and Gilbert 1977, 1980). For further discus—
sion on end-labeling, please see the panel ADDITIONAL PROTOCOL: PREPARATION OF END-

LABELED DNA FOR CHEMICAL SEQUENCING at the end of this protocol and Figure 12-7. The cleav-

age reactions generate five populations of radiolabeled molecules that extend from a common

point (the radiolabeled terminus) to the site of chemical cleavage. Each population consists of a

mixture of molecules whose lengths are determined by the locations of a particular base along the

length of the original DNA.’1’hese populations are then resolved by electrophoresis th rough poly-

acrylamide gels, and the end—labeled molecules are detected by autoradiography (please see

Figure 12—7). For further details, please see the introduction (p. 12.3).

The Maxam-Gilbert method has not changed significantly since its initial development.
Although additional chemical cleavage reactions have been devised (e.g., please see Ambrose and

Pless 1987) and other reactions have been simplified (Muro et a1. 1993; Pichersky 1996), most

investigators rely on the quintet of reactions originally described by Maxam and Gilbert (1977,

1980). These cleavage reactions are carried out in two stages: (1) Specific bases (or types of bases)

undergo chemical modification and (2) the modified base is removed from its sugar, and the

phosphodiester bonds 5’ and 3” to the modified base are cleaved (please see Table 12—15).

TABLE 12-15 Chemical Modifications Used in the Maxam-Gilbert Method
 

 

BASE SPECIFIC MODIFICATION

G Methylation of N7 with dimethylsulfate at pH 8.0 renders the Cg—C9 bond specifically susceptible to
cleavage by base.

A+G Piperidine formate at pH 2.0 weakens the glycosidic bonds of adenine and guanine residues by proto—
nating nitrogen atoms in the purine rings, resulting in depurination.

C+T Hydrazine opens pyrimidine rings, which recyclize in a five—membered form that is susceptible to
removal.

C In the presence of 1.5 M NaCl, only cytosine reacts appreciably with hydrazine.

A>C 1.2 N NaOH at 90°C results in strong cleavage at A residues and weaker cleavage at C residues.
 

The volatile secondary amine piperidine is used to cleave the sugar-phosphate chain of DNA at the sites of base modifica-
tions. For discussions of mechanism of cleavage, please see Maxam and Gilbert (1980) and Mattes et A1. (1986).

12.61
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iiiii
G G+A T+C C A>C

Methylation Piperidine Hydrazine In the 1.2 N NaOH

of N7 with formate (pH 2) splits the presence at 90°C results

dimethyl weakens the rings of of 1.5 M NaCl, in strong

sulfate (pH 8) glycosidic pyrimidines. only cytosine cleavage

makes the bond of reacts with at adenine

CB—Cg bond purines, by hydrazine. and weaker

specificaliy protonating cleavage

susceptible nitrogen atoms. at cytosine.

to cleavage.

90°C piperidine (1 M in HQO) is used to cleave the sugar

phosphate chain of DNA at the site of the chemical modification.

i i
G G+A T+C C A>C
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FIGURE 12-7 Sequencing by the Maxam-Gilbert Method of Chemical Degradation

The oligonucleotide in this example (5 ' GATCCAAGT 3') is subjected to five chemical cleavage reactions
(G, G+A, T+C, C, A>C). The resulting products of each of the reactions are separated by electrophore-
sis through a denaturing acrylamide gel and visualized by autoradiography, and the the original sequence
is determined from the ”ladders” of oligonucleotide products. For details of the chemistry of these reac-
tions, please see the accompanying text and Table 12-15.

In every case, the reactions are carried out under carefully controlled conditions to ensure

that on average only one of the target bases in each DNA molecule is modified. Subsequent cleav—

age of a phosphodiester bond adjacent to the damaged base by hot piperidine yields a set of end—

labeled molecules whose lengths range from one to several hundred nucleotides. The piperidine

is removed by either ethanol precipitation or vacuum drying or a combination of both. The end;

labeled molecules are resuspended, denatured by heating to 900C in a buffer containing 90% for—

mamide, and then separated by electrophoresis through a polyacrylamide gel, The DNA sequence

can then be read from an autoradiograph of the sequencing gel. For a number of reasons (e.g.,

the use of 32P as a radiolabel, the low specific activity of end-labeled DNA, the statistical distrib-

ution of cleavage sites, and the limitations of gel technology), the range of the Maxam-Gilbert
method is less than that of the Sanger method. The most that can be expected from a set of

Maxam-Gilbert reactions is ~250 bases of sequence, beginning 10—15 bases from the radiolabeled

end.

Chemical sequencing of large tracts of DNA fell out of favor in the late 19803. This was due

to two improvements in enzymatic sequencing of DNA: the introduction of DNA polymerases

tailor—made for sequencing reactions, and the application of automation through robotics and
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fluorescence-based sequencing machines. By contrast, DNA sequencing by the chemical method
remained labor-intensive. Nevertheless, chemical sequencing retains one clear advantage: It

enables sequencing to begin anywhere in the target DNA where a restriction site can be labeled or

an end—labeled fragment can be produced via PCR. In addition, the target DNA can be of any

length and can be radiolabeled in a number of ways, depending on the nature of the termini of

the DNA (please see Figure 12-8 and the panel on ADDlTIONAL PROTOCOL: PREPARATlON OF

END-LABELED DNA FOR CHEMICAL SEQUENCING at the end of this protocol). The sequence

obtained in this way can be used as an entry point to generate oligonucleotides that can be used

to prime enzymatic sequencing reactions.

In addition, the chemical method continues to have a crucial role in establishing the

sequence of oligonucleotides, in the functional dissection of transcriptional control signals (e.g.,

methylation inerference assays; Carey and Smale 2000), and in the identification and characteri—

zation of these regions in intact cells (genomic footprinting; Church and Gilbert 1984).

This protocol is based on the classic Maxam and Gilbert procedure. Investigators are

encouraged to read the lucid and comprehensive treatise by Allan Maxam and Walter Gilbert

(published in 1980), before carrying out this protocol.

MATERIALS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Acetic acid (1 M), freshly diluted from glacial acetic acid (17.4 M) < !>

Ethanol (absolute) chilled to —20°C.
Dimethy/sulfate (DMS) (99%) (Gold label 99% from Aldrich) <!>

DMS (10% v/v) in ethanol <!>

DMS buffer
50 mM sodium cacodylate (pH 7.0) <!>

1 mM EDTA (pH 8.0)
A WARNING Wear gloves and a mask when weighing solid sodium cacodylate and gloves when
handling DMS buffer.

DMS stop solution
1.5 M sodium acetate (pH 7.0)

1 M B-mercaptoethanol <!>

250 pg/ml yeast tRNA

EDTA (0.5 M, pH 8.0)

Formamide <!>

Formamide-Ioading buffer < ! >

Hydrazine (95%) <!>
Store hydrazine (Eastman Kodak) in small aliquots in tightly capped microfuge tubes at —20°C.

Hydrazine stop solution
0.3 M sodium acetate (pH 7.0)

0.1 mM EDTA (pH 8.0)

100 pg/ml yeast tRNA

NaCl (5 M)

NaOH (7.2 N) containing 7 mM EDTA <!>

Piperidine (1 M) in HZO <!>
This solution should be freshly made by mixing 1 volume of piperidine (10 M; Fisher) with 9 volumes
of H10 in a graduated glass cylinder.
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Piperidine formate (1 M)
Prepared by adjusting a 4% solution of formic acid in HZO to pH 20 with 10 M piperidine.

Sodium acetate (3 M, pH 5.2)

Gels

Polyacrylamide sequencing gel <!>
The products of Maxam-Gilbert sequencing reactions are usually analyzed on 60/0 or 80/0 denaturing
polyacrylamide gels (please see Protocol 8).

Nucleic Acids and Oligonucleotides

Salmon sperm DNA (1 mg/ml) in HZO

Sheared salmon sperm DNA is the material traditionally used as carrier in the chemical sequencing
method. In fact, almost any DNA will serve the purpose equally well. Sheared salmon sperm DNA can
be purchased from commercial suppliers (e.g., Sigma), or it can be generated in the laboratory as
described in Chapter 6, Protocol lOt

Target DNA, radiolabeled <!>
Prepare at least 5 X 105 cpm of DNA, asymmetrically end—labeled with 32P and dissolved at a concentra-
tion of ~5000 cpm/ul in HZO (please see the panel on ADDITIONAL PROTOCOL: PREPARATION OF
END-LABELED DNA FOR CHEMICAL SEQUENClNG). The DNA solution must be free of salt.

When the quantity of radiolabeled DNA is limiting, it is possible to determine an unambiguous DNA

sequence by carrying out only four (C, C+T, A+G, and G) ofthe five reactions detailed in the flowchart.

Yeast tRNA (1 mg/ml) in HZO

Special Equipment

Dry ice—ethanol bath <!>

Equipment for Cerenkov counting (see Appendix 8)

Ice-water bath

Microfuge tubes
Cleavage reactions are generally carried out in standard 1.5-ml microfuge tubes. When sequencing a
number of DNAs at the same time, use different colored microfuge tubes to facilitate the identification

of each base—specific cleavage reaction. Some investigators prefer to use siliconized tubes. However, this
precaution is unnecessary if care is taken to ensure that all of the radioactive DNA is dissolved after each
precipitation step, for example, by using a pipette tip to roll a bead of buffer over the entire inner sur

face of the tube, or by vigorous and extensive vortexing.

Rotary vacuum evaporator
For example, a Savant SpeedVac.

Round bath rack with screw-down pressure plate
For example, Research Products International.
Optional, please see Step 4.

Sequencing gel apparatus and power pack
Please see Protocol 11.

Water bath or heating block preset to 37°C and 90°C

METHOD
 

1. Subject the radiolabeled DNA to the base modification procedures outlined in the flowchart

in Table 12—16.

It is usually possible to determine an umabiguous DNA sequence by carrying out only four (C,
C+'l', A+G, and G) of the five reactions detailed in the flowchart.

2. Resuspend each of the four or five lyophilized DNA samples containing the base-modified

DNA by vortexing with 100 pl of 1 M piperidine.

Piperidine is used to cleave the sugar—phosphate chain of DNA at the sites of chemical modifica—
tion.
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3.

10.

Close the tops of the tubes securely. Mix the contents of the tubes by vortexing. If necessary,

centrifuge the tubes briefly (2000 rpm) to deposit all of the fluid at the bottom.

Incubate the tubes for 30 minutes at 90°C. To prevent the tops of the tubes from popping

open during heating, either place a heavy weight on the tubes or seal the tops with plastic

tape. Alternatively, use a round bath rack with a screw-down pressure plate (e.g., Research

Products International).

Allow the tubes to cool to room temperature. Open the lids of the tubes, and seal the open

tubes with Parafilm. Pierce several holes in the Parafilm with a 21-gauge needle and evapo—

rate the contents of the tubes to dryness in a rotary vacuum evaporator (e.g., Savant

SpeedVac).

To avoid smeary bands in the final sequencing gel. it is essential to remove the last traces of piperi—
dine from the base—specific cleavage reactions. This is best achieved by lyophilizing using an effi-
cient rotary vacuum evaporator. This step usually takes 1—4 hours depending on the efficiency of
the evaporator. Some investigators prefer to freeze the samples in a dry ice—ethanol bath just before
placing the tubes in the evaporator.

Remove the tubes from the evaporator. Discard the Parafilm and add 20 pl of H20 to each

tube. Close the caps of the tubes, and vortex the tubes for 30 seconds to dissolve the DNA.
Centrifuge the tubes briefly to deposit all of the fluid at the bottom. Use a hand—held mini-
monitor to check that all of the radiolabeled DNA has been washed from the walls of the

tubes by the H20 and is dissolved in the fluid.

Once again, evaporate all of the samples to dryness in a rotary vacuum evaporator (see Step

5 above). This step usually takes 15—30 minutes, depending on the efficiency of the evapora-

tor.

Repeat Steps 6 and 7.

To ensure that all of the piperidine has been removed, some investigators prefer to dissolve the
DNA once more in 10 pl of P120 and to carry out an additional cycle of evaporation. However, this
step is necessary only if the samples have an “oily” look or if abnormally long periods of evapora—
tion have been required to reduce them to dryness.

Estimate the amount of radioactivity remaining in each of the tubes by Cerenkov counting,

and dissolve the individual modification and cleavage reactions in sequencing gel-loading

buffer. An overnight exposure on Kodak XAR—S film requires ~25,000 cpm of reactions that

cleave the DNA after only one base (i.e., the C and G reactions), and ~50,000 cpm of reac—

tions that cleave after two bases (C+T, A+G, and A>C). Therefore, the modified and cleaved

DNAs should be dissolved in sequencing gel-loading buffer so that the C and G reactions

contain ~25,000 cpm/3 til and the C+T, A+G, and A>C reactions contain ~50,000 cpm/3 pl.

Vortex the tubes to dissolve the DNA fully. Centrifuge the tubes briefly to deposit all of the
fluid at the bottom. If necessary, the samples may be stored at —20°C for a few hours while

the sequencing gel is prepared,

Heat the tubes for 1 minute at 90°C to denature the DNA before quick-cooling on ice.

Analyze the reactions by electrophoresis through denaturing polyacrylamide gels as

described in Protocols 8, 9, or 10, 11, and 12.

If difficulties arise with chemical sequencing, the best course of action is to read the article by
Maxam and Gilbert (1980), which explains in detail how to diagnose and correct problems. Table
12-17 is reproduced, with permission, from this article.
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ALTERNATIVE PROTOCOL: RAPlD MAXAM-GILBERT SEQUENCING

During the past years, the five chemical cleavage reactions routinely used in the Maxam-Gilbert method of
DNA sequencing have been supplemented by a number of additional base-specific cleavage reactions (e.g.,
please see Rubin and Schmid 1980; Ambrose and Pless 1987; McCarthy 1989; Jelen et al. 1991; Iverson and

Dervan 1993; Muro et al. 1993). The additional reactions are usually easier and faster, but the results are gen-
erally not as clean as those obtained from the traditional set of Maxam-Gilbert reactions. Rapid methods of
chemical sequencing are particularly useful for resolving regions of doubtful sequence, for confirming a known
DNA sequence, or for generating DNA sequence ladders for use as size standards in DNase I footprinting (see
Chapter 1 7). A flowchart for rapid Maxam-Gilbert sequencing is given in Table 12-1 8.

Additional Materials

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Allyl alcohol (2-propen-1-ol; Fisher)
n-Butanol (HPLCgrade or better) < ! >
Formic acid (8.8%) < ! >

Prepared by diluting 1 volume of concentrated formic acid (88%) with 9 volumes of H20.

NaOH (30% w/v) < ! >
Prepared by dissolving 30 g of NaOH in 50 ml of H 0.
After the pellets have completely dissolved and the solution has cooled, adjust the volume to
100 ml with HZO.
A WARNING NaOH is dissolved exothermically, and it is therefore essential to add the pellets
slowly to prevent the solution from boiling.

Potassium permanganate (2 mg/ml) in HZO < ! >
Prepare in the dark at room temperature. This stock solution may be stored in the dark for up to 1 week.
The working solution of KMnO4 is made on the day of use by diluting the stock solution 1:100 in H20.

Method

1. Prepare 32P-end-Iabeled DNA as described in the panel on ADDITIONAL PROTOCOL: PREPARATION
OF END-LABELED DNA FOR CHEMICAL SEQUENCING at the end of this protocol.

2. Subject the DNA to the chemical modifications outlined in the flowchart in Table 12-18.

3. After the ethanol precipitation step at the end of the flowchart, resuspend the modified DNA in 100 pl of 1
M piperidine and follow Steps 2—10 of the main protocol.
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A
5' 3'

3' 5'
[a-32P]dNTP
Klenow fragment

32pN

B GATC
TTAA

[a—32P]dGTP Klenow [a—32P1dATP
/ fragment \

GATC32 O, GATC 32PA
G P TTAA TTAA

C CGAT
TCGA

dATP dATP
[a-32P1dTrP [a—32P]dGTP 32P

CGAT A 0, CGAT AG
TA TCGA A TCGA 

32p

FIGURE 12-8 Examples of Methods Commonly Used to Label Double-stranded DNA
Amnmetrically

(A) Isolate target DNA by cleavage with two restriction enzymes, only one of which generates a
recessed 3’ terminus. Radiolabel recessed terminus with the appropriate [a-3ZP]dNTP and the Klenow
fragment. (B) Isolate target DNA by cleavage with two restriction enzymes that generate different
recessed 3 ’ termini. Radiolabel one of the recessed terminals with the appropriate [a-32PldNTP and the
Klenow fragment. (0 A variation of method 8 can be used to label asymmetrically target DNA that car-
ries recessed 3” termini with similar, but not identical, sequences.
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ADDITlONAL PROTOCOL: PREPARATION or END-LABELED DNA FOR CHEMICAL
SEQUENCING
The ends of double-stranded DNA can be labeled as follows:

. Transfer the y-P from [y—32P1ATP or, less commonly, [y—33P]ATP to the free hydroxy\ group at the 5 ’ termini
of double-stranded DNA. This in vitro reaction is catalyzed by bacteriophage T4 polynucleotide kinase
(please see Chapter 9, Protoco|s 14 and 1 5). (Note that [y—355]ATP is not a good substrate for polynucleotide

kinase and is transferred inefficiently to 5 ’-hydroxyl groups.)

a Transfer the chain-terminating base analog [a-32P]cordycepin triphosphate (3 ’-desoxyribonucleoside
triphosphate) to the free hydroxyl group at the 3 ’ termini of double-stranded DNA (Chapter 9, Protocol
12). This reaction is catalyzed by calf thymus deoxynucleoside terminal transferase (Tu and Cohen 1980).

0 Fill recessed 3” termini with [a—32PidNTPs in a synthetic reaction catalyzed by the Klenow fragment
(Chapter 9, Protocol 10) (Cobianchi and VWIson 1987). Whether this reaction generates DNAs that are
labeled at one or both termini depends on whether one or both termini are recessed, and if so, on the

sequence of the protruding tails. Often, the filling reaction can be set up so that the radiolabeled dNTP is
incorporated into only one terminus of the DNA. In this case, there is no need to cleave the radiolabeled
DNA with a restriction enzyme or to purify a fragment by gel electrophoresis before proceeding to chem-
ical sequencing. Examples of this type of asymmetric labeling are shown in Figure 12-8.

. Carry out a PCR with one radiolabeied primer and one unlabeled primer (Hooft van Huijsduijnen 1992;
Konat et al. 1994) (Chapter 8). Because only one of the two strands of the PCR products is labeled, there
is no need to cleave the radiolabeied DNA with a restriction enzyme or to purify a fragment by gel elec-
trophoresis before proceeding to chemical sequencing.

Because the first two methods almost always result in the introduction of radiolabel at both termini of the
DNA, additional steps are usually required to obtain asymmetrically labeled molecules. In most cases, the radi-
olabeled DNA is digested with one or more restriction enzymes, and the resulting end-Iabeled doubIe-strand-
ed fragments are then purified by conventional nondenaturing agarose or polyacrylamide gel electrophoresis.
The sole disadvantage of this digestion step is that it requires some prior knowledge of the pattern of cleavage
of the DNA by the particular restriction enzyme(s) used.

For the reasons listed below, labeling by PCR is now the method of choice for preparing end-Iabeled DNAs
for Maxam-Gilbert sequencing.

o Radiolabeling can be carried out using smaII-scale preparations of plasmid DNA.

a Target DNA can often be sequenced from both ends.

0 Because labeling by PCR is rapid and simple, many different templates can be prepared for sequencing or
manipulation simultaneously.

0 There is no need to map the positions of restriction sites within the target DNA before sequencing.

Whatever the method used for radiolabeling, the end-Iabeled target fragment must contain at least 5 x 105
cpm of 32P (by Cerenkov counting, please see Appendix 8) in order to obtain an autoradiograph of a sequenc-
ing gel that can be read after 24—48 hours of exposure. To achieve this goal, it is usually necessary to radiola-
bel at least 0.3 pmole of the target DNA (e.g., 1 pg of a 5-kb fragment) and to use 32P-labeled precursors of
high specific activity (>3000 Ci/mmole). 33P or 355 labeling is not used to prepare DNAs for Maxam-Gilbert

sequencing, largely because the lower energy of decay and longer haIf-Iives of these isotopes greatly extend
the times required to establish satisfactory autoradiographs.

Whether or not the radiolabeied target DNA is recovered from a gel or direct|y from an enzymatic reac-
tion, it should be purified by extraction with phenol:chiorofrom and ethanol precipitation in the presence of
0.3 M sodium acetate (pH 5.2). The pellet of DNA and the sides of the tube should then be washed several
times with ice-cold 70% ethanol to remove residual salt. The nearly dry pellet of DNA should then be dissolved
in HZO at a concentration that equals 5000 cpm/ul. If the quantity of radioiabeled DNA is limiting, it is usual-
Iy possible to determine an unambiguous DNA sequence by carrying out only four (C, C+T, A+G, and G) of
the five reactions detailed in the flow Chart.

A IMPORTANT Do not dissolve the DNA in TE or any solvent containing salt. Salt interferes with the
reaction between hydrazine and thymine and so reduces the intensity of the bands in the T+C reac-

tion. Buffers such as Tris that are rich in amine groups can suppress the depurination of A and G.
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Preparation of Denaturing Polyacrylamide Gels

MATERIALS

I N SEQUENCING, FOUR SETS OF DNA FRAGMENTS ARE RESOLVED BY ELECTROPHORESIS under denatur—

ing conditions through a thin polyacrylamide gel. This protocol describes how to pour a DNA
sequencing gel that contains one concentration of buffer and a single concentration Of acrylamide
throughout the gel‘ Urea is included in the gel as a denaturant to ensure that the separated DNA

strands remain apart and migrate through the gel as linear molecules. The gel is cast between two
glass plates that are separated by two thin Teflon or nylon spacers. A so-called shark’s tooth comb
or, less frequently, a standard slotted comb forms the sample wells into which the DNA sequenc—
ing reactions are loaded before electrophoresis.

Polyacrylamide gels used in the early days of DNA sequencing were grossly thick by today’s
standards. Autoradiographic exposure times were long, and the bands of DNA were diffuse as a

result of quenching and dispersion of the radioactive signal. To alleviate these problems, Fred
Sanger and Alan Coulson (1978) devised a method whereby “thin gels” were poured using ultra—
thin spacers ranging in thickness from 0.2 mm to 0.5 mm. Thin gels are now used ubiquitously
to resolve the products of DNA sequencing reactions.

The following protocol is a third-generation product (Fred Sanger of the MRC, Cambridge,

UK; Michael Smith of the University of British Columbia; and David W. Russell of the University
of Texas Southwestern Medical Center, Dallas) of the original Sanger and Coulson method for

pouring thin gels.

 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

12.74

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Acry/amide solution (45% w/v) <!>
acrylamide (DNA—sequencing grade) 434 g

N,N’-methylenebisacrylamide 16 g
HZO to 600 ml
Heat the solution to 37°C to dissolve the chemicals. Adjust the volume to 1 liter with distilled HZO. Filter
the solution through a nitrocellulose filter (e.g., Nalge, 0.45—um pore size), and store the filtered solution
in dark bottles at room temperature.
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An alternative, but more expensive method of preparing the acrylamide stock solution is to purchase a
premixed powder of acrylamidezbis from a commercial manufacturer (e.g., Bio—Rad) and to reconstitute
the mixture with H20. Stabilized, premixed solutions of acrylamide:bis are available from National
Diagnostics, Atlanta, Georgia.

Cheaper grades of acrylamide and bisacryiamide are often contaminated with metal ions. Stock solu—
tions of acrylamide made with these grades can easily be purified by stirring overnight with ~0.2 volume
of monobed resin (MB-l, Mallinckrodt), followed by filtration through Whatman N0. 1 paper.

During storage, acrylamide and bisacrylamide are slowly converted to acrylic acid and bisacrylic acid.
This deamination reaction is catalyzed by light and alkali. Check that the pH of the acrylamide solution
is 7.0 or less, and store the solution in dark bottles at room temperature. Fresh solutions should be pre—
pared every few weeks.

Ammonium persulfate (1.6% w/v) in HZO <!>

 

Ammonium persulfate is used as a catalyst for the polymerization of polyacrylamide gels. The polymer-
ization reaction is driven by free radicals that are generated by an oxido-reduction reaction in which a
diamine (e.g., TEMED) is used as the adjunct catalyst (Chrambach and Rodbard 1972). Old ammonium

persulfate solutions may not have the catalytic power to drive the polymerization reaction to completion.
Fuzzy bands of DNA and various other forms of matrix distortion are the inevitable consequence.   

Deionized HZO

Detergent, household dishwashing
Ethanol

KOH/Methanol solution <!>
The solution, which is used to clean glass plates used to cast sequencing gels, is prepared by dissolving 5 g of

KOH pellets in 100 m1 of methanol. Store the solution at room temperature in a tightly capped glass bottle.

Si/anizing fluid < ! >
The traditional silanizing fluids (e.g., Sigmacote from Sigma and Repelcote from BDH Inc.) contain
dichlorodimethylsilane, which is toxic, volatile, and highly flammable (for information about dichloro-

dimethylsilane, please see the information panel on DICHLORODIMETHYLSILANE). In recent years,
nontoxic alternatives have become available, including Gel Slick (FMC Bioproductsi, RainX (Unelko,
Scottsdale Arizona), and Acrylease (Stratagene).

70x TBE electrophoresis buffer
TBE is used at a working strength of 1X (89 mM Tris-borate, 2 mM EDTA) for polyacrylamide gel elec—

trophoresis. This 1X concentration is twice the strength usually used for agarose gel electrophoresis
(please see Chapter 5). The buffer reservoirs of the vertical tanks used for polyacrylamide gel elec—

trophoresis are fairly small, and the amount of electric current passed through them can be considerable.

Use of the 1X TBE concentration provides the necessary buffering power. The pH of the buffer should
be 8.3. it is generally not necessary to adjust the pH; however, the pH of each new batch of 10x TBE stock
must be carefully checked.

Use the same stock of 10x TBE to prepare both the gel and the running buffers. Small differences in ionic
strength or pH produce buffer fronts that can greatly distort the migration of the DNAs.

A modification of the standard TBE buffer using taurine (36 g/liter of 10x TTE buffer) in place of boric
acid will eliminate distortions at the top of the gel caused by glycerol—borate anionic ester compounds
(Pisa—Williamson and Fuller 1992). For further information, please see the information panel on GLYC-
EROL lN DNA SEQUENCING REACTIONS.

TEMED (N,N,N ’,N ’-tetramethylethylenediamine) < ! >

Electrophoresis—grade TEMED is sold by many manufacturers including Sigma and Bio—Rad. TEMED is
hygroscopic and should be stored in a tightly sealed bottle at 4°C. TEMED is used as an adjunct catalyst
for the polymerization of acrylamide.

Urea, solid

Special Equipment

Bulldog binder clips (5—cm length; five to seven per gel)

Gel-drying racks
Although not essential, gel-drying racks are certainly extremely convenient for drying and storing glass
plates used for sequencing. These racks are available from several manufacturers including BioWhittaker.
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GeI-sealing tape
For example, 3M Scotch Stretchable Tape (Lab Safety Supply, Janesville, Wisconsin), 3M Scotch yellow

electrical tape #56 (Life Technologies), or 3M Scotch polytetrafluorethylene (PFTE) extruded film tape.
For a discussion of the usefulness ofvarious types oftape and other methods of sealing gel plates, please
see Hengen (1996).

Class plates (matched pair) and Spacers
The rectangular plates are made from nontempered glass, with one plate 3.5—4.0 cm longer than the
other, or with one plate notched. Glass is a liquid and thus plates become deformed during use. To reduce

the possibility of leaks and cracking, it is best to keep sequencing plates in matched pairs and to use the

plates specified by the manufacturer of the sequencing gel tanks.

Gloves (ta/c-free, disposable rubber or PVC)

Petroleum jelly
Optional, please see Step 4.

Protective bench paper
Plastic—backed paper (Kaydry Lab Cover from Fisher) or Benchkote.

Sharkstooth comb (0.4-mm thick, With 32, 64, or 96 teeth, depending on the capacity of the
gel apparatus)

Side-arm flask (250 ml)

Spacers (two per gel, either constant thickness or wedge shaped)
Spacers are made of thin (usually 0.4 mm) flexible plastic or Teflon (Sanger and Coulson 1978) and are

used to keep the glass plates apart. A watertight seal is formed between the plates and spacers, so that the
unpolymerized gel solution does not leak out when the gel is cast.

Wedge—shaped spacers are used to produce gels that are thicker at the bottom than the top. During elec—
trophoresis, the increased cross—sectional area generates field-strength gradients, resulting in sharpening
of bands and a more uniform spacing of bands over the length of the gel (Ansorge and Labeit 1984;
Olsson et al. 1984). Wedge—shaped gels are recommended when the goal is to increase the read—length of
the gel but are not necessarily beneficial when the aim is to resolve compressions or to maximize reso-
lution of a particular region of sequence. Although wedge—shaped gels may overcome band spacing
problems, they are difficult to pour and often crack upon drying.

Syringe (60 cc)

Optional, please see Step 15.

Test-tube rack

Water bath preset at 55°C

 

Pour the sequencing gels no less than 30 minutes before use. After polymerization, the gels can be stored
for up to 24 hours.

  
 

METHOD
 

A IMPORTANT To prevent contamination of the glass surfaces by skin oils, wear taIc-free gloves at all
times and handle the plates by their edges.

Preparation of Glass Plates

1. If necessary, remove old silanizing reagent from plates by swabbing them with
KOH/methanol solution.

2. Wash the plates and spacers in a warm, dilute solution of dishwashing liquid and then rinse
them thoroughly in tap water, followed by deionized HZO. Rinse the plates with absolute
ethanol to prevent water spots, and allow them time to dry.

The plates must be cleaned meticulously to ensure that air bubbles do not form when the gel is
poured.
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3. Treat the inner surface of the smaller or notched plate with silanizing solution. Lay the plate,
inner surface uppermost, on a pad of paper towels in a chemical fume hood, and pour or spray

a small quantity of silanizing fluid onto the surface of the plate. Wipe the fluid over the entire

surface with a pad of Kimwipes and then allow the fluid to dry in the air (1—2 minutes). Rinse

the plate first with deionized H20 and then with ethanol, and allow the plate time to dry.

4. Lay the larger (or unnotched) glass plate (clean Side up) on an empty test tube rack on the

bench and arrange the spacers in place along each side of the glass plate (please see Figure 12—

9) so they are flush with the bottom of the plate.

If using wedge-shaped spacers, place the thicker end of the spacers at the bottom of the plate.

Small dabs of petroleum jelly between the spacers and the larger (unnotched) plate will help keep
the spacers in position during the next steps.

5. Center the shorter (notched) plate, siliconized side down, on top of larger (unnotched) plate.

Make sure that the spacers remain in position at the very edges of the two plates.

 
FIGURE 12-9 Preparation of a Sequencing Gel
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6.

7.

8.

Pouring the Gel

9.

10.

11.

12.

13.

14.

Clamp the plates together on one side with two or three large (5-cm length) bulldog binder

clips. Bind the entire length of the other side and the bottom of the plates with gel—sealing

tape to make a watertight seal.

The aim is to create a watertight seal between the plates and spacers so that unpolymerized acry—
lamide solution does not leak out. Most leaks occur at the bottom corners of the plates, so it is

important to take particular care to leave no gaps when folding the tape around the corners. If pos—
sible, the corner sections of tape should be folded as “hospital corners.”

Remove the bulldog clips and seal this side of the gel plates with gel—sealing tape.

Place the flat side of the sharkstooth comb into the open end of the gel mold so that it fits

snugly. Remove the comb and lay the empty gel mold on the test—tube rack.

Cover the working area of the bench with plastic—backed protective paper.

It is almost impossible to pour sequencing gels without dripping acrylamide solutions onto the
bench. Some investigators place a large developing tray on the bench to contain catastrophic spills.

In a 250-ml side-arm flask, prepare a sequencing gel solution containing the desired concen—

tration of acrylamide as specified in Table 12— 19. The volumes given in the table are sufficient

for a single 40 x 40—cm sequencing gel and can be proportionally adjusted to accommodate

smaller or larger gels.

A IMPORTANT The preparation of the gel must be completed without interruption from this point
onward.

Combine all of the reagents and then heat the solution in a 55°C water bath for 3 minutes to

help dissolution of the urea.

Solubilization of urea is an endothermic reaction that proceeds slowly unless an external source of
heat is used. The volume of the solution will be ~66 ml. Add HZO to the solution bringing the final
volume to 100 ml.

Remove the solution from the water bath and allow it to cool at room temperature for 15

minutes. Swirl the mixture from time to time.

Attach the side—arm flask to a vacuum line and de—gas the solution.

This step prevents the formation of air bubbles in the gel mixture during polymerization of acry—
lamide, which is an exothermic reaction.

Transfer the solution to a 250-ml glass beaker. Add 3.3 ml of freshly prepared 1.60/0 ammo-

nium persulfate and swirl the gel solution gently to mix the reagents.

Old ammonium persulfate solutions may not have the catalytic power to drive the polymerization
reaction to completion. Fuzzy bands of DNA and various other forms of matrix distortion are the
inevitable consequence.

TABLE 12-19 Acrylamide Solutions for Denaturing Gels
 

 

4% GEL 6% GEL 8% GEL 10% GEL

Acrylamidezbis solution (45%) 8.9 m1 13.3 mi 17.8 ml 22.2 ml
10x TBE buffer 10 ml 10 ml 10 ml 10 ml
HZO 45.8 ml 41.4 mi 36.9 mi 32.5 ml
Urea 42 g 42 g 42 g 42 g
 

  



15.

16.

17.

18.

19.

20.

21.
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Add 50 pl of TEMED to the gel solution and swirl the solution gently to mix the reagents.

Pour the gel solution into the mold directly from the beaker ll] which it has been prepared (as

shown in Figure 12-9). Alternatively, draw ~40 ml of the solution into a 60—cc hypodermic

syringe. Do not suck air bubbles into the syringe!

Compared with polyacrylamide gels used to resolve proteins, a massive amount ofTEMED is used
to cast sequencing gels. The large amount of TEMED ensures that polymerization will occur rapid—
ly and uniformly throughout the large surface area of the gel. Because the rate of polymerization is
temperature—dependent, cooling the gel solution allows more time for casting the gel. Experienced
gel pourers can often cast two or more 40 x 40—cm gels from a single gel solution byjudicious pre-
cooling.

Work as quickly as possible from here onward because the gel solution will polymerize rapidly.
Polymerization can be appreciably slowed by putting the gel solution on ice, a boon for inexperi-
enced gel pourers!

Allow a thin stream of gel solution to flow from the beaker or syringe into the top corner of the

gel mold while holding the mold at an ~45° angle to the horizontal (please see Figure 12—9).

 

TROUBLESHOOTING: AIR BUBBLES

To avoid producing air bubbles, the solution must flow in a continuous stream.

0 When using a syringe, gradually lower the mold to a horizontal position as it is filled. When the syringe
is nearly empty, refill it with gel solution and quickly resume pouring the gel. Take care that no air bub-
bles form and that the solution migrates evenly toward the top of the gel mold. This movement can
be facilitated by tilting the gel as described and filling the mold at a constant rate.

0 If air bubbles form while pouring the gel, tilt the mold so that the level of the acrylamide solution
reaches the level of the bubble. With luck, the air bubble will fuse with the meniscus of the acrylamide
solution. If this does not happen spontaneoust try tapping the glass.

Bubbles in the upper portion of the gel can sometimes be moved by tapping the glass plates or by
inserting a thin spacer (bubble hook) and herding the bubbles to a position where they will not interfere
with the migration of the DNA samples. The latter solution is possible only when the full width of the gel
is not to be used for loading samples.

Unless the air bubbles can be moved out of the way, the preparation must be done over again. The
presence of bubbles is a sign that the gel plates were not cleaned thoroughly before the mold was assem-
bled.   
 

Lay the mold down on the test—tube rack (see Figure 12-9).

This positioning reduces the hydrostatic pressure at the base of the mold and prevents leaks and
bowing of the gel plates.

Immediately insert the flat side of a shark’s tooth ~0.5 cm into the gel solution, Insert both

ends of the comb into the fluid to an equal depth so that the flat surface is level when the gel

is standing in a vertical position.

If any air bubbles are Visible near the comb, slowly remove the comb from the gel. Wipe the acry—
lamide solution from the surface of the comb and then slowly reinsert the comb into the gel.

Clamp the comb into position using bulldog binder clips. Use the remaining acrylamide/urea

solution in the hypodermic syringe/pipette to form a bead of acrylamide across the top of the

gel. Allow the gel to polymerize for at least 15 minutes at room temperature.

Wash out the 60—cc syringe so that it does not become clogged with polymerized acrylamide.

A WARNING A small amount of unpolymerized acrylamide is released during washing. Wear glovesi

After 15 minutes of polymerization, examine the gel for the presence of a Schlieren line just
underneath the flat surface of the comb. This is a sign that polymerization is occurring satis—
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factorily. When polymerization is complete (~I hour after the gel was poured), remove the

bulldog clips.

A WARNING A small amount of unpolymerized acrylamide may be released. Wear gloves.

22. The gel can be used immediately (please see Protocol 11) or stored for up to 24 hours at room

temperature or 48 hours at 4°C. To prevent dehydration during storage, leave the tape in

place and surround the top of the gel with paper towels dampened with 1X TBE. Cover the

paper towels with Saran Wrap. Do not remove the comb at this stage.

 

TROUBLESHOOTING: LEAKING GELS

Leakage of the gel solution from the bottom of the mold seems to be an inevitable part of a sequencer’s
life. Several methods are available to prevent leakage.

- Add an extra band of stretchable tape around the bottom of the glass plates. This remedy is also usu-
ally effective when older plates with chipped corners are used in the mold.

o Seal the edges of the plates with molten 3% (w/v) agarose. This approach is messy and requires some
artistic talent.

0 Insert a plastic spacer into the open space at the bottom of the mold, seal with tape, and then clamp
the plates together with bulldog clips. (Note: A bulldog clip should be used on the bottom of the gel
mold only when this third spacer is in place; otherwise, the gel will vary slightly in thickness, which
in turn can cause electrophoretic abnormalities and crack the glass plates.)

- Seal the bottom of the plate with a strip of filter paper and impregnate with catalyzed acrylamide
(Wahls and Kingzette 1988). This is a messy and laborious procedure.

We recommend that investigators use whichever of these methods they find to be most reliable with
the particular type of gel mold that is available. Do not get discouraged if the first gel leaks. Most first-
time gel pourers have a batting average of ~300. With practice, a majority of taped gel molds will not
leak, batting averages will improve, and it will not generally be necessary to go to great lengths to seal
the bottom of the gel.  
 

 



Protocol 9
 

Preparation of Denaturing Polyacrylamide
Gels Containing Formamide

ARECURRING PROBLEM IN DNA SEQUENCING IS THE PRESENCE OF COMPRESSIONS in the sequence

caused by secondary structure in the DNA. A simple and straightforward method to eliminate

secondary structure during electrophoresis is to include formamide in the sequencing gel

(Deininger 1983). Formamide gels are particularly useful and almost a necessity when sequenc-
ing DNA templates with a G/C content >55°/o.

 

MATERIALS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

This protocol requires all of the reagents listed in Protocol 8, plus:

Formamide (100%) <!>

METHOD
 

1. Clean and assemble glass plates to form a gel mold as described in Steps 1—8 of Protocol 8.

2. Cover the working area of the bench with plastic-backed protective paper.

It is almost impossible to pour sequencing gels without dripping acrylamide solutions onto the
bench. Some investigators place a large developing tray on the bench to contain catastrophic spills.

3. In a 250-ml side—arm flask, prepare a sequencing gel solution containing the desired concen-
tration of acrylamide as specified in Table 12—20. The volumes given in this table are suffi-
cient for a single 40 x 40-cm sequencing gel and can be proportionally adjusted to accom-
modate smaller or larger gels.

A IMPORTANT The preparation of the gel must be completed without interruption from this point
onward.

4. Combine all of the reagents and then heat the solution in a 55°C water bath for 3 minutes to
help dissolution of the urea.

Solubilization of urea is an endothermic reaction that proceeds slowly unless an external source of
heat is used.
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TABLE 12-20 Acrylamide Solutions for Denaturing Polyacrylamide Gels Containing

 

 

Formamide

4% GEL 6% GEL 8% GEL 10% GEL

Auylamidezbis solution (45%) 8.9 ml 13.3 ml 17.8 ml 22.2 ml

10x TBE 10 ml 10 ml 10 ml 10 ml

HIO 20.8 ml 16.4 ml 11.9 ml 7.5 m]

Formamide 25 ml 25 ml 25 ml 25 m1

Urea 42 g 42 g 42 g 42 g
 

5. Remove the solution from the water bath and allow it to cool for 15 minutes at room tem—

perature. Swirl the mixture from time to time. Add HZO to the solution bringing the final vol—

ume to 100 ml.

6. Attach the side-arm flask to a vacuum line and de-gas the solution.

This step prevents the formation of air bubbles in the gel mixture during polymerization of acry—
lamide, which is an exothermic reaction.

7. Transfer the solution to a 250-ml glass beaker. Add 3.3 ml of freshly prepared 1.60/0 ammoni-

um persulfate and swirl the gel solution gently to mix the reagents.

8. Add 50 ul of TEMED to the gel solution, and swirl the solution gently to mix the reagents.

Draw approximately 40 ml of the solution into a 60-ml hypodermic‘syringe.

9. Pour the gel solution into the mold, as described in Steps 16—22 of Protocol 8.

A IMPORTANT Because formamide slows the polymerization reaction substantially, allow the gel to

polymerize for 2—3 hours before clamping it in an electrophoresis apparatus.

 

COMPRESSIONS

Listed below are several variations on the above protocol that can be used to melt particular|y stubborn
compressions.

0 Replace all of the H20 in the gel solution with formamide.

0 Double the TBE concentration in the gel solution and electrophoresis buffer. This modification causes
the gel to run at a higher temperature by increasing the electrical resistance and therefore lowers the
stability of secondary structure.

0 Carry out electrophoresis at very high wattage (see Protocol 11) or in a 37°C warm room, both of
which increase the temperature of the gel and reduce formation of secondary structure.

A WARNING Be on the lookout for cracked plates when running gels at temperatures higher than

normal. Stop the electrophoresis run immediately if a plate should crack.   
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Preparation of Electrolyte Gradient Gels

ACHARACTERISTIC FEATURE OF STANDARD, DENATURING POLYACRYLAMIDE GELS used to resolve the
products of DNA-sequencing reactions is that the space between the bands of the DNA is greater

at the bottom of the gel than at the top of the gel. Progressively greater separation of bands along

the length of the gel reflects the logarithmic relationship between the length of a fragment of

DNA and its mobility in the gel. The result is that fewer bases can be read from the autoradi-

ograph. The bands at the top are crowded while those at the bottom are sparse.

Several methods have been developed to overcome this drawback observed in sequencing
gels of constant thickness, including the pouring of “wedge gels,” in which tapered spacers are

used to cast polyacrylamide gels that are thicker at the bottom than at the top (Ansorge and Labeit

1984; Olsson et al. 1984). The progressive increase in thickness per unit length of the gel results

in a voltage gradient along the length of the gel. Because the electrophoretic mobility of DNA

through polyacrylamide gels is, to a first approximation, 3 linear function of the electric field or

voltage gradient (Cantor and Schimmel 1980; Sheen and Seed 1988; Slater et al. 1996; Yager et al.

1997), the migration of the DNA through wedge gels is slower in the thicker (anodic) part of the

gel and faster in the thinner (cathodic) part. The net effect is a compression of the spacing

between bands of DNA in the lower part of the gel. Although wedge gels elegantly overcome the
band—spacing problem, they are difficult to pour, require specialized gel spacers, and often crack

upon drying.

Another method of reducing the spacing between smaller DNA fragments and increasing

the spacing between larger DNA fragments is to increase progressively the ionic concentration in

the lower (anodic) portion of the gel. The voltage carried through the gel decreases with increas—
ing ionic strength, which causes the DNA to migrate more slowly as it travels anodically through

the gel. These so-called ionic gradient gels were initially used by Biggin et al. (1983) and were

formed by drawing a polyacrylamide gel solution of low ionic strength into a pipette followed by

a second solution of higher ionic strength. One or more bubbles were then pulled into the pipette

to mix the two solutions at the interface and thereby create a “gradient” between the extremes of
ionic strength. The formation of the ionic gradient by this procedure was difficult to control,

which in turn led to autoradiographs that often resembled the quills of a porcupine rather than
an ordered ladder of DNA bands.
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MATERIALS

METHOD

A clever and simple solution to the band-spacing problem was devised by Sheen and Seed

(1988), who created an electrolyte gradient within the gel by using buffers of different concen-

trations in the upper (low electrolyte concentration) and lower (high electrolyte concentration)

chambers of the electrophoresis device. The polyacrylamide gel itself is poured with a single con-

centration of electrolyte throughout, using standard thin (0.4 mm) spacers The use of these elec-

trolyte gradient gels leads to an increase of ~30% in the number of bases that can be read on an

autoradiograph.

This protocol derived from Sheen and Seed (1988) describes how to pour electrolyte gradi-

ent gels.

CAUTION:PIease see Appendix 12 for appropriate handling of materials marked with <!>.

This protocol requires all of the reagents listed in Protocol 8, plus:

Formamide (optional) <!>
Electrolyte gradient gels are poured in 1x TBE buffer and can be run in the presence or absence of for-
mamide. For information on denaturing polyacrylamide gels containing formamide, please see Protocol
9.

Sodium acetate (3 M, pH 7.0)

1. Clean and assemble a set of glass plates to form a gel mold as described in Steps 1—8 of

Protocol 8.

2. Cover the working area of the bench with plastic—backed protective paper.

3. Prepare a denaturing polyacrylamide gel as described in Protocol 8 or Protocol 9.

4. Clamp the gel into the electrophoresis device. Fill the upper chamber with 0.5X TBE buffer

and the lower chamber with a buffer composed of 2 parts 1X TBE and 1 part 3 M sodium

acetate. Load the sequencing reactions and perform electrophoresis as described in Protocol
1 1.

As electrophoresis progresses, migration of the tracking dyes becomes progressively slower and
essentially stops when the bromophenol blue reaches the bottom of the gel. Typically, elec—
trophoresis is continued until the xylene cyanol dye is within 5710 cm of the bottom of the gel and
the bromophenol blue dye is at the bottom.

Bands of DNA can be compressed at different times during the experiment by delaying the addi-
tion of the 3 M sodium acetate solution to the lower buffer reservoir. The electrophoretic run is
begun with 1x TBE in both the lower and upper reservoirs. At an appropriate stage during the run,
one part (0.5 volume) of a solution of 3 M sodium acetate (pH 7.0) is added to the lower buffer
reservoir. With experience, it is possible to compress different regions of the sequencing ladder as
required to maximize read lengths.

 



Protocol 11
 

Loading and Running DNA-sequencing Gels

THE SETS OF NESTED DNA FRAGMENTS GENERATED BY THE ENZYMATIC or chemical methods ofDNA

sequencing are resolved by electrophoresis through thin denaturing polyacrylamide gels. The four

reactions (G, A, T, and C) in a sequencing set are loaded into adjacent lanes of a polyacrylamide

gel, to which a large current is then applied. The negatively charged DNAs migrate anodically at
rates that are determined by their sizes. A typical denaturing polyacrylamide gel will resolve DNA

fragments in the 15—400-nucleotide size range. For a discussion on the physical basis of DNA

movement through gels, please see the information panel on ELECTRICAL MOBILITY OF DNA.

MATERIALS
 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

0.5x TBE and/or 1x TBE

Gels

Denaturing polyacrylamide gel <!>
Prepared as described in Protocol 8, 9, or 10.

Nucleic Acids and Oligonucleotides

DNA sequencing reactions <!>
Carry out the reactions as described in Protocols 3—7.

Special Equipment

Automatic micropipettor (20 pl)
The micropipettor should be equipped with flat capillary pipette tips (e.g., Multi-Flex tip, Research

Products International) or other loading device (please see the panel on LOADING SEQUENC|NG
GELS following Step 8).
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Bulldog binder Clips (5-cm length; five to seven per gel)
Gel temperature-monitoring strips

These strips are thermochromic liquid crystal (TLC) indicators that change color as the temperature of
the gel rises during electrophoresis. Temperature-monitoring strips are sold by several commercial com—
panies, including BioWhittaker. If using an electrophoresis apparatus that has a built-in thermal sensor,

the gel temperature—monitoring strips are not needed.

Pasteur pipette

Plastic-covered metal plate
Optional, please see Step 2.

Power pack capable of delivering >75 W at constant power
Most power packs can be set to deliver constant voltage, constant power, or constant current, with auto—
matic crossover. A power pack equipped with multiple sets of outlet sockets and capable of delivering
~300 W of constant power at up to 7000 V can easily handle two or three sequencing gels simultane-

ouslyt

Scalpel fitted with disposable blade
The scalpel is used to remove the tape from the sequencing gel mold and sometimes to SCrape residual
polyacrylamide from the walls of the loading well.

Sequencing gel tanks
Many types of electrophoresis apparatuses are commercially available. All follow the same general
design, but the arrangement of the glass plates and spacers differs slightly from manufacturer to manu-
facturer. Most commercial devices work well and the choice of manufacturers is largely a personal one.
However, we recommend the purchase of devices with built—in metal plates. These plates, which are usu-
ally aluminum, distribute heat arising from electrical resistance evenly across the surface of the gel, there-
by preventing “smiling” artifacts at the edges of the gel.

Sharks tooth comb (0.4-mm thick, With 32, 64, or 96 teeth, depending on the capacity of the

gel apparatus)

It is essential to use the same shark’s tooth comb that was used during the casting of the gel.

Syringe (70 cc) and 22-gauge hypodermic needles

Water bath set at 850C or heating block set at 100°C
The water bath is required only if the sequencing reactions were carried out in microtiter dishes The
heating block is required ifthe reactions were carried out in microfuge tubes.

A WARNING Large voltages are passed through DNA-sequencing gels at substantial amperages.

More than enough current is used in these gels to cause severe burns, ventricular fibrillation, central
respiratory arrest, and asphyxia due to paralysis of the respiratory muscles. Make sure that the gel
boxes used for electrophoresis are well insulated, that all buffer chambers are covered, and that the

box is used on a stable bench top that is dry. Always turn off the power to the box before sample
loading or dismantling the gel.

. Use damp paper towels or a wet sponge to wipe away any dried polyacrylamide/urea from the
outside of the gel mold. Pipette several m1 of 1x TBE buffer along the top Of the smaller or

notched glass plate and slowly remove the comb from gel. Cut the electrical tape with a
scalpel and strip it from the bottom of the gel mold, Do not remove the tape from the sides of

the gel!

. Attach the gel mold to the electrophoresis apparatus with bulldog binder clips, plastic-coat-

ed laboratory clamps, or, in the case of electrophoretic devices With built-in screw clamps,

according to manufacturer’s instructions. The smaller or notched plate should be in direct
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contact with the electrophoresis device. The larger, unnotched plate should face the investi-

gator.
If the device does not contain a metal plate to distribute heat produced during electrophoresis,
clamp a metal plate to the gel‘ A plastic—covered aluminum plate, cut to the same size as the
unnotched glass plate works well and weighs very little.

. Fill the upper and lower reservoirs of the apparatus with the appropriate buffer.

FOR STANDARD OR FORMAMIDE-CONTAINING GELS

a. Fill the upper and lower buffer reservoirs with 1X TBE. Make sure that the level of the
buffer in the lower chamber is well above the bottom of the plates. The level of the buffer

in the upper chamber should be well above the level of the upper edge of the shorter or

notched plate and be in direct contact with the gel.

b. Use a lO—ml syringe filled with 1X TBE to rinse the top of the gel. Make sure that excess

polyacrylamide and urea are removed from the gel. If necessary, use a syringe needle to

scrape off any polyacrylamide sticking to the glass plates. Remove air bubbles under the

bottom of the glass plates in the lower reservoir using a Pasteur pipette.

c. Attach the electrodes to the electrophoresis apparatus and the power supply. The cathode

(black lead) should be attached to the upper reservoir and anode (red lead) to the bot-

tom. Attach the built-in thermal sensor (if available) or temperature—monitoring strip.

Run the gel at constant wattage (50—70 W) for ~45 minutes or until the temperature of

the gel reaches 45—500C. Turn off the power supply and disconnect the electrodes.

FOR ELECTROLYTE GRADIENT GELS

21. Fill the upper reservoir with 0.5X TBE, and the lower reservoir with a solution consisting

of 2 volumes of 1X TBE plus 1 volume of 3 M sodium acetate (please see Protocol 10).

b. Wash the well with 0.5x TBE and remove urea/polyacrylamide as described above. Do not
pre-run electrolyte gradient gels.

. Incubate the microfuge tubes containing the sequencing reactions for 2 minutes in a heating

apparatus set at 100°C. If the reactions have been carried out in a microtiter plate, remove the

cover from the plate and float the open plate in a water bath for 5 minutes at 85°C.

. While the tubes or plates are incubating, fill a lO-cc syringe fitted with a 22—gauge hypoder-

mic needle with 0.5x or 1X TBE, as appropriate. Squirt the TBE forcibly across the submerged

loading surface of the gel to remove any remaining urea and fragments of polyacrylamide
from the loading area. Continue squirting until no more urea can be seen in the loading area.

Urea quickly diffuses from the gel and will remain as a cushion at the bottom of the well or slot
The urea cushion, being of higher density than the sequencing reactions, will displace the reactions
from the base of the well. Displacement results in an uneven migration of the DNA fragments into
the gel and distortion in the sequence ladder.

. Gently insert the shark’s tooth comb (teeth downward) into the loading slot. Push the comb

down until the points of the teeth just penetrate the surface of the gel.

. Transfer the microfuge tubes or microtiter plate from the water bath or heating block to ice.

Keep the samples at 0°C until they are loaded onto the gel. Quick-cooling to low temperature

retards renaturation of the template and radiolabeled strands.
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8. Load 1—5 u] (please see Protocols 3—7 for recommended volumes) of each sequencing reac-

tion into adjacent slots of the gel.

Please see the panel on LOADING SEQUENCING GELS.

The sample will flow into the well and form a tight band on the surface of the polyacrylamide gel. Keep
a record of the order of the templates and load the samples in every reaction set in the same order.

An aliquot of an old sequencing reaction can be loaded into an extra slot at the end of the gel to serve
as a landmark. This control unambiguously distinguishes right from left on the final autoradiograph.

 

LOADING SEQUENCING GELS

Order of Bases

The four or five base-specific reactions generated in an enzymatic or chemical DNA-sequencing experi-
ment are loaded onto denaturing polyacrylamide gels in a specific order from left to right. Many investi-
gators prefer to load the reactions into adjacent lanes in the order TCGA. The two tracks (G and C) that
suffer most from abnormal patterns of migration (e.g., compression) are then located next to each other,
which facilitates base-calling. Other investigators prefer the order CTAG, because that is the way it has
always been done in Cambridge, England. Fred Sanger preferred an alphabetical order with his pyrim-
idines first followed by his purines. If the gel is loaded in either of these two orders, then the sequence
of the complementary strand (3 ’-5 ') can be read by flipping the autoradiograph over and reading the gel
from the bottom. The tracks on the flipped autoradiograph are read from left to right and their order is
then recorded as TCGA or CTAG.

Some types of DNA sequencings call for a specialized loading order. For example, when sequenc-
ing a G/C-rich template, there are advantages to loading the reactions in duplicate in the order GATCG-
TAC. Each of the four sequencing reactions is then adjacent to the other three, which allows closely
spaced bands to be ordered more easily. A similar tactic is followed when using base analogs such as
7-deaza-dGTP and leP. The quality of sequence produced with these analogs is not as high as that pro-
duced with dGTP, and the migration of DNAs containing them is slightly different. To alleviate gel read-
ing problems, it is helpful to load adjacent lanes of a polyacrylamide gel in the order IATCITAC, where I
is the sequencing reaction in which leP or 7-deaza-dGTP was substituted for dGTP in the chain-ter-
minating reaction.

In some enzymatic sequencing reactions, only a single dideoxynucleotide reaction is carried out.
These so-called T tracks or G tracks, etc, were initially used by Sanger et al. (1980) to distinguish between
large numbers of bacteriophage M13 templates in a shotgun DNA—sequencing strategy. A variation on
this strategy can be put to good use when using DNA sequencing to screen for naturally occurring or
induced mutations in a gene or exon. In a typical experiment, DNA templates corresponding to a normal
or wiId-type gene and one or more putative mutation-bearing alleles are sequenced separately by the
enzymatic method using all four ddNTPs. On the resulting sequencing gel, all of the ddC reactions
derived from the normal and mutant allele templates are loaded next to each other, followed by all of the
ddTTP reactions, the ddATP reactions, and the ddGTP reactions. If one wiId-type and three mutant tem-
plates were sequenced, then the order on the gel would be CCCC, ‘ITIT, AAAA, GGGG, where the first
lane in each group of four corresponds to the normal allele. This type of loading simplifies the identifica-
tion of templates whose DNA sequence differs from that of the normal allele. Bases that are identical
between the normal and mutant alleles will generate bands at the same position, whereas a mutant will
not. In the case of a point mutation, for example, a novel band corresponding to the substituted base will
appear at the position of the normal base. Insertion or deletion mutations can be easily located by iden-
tifying the position on the gel at which the correspondence between bands obtained from mutant and
wild-type alleles first becomes disrupted.

Loading Devices

Several different methods can be used to load the samples into the wells of the gel. The best by far is 3 auto-
matic micropipettor (20 pl) equipped with a flat capillary pipette tip that fits comfortably into the well
formed by the teeth of a shark’s tooth comb (Multi-Flex Tip, Research Products International). The sam-
ple can thus be layered directly on the surface of the gel. The tip should be washed out with 0.5x or 1x
TBE between loadings.

Alternatively, a syringe equipped with a 30-gauge needle can be used. This needle is narrow enough
to enter the space between the two glass plates, and the sample can be layered directly on the surface of
the gel. Take care not to touch the gel with the needle. The syringe and needle must be washed well with
0.5x or 1x TBE between samples. Excess TBE should be ejected before the next sample is drawn into the
syringe and needle. 
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TABLE 12-21 Migration Rates of Marker Dyes through Denaturing Polyacrylamide Gels
 

 
POLYACRYLAMIDE GEL BROMOPHENOL BLUEa XYLENI’: CYANOL FFa

50/0 35 130

6% 29 106

80/0 26 76

10% 12 55

20% 8 28
 

ln electrolyte gradient gels, bromophenol blue migrates progressively more slowly as it travels anodically through the gel.
Migration essentially ceases when the dye nears the bottom ofthe gel, The xylene cyanol tracking dye behaves in a similar fash-
ion. Typically, electrophoresis is continued until the xylene qranol dye is within 5—10 cm of the bottom of the gel and the bro-
mophenol blue dye is at the bottom.

“The numbers are the approximate sizes of DNA (in nucleotides) with which the indicated marker dye will comigrate in a
standard DNA sequencing gel.

9. When all of the samples have been loaded, connect the electrodes to the power pack and the

electrophoresis apparatus: cathode (black) to the upper reservoir and anode (red) to the bot-

tom reservoir. Run the gel at sufficient constant power to maintain a temperature of 45—5000

 
Gel Size (cm) Power (W) Voltage (V)

20 X 40 35—40 ~l700

40 X 40 55—75 ~2—3000

40 X 40

(electrolyte gradient gel) 75 ~2100

The time required to achieve optimal resolution of the sequence of interest must be determined
empirically. Monitor the progress of the electrophoretic run by following the migration of the
marker dyes in the formamide gel-loading buffer (please see Table 12-21).

10. Depending on the distance between the sequence of interest and the oligonucleotide primer,
apply a second loading of the sequencing samples to a standard or formamide-containing
denaturing polyacrylamide gel ~15 minutes after the bromophenol blue in the first set of

samples has migrated to the bottom of the gel (15—20 hours). The sequence obtained from

the first loading will be more distal to the primer, whereas that obtained from the second

loading will be more proximal. The length of readable sequence can be extended by ~35% by

reloading the samples into a fresh set of lanes 2 hours after the samples were first loaded.

a. Turn off the power supply and disconnect the sequencing apparatus.

b. Replace the buffer in the top and bottom reservoirs.

Denature the samples by heating as described in Step 4 above.

Load the samples.

Reconnect the sequencing apparatus to the power supply.

r
h
f
°
9
~
9

Run the gel, as before, at sufficient constant power to maintain a temperature of 45—5000

Alternatively, extend the length of readable sequence by replacing the buffer in the lower chamber
with a buffer composed of 2 parts 1X TBE and 1 part 3 M sodium acetate at an appropriate stage
in the electrophoretic run (please see Protocol 10).

11. At the end of the run, follow the procedures described in Protocol 12 to dismantle the gel and

perform autoradiography.
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Autoradiography and Reading of
Sequencing Gels

FOR FURTHER INFORMATION ABOUT AUTORADIOGRAPHY, PLEASE REFER to the discussion in

Appendix 9.

MATERIALS
 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

GeI-fixing solution (mix in the order shown) <!>

300 ml of methanol

2.4 liters of H20

300 ml of glacial acetic acid

Radioactive Compounds

Radioactive ink or Chemiluminescent markers <!>

Please see Appendix 9.

Reusable alternatives to radioactive ink are chemiluminescent markers available from Stratagene
(Glogos). The markers can be used multiple times and should be exposed to fluorescent light just prior

to a new round of autoradiography.

Gels

DNA sequencing gels
Prepared and run as described in Protocols 8—1 1.

Special Equipment

Autoradiography cassettes (metal, spring-loaded 35.6 x 43.2 cm)

Enhancing screens (as appropriate).

Two large enhanced calcium tungstate screens (e.g., Lightening Plus, Dupont) are needed per film.

Gel dryer set at 80°C.
The gel dryer should be connected via a trap to a vacuum system.

Mylar sheet (~5 cm larger than the gel in length and breadth)
The Mylar sheet is used to keep the gel flat during drying under vacuum.
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Saran Wrap

Stainless steel metal spatula or scalpel
Tray for fixing the gel

The tray should be ~5 cm larger than the gel in length and breadth.

Whatman 3MM CHR paper (or equivalent)

Whatman 3MM paper (or equivalent)
X-ray film (blue sensitive 35 x 43 cm)

For 32P-iabeled DNA, use a double—sided film such as X—Omat-AR (Kodak) or BioMax MS (Kodak). For

33P- and 35S»labeled DNAs, use a single—sided film such as BioMax MR (Kodak).

X-ray film processor

1.

4.

5.

At the end of the electrophoretic run (Protocol 11), turn off the power and disconnect the

sequencing apparatus from the power pack. Dispose of the electrophoresis buffer and then
remove the gel mold from the apparatus.

Lay the gel mold flat on plastic-backed protective bench paper with the smaller (notched)

plate uppermost. Allow the gel to cool to <37°C before proceeding.

Remove any remaining pieces of gel—sealing tape. Use the end of a metal spatula to pry apart

the plates of the mold slowly and gently. The gel should remain attached to the longer (non-
siliconized) glass plate.

A WARNING Wear safety glasses. Glass plates will occasionally chip during this procedure Note
that the surfaces of the glass plates that were in contact with the gel may be contaminated with
radioactivity and should be treated appropriately

 

If the gel adheres to both plates, replace the partially dislodged, smaller or notched plate back on the gel,
invert the plates, and try again. If the gel remains stuck, follow the gei-fixing procedure described in Step

12 of this protocol to float the gel off one of the plates.

  
 

Steps 4—13 of this protocol may be omitted if the products of the sequencing reactions are labeled
with 32P, for example, if the enzymatic sequencing was primed with 32P—labeled oligonucleotide
primer or if [a—32P]dNTP was incorporated during extension of an unlabeled primer. A reading of
20—100 cps when a minimonitor is used to scan the surface of the gel indicates that sufficient
radioactivity is present to forego drying. In this case, cover the gel with Saran Wrap, make sure that
there are no wrinkles, mark the orientation, and directly expose the gel (still attached to its glass
plate) to X—ray film. This procedure has the disadvantages of tying up gel electrophoresis plates
during autoradiography and does not yield bands that are as sharp or as intense as those of a dried
gel. In addition, radioactive fluid tends to ooze from the gel during exposure to X-ray film. Having
come this far, do not take such a risk for the sake of saving a couple of hours work.

The radiolabeled products of Maxam—Gilbert sequencing reactions are generally not labeled suffi-
ciently to forego fixing and drying.

When the glass plates have been separated, cut off a bottom or top corner on the side of the
gel that was loaded first. This landmark serves to orient the gel during subsequent manipu-
lations.

Fix the gel in gel—fixing solution (methanol/acetic acid; please see Materials).
Sequencing gels with 33P or 358 should be fixed before drying. This step is optional for gels labeled
with 32P. However, fixation improves resolution, sometimes enhances the signal derived from low
amounts of radioactivity, and eliminates high concentrations of urea or formamide from the gel.
Fixation is also a last resort for removing a gel that is impossibly stuck to both plates of the mold.  
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10.

11.

12.

13.

14.

Transfer the gel (together with its supporting glass plate), to a shallow tray containing

methanolzacetic acid solution. Fix the gel for 30 minutes at room temperature. Do not agitate

the fluid while the gel is being fixed.

Thinner gels are fixed more rapidly, thicker more slowly. A gel 0.2 mm in thickness is fixed in 10
minutes; a gel 0.6 mm in thickness requires ~1 hour.

The same batch of fixation fluid can be used to fix several gels. If the gel shows signs of detaching
from the supporting glass plate, cover it with a piece of stiff plastic netting (available from many
hardware stores) to prevent the gel from escaping and forming a crumpled mass.

After 30 minutes, lift the glass plate very, very slowly from the fixation solution. Try to keep

the plate horizontal until most of the fixation solution has drained away. Lay the plate, gel

side uppermost, on a stack of paper towels. Blot excess fixation solution from the glass plate

with Kimwipes. Try not to touch the surface of the gel with the Kimwipes. Remove wrinkles

and blemishes from the gel by gently caressing its surface with gloved fingers.

Prepare a piece ofWhatman 3MM CHR paper (or equivalent) that is slightly larger (2—3 cm)

than the gel in both length and width. Hold the paper in a bow shape and touch the center of

the bow to the center of the gel. Let the paper fall gently onto the surface of the gel and then

apply gentle pressure so that the gel becomes firmly attached to the rough surface of the

papen

Hold the paper in place with one hand and pick up the supporting glass plate with the other

hand. Quickly flip the sandwich over and lay it down on the bench top with the glass plate

facing upward. Gently separate the 3MM CHR paper from the glass plate by lifting the plate

upward. The gel will stick to the 3MM CHR paper as the glass plate is pulled away.

Lay the 3MM CHR paper (gel uppermost) on two pieces of Whatman 3MM paper of the

same size. Cut a piece of Saran Wrap slightly longer and wider than the gel and lay it on top

of the gel. Try to avoid creases and bubbles. This step is more easily accomplished with the

help of another person. Hold the corners of the Saran Wrap and pull outward so that it is

tightly stretched. Lower the stretched Saran Wrap onto the surface of the gels Once the Saran

Wrap has touched the gel, do not attempt to remove it, since this can cause the gel to tear. The

flat end of an agarose gel comb, a Kimwipe, or a plastic card can be used to remove any bub-

bles of air trapped between the gel and wrap.

Alternatively, stretch and tape an appropriately sized piece of Saran Wrap to the bench, ensuring
that there are no wrinkles. Then invert the gel and place face down on the Saran Wrap.

Use a paper cutter or sharp pair of scissors to trim all three pieces of Whatman paper and the

Saran Wrap to approximately the same size as the gel.

Place the sandwich of paper, gel, and Saran Wrap on the gel dryer, with the plastic wrap

uppermost. Use a sheet of Mylar to keep the sandwich flat during drying.

Following the instructions of the manufacturer of the gel dryer, dry the gel for 30—60 min-

utes under vacuum at 80°C.

Drying the gel reduces the distance that radioactive particles must travel before hitting the X—ray
film, thereby increasing the sensitivity of detection.

Remove the gel from the dryer and peel off the Saran Wrap. The dried gel should feel

smooth to the touch and not sticky. A quick remedy to stickiness is to turn a powdered latex

glove inside out and use the talcum powder on the inside of the glove to dust the gel. To

orient the gel, attach a small adhesive label marked with radioactive or chemiluminescent
ink to the 3MM CHR paper in the space created by cutting the bottom corner of the gel
(Step 4).
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15. In a darkroom, place the dried gel (gel side up) in a spring-Ioaded metal cassette. Cover the

gel with a sheet of unexposed X-ray film. Close the cassette. Establish an autoradiograph by

exposing the gel to the film for 16—24 hours at room temperature or —80°C.

The time required for a perfect exposure of a sequencing gel cannot be predicted with accuracy. If
everything has gone very well during the sequencing reactions, 16~24 hours may turn out to be too
long by a factor of 5 or more. In less fortunate circumstances, considerably longer exposure may

be required. The major aim at this point is to take a first look at the gel, to see if the sequencing
reactions have gone well, and to use the intensity of the bands as a guide to set up one or more

additional exposures.

16. Develop the autoradiograph according to the recommendations of the manufacturer of the

film and read the sequence of the DNA as described in the information panel on READING
AN AUTORADIOGRAPH.

 

From a haokfull of mysterious pictures, they learned about the uses ofhair and eggshells and feces

and worms, herbs and the blood ofa red-haired man. They painted black the walls of their room

and then hung pictures they snipped from their books; alchemists’ labs juxtaposed with models of

DNA and the three-dimehsional structure of hemoglobin. Their father turned dirt and sunlight

into wine; was that alchemy or chemistry? Either one might turn their isolation into freedom.

And so ofcourse they studied biochemistry in college... .

Andrea Barrett, The Marburg Sisters In Ship Fever. 
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AUTOMATED DNA SEQUENCING

From its inception, the dideoxy chain—termination method of DNA sequencing (Sanger et al. 1977a), with

enzymatic reactions carried out in aqueous solvents at moderate temperatures, was an obvious candidate

for automation. By the early 19805, the development of automated sequencing was well under way, using

DNA molecules labeled with fluorescent dyes rather than the traditional radioisotopes (Smith et al. 1986).

By the middle of the decade, automated fluorescent sequencers had been developed in which the products

of dideoxy-sequencing reactions were separated by gel electrophoresis, dye molecules were excited by a laser

beam, and the fluorescent signals were amplified and detected by photomultiplier tubes (or a CCD camera

in later models) (for reviews, please see Chen et al. 1991; Hunkapiller et al. 1991; Chen 1994). Because flu-

orescent signals could be detected and processed continuously, gels could be run for longer times and more

data could be collected. Computer software identified each nucleotide based on the distinctive color (emis-

sion wavelength) of each different dye, to identify (call) each base according to the shape of the fluorescent

peak and the distance between successive peaks.

Evolution of the Technology

The events leading to current automated sequencing technology are summarized in Figure 12-10. The pow~

erful impact of technical advances on sequencing efficiency is evident from the improvement in the num-

ber of samples (and average read-length per sample) that can be achieved in 1 week by a skilled, dedicated
investigator. Judged from today’s standards, the capacity of automated sequencers available up to 1990 was

low, and data were often variable and poor in quality (Martin and Davies 1986; Chen et al. 1991;
Hunkapiller et al. 1991). However, there was a great leap forward when PCR was harnessed to the dideoxy
method in “cycle sequencing” (Carothers et al. 1989), a process that linearly amplifies signals and thereby

greatly augments the sensitivity of sequencing. Additional improvements in dye chemistry and modifica-

tions of DNA polymerases have been a further source of enormous progress throughout the 19905. As a

consequence, the rate of sequencing had increased ~30-fold by 1998, so that a single investigator in a well-

equipped laboratory could handle 500 samples a week with an average read—length of 650 bases per sample.

By the year 2000, that rate had increased by another order of magnitude in high-throughput facilities
equipped with capillary-based sequencers and robotic tools.

Initially, there were two major types of commercial instruments, both of which used gel electrophoretic

separation ofDNA fragments, one using single-dye four-lane separation (Ansorge et al. 1987), and the other

using four-dye single-lane separation (Smith et al. 1986). Because of their higher throughput, greater con-
sistency, and lower sensitivity to electrophoretic artifacts, the single-lane instruments have gradually
become the approach of choice. The current slab gel model ABI 377 automated sequencer, which dominat-

ed the commercial market during the late 19905, has a capacity of 96 samples per run, with two to four runs

a day (depending on the read-lengths desired).

Capillary-based equipment delivers six to eight runs a day while eliminating the tedious gel prepara-

tion and sample loading steps. Capillary electrophoresis (Swerdlow and Gesteland 1990; Smith 1991; Yan et

al. 1996; Dovichi 1999) also offers other advantages over traditional slab gel systems.

0 Because each capillary is very small in diameter (50—100 um), heat generated during electrophoresis can

be rapidly dissipated. Very high voltages can therefore be applied to achieve separation of the products

of sequencing reactions in a shorter period of time.

0 Because each sample is loaded into a discrete capillary, there is no need for time-consuming tracking of
lanes on gel images.

As of early 2000, three 96-channel, one 8-channe1, and one 1-channel capillary-based sequencers were

available (Boguslavsky 2000): MegaBACE (96-channel, Molecular Dynamics, California), ABI 3700 and ABI

310 (96-channel and 1—channel, respectively; PE Biosystems), SCE9610 (96—channel, Spectru-Medix,

Pennsylvania), and CEQ 2000 (8-channel, Beckman Coulter, California). The ABI 3700 model is also

equipped with an automated loader, permitting >6 runs a day unattended by an operator, or a capability of

>4000 samples a week. Including the resultant savings in person power, this machine can increase sequenc-

ing efficiency by tenfold from the operations using previous models and has the potential to reduce the cost

per finished base by a comparable factor.
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Meischer: Discovered DNA

Avery: Proposed DNA as "Genetic Material“

Watson and Crick: Discovered Double Helix Structure

Holley: Sequenced Yeast tRNA‘"‘Ia
Primed synthesis and 2—D electrophoresis
Less DNA required

1970 Wu: Sequenced X Cohesive End DNA

Efficiency Chain termination and chemical degradation

(samples/person/week Polyacrylamide gel electrophoresis used 10 separate DNA tracts

x average read length)

Sanger: Dideoxy Termination
Gilbert: Chemical Degradation

20 x 100 bp Messing: M13 Cloning
Sequencing reaction conditions optimized

Assorted sequencing strategies developed

and computer—assisted data handling began

Hood et al.: Partial Automation
30 x 250 bp Automated fluorescent sequencing instruments used

PCR sequencing introduced
"Cycle sequencing“ developed

60 x 300 hp 1990 Automated Squencers Improved
Better sequencmg enzymes developed

Optimized fluorescent dye sets created
180 X 500 bp High-throughput tools with robotic operation used

Complete Sequence Determined:
1997 S cerevisiae

500 x 650 b Human chromosome 22
p 1999 C elegans

~20 bacterial genomes

5000 x 600 hp 2000 Drosophi/a
V cholera
Human chromosome 21
Framework human genome

FIGURE 12-10 DNA Sequencing History

Courtesy of E.Y. Chen.
 

Of course, sequencing efficiency is also directly related to the nature of the DNA substrate. In general

practice, DNA molecules that contain more repetitive sequence tracks or homopolymer sequence elements,

or higher GC content, require more work (E.Y. Chen et a]. 1996). Within a single project, some regions also

tend to be more troublesome. To solve specific problems, several modifications of the dideoxy method have

been developed in the past decade. For example, the use of nucleotide analogs such as inosine or deaza com-

pounds can help eliminate “gel—compression” problems (Jensen et al. 1991), in which a sequence tract is con-

cealed in a single unresolved band; the inclusion of pyrophosphatase to decompose the pyrophosphate accu-
mulated during chain elongation prevents the loss of peaks (“missing peaks”) resulting from reverse poly-
merase reactions (Tabor and Richardson 1990); the addition of single-strand-binding proteins to sequencing

reactions improves the quality of the data produced from DNA templates enriched in looping structures

(Chen et al. 1991 ); and, finally, the use of different cloning vectors provides an alternative when a particular

M13 done is unstable (Chen and Seeburg 1985; Chissoe et al. 1997). Many of these variations have been

incorporated into current automated sequencing protocols, particularly as part of extensive projects.

Methods in Automated Sequencing

The following discussion is based on the specifications of the ABI model Automated Sequencer, the equip-
ment currently used by most sequencing facilities.
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Dye-Primer Sequencing

In sequencing with dye primers, four separate reactions are carried out for each DNA sample, each reaction

containing a different dye-labeled primer. This set of four reactions is then mixed and loaded into a single

channel for gel electrophoresis (Smith et al. 1986; Lee et al. 1997). The sequencing reagent “kit” has a set of

four primers, each containing a different dye incorporated into an oligonucleotide, typically 17—20 bases in

length. Sensitivity can be improved and signal intensity enhanced by using “energy transfer” (ET) primers

that carry two separate dyes (Iu et al. 1995; Lee et al. 1997). These ET primers typically contain a single

donor dye, which can be easily excited by the argon ion laser. The donor dye transfers the energy to one of
four secondary (acceptor) dyes, each with a distinctive emission spectrum. Compared to the earlier single—

dye primer sets, the ET primers typically provide three— to fourfold stronger signals (Iu et al. 1995).

Amersham and PE Biosystems are two vendors of dye—primer reagents. Amersham (ET primer kit) provides

the two dyes attached at two different bases, about five nucleotides apart; PE Biosystems (BigDye-primer

kit) provides the two dyes connected by an aminobenzoic acid linker (the so-called BigDye), both attached

to the 5’ end of the primers.

Either Taq polymerase, T7 DNA polymerase (Sequenase; Tabor and Richardson 1987a, 1995), or

Thermo Sequenase (Reeve and Fuller 1995) can be used, but the Taq polymerase mutant (e.g., AmpliTaq F8

from PE Biosystems) is frequently used under cycle sequencing conditions. With thermostable enzymes, the

signal is linearly amplified, and hence only 0.1 pg or less of template is needed. This feature is especially

important when a robotic operation is used to prepare hundreds of templates in smaller quantities. The stan-

dard sequencing kit replaces dGTP with deaza-dGTP to reduce gel compression (see above). For unknown

reasons, the use of the deaza compound sometimes results in peak broadening, which reduces the readable

length of sequencing tracts. Nevertheless, the average read~1ength with dye-primer sequencing has now

reached 650—700 bp at >99% accuracy in 11—12-hour runs (2400 V with 48—cm slab gel) on the AB! 377

Sequencer (C. Chen et al. 1996). Detailed experimental protocols are provided with convenient manufactur-

er’s kits that contain all of the reagents necessary for dye-primer sequencing reactions.

Dye-Terminator Systems

Although the dye-primer method is suitable for sequencing projects that use universal primers, projects that

require custom-designed primers become cumbersome and expensive because each primer must be modi-

fied in four separate dye-labeling reactions. One way around this problem is to attach the fluorescent dyes

to dideoxynucleotides that become incorporated at the 3' end of the products of sequencing reactions (L.

Lee et al. 1992; Rosenblum et al. 1997). Each of the four ddNTPs is labeled with a different dye linked to the

nitrogenous base via a linker. Four chain-extension reactions can then be carried out with the same primer

in a single tube, sparing considerable labor and cost. By contrast to dye-primers, dye-terminator chemistry

has the additional advantage that it eliminates noise arising from premature chain termination without

attendant incorporation of dideoxynucleotides.

In its earlier phase of development, dye-terminator chemistry had major problems resulting from the

attachment of bulky dye moieties to the dideoxy terminator molecules. Because substrate affinity was

altered, it became necessary to tailor a specific set of dye-labeled terminators for use with each DNA poly-

merase (L. Lee et al. 1992). Unfortunately, the intensity of the signals generated by these polymerase-sub-

strate pairs was frustratingly uneven, which reduced the accuracy of base calling and limited the range of

readable sequence (please see Figure 12—11A). During the late 19905, this problem was largely solved by the

use of modified enzymes (please see Figure 12-11B and discussion below) as well as by the introduction of

optimized sets of new dyes and linker arms (Figure 12-11C,D). These improvements provided clearer peak

patterns, minimal mobility shifts, and cleaner signals. As a consequence, the quality of the data from cur-

rent dye-terminator sequencing became comparable to results obtained using dye-primers (Rosenblum et

al. 1997; Heiner et al. 1998).

At present, two sets of second-generation dye terminators are available. One incorporates dichlororho-

damine dyes (dRhodamine Terminator, PE Biosystems); the other incorporates the BigDyes (BigDye

Terminator, PE Biosystems). The BigDyes are used in dye~primer sequencing (see above). They contain a

fluorescein isomer as the donor dye and four dichlororhodamine dyes as the acceptors. Both terminators

work well with AmpliTaq polymerase FS (please see Figure 12-11, bottom panels). Convenient cycle-

sequencing conditions are normally used, and the sequencing reactions can be carried out with any primer

and with a wide variety of templates (single-stranded DNA, double-stranded DNA, or PCR—generated
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FIGURE 12-11 Comarison of Profiles of Dye-Terminator Sequencing Chemistries
 

(A) Rhodamine dye terminators sequenced with AmpIiTaq polymerase results in very uneven peak pattern.
The most noticeable ones are the small C peaks after G, small T peaks after T and G, and large C peaks
after C (Parker et al. 1995). (B) Rhodamine dye terminators sequenced with AmpIiTaq polymerase FS results
in a much improved pattern when compared to the original AmpliTaq sequencing data. However, small G
peaks after A and C, and large A peaks after G can sometimes cause errors in base cal|ing (Parker et al
1996) (C) Dichlororhodamine dye terminators and AmpIiTaq polymerase FS resultm very even peak pat-
terns The overall signalIS slightly weaker than the rhodamine terminator chemistry, but the weak G peaks
after A and large A peaks after G are moderated. (D) BigDye terminators sequenced with AmpIiTaq poly-
merase FS result in very even peak heights and stronger signals. The overall signal and evenness of peak
height are much improved compared to dichlororhodamine terminator chemistry. (Courtesy of E.Y. Chen.)

DNA). In addition, because reactions with AmpiTaq FS use far fewer dye terminators, tedious gel-filtration

(spun column) steps to remove unincorporated dyes before gel loading can often be replaced by simple

ethanol precipitation. Again, dGTP is replaced with dITP (deoxyinosine triphosphate) to reduce gel com-

pressions.
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Sequencing Enzymes

Naturally occurring polymerases have features that are often not optimal for DNA sequencing. The relevant

and desirable properties of sequencing polymerases include (Tabor and Richardson 1987a, 1989a,b, 1995):

0 High processivity. Processivity is the degree to which chain extension continues before the enzyme dis-

sociates from a primer—template annealing complex. T7 Sequenase is the most processive of the current

catalog of sequencing enzymes, whereas the Klenow fragment is the least.

0 Thermostability. Resistance to inactivation or dissociation at high temperatures is a most important fac—

tor in the cycle-sequencing reactions that are the basis for modern high—throughput sequencing. Taq

polymerase or variants are the only feasible options.

0 Incorporation ofnucleotide analogs such as dye terminators. The ability to incorporate analogs is a crit-

ical factor for the dideoxy chain-termination method. The efficiency of chain termination with each of
the dye—labeled terminators must be similar to avoid low—quality data with uneven peaks (see Figure 12—

11). Enzymes such as AmpliTaq FS with a high affinity for their dye terminators have an advantage

because a much lower concentration of the dye terminators can be used, with savings in both cost and
effort otherwise needed to remove the unincorporated dyes.

o Exonuclease activities. Polymerases often have 3’-exonuclease “proofreading” and/or 5'-ex0nuclease
activities that remove RNA primers after DNA replication. Because neither activity is desirable for

sequencing, variants of the polymerases should be used that lack these activities (e.g., Thermal

Sequenase [Amersham] and AmpliTaq polymerase FS [PE Biosystems]).

For more information on modified thermostable DNA polymerases. Please see Table 12-9 in Protocol 5.

Sequencing Templates

Until recently, the primary data in large-scale sequencing operations have been traditionally collected using

dye—primer sequencing; dye—terminator sequencing has been used only to fill gaps or to deal with trouble-

some regions (E.Y. Chen et al. 1996). However, obtaining “finished” data of the highest quality requires that
all sequences be acquired either in both orientations or using both chemistries. Comparison of the results

obtained using both chemistries provides a check of sequence quality, because the pattern of errors for each

chemistry is usually different (Chissoe et al. 1997). With recent improvements, however, the less laborious

dye—terminator method is gradually replacing dye-primers in most large-scale sequencing projects.

Sequencing with two sets of dye terminators, dRhodamine and BigDye, could become a new standard for

the achievement of the desired “double coverage.”
BigDye terminator sequencing reactions work well with a wide variety of templates, including single-

stranded, double-stranded, and PCR-generated DNAs, as well as with bacterial artificial chromosome

(BAC) clones or genomic DNA fragments as large as 5 Mb (C. Chen et al. 1996; Heiner et al. 1998). The

optimal sequencing conditions for various templates are given in Table 12—22. Although the intensity of sig-

nals tends to be lower with larger templates, base-calling quality remains high, because the baseline noise is

sharply reduced by the increased brightness and improved spectral resolution of the dyes (Rosenblum et al.

1997). To compensate for the lower molarity of larger templates in sequencing reactions, increased primer

concentrations (2—5x) may be used, and the reaction can be maintained for an increased number of cycles.
These alterations enhance signal intensities and produce more accurate, longer read-lengths.

Optimizing the Reaction

Several other factors remain important for achieving optimal results with automated sequencing.

0 Although this is a “low~tech” consideration, it is critical to use template DNA clean and free of any con-

taminants that might interfere with primer annealing. For PCR products in particular, contaminating

oligonucleotides and dNTPs can be conveniently digested by Eon/SAP treatment (Hanke and Wink

1994; Werle et al. 1994; C. Chen et al. 1996).

o For loading on eapillary-based automated DNA sequencers, samples must be free of ions as they interfere

with the electrokinetic injection process. Take special care to eliminate excess dye-terminators before load—

ing samples on gels in both conventional and automated sequencers. This is particularly important when

template DNAs are large, since residual dyes can make obscure low-intensity signals (Heiner et al. 1998).
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TABLE 12-22 BigDye-Terminator Sequencing Conditions for Various Types of Templates
 

 

Template types M13/ PCR Products Plasmid BAC Microbial DNA

Typical sizes 2—9 kb <10 kb 200 kb up to 5 Mb

Reaction mix

Template DNA (approximately) 30 mg 400 ng 500 mg 2—3 pg

BigDye Terminator Mix 3 pl 4 pl 16 pl 16 pl

Primer 3 pmoles 3 pmoles 6 pmoles 12 pmoles

Total volume 10 pl 10 01 40 1.11 40 u]

Cycling conditions

Initial denaturation 96°C/l minute 96°C/ 1 minute 95°C/5 minutes 95°C/5 minutes

Denaturation 96°C/ 10 seconds 96°C/ 10 seconds 95°C/30 seconds 95°C/30 seconds

Annealing 52°C/10 seconds 52°C/ 10 seconds 55°C/20 seconds 55°C/20 seconds

Extension 60°C/4 minutes 60°C/4 minutes 60°C/4 minutes 600C/4 minutes

Number of cycles 25 25—50 30—75 45—99

Reaction clean-Up

Ethanol or isopropanol yes yes yes yes?
precipitation

G-SO Spun column no no yes yes

Loading on 377 Sequencing Gel

Resuspension volume 3+ pl 3+ u] 2 pl 2 pl

Loading volume 1 pl 1 pl 1—2 pl 2 pl

Read-length (bases) 750+ 750+ 550—750 500—600
 

Courtesy of E.Y. Chen,

0 As might be expected, the design of the primer is critical. In general, the same rules are used to design

primers for automated sequencers and for sequencing by hand. In brief, successful primers consist of a
unique sequence of 16—25 nucleotides (the larger the template DNAs, the longer the oligonucleotides), with

an appropriate GC content and a low predisposition to fold into secondary structure (Buck et al. 1999).

o For laboratories analyzing large numbers of samples, an effective quality-controlling system, together
with operational tools such as liquid-handling robots, is essential to maintain consistently high-through-
put and accuracy.

Genome Sequencing Strategy

The expansive increase in data throughput resulting from technological advances has been accompanied by

innovations in sequencing strategies. Until 1998, the general approach taken for sequencing larger genomes

(those >5 Mb, including yeast, nematode, Arabidopsis, and humans) consisted of mapping followed by

sequencing. Specifically, the construction of overlapping arrays of large-insert E. coli subclones (e.g., BACs)

averaging 150—200 kb was followed by the complete sequencing ofeach of these clones one by one. The BAC

clones are sequenced by a well-established shotgun method that uses random cloning of 1—2-kb fragments,

followed by the sequencing of enough samples to cover the target region randomly.

With increased sequencing throughput, the mapping process tends to become a bottleneck. However,

recent sequencing approaches based on a whole-genome shotgun approach (Weber and Myers 1997; Venter

et al. 1998) have successfully challenged the traditional clone-by-clone strategy (Green 1997). This strategy

has been used as an alternative to finish the Human Genome Project and to move ahead with mouse and

other complex genomes (for news report, see Pennisi 2000). The technical difference lies in the fact that the

whole-genome shotgun approach for a large genome like that of the human requires the “simultaneous”
assembly of some 60 million sequence reads (~500 bases each), whereas the former strategy (mapping fol-
lowed by sequencing) relies on the assembly of a few thousand reads at a time. Thus, intense arguments
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Prospects

among the proponents of the two approaches have focused on issues such as computing capability, gap-fill-

ing problems, and cost efficiency. Nevertheless, it is generally agreed that a whole-genome shotgun approach

can rapidly generate new data, albeit in an often fragmentary form, to facilitate faster discovery of novel

genes. The successful application of this strategy is dependent on high-powerecl computers and sophisti—

cated software that can digitize data quality while comparing and matching the reads from both ends of

each of the millions of sequencing samples. In the real world, shotgun approaches also make use of a vari-

ety of mapping information from clones, genes, and genetic markers, all of which help to assist assembly.

Furthermore, using DNA samples from multiple individuals will likely result in the discovery and cataloging

of millions of polymorphic sites. By early 2000, a growing number of scientists believed that a combination

of the map/sequence and shotgun strategies was the optimal approach (see Pennisi 2000).

The last 15 years have brought sequencing instrumentation and chemistry to a point that truly approaches

fully automatic sequencing (please see Figure 12—10). Accompanying improvements in base-calling soft-

ware, assembly software, and template preparations have progressively simplified both the sequencing oper-

ation and the later editing processes. As a result, the limiting factors for most large-scale projects are the pur-

chase and upkeep of machines and the cost of reagents rather than the involvement of a large number of

highly skilled personnel. Investigators should thus be free to carry out the tasks for which automated

sequencing was invented in the first place — to identify genes, rivet them to physical maps, chase them to

their evolutionary roots, and chart their organization, patterns of expression, and biological function.

 

MICROTITER PLATES
 

The components of dideoxy—mecliated DNA sequencing reactions can be assembled in the wells of heat-resis-

tant microtiter plates with 96 U—shaped wells of ~300-ul capacity. All steps of the subsequent reactions —

from initial annealing of primers and template to addition of formamide-dye stop mixture — can then be

carried out without transferring the reaction mixtures to fresh tubes or plates. Microtiter plates are especial-

ly valuable when several sets of sequencing reactions are performed simultaneously. The various components

of the reaction can be transferred to the wells with 8- or 12-channel multichannel pipettors so efficiently that

96 sequencing reactions can be completed with ease within 1 hour. Because the individual components of the

reactions are delivered as droplets to the walls of the wells, all 96 reactions can be started simultaneously sim-

ply by centrifuging the plates in a swing out rotor equipped with plate holders. Both fluorescent and radioac-

tive labels can be accommodated (Smith et al. 1993). The following are the chief problems.

0 Heating the microtiter plate during the annealing step, so that the fluid in all of the wells of the plate is

the same. It is important to use microtiter plates that are designed for use in thermal cyclers and are thin

enough to facilitate rapid transfer of heat into and out of the plate. Incubation at 55°C (the annealing

step), 37°C (the extension-termination step), or 85°C (the denaturation step) can then be carried out in

a thermal cycler or by purchasing or constructing a heating block that can be accommodated in a stan-

dard modular heating unit (Koop et al. 1990). Sequencing reactions were heated in earlier days by float-
ing open microtiter plates, like armadas, on the surface of water baths. This was fun but led to contam-

ination of many water baths by radioactivity and the ruination of many sequencing reactions by flood-

ing or evaporation.

o Condensation and evaporation. Nowadays most heating devices and thermal cyclers are usually

equipped with heated covers, which greatly reduce evaporation and condensation. Evaporation can be

further reduced by covering the plate with Saran Wrap or with a well-fitting plastic lid (e.g., Falcon 3913;
Becton Dickinson).

0 Cross-contamination of wells. Careful handling is required to prevent accidental transfer of fluid

between different wells. It is best to seal the plates for the mixing and storage steps with plastic plate seal-

ers and pressure-sensitive film (Falcon 3073; Becton Dickinson).

o Centrifugation. A centrifuge fitted with a rotor capable of supporting microtiter plates and capable of

speeds up to 4000 rpm is required. The rotor trays should be well—padded with rubber or polystyrene foam.
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THE KLENOW FRAGMENT OF E. COLI DNA POLYMERASE l

E. coli DNA polymerase I (Pol I), an enzyme central to DNA replication and repair (Kornberg and Baker

1992), is cleaved by mild treatment with subtilisin into two fragments, the larger of which, comprising

residues 326—928, is known as the Klenow fragment. The DNA polymerase and 3'—>5' exonuclease activi—

ties of Pol I are carried on the Klenow fragment (Brutlag et al. 1969; Klenow and Henningsen 1970; Klenow

and Overgaard-Hansen 1970), whereas the 5’—>3’ exonuclease activity of the holoenzyme is carried on the

smaller amino—terminal fragment (residues 1—325), which is nameless (for review, please see Joyce and

Steitz 1987; please also see Table 12.23).

The nucleotide sequence of the P01 I gene is known (Joyce et al. 1982), and the segment of DNA encod-

ing the Klenow fragment has been cloned into various expression vectors. Large amounts of the protein

have been prepared both for commercial purposes and for biophysical and biochemical studies, including

X-ray crystallography (e.g., please see Joyce and Grindley 1983; Pandey et al. 1993).

Uses of Klenow Enzyme in Molecular Cloning

o Filling the recessed 3’ termini created by digestion ofDNA with restriction enzymes. In many cases, a

single buffer can be used for both cleavage of DNA with a restriction enzyme and subsequent filling of

recessed 3’ termini. The end-filling reaction can be controlled by omitting one, two, or three of the four
dNTPs from the reaction and thereby generating partially filled termini that contain novel cohesive ends.

a Labeling the 3 ’ termini of DNA fragments by incorporation of radiolabeled dNTPs. In general, these

labeling reactions contain three unlabeled dNTPs each at a concentration in excess of the Km and one

radiolabeled dNTP at a far lower concentration, which is usually below the Km. Under these conditions,

the proportion of label that is incorporated into DNA can be very high, even though the rate of the reac-

tion may be far from maximal. The presence of high concentrations of three unlabeled dNTPs lessens the

possibility of exonucleolytic removal of nucleotides from the 3' terminus of the template. Which of the

four ot-labeled dNTPs is added to the reaction depends on the sequence and nature of the DNA termini.

Recessed 3' termini can be labeled with any dNTP whose base is complementary to an unpaired base

in the protruding 5' terminus. Therefore, radioactivity can be incorporated at any position within the

rebuilt terminus depending on the choice of radiolabeled dNTP. To ensure that all the radiolabeled

molecules are the same length, it may be necessary to complete the end-filling reaction by carrying
out a “chase” reaction containing high concentrations of all four unlabeled dNTPs.

Blunt-ended and protruding 3’ termini may be labeled in an enzymatic reaction that uses both

domains of the Klenow fragment. First, the 3’—>5’ exonuclease activity removes any protruding tails

from the DNA and creates a recessed 3’ terminus. Then, in the presence ofhigh concentrations of one
radiolabeled precursor, exonucleolytic degradation is balanced by incorporation of radiolabeled

dNTP at the 3’ terminus. This reaction, which consists of cycles of removal and replacement of the 3'

terminus from recessed or blunt-ended DNA, is sometimes called an exchange or replacement reac-

tion. The specific activities that can be achieved with this reaction are modest because the 3'—>5'
exonuclease of the Klenow enzyme is rather sluggish, especially on double-stranded substrates. T4
DNA polymerase carries a more potent 3’—>5’ exonuclease that is ~200-fold more active than the

Klenow fragment and is the enzyme of choice for this type of reaction.

TABLE 12-23 Division of E. coli Pol I into Functional Domains
 

ENZYMATIC FUNCTION DOMAIN
 

Polymerization of dNTPs Carboxy-terminal domain (46 kD) (residues 543—928)

Exonucleolytic digestion of DNA in a 3‘—>5’ direction Central domain (22 kD) (residues 326—542)

Exonucleolytic digestion of DNA in a 5'—>3’ direction Amino-terminal domain (residues 1—325)
 

The first two domains constitute the Klenow fragment of polymerase I.
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5‘ .................... NprNOH 3'
3' ....................NprNprNpr 5'

Mg“ . .
Klenowfragment dNTPs FIGURE 12-12 Filling—in Recessed 3’ Termlnl of DNA

Fragments Using Klenow DNA Polymerase

, . The 3’ termini generated by digestion with restriction endonucleases
5 -------------------- NF’NF”“PNF"“1"“OH5,3 may be labeled using the Klenow fragment of DNA polymerase I in
3' ....................NprNprNpr the presence Of dNTPS and Mg“.

If a [3SS]dNTP is used instead of the conventional [ot-32P]dNTP, the reaction is limited to one cycle of

removal and replacement since the 3’—>5’ exonuclease of E. coli DNA Pol I, unlike the exonuclease of

T4 DNA polymerase, cannot attack thioester bonds (Kunkel et al. 1981; Gupta et al. 1984).

o Labeling single—stranded DNA by random priming (Feinberg and Vogelstein 1983, 1984) (please see

Chapter 9, Protocol 1).

0 Production of single-stranded probes by primer extension (Meinkoth and Wahl 1984; Studencki and

Wallace 1984) (please see Chapter 7, Protocol 12).

For many years, the Klenow enzyme was the highest-quality DNA polymerase that was commercially

available and, in consequence, was the enzyme of first and last resort for in vitro synthesis of DNA. However,

as polymerases that are better suited to various synthetic tasks have been discovered or engineered, Klenow

has been gradually replaced and is no longer the enzyme of first choice for a wide variety of procedures in

molecular cloning. Listed below are some of these procedures.

0 DNA sequencing by the Sanger method. Klenow has been replaced by T7 DNA polymerase (Sequenase)

and thermostable polymerases that give longer read-lengths.

0 Synthesis of double-stranded DNA from single-stranded templates during in vitro mutagenesis.

Although the Klenow fragment is still widely used for in vitro synthesis of circular DNAs using muta-

genic primers, it is not always the best enzyme for this purpose. Unless large quantities of ligase are pre-

sent in the polymerization/extension reaction mixture, the Klenow enzyme can displace the mutagenic

oligonucleotide primer from the template strand, thereby reducing the number of mutants obtained.

This problem can be solved by using DNA polymerases that are unable to carry out strand displacement,

including bacteriophage T4 DNA polymerase (Nossal 1974; Lechner et al. 1983; Geisselsoder et al. 1987),

bacteriophage T7 DNA polymerase (Bebenek and Kunkei 1989), and Sequenase (Schena 1989).

Bacteriophage T4 gene 32 protein can be used in primer—extension reactions catalyzed by DNA poly-

merases (including the Klenow enzyme) to alleviate stalling problems caused by templates rich in sec-

ondary structure (Craik et al. 1985; Kunkel et al. 1987).

o Polymerase chain reactions. The Klenow fragment was the enzyme used in the first PCRs (Saiki et al.

1985). However, it has now been completely replaced by thermostable DNA polymerases that need not

be replenished after each round of synthesis and denaturation.

Facts and Figures

The standard assay used to measure the polymerase activity of the Klenow fragment is that of Setlow (1974)

with poly(d[A-T]) as template. One unit ofpolymerizing activity is the amount of enzyme that catalyzes the

incorporation of 3.3 nmoles of dNTP into acid-soluble material in 10 minutes at 37°C. A sample of pure

Klenow fragment has a specific activity of ~10,000 units/mg protein (Derbyshire et al. 1993). The reaction

is usually carried in the presence of Mg“. Substitution of Mn2+ for Mg2+ increases the rate of misincorpo-
ration and decreases the accuracy of proofreading (Carroll and Benkovic 1990). The Km of the enzyme for

the four dNTPS varies between 4 and 20 nM. For methods to assay the exonuclease activity of the Klenow

fragment, please see Freemont et al. (1988) and Derbyshire et al. (1988).
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PREPARATION OF STOCK SOLUTIONS OF OLIGONUCLEOTIDE PRIMERS FOR DNA SEQUENCING

Dideoxy-mediated DNA-sequencing reactions generally contain five to ten times more molecules of

oligonucleotide primers than single-stranded DNA template. However, this is not a hard and fast rule, and

investigators should not feel constrained to maintain the ratio of primerztemplate if the results of sequenc-

ing reactions are unsatisfactory. Among the problems that can often be solved by increasing or decreasing
the ratio of primerztemplate are sequencing artifacts caused by multiple priming events; inefficient priming
of double—stranded DNA templates; and low yields of products in cycle-sequencing reactions. With custom-
synthesized oligonucleotide primers, it is sometimes necessary to determine empirically the optimum ratio
of primer to template in the sequencing reaction.

Stock solutions of oligonucleotide primers can be used for both DNA sequencing and 5'-end label—
ing. Wear gloves when dissolving or diluting oligonucleotide primers. If the oligonucleotide primers are to
be used solely for DNA sequencing, lyophilized powder stocks should be dissolved at a concentration of 1—2
tig/ml (0.03—0.05 A260/ml) in HZO. Stock solutions are stored at —20°C.

It is often convenient to have on hand two solutions of an oligonucleotide primer, one of 185 ug/ml
(5.0 Azso/ml), which can be phosphorylated in reactions catalyzed by polynucleotide kinase (see Chapter 10,
Protocol 2) and used in sequencing reactions, and the other at a concentration of 1—2 ug/ml (0.03—0.05
A260/ml) for sequencing reactions with a radiolabeled dNTP.

A universal primer (1 pg) that is 19 nucleotides in length is =160 pmoles. For conversion values of
oligonucleotides of other lengths, please see Table 12-24.

 

Primers synthesized in the laboratory and destined for DNA sequencing in the presence of a radiolabeled dNTP
generally need not be purified by gel electrophoresis before use. The amount of contamination by ”off size”
oligonucleotides is usually too small (<10%) to affect the quality of the DNA sequence. This observation is not
true when 5 ‘-radio|abeled oligonucleotides are used as primers in sequencing reactions. Primers that have
been purified by gel electrophoresis (see Chapter 10, Protocol 1) are preferred for this purpose. Primers puri-
fied in this way also yield the best sequence data in cycIe-sequencing protocols (Protocol 6).

Universal pri mers of several different lengths (from 15 to 26 nucleotides) are available from a number of
different commercial suppliers (please see the information panel on UNIVERSAL PRIMERS in Chapter 8).
There is no detectable difference in the quality of the sequence obtained from recombinant bacteriophage M13
templates with primers of different lengths. However, when denatured double-stranded DNA templates such
as bacteriophage or plasmids are used, longer primers (>20 nucleotides) give rise to fewer artifactual bands.   

TABLE 12-24 Converting Molarities of Oligonucleotides to Units of Weight
 

 

SIZE OF
OLIGONUCLEOTIDE pMOLES or DNA MOLECULES or DNA
(NUCLEOTIDES) IN 1 pg IN 1 pg

8 385 2.32 x 1014

10 308 1.85 x10”

12 257 1.55 X 1014
14 220 1.34 x10“
16 193 1.16 x1014

18 171 1.03 x1014
20 154 9.27 x 1013
 

Numbers given in the table are calculated, based on the assumed molecular mass of the nucleotide of 324.5 daltons and the
value of Avogadro’s number to be 6.0220 x 1023.
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SEQUENASE

WiId-type T7 DNA Polymerase

This polymerase consists of two subunits, one encoded by the bacteriophage, the other by the trxA gene of

E. coli. Gene 5 of bacteriophage T7 encodes a DNA polymerase (Mr ~80,000) that consists of three separate

domains, one of which bears a high degree of homology with the DNA-binding and polymerization

domains of other members of the B(Polot) family ofDNA polymerases, including Taq polymerase and E. coli

DNA polymerase I (for reviews, please see Joyce and Steitz 1994, 1995; Pelletier 1994; Perler et al. 1996; Steitz

1998). The binding/polymerization domain occupies most of the carboxy-terminal sequences of the wild-

type T7 DNA polymerase. The amino-terminal domain of the molecule carries a powerful 3’-5' exonucle-

ase activity that is active on both single— and double-stranded DNAs. A third domain of the polymerase (the

76‘residue “thumb” domain) forms a 1:1 complex with the host-encoded protein, thioredoxin (Doublié et

al. 1998; Kiefer et al. 1998).

Because of its rapid rate of polymerization and high processivity, the polymerasezthioredoxin complex

is able to replicate the entire genome of T7 without dissociating from the template DNA (Huber et al. 1987;

Tabor et al. 1987; Bedford et al. 1997).

Sequenase Versions 1.0 and 2.0

The potent 3’-5' exonuclease activity of wild-type T7 DNA polymerase, which would butcher any attempt

to use the enzyme for DNA sequencing, can be greatly reduced by incubating the enzyme for several days

with a reducing agent, molecular oxygen, and stoichiometric concentrations of ferrous ions (Tabor and

Richardson 1987b). Inactivation is thought to be the result of site-specific modifications of the exonuclease
domain by locally produced free radicals. Bacteriophage T7 DNA polymerase that had been chemically

modified in this fashion was at one time marketed by United States Biochemical (USB), under the trade-

name Sequenase. This first version of the sequencing enzyme was later superseded by Sequenase version 2.0

in which the 3'-5’ exonuclease domain has been completely inactivated by deletion of 28 amino acids (Tabor

and Richardson 1989a). The exonuclease-deficient forms of Sequenase display a powerful strand-displace-

ment ability, which enables them to negotiate regions of template that are folded into secondary structures.

One unit of Sequenase catalyzes the incorporation of 1 nmole ofnucleotide into an acid-insoluble form

is 30 seconds at 37°C, using 5 ug of primer and Ml3mp18 DNA as the template under standard assay con—
ditions. Because the specific activities of Sequenase and Sequenase version 2.0 are different from each other,

the manufacturer (USB) used different definitions for the units of activity of the two enzymes.

Approximately 2.5 units of Sequenase is equivalent to 1 unit of Sequenase version 2.0. Both enzymes are

supplied by the manufacturer at a concentration that generally is optimal for sequencing after dilution by

8—20-fold. Dilution is required to reduce the concentration of glycerol, which reacts with borate ions in the

electrophoresis buffer and causes distortions in the region of the sequencing gel that contains fragments of

DNA in the 400—600-nuc1eotide range (please see the information panel on GLYCEROI. IN DNA SEQUENC-
ING REACTIONS).

Sequenase Efficiently Incorporates ddNTPs and Other Analogs of dNTPs

Sequenase is such a good enzyme for DNA sequencing because it generates long sequencing ladders with lit-

tle variation in labeling intensity from one band to the next (Fuller 1992). Remarkably, this property turns

out to be in large part due to a single hydroxyl group attached to the tyrosine residue at position 526 of the

enzyme (Tabor and Richardson 1995). Sequencing polymerases other than Sequenase catalyze the incorpo-

ration of ddNTPs at only 0.02—1% of the rate of dNTPs. Sequenase is far more efficient. Under conditions

routinely used for DNA sequencing, Sequenase catalyzes the incorporation of ddNTPs at ~ 100

nucleotides/second, which is ~33% of the rate of dNTPs. However, replacing the tyrosine residue at posi-

tion 526 with phenylalanine decreases the efficiency of usage of ddNTPs by >2000-fold. Conversely, replac-

ing the analogous amino acid of E. coli DNA polymerase I or Taq polymerase with a tyrosine residue increas-

es the efficiency of usage of ddNTPs up to 8000-fold (Tabor and Richardson 1995). Enzymes that have been
modified in this way (please see Table 12—9) can generate sequencing gels that match those of Sequenase in

length, beauty, and sharpness. Like several other sequencing enzymes, Sequenase readily uses as substrates
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dye-labeled terminators (L. Lee et al. 1992; Fuller et al. 1996), a-thio dNTPs, and dGTP analogs such as 7-

deaza dGTP and dITP, which are used to eliminate compression artifacts from sequencing gels (Tabor and

Richardson 1987a).

The development of Sequenase has been predominantly the work of just one laboratory — that of

Charles Richardson at Harvard Medica1 School~ with the bulk of the work being carried by Stanley Tabor,

then an M.D./Ph.D. student. Tabor is the son of Herbert Tabor, for many years the Editor—in-Chief of the

journal of Biological Chemistry, and Cecilia Tabor, a leader in the field of polyamines. In a logical and ele-

gant series of papers, Tabor and Richardson reported the use of the chemically modified version of bacte-

riophage T7 DNA polymerase as a replacement in dideoxy-sequencing reactions for the Klenow enzyme of

E. coli DNA polymerase I (Tabor and Richardson 1987b); the use of Mn2+ instead of Mg2+ (Tabor and

Richardson 1989b) to generate bands that are highly uniform in intensity (Tabor and Richardson 1989b);
the engineering of Sequenase version 2.0 (Tabor and Richardson 1989a); the use of pyrophosphatase to pre-
vent pyrophosphorylytic removal of ddNTP residues from the 3’ terminus of terminated chains that can

occur during prolonged sequencing reactions (Tabor and Richardson 1990); and finally, the identification
of the residue critical for efficient use of ddNTPs as substrates (Tabor and Richardson 1995). This entire

body of wonderful work is an example of the power of enzymology in intelligent hands. The most detailed

descriptions of the work are published in a series of patents issued to Tabor and Richardson in the late 19805

and early 19905 (US. Patents 4,946,786; 4,795,699; and 4,910,130).
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CONVENTlONAl CHAIN-TERMINATION SEQUENCING OF PCR-AMPLIFIED DNA
 

Methods to sequence the amplified double-stranded products of PCRs are attractive in theory but unreli-

able in practice. The methods appeal to the investigator who wants to sequence either or both strands of

template DNA, and they offer the ability to generate templates for sequencing without the labor of cloning

into bacterial or bacteriophage vectors. However, direct sequencing of double-stranded PCR products

remains a technical challenge, as the diversity and number of papers on the topic make manifest.

The keys to success are rigorous optimization of the amplification step to suppress mispriming and

meticulous purification to rid the PCR product of residual primers, thermostable DNA polymerase, unused

dNTPs, and nonspecific reproductions of the original template. Purification generally involves chromatog-
raphy through spun columns or commercial resins, followed by elution of the desired fragment from an

agarose or polyacrylamide gel. With this amount of work, it is perhaps not surprising that many investiga-

tors turn to cycle sequencing (please see Protocol 6) or opt for the well-trodden traditional route of cloning

PCR products into plasmids or bacteriophage M13 vectors.

Because of differences in the size, yield, and specificity of the amplification product, none of the avail-

able purification methods can be used to purify each and every PCR product. However, with some effort, it
is almost always possible to devise a successful purification scheme for the products of a specific PCR. The

following guide lists the main options that are available. Detailed protocols for many of these options are

presented in other sections of this manual.

0 Removal ofResidual Primers and Unused dNTPs
Spun column chromatography through Sepharose CL-6B or Sephacryl 8-400 (please see Appendix 8).

Sepharose CL-GB equilibrated in TE (pH 7.6) excludes double—stranded DNAs >190 bp in size.
Sephacryl 5-400 excludes double-stranded DNAs >260 bp in size. Both matrices will retard the pas-

sage of dNTPs, primers, and primer-dimers.

Centrifugal ultrafiltmtion through Centricon-IOO or Microcon-IOO units (Krowczynska and

Henderson 1992; Leonard et al. 1998; please see Chapter 8, Protocol 3).

o Elimination ofResidual Thermostable DNA Polymerase
Taq polymerase, and presumably other thermostable DNA polymerases, survive extraction with phe-

nol:chlorof0rm, ethanol precipitation, and other regimens commonly used to purify the products of

PCR (Crowe et al. 1991; Barnes 1992). The continuing presence of the DNA polymerase together with

residual dNTPs may befoul chain-termination sequencing reactions catalyzed by other thermostable

enzymes such as Thermo Sequenase and AmpliTaq. A method to remove residual thermostable DNA

polymerase is described in Chapter 8, Protocol 3.

o Elimination ofNonspecific Amplification Products

Target DNA can be separated from amplified DNAs that differ in size by electrophoresis through low
melting/gelling temperature agarose (please see Chapter 5), The desired PCR product can then be

recovered from the gel by one of the methods described in Chapter 5.

When the PCR yields a heterogeneous set of products of similar size, it may be necessary to carry out

a second round of PCR using nested primers, or to use a restriction enzyme to cleave unwanted products,

or to use a more sophisticated electrophoretic system, for example, denaturing gradient gel electrophoresis

(Fischer and Lermari 1983; for review, please see Myers et al. 1998).

Finally, some of the difficulties encountered in sequencing amplified DNAs are not unique. Like any

other double-stranded DNA, amplified DNAs will inevitably reassociate after denaturation, whereupon the

sequencing primer may be unable to anneal or the DNA polymerase may be unable to proceed along the full

length of the template (Gyllensten and Erlich 1988). These problems can be minimized by rapidly transfer-

ring the amplified DNA, after denaturation by heat (Kusukawa et al. 1990) or alkali (Wrischnik et al. 1987),

to conditions that do not favor reassociation of DNA strands, namely, low temperature and low ionic

strength. The quicker the denatured DNA is used in the annealing and extension/termination reactions, the

better (please see Protocol 2).
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PREPARATION OF STOCK SOLUTIONS OF dNTPS AND ddNTPS FOR DNA SEQUENCING

At each step during the primer-extension phase of dideoxy-sequencing reactions, there are two possible out-

comes: chain elongation and chain termination. Chain elongation occurs when the DNA polymerase cat-

alyzes the incorporation of a conventional dNTP into the growing chain of DNA; chain termination results

from the incorporation of a ddNTP molecule. Therefore, the balance between chain elongation and chain

termination is determined by the ratio of dNTP to ddNTP in each sequencing reaction.

Each of the DNA polymerases used for dideoxy—mediated sequencing has a different affinity for con—

ventional dNTPs and chain-terminating ddNTPs. Thus, reaction mixtures that give good results with one
enzyme are unlikely to work well with another. It is almost always necessary to “fine-tune” the concentration

of ddNTPs to obtain optimal results for the particular task at hand. When sequencing for the first time with

a particular DNA polymerase, we recommend purchasing a kit from a commercial manufacturer that con—

tains the relevant DNA polymerase, pretested chain extension/termination mixtures, single-stranded tem-

plates, and oligonucleotide primers (for suppliers, please see Appendix 13). As components of the kit are used

up, they may be replaced with homemade materials, which are less expensive and can be made in a wide range

of concentrations. Each new batch of reagents should be checked by setting up a series of test reactions with

a standard template and primer and a range of concentrations of dNTPs and ddNTPs. Initially, it is best to

use fixed concentrations of dNTPs and variable concentrations of ddNTPs. Often, several series of test reac-

tions are necessary to define optimal conditions. The following stock solutions are used to prepare the work-

ing solutions of dNTPs and ddNTPs for sequencing reactions using either the Klenow fragment of E. cali
DNA polymerase I, Sequenase, or thermostable (e.g., Taq) DNA polymerases.

Stock solutions usually contain a single dNTP or ddNTP at a concentration of 10 mM or 20 mM,
according to the needs of the investigator. These stocks are stored at -20°C in small aliquots, and they may
be diluted to generate, for example, solutions that contain all four dNTPs at a concentration of 5 mM.

A microbalance is used to weigh out the required amounts of dNTP or ddNTP into sterile microfuge

tubes. Either use a disposable spatula or clean the spatula well with ethanol between each weighing when

making up solutions of different dNTPs or ddNTPs. The table shows the amount of solid, anhydrous

deoxynucleotide or dideoxynucleotide required to make 1 ml of a 20 mM stock solution.

Amount (in mg) required to

 

Deoxynucleotide PW make 1 ml of a 20 mM solution

dATP 491.2 9.82

dCTP 467.2 9.34

dTTP 482.2 9.64

dGTP 507.2 10.14

dITP 508.2 10.16

ddATP 475.2 9.50

ddCTP 451.2 9.02

ddTTP 466.2 9.32

ddGTP 491.2 9.82

7-deaza-dGTP 506.2 10.12

7-deaza-dITP 507.2 10.14

Dissolve the deoxynucleotides or dideoxynucleotides in a small volume of H20, and then use pH paper

and an automatic pipeting device to adjust the pH to ~8.0 by adding small amounts of 2 N NaOH until the
pH reaches 8.0.

Alternatively, the stock solutions may be generated from monosodium salts of the deoxynucleotide

triphosphates or dideoxynucleotide triphosphates by dissolving an appropriate amount of the solid in 1.0

ml of H20. Mix the contents of the tube well and store the stock solution in small aliquots at —20°C.

pH-adjusted solutions of dNTPs and ddNTPs are available from many commercial manufacturers.

The base analogs dITP and 7-deaza—dGTP are substituted for dGTP in chain extension/termination

reactions to reduce secondary structure problems. These analogs form base pairs with dC that contain only

two hydrogen bonds instead of the three normally formed by G—C base pairs. Therefore, the analog-C base

pairs are more readily denatured before separation by gel electrophoresis and have less of a tendency to form

secondary structure during the actual electrophoretic run. However, because the use of dITP and 7-deaza-

dGTP accentuates pauses in the chain extension/termination reaction, sequencing reactions containing a

base analog should always be run in parallel with reactions containing dGTR  
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GLYCEROI. IN DNA SEQUENCING REACTIONS

Most DNA polymerases used in DNA sequencing are supplied by commercial manufacturers in buffers con-

taining 50°/o glycerol, which allows the enzyme preparations to be stored at —20°C without freezing. Because

glycerol and other vicinal diols also stabilize protein-protein interactions (including interdomain interac-

tions in single-subunit proteins) and therefore protect enzymes against denaturation, DNA-sequencing

reactions may be carried out at higher temperatures and for longer times, without significant loss of enzyme

activity. However, high concentrations of glycerol (>5%) in samples applied to DNA-sequencing gels gen-

erate bends in the sequencing tracks and blurring of bands >300 bases in size (Tabor and Richardson
198721). These effects are almost certainly due to the reaction of glycerol with boric acid in the gel-running

buffer to form negatively charged esters that migrate anodically through the gel during electrophoresis. This

problem can be solved in several ways (Pisa-Williamson and Fuller 1992):

o Dilute the DNA polymerase into ice-cold buffers that do not contain glycerol. As a general rule, use
enzymes immediately after dilution and discard any unused remnants.

0 Remove the glycerol from the manufacturer’s buffer by centrifugation through a spun column of P2 gel

filtration medium (Bio-Rad), equilibrated in the manufacturer’s recommended storage buffer without

glycerol (Trevino et al. 1993).

o Precipitate the products of the sequencing reaction with ethanol before loading onto the gel‘

0 Replace boric acid in the gel and in the electrophoresis buffer with taurine, a weak aminosulfonic acid

with a pKa similar to that of boric acid (Pisa-Williamson and Fuller 1992). Taurine/EDTA/Tris elec-

trophoresis buffer consists of 89 mM Tris, 29 mM taurine, and 0.1 mM EDTA. A 20x solution therefore

contains 216 g of Tris, 72 g of taurine, and 2 g of EDTA per liter.

A WWW .._...,_.___._..1_ _ 7
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COMPRESSIONS IN DNA SEQUENCING GELS

Compressions occur when two or more single-stranded DNAs of different lengths migrate through a poly-

acrylamide gel with the same mobility. This results in coincidence of bands in different lanes and anom-

alous spacing of bands above and below the region of compression. Because of the difficulty in calling the

correct sequence from these bands, compression artifacts often appear as regions of different sequence on

the two DNA strands. Compressions arise when single-stranded DNAs are not fully denatured during elec—

trophoresis. DNAs containing secondary structures are less subject to viscous drag than are single-stranded

DNAs of equivalent length and sequence and so migrate more rapidly through the gel.

Compressions, which occur in both the Maxam—Gilbert and Sanger sequencing methods, mostly affect

reading of the G and C tracks, although the A and T tracks are by no means immune. Compressions arise

when sequences displaying dyad symmetry are located at or near the 3’ termini of single-stranded DNAs,

particularly those DNAs ending in regions with three or more G/C base pairs in succession. Such sequences

may form intrastrand secondary structures (hairpins and cruciforms) that are not fully denatured during

electrophoresis through standard sequencing gels (50°C and 7 M urea).

Several methods can be used to resolve compressions in sequencing gels. The easiest, which cures about

half of the problems, is simply to use a different DNA polymerase to catalyze the chain-terminating

sequencing reaction. GC-rich regions that bar the passage of one type of DNA polymerase will frequently

yield to another. Many compressions can be bypassed by sequencing the other strand of DNA. In some

cases, the compression turns out to be specific to one strand; in others, the compression occurs in both
strands but is offset by a few nucleotides. Either way, a composite sequence can be constructed through the

region of compression. If all else fails, try adding cosolvents such as dimethylsulfoxide or formamide to a

final concentration of 10% in the chain-terminating sequencing reaction. Glycerol can also be used, again

at a concentration of 10%. However, it is then necessary to use a glycerol-tolerant electrophoresis buffer to

prevent artifacts caused by the interaction of glycerol with borate ions in conventional TBE buffer (please

see the information panel on GLYCEROL IN DNA SEQUENCING REACTIONS).

Another way to alleviate compressions is to reduce the opportunity for base pairing during elec-

trophoresis. None of these methods is foolproof and all of them have drawbacks. Furthermore, the choice

between them is not straightforward since few head-to-head comparisons have been published of their

ability to relieve compressions of various seventies. In the most thorough study to date, F. Blattner (pers.

comm.) has analyzed the ability of nucleotide analogs and gel additives to resolve a battery of bacterio-
phage M13 clones that produce sequencing compressions of various types. The gel additives were gener-

ally ineffective when standard dNTPs were used in the reaction mixtures. However, the combination of

nucleotide analogs and gel additives was able to resolve even the most stubborn compressions. One

nucleotide analog —— dITP — was effective against all compressions, as was a combination of 7-deaza-

dGTP and 7-deaza-dATP. 7-deaza-dGTP alone resolved ~50% of the compressions. Please note that dITP
should not be used in sequencing reactions catalyzed by Taq DNA polymerase and its numerous deriva-

tives (please see Table 12-25).
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TABLE 12-25 Methods to Resolve Compressions
 

METHOD COMMENTS
 

dITP

leP and dleP are substi~

tuted for dGTP and ddGTP

in the chain extension/termi-
nation reactions.

Usually, the leP:dGTPratio

in the reaction mixtures is 4

and the concentration of

dlePzddGTP in the G ter-

mination mixture is 8.

7-deaza dGTP

7-deaza-2’-deoxy-guanosine-
5'-triphosphate is substitut-
ed for dGTP in the chain ex-

tension/termination reac-

tions.

Usually, equimolar amounts

of 7-deaza-GTP and dGTP

are used in the reaction mix-

tures.

7-deaza-dATP

7-deaza-2'-deoxyadenosine-
S'-triphosphate is used to
replace dATP in the chain
extension/termination reac—

tions.

Formamide
Including 20—50% for-
mamide in the sequencing
gel resolves some compres—
sions.

Voltage

Chemical modification of
cytosine residues

lnosine forms base pairs containing only two hydrogen bonds instead of the three normally formed by
G-C base pairs. The consequent weakening of Watson—Crick base pairing results in a substantial reduc-
tion in the formation of intramolecular “hairpin” structures.

Sequenase is the choice polymerase for reactions containing inosine nucleotides. Avoid Taq DNA poly—
merase and its various derivatives (please see Table 12-9) when using dITP as a substrate.

Because the use of dITP accentuates pauses in the chain-termination reaction, always run sequencing
reactions containing the base analog in parallel with standard reactions containing dGTP.

Substitution of dITP for dGTP causes nucleic acids to migrate slightly faster through polyacrylamide
gels.

The USB ThermoSequenase-radiolabeled terminator sequencing kit recommends dITP be used for all
new sequences and any that give rise to compressions. With dITP, USB suggests using an “extension”

temperature of 60°C with a duration of at least 4 minutes.

The quality of sequence is never as good when base analogs are used in place of conventional dNTPs. It
is therefore helpful to load each set of reactions into eight adjacent lanes of a polyacrylamide gel in the
order IATCITAC. This ensures that each of the four sequencing reactions is adjacent to the other three
and allows the order of closely spaced bands to be determined more easily.

References: Mills and Kramer (1979); Bankier and Barrel] (1983); Barr et al. (1986); Tabor and

Richardson (19873); Innis et al. (1988).

The methine group at the N—7 position of 7-deaza-dGTP is thought to preclude formation of Hoogstein
bonds and thereby to suppress formation of secondary structures (Barr et al. 1986). However, this mech-
anism has since been called into question (Jensen et al. 1991). It now seems likely that 7-deaza analogs

cure compressions by reducing vertical stacking interactions between purines (Seela et al. 1982, 1989;

Jensen et al. 1991).

7-deaza-dGTP is effective at resolving many compressions preceded by a G residue. Compressions pre-
ceded by A are best resolved by 7-deaza-dATP or by a combination of both analogs (Jensen et al. 1991).

Because the use of 7-deaza-dGTP accentuates pauses in the chain-termination reaction, sequencing
reactions containing the base analog should always be run in parallel with standard reactions containing
dGTP.

Substitution of 7-deaza-dGTP for dGTP causes nucleic acids to migrate slightly faster through poly-
acrylamide gels.

The quality of sequence is never as good when base analogs are used in place of conventional dNTPs. It
is often helpful to load each set of reactions into eight adjacent lanes of a polyacrylamide gel in the order
aZATCaZTAC. This ensures that each of the four sequencing reactions is adjacent to the other three and
allows the order of closely spaced bands to be determined more easily.

Reference: Mizusawa et al. (1986).

The methine group at the N—7 position of 7-deaza-dATP may preclude formation of Hoogstein bonds
and thereby suppress formation of secondary structures. However, 7-deaza-dATP may also cure com—
pressions by reducing vertical stacking interactions between purines (Jensen et al. 1991).

7-deaza-dATP helps to resolve compressions preceded by an A residue. This type of compression usual-

ly cannot be resolved by 7-deaza-dGTP alone.

Reference: Jensen et al. (1991).

Inclusion of formamide in sequencing gels run at 50°C has been reported to resolve compressions.
However, gels containing formamide run slower and cooler than conventional polyacrylamide gels run
at the same voltage. It is usually necessary to increase the voltage by ~10% to maintain temperature.

Because gels containing formamide are extremely sticky and difficult to dry, it is best wherever possible
to freeze the wet gel for exposure to X-ray film.

References: Martin (1987); Rocheleau et al. (1992).

Increasing the voltage raises the temperature of the gel which, in turn, destabilizes secondary structures.
Unfortunately, it also generates steep temperature gradients across the glass plates, which then crack.

Deamination of cytosine with bisulfite or bisulfite plus methoxyamine converts the base to uracil and
reduces the potential for G-C base pairing.

Reference: Ambartsumyan and Male (1980),
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7-DEAZA-dGTP

7-deaza-dGTP (also called 7-aza—dGTP) is a base analog of dGTP that destabilizes intramolecular interac-

tions in single-stranded nucleic acids (see Figure 12-13). The substitution of 7-deaza-dGTP for dGTP most

likely reduces vertical stacking interactions between adjacent purine residues because of alterations of the p

electron system and a decrease in the dipole moment (Seela et al. 1982, 1989; Jensen et al. 1991). 7-deaza-

dGTP is used under the following circumstances in molecular cloning:

0 To relieve compressions in chain-termination DNA sequencing (Barr et al. 1986; Mizusawa et al. 1986).

7-deaza—dGTP is used as a substrate in chain extension/termination reactions that contain either no

dGTP or equimolar amounts of dGTP and the base analog. Under these conditions, many compressions

that are preceded by G are resolved. Compressions preceded by A are more efficiently relieved by 7-

deaza—dATP, whereas compound compressions may require a combination of 7-deaza-dGTP and 7-

deaza-dATP (Iensen et al. 1991; please also see the information panel on COMPRESSIONS IN DNA

SEQUENCING GELS).
0 Because 7—deaza-dGTP (aZ) accentuates pauses in the chain-termination reaction, sequencing reac-

tions containing the base analog should be run in parallel with standard reactions containing dGTP. In

addition, because the quality of sequence is never as good when base analogs are used in place of con-

ventional dNTPs, each set of reactions should be loaded into eight adjacent lanes of 3 polyacrylamide gel

in the order aZATCaZTAC. This ensures that each of the four sequencing reactions is adjacent to the

other three and allows the order of closely spaced bands to be determined more easily. The substitution

of 7-deaza—dGTP for dGTP causes nucleic acids to migrate slightly faster through polyacrylamide gels.

0 To facilitate PCR amplification of DNA templates containing G+C-rich regions or stable secondary

structures (McConlogue et al. 1988). However, there is a price to pay for this increased efficiency. When

7-deaza~dGTP is substituted for dGTP in PCR, the resulting amplified fragment is resistant to cleavage

with many restriction enzymes whose recognition sites contain one or more G residues, for example,

EcoRI, SmaI, SalI, PstI, BamHI, Sau3A, AluI, and Ach (Grime et al. 1991).

0
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FIGURE 12-13 Structure of the Nucleotide Analoi 7-deaza-dGTP
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DICHLORODIMETHYLSILANE

Dichlorodirnethylsilane is one of a large family of organosilicon oxide polymers that display remarkably high

chemical stability and an unusual lack of adhesive properties. The best known of these compounds are (1) Silly

Putty, whose deformative, elastic, and recoiling properties are sure to be well known to those who grew up in

the 19603, and (2) GAK, a revolting green goo that was a source of delight for 4—year olds in the 19905.
In molecular cloning, organosilicon oxide polymers are used to prevent loss of material by adsorption

onto surfaces. Dichlorodimethylsilane, for example, is the active ingredient in silanizing solutions that are

commonly used to prevent thin polyacrylamide gels used for DNA sequencing from sticking to their sup~

porting glass plates. Most commercial silanizing solutions contain 20/0 dichlorodimethylsilane dissolved in

1,1,1-trichloroethane. This mixture is smeared over the surface of one of the two glass plates and allowed
to dry in air. A more even and durable coating can be achieved by standing the plates in a bath of 5%
dichlorodimethylsilane dissolved in chloroform or heptane. The glass plates are allowed to dry at room tem-

perature and then rinsed many times with HZO before use.

Small items (e.g., microfuge tubes and disposable pipette tips) used in the Maxam-Gilbert method of

DNA sequencing are best siliconized by evaporative deposition of a small amount of undiluted dichlorodi-

methylsilane inside a glass desiccator. Glassware is then baked for 2 hours at 180°C and plasticware is rinsed

extensively with HZO before use.

‘ W , ‘__‘>v ,‘ , . M_____,._ _..
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READING AN AUTORADIOGRAPH

Reading DNA sequences from gels is an acquired skill — it is not as easy as it looks. The following list of tips

may help to simplify the process and minimize problems.

As soon as the autoradiograph is developed, label the film with the date, exposure time, and names of the
templates. Mark each set of sequencing reactions clearly. Indicate the order of the sequencing reactions
loaded in each lane (e.g., CTAG).

Be sure to distinguish the left and the right sides of the gel. The image of the radioactive ink or chemilu-

minous marker should appear next to the sequencing reaction that was loaded on the first track of the gel.

When searching for correspondence between a new DNA sequence and one that is already known, or for
overlap between complementary sequences or sequential gel loads, look for obvious “signatures” such as
homopolymeric runs (e.g., consecutive T residues) or alternating purine and pyrimidines (e.g., GTGT-

GT). Once found, use these signatures to locate the sequence of interest quickly.

Read and record an unknown sequence at least twice, preferably by different people. Alternatively, enter

the sequence twice if a computer-assisted gel reader is used. Compare the two readings and resolve the

discrepancies by careful reinspection and, if necessary, by further sequencing. When reading DNA

sequences generated on a machine, compare separate sequencing reactions on a computer and resolve
discrepancies by reinspection of the original color-coded printout. Pay careful attention to peak heights

and overlaps, and ask the person in charge of the machine to help resolve discrepancies.

If the gel has been loaded in the order TCGA or CTAG, read the sequence of the complementary strand

(3’ to 5‘) by flipping the autoradiograph over and reading the gel from the bottom. (The tracks on the

flipped autoradiograph are read from left to right and their order is assumed to be TCGA or CTAG.)

The following guidelines are useful when reading gels:

Pay special attention to gaps or uneven spacing in the autoradiograms. These are usually signatures

of compression or DNA polymerase pausing problems. In sequences generated by the Maxam-Gilbert

procedure, watch for gaps associated with the sequence 5’-CA/TGG-3'. Hydrazine will not modify 5-

methylated cytosine residues in the sequence CQA/TGG, the recognition sequence for a restric-

tion/modification system in E. coli, thus leading to a gap between the first C residue and the NT

residue (see Comment below).

In enzymatic reactions, single C bands are generally weaker than single bands of the three other
nucleotides.

The first A in a homopolymeric run of As is generally stronger than the rest.

The first C in a homopolymeric run of Cs is usually much weaker than the second.

G bands are weak when they are preceded by a T.

These latter observations are variably true depending on the DNA polymerase used in the sequencing
reactions.

It is initially somewhat more difficult to determine the sequence of DNA from a chemical—degradation
sequencing gel than from a Sanger dideoxy-mediated chain-termination sequencing gel. Because the
chemical cleavage reactions are not all absolutely base-speeific, it is necessary to deduce the position of
T residues by subtracting bands appearing in the C track from those in the C+T track. Similarly, the posi-
tion ofA residues is deduced by subtracting bands in the G track from those in the A+G track. The pres-
ence of an A residue is confirmed if a strong band is present in the A>C track. Beware of the sequence
5’-CA/TGG-3’, as this sequence may indicate the presence of a methylated CQA/TGG sequence in the
DNA. This is an EcaRII restriction endonuclease site and the second C is methylated at the 5-position in
almost all standard laboratory E. coli strains (with the exception of those carrying a dcm allele). The S-
methylated C is not susceptible to hydrazine modification and therefore appears as a blank (i.e.,
C_A/TGG) sequence in the ladder.

Because Maxam-Gilbert sequencing is carried out with 32P—labeled DNA, the bands are fuzzier and
broader than those obtained from DNA sequenced by the Sanger method in which [3SS]dNTPs or
[33P1dNTPs have been used. This lack of resolution limits the amount of reliable sequence that can be
obtained from a single gel to ~200—250 nucleotides.
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ELECTRICAl MOBILITY OF DNA

A lively debate has been ongoing for several years about the mechanism by which DNA molecules move

through gels. One theory treats DNA as a chain passing through a tube. At any one point, the shape and

dimensions of the tube are defined by the neighboring fibers of the gel. In the absence of an electric cur-

rent, long—chain polymers diffuse through these snake—like tubes by a form of random motion known as

reptation (de Gennes 1971). Under the influence of a constant electric field, the diffusion process becomes

biased so that the flexible DNA molecules tend to move through the tube toward the anode (Lerman and

Frisch 1982; Bean and Hervet 1983; Lumpkin et al. 1985; Slater and Noolandi 1989). Reptation theory

assumes that the DNA is always encased in a tube and that the overall length of the tube varies little when
the electric field strength remains low. Higher electric fields cause straightening of the DNA molecules with

an effective increase in the length of the tube. DNA molecules can then take a more direct path toward the

anode and hence travel faster through the gel (Lumpkin et al. 1985).

In recent years, reptation theory has come under increasingly severe scrutiny with the understanding

of the physical nature of gels and the better documentation of the behavior of DNA in different types of

electrical fields. In several cases, experimental data conflict with predictions made from reptation theory.

For example, reptation theory anticipates that DNAs will show the same dependence of mobility on chain

length in both constant- and variable-field gel electrophoresis. However, this prediction is clearly at odds

with the observed separation of large fragments of DNA by pulsed-field gel electrophoresis. Second, tube

models predict that the mobility of shorter segments of DNA should depend on electric field strength raised

to an exponent greater than one. In fact, however, DNA mobility through a variety of gels is directly pro-

portional to the electrical field strength over a wide range of DNA sizes (Johnson and Grossman 1977;

McDonell et al. 1977; Calladine et al. 1991). Finally, reptation theory fails to account adequately for the

observation that a segment of curved DNA or a curved protein-DNA complex reduces mobility when it is

located in the middle, but not the ends, of a long DNA fragment (Wu and Crothers 1984).

A number of alternative theories of DNA mobility have been proposed that deal comfortably with these

and other issues by suggesting that the microstructure of the gel presents an entropic barrier to DNA move-

ment (Smisek and Hoagland 1990; Zimm and Lumpkin 1993; Vblkel and Noolandi 1995; for review, please see

Yager et al. 1997). The mobility of the DNA therefore becomes a statistical variable that depends chiefly on the

size of the DNA relative to the spacing and strength of barriers. Whenever a DNA molecule encounters a bar-

rier, it piles up against it, eventually applying sufficient force to dislodge the obstacle from the direct pathway

to the anode. The model therefore accounts for the extra band broadening that occurs during diffusion or elec-

trophoresis and predicts that the electrophoretic mobility of DNA should scale inversely with the third power

of DNA length. This dependence, which has been confirmed under certain electrophoretic conditions

(Calladine et al. 1991 ), is much stronger than that predicted by reptation models.  
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I N VITRO MUTAGENESIS 15 USED TO CHANGE THE BASE SEQUENCE of a segment of DNA. The changes

may be localized or general, random or targeted. More catholic and less specific methods of

mutagenesis are better suited to analysis of regulatory regions of genes, whereas more precise

types of mutagenesis are used to understand the contribution of individual amino acids, or

groups of amino acids, to the structure and function of a target protein. Both methods share the

virtue of generating mutants in Vitro, without phenotypic selection.

MUTAGENESIS OF REGULATORY REGIONS

Most of the cis—acting elements that control expression of mammalian genes were originally iden—

tified and localized by analyzing nested sets of deletions, generated by in Vitro mutagenesis, that

penetrate the region of interest for different distances. To make these deletions, the target DNA was

digested from a fixed point upstream or downstream from the region of interest with an enzyme

such as BAL 31, which progressively shortens a double-stranded DNA fragment, or with exonu-

clease III, which digests double—stranded DNA from 3’ termini. For further details on these

enzymes, please see the information panels on BAL 31 and EXONUCLEASE "I at the end of this chap-

ter. Nested deletions allowed definition of the outer borders of the regulatory domains and opened

the way to more precise mapping and analysis of internal subdomains by linker scanning (please

see the information panel on LINKER—SCANNING MUTAGENESIS) and site—directed mutagenesis.

Work of this type was central to our current understanding of mammalian gene control and

led to the description of binding sites for many transcription factors and to the identification of

other types of cis-acting elements. Productive as this work may have been, it was certainly for-

mulaic and dreary! To our great relief, nested deletions and linker-scanning mutagenesis passed

their zenith sometime in the late 19803 and are now used only rarely (please see Protocols 9 and

10). Regulatory elements are nowadays more easily identified by computer searches for consen-

sus sequences in regulatory regions, whereas mutations in cis-acting elements are more efficient—

ly constructed by polymerase chain reaction (PCR)—mediated methods (please see Protocols 5

and 6).

MUTAGENESIS OF CODING SEQUENCES
 

Several different types of mutagenesis are used to understand the contribution of specific amino
acids and groups of amino acids to the structure and function of proteins.

Saturation Mutagenesis

Saturation mutagenesis is used to generate mutations at many sites in a particular coding
sequence. Every effort is made to introduce mutations in an unbiased fashion; preconceptions
and knowledge about the functions of individual amino acids in the wild—type sequence are dis-
regarded. The aim is to gather information about the entire “sequence space,” i.e., about the rela-
tionship between the amino acid sequence and the three-dimensional structure of the protein.

Saturation mutagenesis is usually carried out on small segments of DNA that encode an
individual structural domain. At its best, the method can provide catalogs of amino acids or com—
binations of amino acids that are tolerated within a domain without deleterious effect on struc-
ture and function. Studies of the bacteriophage 7t repressor, for example, have shown that a large
number of combinations of amino acids can satisfy the structural and functional requirements
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of the hydrophobic core and a helices of the molecule (Reidhaar—Olson and Sauer 1988; Lim and

Sauer 1989). For further details about saturation mutagenesis, please see the information panel

on RANDOM MUTAGENESlS.

Scanning Mutagenesis

Alanine—scanning mutagenesis is used to analyze the function(s) of particular amino acid residues

on the surface of a protein. The charged residues that normally dapple the surface of proteins are

not usually required for structural integrity, but they are generally involved in ligand binding,

oligomerization, or catalysis. Systematic replacement of charged amino acids with alanine

residues eliminates side chains beyond the fi—carbon and disrupts the functional interactions of

the amino acids without changing the conformation of the main chain of the protein. Alanine

scanning is therefore a powerful method for assigning functions to particular regions of the pro—

tein surface (Cunningham and Wells 1989) (please see the information panel on ALANINE-SCAN-

NING MUTAGENESIS).

In an extension of this approach — cysteine-scanning mutagenesis — unpaired cysteine

residues are used to replace individual amino acid residues at particular sites in the protein.

Unpaired cysteine residues are of average size, uncharged, and hydrophobic. Because they react
efficiently with modifying reagents such as N—ethylmaleimide, cysteine residues introduced by

scanning mutagenesis can be used as biochemical tags to verify the topology of transmembrane

proteins and to measure the accessibility of residues to modifying reagents in the aqueous or lipid

phases (e.g., please see Akabas et al. 1992; Dunten et a]. 1993; KUrZ et al. 1995; Frillingos and

Kaback 1996, 1997; He et al. 1996; Frillingos et al. 1997a,b, 1998).

OIigonucIeotide-directed Mutagenesis

Oligonucleotide—directed mutagenesis is used to test the role of particular residues in the struc—

ture, catalytic activity, and ligand-binding capacity of a protein. In the absence of a three—dimen—

sional structure, this type of protein engineering relies on informed guesses concerning the struc-

ture of the protein and the contribution of individual residues to protein stability and function.

A major problem is distinguishing mutations that affect local structures from those that have pro—

found and deleterious effects on the folding or stability of the entire protein. Consider a typical

experiment in which a number of point mutations have been generated at various sites in a gene

coding for an enzyme. When the activities of these mutants are assayed, some of them show a

reduction in catalytic function and others do not. In the absence of any other data, it is not pos-

sible to draw firm conclusions about the structure of the enzyme from this result. There is no way
to know whether the substitution of one amino acid for another has affected only the function of

the active site or whether it has had more global effects. The problem would remain even if the
three—dimensional structure of the wild-type enzyme were known. N0 algorithms have yet been

devised that accurately predict the perturbations in protein structure caused by the substitution,

addition, or deletion of amino acid residues. However, these difficulties can be alleviated by devel—

oping independent assays for the folding of the protein of interest. Such assays commonly include

the ability of the protein to react with mono— or polyclonal antibodies that are specific for native

or unfolded epitopes, the proper movement and posttranslational modification of the protein
within a cell, the retention of catalytic or ligand-binding functions, and the sensitivity or resis-
tance of the mutant protein to digestion with proteases.

If reliable assays are available to confirm that the mutagenized protein is correctly folded,
oligonucleotide-directed mutagenesis becomes an analytical technique with both exquisite speci—
ficity and extraordinary breadth. Mutations that could never be found in nature can now be
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placed precisely in the target gene; functions of proteins can be mapped to specific structural

domains; undesirable activities of enzymes can be eliminated and their desirable catalytic and

physical properties can be enhanced. In short, oligonucleotide—directed mutagenesis has become
the genetic engineer’s alchemy.

METHODS OF OLIGONUCLEOTIDE-DIRECTED MUTAGENESIS
 

The scientific literature on oligonucleotide—directed mutagenesis is both highly redundant and

unnecessarily complex. In fact, the hundreds of methods that have been described during the last

two decades are all based on a simple concept (Zoller and Smith 1982, 1983, 1984; for review,
please see Smith 1985).

o A synthetic oligonucleotide encoding the desired mutation is annealed to the target region of
the wild—type template DNA where it serves as a primer for initiation of DNA synthesis in
vitro.

0 Extension of the oligonucleotide by a DNA polymerase generates a double—stranded DNA that
carries the desired mutation.

0 The mutated DNA is then inserted at the appropriate location of the target gene, and the
mutant protein is expressed.

Figure 13—1 shows one way in which this general scheme has been adapted for use with a
plasmid vector and a DNA polymerase such as bacteriophage T4 DNA polymerase. Many elabo-
rations and improvements have been made to this scheme over the years, particularly since the

advent of PCR, but the basic principles have not changed.

DESIGN OF MUTAGENIC OLIGONUCLEOTIDES
 

A crucial step in site-directed mutagenesis is the design of the mutagenic oiigonucleotide. By def-
inition, mutagenic oligonucleotides must contain at least one base change, but they may incor—
porate far more complicated mutations including insertions, deletions, and compound substitu—
tions. The minimum length of the mutagenic oligonucleotide is defined by the complexity of the
mutation. Simple single-base substitutions can be accomplished with oligonucleotides ~25 bases
in length. More complicated mutations may require oligonucleotides 80 bases or more in length,
which is close to the practical limit of most automated synthesizers. Once the length of the
oligonucleotide is defined, other properties such as base sequence, base composition, melting
temperature, propensity to form secondary structures, and specificity of annealing must be
brought into balance in order to maximize the efficiency of mutagenesis. For the principles that
guide these design features, please see the information panel on MUTAGENIC OLIGONU-
CLEOTIDES.

CLASSICAL SITE-DIRECTED MUTAGENESIS
 

The feasibility of introducing specific changes at defined locations in DNA was first recognized in
the early 19705 from work aimed at mapping the locations of mutations on the single-stranded
genome of the small bacteriophage ¢X174. When fragments of denatured wild-type bacterio-
phage DNA were transfected into susceptible bacteria together with intact single-stranded bacte-
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FIGURE 13-1 General Scheme for OLgonucIeotide-directed Mutagenesis

riophage DNA carrying an amber mutation, “marker rescue” was observed, i.e., bacteriophages

carrying wild-type genomes were generated. Marker rescue occurred in the transfected bacteria

because the fragment of wild-type DNA annealed to the corresponding sequence of the amber

mutant, forming a mismatched heteroduplex that was “converted by host-specified mismatch—

repair systems into a full—length wild—type genome. It was quickly realized that this process could

also be used in reverse, i.e., that specific mutations could be introduced into wild-type DNA using

mutated double-stranded fragments of viral DNA (Weisbeek and van de Pol 1970; Hutchison and

Edgell 1971). Later, when pioneering work in DNA chemistry led to the routine synthesis of

oligonucleotides (Letsinger and Lunsford 1976; Khorana 1979; Caruthers et al. 1983), and when

the availability and quality of DNA polymerases and DNA ligases had improved, Smith and col-

leagues developed in vitro techniques for oligonucleotide-directed DNA mutagenesis. The first

methods used synthetic oligonucleotides that were completely homologous to single-stranded
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bacteriophage ¢X174 DNA except for a single base change that, if incorporated into the bacterio-

phage genome, would generate a selectable phenotype. The oligonucleotides were annealed to

single-stranded bacteriophage ¢X174 DNA and used as primers for DNA synthesis catalyzed in

Vitro by the Klenow fragment of Escherichia coli DNA polymerase 1. When the resulting het-

eroduplexes were transfected into bacteria, a dramatic increase was observed in the frequency of

bacteriophages displaying the desired phenotype (Hutchison et al. 1978; Razin et al. 1978).
Many of the methods used for oligonucleotide-mediated mutagenesis differ little in princi-

ple from the marker rescue techniques used originally by Clyde Hutchison and his colleagues at

Chapel Hill, North Carolina. Throughout the 19805, protocols for oligonucleotide-mediated

mutagenesis typically involved the following steps:

0 Design and synthesis of mutagenic oligonucleotides.

o Hybridization of mutagenic oligonucleotides to single—stranded target DNA cloned in a bacte—

riophage or phagemid vector. Use of such single-stranded templates eliminates competition

between the mutagenic oligonucleotide and a complementary strand of DNA.

0 Extension of the hybridized oligonucleotide by DNA polymerase in the presence of all four

deoxynucleoside triphosphates (dNTPs).

0 Formation of closed circular DNA by ligation with DNA ligase.

o Transfection of susceptible bacteria.

0 Screening of clones by hybridization (e.g., to the mutagenic oligonucleotide primer) for those
carrying the desired mutation.

0 Preparation of single—stranded DNA from the mutagenized clones.

0 Confirmation by DNA sequencing that the target DNA in the mutagenized clones carries the
desired mutation and no other.

0 Recovery of the mutated fragment of DNA.

0 Substitution of the mutagenized fragment for the corresponding segment of wild-type DNA.

Throughout the 1980s, a succession of improvements to Virtually all of the technical aspects
of the procedure included:

0 Development of a versatile set of bacteriophage M13 and phagemid vectors, equipped with
polycloning sites.

0 Use of two oligonucleotide primers, one of which is a standard universal primer and the other
a mutagenic primer (Norris et al. 1983; Zoller and Smith 1984, 1987). The use of two primers
in the extension reaction eliminated the need to isolate covalently closed circular DNA.

0 Use of two primers and a double-stranded plasmid or phagemid DNA as template (Schold et
al. 1984). This procedure, although less efficient in terms of yield of mutants, eliminated the
need to subclone target DNA into a bacteriophage M13 vector.

0 Improvement of techniques to screen bacteriophage M13 plaques for the desired mutation by
oligonucleotide hybridization (Wallace et al. 1979, 1981; Suggs et al. 1981).

0 Use of highly accurate DNA polymerases encoded by bacteriophage T4 or T7, which shorten
the time required to synthesize the heteroduplex from 12 hours to 1 or 2 hours (Nossal 1974;
McClary et al. 1989; Schena 1989). These polymerases have the additional advantage of not
causing displacement of the 5' end of the mutagenic oligonucleotide primer.
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In classical methods of site—directed mutagenesis, the proportion of clones containing the

desired mutation varies from 0.1% to >50% depending on the efficiency of the mutagenic

oligonucleotide. Several methods have been developed to select against clones that contain non-

mutant DNAs, including (1) selective digestion of template DNAs by removal of modified bases

(Kunkel 1985; Kunkel et al. 1991), restriction enzymes (Hofer and Kuhlein 1993), or exonucleas—

es (Taylor et al. 1985); (2) restoration of an antibiotic resistance gene or an origin of replication

(Hashimoto-Gotoh et al. 1995); and (3) elimination of a restriction site from mutant DNAs

(Deng and Nickoloff 1992). For a more detailed discussion of these methods, please see the infor—

mation panel on SELECTING AGAINST WILD-TYPE DNA IN SITE-DIRECTED MUTAGENESIS.

Because of these improvements, the classic method of oligonucleotide—mediated site-direct—

ed mutagenesis over the years became extremely efficient and reliable. However, like many other

elegant and inventive techniques, it was quickly rendered obsolete by PCR and is no longer the

first choice to create mutations in a target segment of DNA. Most site-directed mutations these

days are more easily generated by one of the many variants of PCR than by the classic methods.

PCR-MEDIATED SITE-DIRECTED MUTAGENESIS
 

Most of the PCR-based methods of mutagenesis in current use are direct descendants of tech-

niques originally described in the late 19805, soon after the introduction of thermostable DNA

polymerases to PCR (Higuchi et al. 1988; Ho et al. 1989; Kadowaki et al. 1989; Vallette et al. 1989).

At that time, it was already known that centrally located single—base mismatches in hybrids

between oligonucleotide primers and the target DNA did not affect the efficiency of amplifica—

tion. Early investigators showed that these mismatches could be converted into mutations locat—

ed in the primer regions of PCR products, which, in turn, could be substituted for the homolo—

gous wild-type segment in, for example, a recombinant plasmid. The following are important

advantages of PCR-based methods for site-directed mutagenesis:

0 High rates ofrecovery ofmutants. In many cases, the yield of mutants is so high that selection

against nonmutant templates is not required.

0 Ability to use double-stranded DNA templates and to introduce mutations at almost any site.

0 Use ofhigh temperatures to reduce the ability of the template DNA to form secondary struc-

tures that lower the efficiency of the extension reaction on single-stranded DNA templates.

0 Development of methods in which all of the reactions are carried out in one tube (e.g., please

see Marini et al. 1993; Picard et al. 1994; Ke and Madison 1997).

0 Availability ofcommercial kits.

0 Speed and ease. No more cloning in bacteriophage M13 vectors!

The following are potential disadvantages of PCR—based methods:

0 Relatively high rate oferrors in PCR products that often contain unwanted mutations in addi-

tion to desired alterations. This problem can be minimized by (1) limiting the number of

amplification cycles and (2) using, in preference to Taq, thermostable DNA polymerases, such

as Pfu and Vent, which carry a 3’-5’ exonuclease activity and have an editing ability.

0 Introduction ofunwanted nucleotides at the 3 ’ termini ofamplified DNAs. This problem can

also be solved by using Pfu DNA polymerase rather than Taq.  
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a Large number ofprimers and amplification reactions required for each mutagenesis experi—

ment by some PCR—based methods. For example, some of the “megaprimer” methods dis—

cussed below require three or four primers and/or three sequential PCRs.

0 Requirement to optimize the conditionsfor PCRfor each new set ofprimers and/or template.

Without optimization, the DNA products of the PCR-based methods may be heterogeneous in

size and may migrate through agarose gels as a smear, rather than as a discrete band.

0 Highfrequency ofunmutagenized clones resultingfrom contamination ofthe PCR-amplified

DNA with the parental, wiId—type DNA used as template in the PCR. This problem is best
solved by using a restriction enzyme such as DpnI to digest the plasmid selectively (e.g., please

see Weiner et al. 1994; Ansaldi et al. 1996; Li and Wilkinson 1997) (please see the information

panel on SELECTING AGAINST WILD-TYPE DNA IN SITE-DIRECTED MUTAGENESIS).

o Inefficiency in amplifying DNA fragments longer than 2—3 kb by standard PCR. Potential

solutions to this problem are discussed in Chapter 8, Protocol 13.

This list of disadvantages may seem long, but it should not be seen as formidable. Most of the

problems can be avoided entirely with a little forethought and planning; solutions to others are

available either in Chapter 8 of this manual, in the literature that accompanies commercially

available mutagenesis kits, on manufacturers’ Internet sites, or in the scientific literature.

METHODS OF PCR-BASED MUTAGENESIS

Of the many published variants of PCR-based mutagenesis, two stand out for their durability and

robustness: overlap extension mutagenesis and megaprirner mutagenesis.

In overlap extension mutagenesis (Higuchi et al. 1988; H0 et al. 1989), two overlapping

DNA fragments are amplified in separate PCRs (please see Protocol 6). The mutation of interest

is constructed in the region of overlap and is present in both amplified fragments. The overlap—

ping fragments are mixed and, in a third PCR, are amplified into a full—length DNA using two

primers that bind to the extremes of the two initial fragments. The method is surprisingly effec-

tive, but it requires two mutagenic primers, two flanking oligonucleotides, and three PCRs to con—

struct a mutation. In some cases, a simpler version of the method can be used (one mutagenic

primer and two sequential PCRs) if strategically placed restriction sites are available to clone the

segment of amplified DNA containing the mutation (Aiyar et al. 1996). This is not always the
case.

The megaprimer method introduced by Kammann et al. (1989) and subsequently modified

by Sarkar and Sommer (1990, 1992), Giebel and Spritz (1990), and Landt et al. ( 1990) is the sim-

plest and most cost—effective method of PCR-based mutagenesis currently available. The method
involves two rounds of PCR that employ two flanking primers and one internal mutagenic primer
containing the desired base substitutions. The flanking primers can be complementary to
sequences in the cloned gene or to adjacent vector sequences. The mutagenic primer can, in the—
ory, be oriented toward either of the flanking primers. In practice, however, the mutagenic primer
is always oriented toward the nearer of the two flanking primers so that the length of the
megaprimer is kept to a minimum.

In the original protocols (please see Figure 13-2), the first round of PCR is performed with
the mutagenic primer, the nearer of the flanking primers, and a wild—type DNA template. The
product of this first reaction, a double-stranded megaprimer, is purified and used in a second
PCR, together with the reverse flanking primer. The product is a double—stranded DNA that con-
tains the mutation and whose size is equal to the distance between the two outside flanking  
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FIGURE 13-2 The Basic Megaprimer Method

PCR1 is performed with a mutagenic forward primer (M) and a reverse primer (R1) to generate and ampli-
fy a double-stranded megaprimer (shown in color). (Left) in the early method, the megaprimer is purified
and used with an additional fowvard primer (F2) in PCR 2 to obtain the desired fuII-Iength mutant. (Right)
In the modified method, the megaprimer is extended on the original template to form mutantzwiId-type
heteroduplexes, which are used as templates in a second PCR (PCR 2), primed by oiigonucleotides R2 and

F2. (Modified, with permission, from Ling and Robinson 1997 [©Academic Press].)

primers. If the flanking primers contain restriction sites for ease of cloning, the product of the

second-round PCR can be used to reconstruct a mutagenized version of the target gene.

In the second and more recent method, a purified or unpurified megaprimer is extended on

a wild-type DNA template (Marini et al. 1993). Because only one strand of the megaprimer can

be-extended, the product of the reaction is a full-Iength single-stranded DNA that carries the

desired mutation(s). This DNA is then amplified using the two flanking primers (Picard et al.

1994; Ling and Robinson 1997). In our hands, however, this protocol is tricky and works well only

when the extended megaprimer is purified and used in high concentration in a second PCR

whose parameters have been carefully optimized.

The chief problem with both variants of the megaprimer method is the time-consuming

and laborious purification step, which is usually accomplished by agarose gel electrophoresis and

elution. Purification is required to remove residual primers from the amplified megaprimer syn-

thesized in the first PCR. An ingenious and simple solution to this difficulty is to use flanking

primers with significantly different melting temperatures (Tm) to prime the two PCRs (Ke and

Madison 1997). The first flanking primer is just 15 or 16 bases long and has a calculated Tm of
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~450C. The first PCR is therefore programmed with a low annealing temperature. At the end of

the first PCR, the second flanking primer, 25-30 bases in length and with a calculated Tm of

72—800C, is added directly to the reaction tube. The second PCR is then carried out using a high-

temperature annealing step (usually 72—800C). The final, full—length DNA product is therefore

generated by priming with the megaprimer and the second flanking primer. Because annealing of

the first flanking primer is suppressed at high temperature, the wild—type template DNA is not
amplified efficiently in the second PCR. The product of the second PCR therefore consists almost

entirely of mutated DNA.

METHODS USED IN THIS CHAPTER
 

TABLE 13-1 Site-directed Mutagenesis
 

 

PROTOCOL TEMPLATE METHOD USED TO ENRICH FOR MUTANTS

l and 2 single—stranded DNA selection against uracil~substituted DNA

3 double—stranded DNA selection of mutants with DpnI

4 double—stranded DNA elimination of a restriction site (USE mutagenesis)

5 double—stranded DNA megaprimer

6 double—stranded DNA splice overlap extension
 

The methods of site—directed mutagenesis described in the first six protocols of this chapter are

summarized in Table 13-1. Protocol 7 describes screening of bacteriophage plaques for mutants

by radiolabeled oligonucleotides, whereas Protocol 8 describes two methods to detect mutations:

SSCP and heteroduplex analysis. For further details of screening, scanning, and identification of

mutations, please see the information panel on MUTATION DETECTION and its accompanying

table that summarizes methods commonly used to detect mutations. In addition, we describe

methods to generate nested unidirectional (Protocol 9) and bidirectional deletions (Protocol 10)

using exonuclease III and BAL 31 nuclease, respectively.

Finally, as is increasingly the trend for many methods in molecular biology, a wide variety

of kits are available from various manufacturers (please see the information panel on COMMER-

CIAL KITS FOR SITE-DIRECTED MUTACENESIS).

 

Any sufiiciently advanced technology is indistinguishable fiom magic.

Arthur C. Clarke    



Protocol 1
 

Preparation of UraciI-containing SingIe-stranded
Bacteriophage M13 DNA

MATERIALS

THE CIASSIC KUNKEL METHOD OF OLIGONUCLEOTIDE-DIRECTED MUTAGENESIS takes advantage Of

the strong selection against uracil—substituted DNA exhibited by strains of E. coli that express

uracil-DNA glycosylase (please see the information panel on MUTAGENIC OLIGONUCLEOTlDES).
Template DNA is first prepared by growth of an appropriate recombinant bacteriophage M13 in
a strain of E. coli that is dut‘ ung_ F’ (described in this protocol). The resulting uracil-containing

single-stranded DNA is used as the template in a standard oligonucleotide-directed mutagenesis

procedure to generate a heteroduplex molecule with uracil in the template strand and thymine in

the strand synthesized in the in Vitro reaction (Protocol 2). Transformation of this DNA into an

ungJr strain results in destruction of the template strand, with consequent suppression of the pro—
duction of wild-type bacteriophages. A large proportion (up to 80%) of the progeny bacterio-
phages are therefore derived from replication of the transfected uracil-free (—) strand. Because the

synthesis of this strand is primed by the mutagenic oligonucleotide, a high proportion of the

progeny bacteriophages carry the desired mutation.

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Gels

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Ethanol

NaCl (2.5 M) containing 75% polyethylene glycol (W/v, PEG 8000) <!>
Phenol (pH 8.0) <!>

Pheno/:chloroform (7:1, v/v) <!>

Sodium acetate (3 M, pH 5.2)
TE (pH 7.6)

Agarose gel
Please see Step 16.

13.11
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Nucleic Acids and Oligonucleotides

Marker DNA, single-stranded DNA from the original bacteriophage M13 recombinant

Media

2x YT medium
2x YT medium containing 0.25 pg/ml uridine

Centrifuges and Rotors
Sorvall GSA rotor or equivalent

Sorva/l 55-34 rotor or equivalent

Special Equipment

Corex centrifuge tubes (75 ml and 30 ml)

Pasteur pipettes

Spun-column chromatography resin
Use a prepacked resin such as Sephacryl 5—400 (Pharmacia) or Miniprep Spun Columns (Promega).

Water bath preset to 60°C

Additional Reagents

Step 7 of this protocol requires the reagents listed in Chapter 3, Protocols 3, 4, and 6.

Step 6 of this protocol requires the reagents listed in Chapter 3, Protocol 1.

Vectors and Bacterial Strains

Please see Appendix 3.
E. coli strain C1236 (duf ung_ F’)

For details, please see Kunkel (1985) and Kunkel et al. (1987).

E. coli strain TG1, jM109/ or equivalent
Please see Step 6.

METHOD
 

1. Prepare for mutagenesis.

a. Clone a small fragment of DNA (<500 bp) carrying the target sequence into an appro—

priate bacteriophage M13 vector such as M13mp18 or mp19.

b. Isolate single-stranded template DNA and double-stranded replicative form DNA from a

freshly grown plaque generated by the recombinant bacteriophage.

Methods for cloning into bacteriophage M13 vectors and for preparation of single-stranded
and replicative form bacteriophage DNA are given in Chapter 3, Protocols 3, 4, and 6.

c. Check the fidelity of the recombinant done by restriction mapping of the replicative

form DNA and by DNA sequencing of the single-stranded DNA.

The Kunkel procedure can also be applied to produce uraciI-substituted single—stranded
DNAs generated from phagemid vectors (McClary et al. 1989; Wang et al. 1989; Liu et al.
1990; for review, please see Hagemeier 1996). Here, the double—stranded phagemid DNA con—

taining the target sequence is first used to transform E. coli C]236 (or another strain of geno—
type dut“ ung‘ F’) to ampicillin resistance. The resulting bacteria are superinfected with a
helper bacteriophage to shift the replication mode of the phagemid DNA from the produc-
tion of double—stranded DNA to single—stranded DNAs (please see Chapter 3, Protocol 8).
Following growth in medium containing uridine, the single-stranded DNAs, which contain
uracil residues in place of some of the thymine bases, are packaged into viral particles and  
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secreted into the growth medium. This DNA is then isolated (as described from Step 5
onward) and used as a template in site-directed mutagenesis (Protocol 2). The use of

phagemid vectors circumvents the need to clone the starting target DNA into a bacteriophage
Ml3 vector before site—directed mutagenesis.

2. Use a sterile Pasteur pipette to transfer a single plaque produced by the bacteriophage M13

recombinant to a microfuge tube containing 1 ml of 2x YT medium.

3. Incubate the tube for 5 minutes at 60°C to kill bacterial cells. (It is important to kill the bac-

terial cells to prevent them from continuing to produce thymidine-containing Viral DNA

during the next round of bacteriophage growth.) Vortex the tube vigorously for 30 seconds

to release the bacteriophages trapped in the top agar. Remove dead bacterial cells and frag-

ments of agar by centrifuging the tube at maximum speed for 2 minutes at 4°C in a

microfuge.

4. Transfer 50 pl of the supernatant to a 500-ml flask containing 50 ml of 2x YT medium sup—

plemented with 0.25 ug/ml uridine. There is no need to supplement the medium with thymi—

dine or adenosine as originally described by Kunkel (1985). Add 5 ml of a mid-log-phase cul—

ture of E. coli strain C1236 (duf ung‘ F’). Incubate the culture with vigorous shaking (300

cycles/minute on a rotary shaker) for 6 hours at 37°C. Efficient aeration is crucial for efficient

growth of bacteriophages.

The bacteriophage suspension used as an inoculum typically contains between 109 and 1010
pfu/ml. A mid-log-phase culture of E. coli contains ~5 x 108 bacteria/ml. The low multiplicity of
viral infection (002—02 pfu/cell) ensures that the vast majority of the bacteriophages recovered

from the culture will have been generated in the duf ung_ F' strain of E. coli.

5. Pellet the cells by centrifugation at 5000g (6470 rpm in a Sorvall 55—34 rotor) for 30 minutes

at 4°C. Transfer the supernatant to a fresh 250—ml centrifuge bottle that will fit into a Sorvall

GSA rotor or equivalent.

6. Determine the relative titer of the bacteriophage suspension on E. coli strain CI236 (duf ung—

F') and a strain such as IM109 or TGl (please see Chapter 3, Protocol 1). The titer on strain

CIZ36 should be four to five orders of magnitude greater than that on the dut' ung+ strain of

E. coli.

To save time, most investigators purify the bacteriophage particles before the results of the titration

are available. However, if the purification is postponed, store the crude bacteriophage suspension
in ice.

The yield of bacteriophages varies from recombinant to recombinant. Typically, the titer of virus
particles in the supernatant, measured on a dut‘ ung‘ F’ E. coli strain (C1236), is 5 x 1010 to 1 x
10“ pfu/ml. However, poorly growing recombinants may attain titers of only 1 x 1010 to 2 x 1010
pfu/ml. If the yield of single~stranded DNA is inadequate, the following are two possible remedies:

0 Measure the titer of the bacteriophage stock used to infect the duF ung_ F' strain of E. coli.
Adjust the volume of the inoculum to achieve a multiplicity of infection of 0.1 pfu/bacterial
cell. Grow the infected culture for 6 hours as described.

0 Incubate the infected cultures for 12 hours rather than 6 hours. As discussed in Chapter 3, delet—
ed variants may outgrow the original recombinant during extended periods of incubation, and
thus it is advisable to verify that the majority of the single-stranded DNA used as template is of
the correct size. Methods to analyze the size of bacteriophage M13 DNA by gel electrophoresis
are described in Chapter 3, Protocol 7.

7. Measure the volume of the bacteriophage suspension, and then add 0.25 volume of 2.5 M of
NaCl containing 15% (w/V) PEG 8000. Mix the contents of the centrifuge bottle by swirling,
and store the bottle on ice for 1 hour.

8. Recover the precipitated bacteriophage particles by centrifugation at 5000g (5500 rpm in a
Sorvall GSA rotor) for 20 minutes at 4°C. Remove the supernatant by aspiration, and then

 

 



13.14 Chapter 13: Mutagenesis

10.

11.

12.

13.

14.

15.

16.

17.

invert the bottle to allow the last traces of supernatant to drain away. Use a pipette attached

to a vacuum line to remove any drops of solution adhering to the walls of the bottle.

Resuspend the bacteriophage pellet in 4 ml of TE (pH 7.6). Transfer the suspension to a 15-

ml Corex centrifuge tube, and wash the walls of the centrifuge bottle with another 2 ml of TE

(pH 7.6). Transfer the washing to the Corex tube. Vortex the suspension vigorously for 30 sec-

onds, and then store the tube on ice for 1 hour.

Vortex the suspension vigorously for 30 seconds, and then pellet the bacterial debris by cen—

trifugation at 5000g (6470 rpm in a Sorvall 88-34 rotor) for 20 minutes at 4°C.

Taking care not to disturb the pellet of bacterial debris, transfer the supernatant to a IS—ml

polypropylene tube. Extract the suspension twice with phenol (pH 8.0) and once with phe—

nolzchloroform. Separate the phases by centrifugation at 4000g (5800 rpm in a Sorvall 58—34
rotor) for 5 minutes at room temperature. Avoid transferring material from the interface.

Transfer the aqueous phase from the final extraction to a glass centrifuge tube (e.g., a 30—ml

Corex tube). Measure the volume of the solution, and add 0.1 volume of 3 M of sodium

acetate (pH 5.2), followed by 2 volumes of ethanol at 0°C. Mix the contents of the tube thor—

oughly, and then store the tube on ice for 30 minutes.

Recover the DNA by centrifugation at 5000g (6470 rpm in a Sorvall 85—34 rotor) for 20 min-

utes at 4°C. Carefully remove the supernatant. Add 10 ml of 70°/o ethanol at room tempera-

ture, vortex the solution briefly, and recentrifuge.

Carefully remove the supernatant by aspiration and store the tube in an inverted position at

room temperature until the last traces of ethanol have evaporated. Dissolve the DNA in 200

ul of TE (pH 7.6).

Purify the resuspended single-stranded uracil-containing bacteriophage M13 DNA by spun-

column chromatography using columns that exclude large DNAs (>100 nucleotides) as

described in Appendix 8.
The singleestranded bacteriophage Ml3 DNA that has been propagated in the dut‘ ung_ F’ strain

of E. coli is purified by spun-column chromatography to remove contaminating small DNA and
RNA oligonucleotides. These nonspecific oligonucleotides can act as primers in subsequent muta-
genesis reactions, causing a high background of false positive plaques.

Measure the DNA spectrophotometrically at 260 nm (1 OD260 = 40 ug/ml) (for details on

quantitating DNA, please see Appendix 8). Analyze the size of an aliquot of the DNA (0.5 pg)

by gel electrophoresis, using single-stranded DNA of the original bacteriophage M13 recom-
binant (Step 1) as a size marker.

Carry out oligonucleotide-directed mutagenesis as described in Protocol 2.

 

 



Protocol 2
 

OIigonucleotide-directed Mutagenesis
of SingIe-stranded DNA

MATERIALS

THIS CLASSIC PROTOCOL COMBINES THE DOUBLE-PRIMER TECHNIQUE of Zoller and Smith (1984,

1987) and the Kunkel (1985) method of enriching the yield of mutants (please see the informa—

tion panel on SELECTING AGAINST WILD-TYPE DNA IN SITE-DIRECTED MUTAGENESIS). The single-

stranded DNA templates used in the protocol contain a higher than normal number of uracil

residues because they are prepared from M13 bacteriophages grown in a strain of E. coli that car-

ries mutations in the ung and dut genes (please see Protocol 1).

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

ATP (70 mM)

70x PET buffer
200 mM Tris—C1(pH 7.5)

100 mM MgCl2
500 mM NaCl

10 mM dithiothreitol

10x PE2 buffer
200 mM Tris-Cl (pH 7.5)
100 mM MgCl2

100 mM dithiothreitol

Enzymes and Buffers

Bacteriophage T4 DNA ligase

Bacteriophage T4 polynucleotide kinase

Klenow fragment of E. coli DNA polymerase I
Any of several different DNA polymerases may be used in the extension reaction (Steps 4 and 5)‘ The
Klenow fragment lacks 5' exonucleolytic activity and is therefore incapable of degrading the template.
However, other enzymes, such as bacteriophage T4 DNA polymerase (Nossal 1974; Geisselsoder et al.
1987), native T7 DNA polymerase (Bebenek and Kunkel 1989), and Sequenase (Schena 1989;

Venkitaraman 1989) require shorter incubation times. These enzymes are obligatory when a phospho—
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rylated mutagenic oligonucleotide is used as the single primer in the polymerization/extension reaction.
Unlike the Klenow fragment, neither Sequenase nor the native DNA polymerases encoded by bacterio—
phages T4 and T7 are able to displace the mutagenic oligonucleotide from its template (Nossal 1974;
Kunkel 1985; Bebenek and Kunkel 1989; Schena 1989).

Nucleic Acids and Oligonucleotides

Media

Bacteriophage M73 universal sequencing primer
Any commercially available universal primer used to prime dideoxy sequencing reactions from (+)

strand bacteriophage M 13 templates will work well in this protocol.

dNTP solution containing all four dNTPs, each at 2 mM
Use dN’l‘Ps of the highest quality to minimize the possibility that contaminating dUTP will be incorpo—
rated into the newly synthesized strand of DNA. The concentrated dNTP solutions sold by Pharmacia
have worked well in our hands.

Mutagenic bacteriophage M 7 3 singIe-stranded DNA template

Mutagenic oligonucleotide primer
The mutagenic oligonucleotide should be designed as outlined in the information panel on MUTA-
GENIC OLIGONUCLEOTIDES' Before use in site-directed mutagenesis, purify the mutagenic oligonu-
cleotide by Sep—Pak C1X column chromatography to remove salts and other impurities (please see
Chapter 10, Protocol 6). It is not necessary to purify the oligonucleotide by polyacrylamide gel elec~
trophoresis unless the oligonucleotide is more than 30 nucleotides in length or is to be used for “loop—
in” or “loop—out” mutagenesis.

2x YT top agar and YT agar plates

Special Equipment

Falcon 2059 tubes (chilled) or Electroporation cuvettes
Heat block or water bath preset to 47°C

Water baths preset to 76°C, 42°C, and 68°C

Water bath preset to the appropriate denaturation temperature
Please see Step 3. Alternatively, a thermal cycler can be used for this step.

Additional Reagents

Step 7 of this protocol requires the reagents listed in Protocol 1 of this chapter.

Step 7 of this protocol requires the reagents listed in Chapter 72, Protocol 3 or 4.
Step 7 of this protocol may require the reagents listed in Protocol 7 of this chapter.

Vectors and Bacterial Strains

METHOD

Please see Appendix 3.

E. coli strain suitable for transformation (e.g., TG7)

E. coli strain TC 1, competent for transformation
Prepare competent cells as described in Chapter 1, Protocol 25 or 26.

E. coli strain TG7/ overnight culture

 

1. Prepare the single-stranded bacteriophage M13 template as described in Protocol 1. Purify
the uracil—containing template by spun-column chromatography.

2. Phosphorylate the mutagenic oligonucleotide and the universal sequencing primer with bac—

teriophage T4 polynucleotide kinase. In separate microfuge tubes mix:

i‘mmfi .,i” 7” .
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synthetic oligonucleotide 100—200 pmoles

10x bacteriophage T4 polynucleotide

kinase buffer 2 u]

10 mM ATP 1 pl

bacteriophage T4 polynucleotide kinase 4 units

HzO to 20 ul

Incubate the reactions for 1 hour at 370C and then heat them for 10 minutes at 68°C to inac-

tivate the polynucleotide kinase.

. Anneal the phosphorylated mutagenic oligonucleotide and universal sequencing primer to

the single-stranded bacteriophage M13 DNA containing the target sequence. Mix:

single-stranded template DNA (~1 11g) 0.5 pmole

phosphorylated mutagenic oligonucleotide 10 pmoles

phosphorylated universal primer 10 pmoles

10x PE] buffer 1 pl

HIO to 10 pl

Heat the mixture for 5 minutes to 20°C above the theoretical Tm of a perfect hybrid formed

by the mutagenic oligonucleotide, calculated from the formula Tm = 4(G+C) + 2(A+T),

where (G+C) = the sum of G and C residues in the oligonucleotide and where (A+T) : the

sum of the A and T residues in the oligonucleotide. Transfer the tube containing the reaction

mixture to a beaker containing H20 at 20°C above the Tm. Stand the beaker on the bench,

and allow the reaction to cool slowly to room temperature (~20 minutes). Centrifuge the

tube briefly (5 seconds) in a microfuge to collect any fluid that has condensed on the walls of

the tube.

Alternatively, heat and cool the nucleic acids and oligonucleotides in a thermal cycler.

The molar ratio of primer to template should be between 10:1 and 50:1. Using more primer will

increase the frequency of mutation at ectopic sites in the target DNA,

. While the annealing reaction cools to room temperature, mix the following reagents in a fresh

0.5-ml microfuge tube:

10x P112 buffer 1.0 pl

2 mM dNTP solution 1.0 til

10 mM ATP 1.0 ul

bacteriophage T4 DNA ligase 5 Weiss units

Klenow fragment 2.5 units

HIO to 10 ul

Store the mixture on ice until needed.

When using bacteriophage T4 DNA polymerase or Sequenase, incubate the polymerization/exten-
sion reaction (Step 5) for 5 minutes at 0°C, 5 minutes at room temperature, and then 2 hours at
37°C. Incubation at low temperature optimizes initiation of DNA synthesis from the 3' terminus,
and the subsequent incubation at 37°C improves the efficiency of the extension reaction. In addi—
tion, the concentration of each of the four dNTPs in the reaction should be increased to 500 “M.

This increase enhances the efficiency of the extension reaction and suppresses the strong 3' exonu—
clease activity of bacteriophage T4 DNA polymerase.

. Add 10 pl of the ice-cold reaction mixture from Step 4 to the reaction mixture containing sin-

gle-stranded DNA and annealed oligonucleotides (Step 3). Incubate the final reaction mix-

ture for 6—15 hours at 16°C.
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6. Transfect competent E. coli of an appropriate host strain (e.g., TGI) as follows:

a. Prepare a series of dilutions of the reaction mixture (1:10, 1:100, and 1500) in 10 mM

Tris-Cl (pH 7.6).

To a series of chilled (0°C) Falcon 2059 tubes, transfer 1 pl and 5 pl of (i) the original

reaction mixture and (ii) each dilution. Add 200 ul of a preparation of competent TGl

cells to each tube.

Store the mixtures on ice for 30 minutes, and then transfer them for exactly 2 minutes to

a water bath equilibrated at 42°C.

Remove the transfected cultures from the water bath, and add 100 pl of a standard

overnight culture of TGI cells. The addition of cells makes it easier to see bacteriophage

M13 plaques in the lawn of bacterial cells.

There is no need to add TGl cells if freshly prepared, rather than frozen, competent bacteri—
al cells are used in Step b.

Add 2.5 m1 of 2x YT top agar (melted and cooled to 47°C) to each tube, and plate the

resulting mixtures on separate YT agar plates. Incubate the plates for 12—16 hours at 37°C

to allow plaques to form.

The mutated DNA can also be introduced into E. coli by electroporation. Because the fre—
quency of transfection is in general much higher with electroporation, an aliquot of the
mutagenesis reaction should first be diluted 1/ 100, 1/500, 1/ 1000, and 1/ 10,000 in HZO before
electroporation of 1—10 pl of the diluted mixtures.

 

If single-stranded DNA derived from a phagemid such as pUC118 or pUC119 is used as the tem-
plate for mutagenesis, use 1—pl and 5—ul aliquots of the undiluted reaction mixture to transform com-
petent cultures of an E. coli strain suitable for phagemid propagation (for a description of this strain,
please see Chapter 3, Protocol 8; for a description of the transformation method, please see Chapter
1). Plate SO-pl and 100-ul aliquots of each transformation mixture onto LB agar plates containing 50
ug/ml ampicillin. Ampicillin-resistant colonies should appear after 18—24 hours of incubation at 37°C.
Screen the transformed colonies as described in Protocol 7.   

7. Screen plaques by sequencing preparations of single—stranded bacteriophage DNA (please see

Chapter 12, Protocol 3 or 4). If necessary, the plaques can be screened by hybridization with a

radiolabeled oligonucleotide probe to detect mutants that arise at a low frequency (Protocol 7).

 

 

TROUBLESHOOTING

lf plaques obtained after transfection do not contain the desired DNA sequence:

0 Purify the mutagenic oligonucleotide by polyacrylamide gel electrophoresis before carrying out the muta-
genesis protocol.

0 Repurify the bacteriophage M13 template by spun-column chromatography as described in Appendix 8.
Use a resin (e.g., Sephacryl 5-400) that excludes high-molecular—weight DNAs.

0 Test the mutagenic oligonucleotide for its ability to prime DNA synthesis at the appropriate location on the
singIe-stranded template DNA (ZoIIer and Smith 1987). Use a universal sequencing primer as a positive
control. If priming occurs from more than one site, synthesize a longer mutagenic oligonucleotide that binds
specifically to the template DNA. Use a shorter oligonucleotide as a hybridization probe to screen for the
desired mutant as described in Protocol 7. If priming by the mutagenic oligonucleotide is inefficient, resyn-
thesize the oligonucleotide and purify it by polyacrylamide gel electrophoresis.
 

 

  



Protocol 3
 

In Vitro Mutagenesis Using DoubIe-stranded
DNA Templates: Selection of Mutants with Dpnl

l N BOTH THIS PROTOCOL AND PROTOCOL 4, TWO OLIGONUCLEOTIDES are used to prime DNA syn-

thesis by a high—fidelity polymerase on a denatured plasmid template. The two oligonucleotides

both contain the desired mutation and have the same starting and ending positions on opposite

strands of the plasmid DNA. In this protocol, the entire lengths of both strands of the plasmid

DNA are amplified in a linear fashion during several rounds of thermal cycling, generating a

mutated plasmid containing staggered nicks on opposite strands (Hemsley et al. 1989).

Because of the amount of template DNA used in the amplification reaction, the background

of transformed colonies containing wild—type plasmid DNA can be quite high unless steps are

taken to enrich for mutant molecules. In this protocol, the products of the linear amplification

reaction are treated with the restriction enzyme Dpnl, which specifically cleaves fully methylated

GMeGATC sequences (Vovis and Lacks 1977). DpnI will therefore digest the bacterially generated

DNA used as template for amplification, but it will not digest DNA synthesized during the course

of the reaction in Vitro (please see the information panel on Nfi-METHYLADENINE, DAM METHY-

LASE AND METHYLATION-SENSITIVE RESTRICTION ENZYMES]. DpnI-resistant molecules, which are

rich in the desired mutants, are recovered by transforming E. coli to antibiotic resistance.

Depending on the complexity of the mutation, and the length of the template DNA, between 15%

and 80% of the transformed colonies will contain plasmids with the desired mutation (Weiner et

al. 1994). Because the method works well with virtually any plasmid of moderate size (<7 kb), it

can be used to introduce mutations directly into full-length cDNAs and eliminates the need for

subcloning into specialized vectors.

The key to success with this method, which is often called circular mutagenesis, lies in the

design of the primers and the choice of the appropriate thermostable DNA polymerase.

DESIGN OF PRIMERS
 

The two oligonucleotide primers:

0 Must anneal to the complementary strands of the same target sequence.

0 Must be of equal length (between 25 and 45 bp), with a calculated melting temperature of

78°C or greater. The Tm should be high enough to suppress false priming and low enough to

allow complete dissociation of primer-primer hybrids during the denaturation step of the
amplification reaction.
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0 Should terminate in a G or C residue.

0 Need not be phosphorylated. This is because Pfu, the thermostable DNA polymerase most
commonly used to catalyze the amplification reaction, is unable to displace oligonucleotides

hybridized to their target sequence, whether or not the oligonucleotides are phosphorylated.

0 Can generally be used without purification. However, higher efficiencies of mutation, espe-

cially with insertions and deletions, are obtained if the primers are purified by either fast-per-

formance liquid chromatography (FPLC) or polyacrylamide gel electrophoresis (PAGE).

When a point mutation is to be introduced, one primer carries a wild—type sequence, where-

as the other primer carries the desired mutation and has a minimum of 12 bases of correct

sequence on each side of the centrally placed mutation. If a deletion is to be introduced, the two

primers may both have a wild—type sequence, but they are spaced at distance apart on the template

that corresponds to the length of the deletion. Insertion mutations require one primer of wild-

type sequence and one with the sequence to be inserted located at its 5' terminus.

‘THERMOSTABLE DNA POLYMERASE
 

Three properties are required of thermostable DNA polymerases used for mutagenesis of dena-

tured plasmid templates:

0 an efficient proofreading activity

0 a low rate of incorporation of mismatched bases

0 a lack of untemplated terminal transferase activity

Taq does not fulfill these criteria and is therefore entirely unsuitable for site—directed mutagene-

sis (Stemmer and Morris 1992; Watkins et al. 1993). However, a 160:1 mixture of Klentaq (AB

Peptides) and Pfu polymerase (Stratagene) has the appropriate set of properties. A typical mix—

ture contains 0.187 unit of Pfu and 33.7 units of Klentaql in a total volume of 1.2 1.11. Examples

of commercially available mixtures include Taquus from Stratagene and the Expand High

Fidelity PCR System from Boehringer Mannheim.
Single thermostable DNA polymerases that have been used successfully in circular PCR

include Pwo DNA polymerase (Hidajat and McNicol 1997), thh DNA polymerase XL (Du et al.

1995; Gatlin et al. 1995), VentR DNA polymerase (Hughes and Andrews 1996), and Pfu DNA

polymerase (please see below). These polymerases have one major disadvantage: Relatively high

concentrations of oligonucleotide primers are required (1) to counteract the effects of degrada-

tion by 3’—5' exonuclease activity and (2) to ensure that the primers are in vast molar excess

(50~100-f01d) over the template DNA (please see Chapter 8, Table 8-1). Unfortunately, such high

concentrations favor the formation of hybrids between the two complementary oligonucleotide

primers, thereby reducing the efficiency of the amplification reaction. Because of the consequent

uncertainty about the effective concentration of primers, some investigators carry out prelimi-

nary experiments to optimize the components of the amplification reaction. Typically, these

experiments use agarose gel electrophoresis to measure the yield of linear full-length DNA syn-

thesized in amplification reactions containing a constant amount of template DNA (usually 50

ng) and a range of primer concentrations (e.g., please see Parikh and Guengerich 1998). However,

in our hands, optimization of primers is unnecessary unless the mutations are complex (more

than three single—base changes; deletion or insertion of more than two nucleotides).
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When using single thermostable DNA polymerases, additional steps may be taken to further

minimize the chance of unwanted mutants accumulating during amplification:

0 The initial concentrations of dNTPs and Mg2+ in the reaction mixture must not exceed 250 MI

and 15 mM, respectively.

0 Because thermostable DNA polymerases such as Pfu and Pwo require a more alkaline buffer

than Taq, the pH of the Tris-buffered reaction mixture should be 8.9 (measured at 25°C).

0 The number of cycles of linear amplification must be kept to a bare minimum (please see Step

6 of this protocol), even if this constraint means using relatively large amounts of template

DNA in the reaction mixture.

Commercially available kits for circular mutagenesis include QuikChange (Stratagene),

which has a plasmid DNA template and mutagenic primers that can be used as a positive control.

The kit is therefore especially useful for investigators who are using circular mutagenesis for the

first time.

MATERIALS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

ATP (70 mM)

dNTP solution containing all four dNTPs, each at 5 mM

10x Long PCR buffer (when using mixtures of DNA polymerases)
500 mM Tris»C1 (pH 9.0 at room temperature)

160 mM ammonium sulfate
25 mM MgCl,

1.5 mg/ml boiline serum albumin

Buffers supplied by the manufacturer and suitable for use with thermostable DNA polymerases may be
used in place of the above buffers.

Ol’

10x Mutagenesis buffer (when using DNA polymerases such as Pfu)
100 mM KCI

100 mM ammonium sulfate

200 mM Tris (pH 8.9 at room temperature)

20 mM MgSO4

1% Triton X—100

1 mg/ml nuclease—free bovine serum albumin

NaOH (7 MJ/EDTA (7 mM) (optional) <!>

Sodium acetate (3 M, pH 4.8) (optional)
This solution is used as a neutralizing agent and therefore has a slightly lower pH than most sodium
acetate solutions used in molecular cloning.

TE (pH 8.0)

Enzymes and Buffers

Bacteriophage T4 DNA Iigase (optional)

Bacteriophage T4 polynucleotide kinase (optional)
Dpnl restriction endonuclease

Themostab/e DNA polymerase (e.g., Pfu DNA polymerase)
The conditions described in this protocol are optimized for PfuTurbo DNA polymerase. However, they

are easly adapted for use with other thermostable polymerases or mixtures of polymerases. Pfu is avail-
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able from Stratagene in three forms: the native enzyme, a recombinant enzyme expressed from a cloned
version of the Pfu gene, and a preparation PfuTurbo which is a formulation of recombinant Pfu DNA
polymerase and a novel thermostability factor whose nature is undisclosed but which is said to enhance
the yield of amplified product without altering the fidelity of DNA replication. The manufacturer claims
that PfuTurbo DNA polymerase is able to amplify DNAS 15 kb in length. In our hands, however, the effi—
ciency of amplification decreases when the length of doubie—stranded plasmid DNA exceeds 7—8 kb.

Gels

Agarose gel (1%) containing 0.5 ug/ml ethidium bromide <!>
Please see Step 8.

Nucleic Acids and Oligonucleotides

oligonucleotide primers
For advice on the design of oligonucleotide primers, please see the introduction to this protocol and the
information panel on MUTAGENIC OLIGONUCLEOTIDES. The best results are achieved if the
oligonucleotide primers are purified by FPLC or PAGE to reduce the level of contamination with salts
(please see Chapter 10, Protocol 1 or 5). The purified primers are dissolved in H20 at a concentration of
20 mM.

Plasmid DNA

The template DNA used for mutagenesis is a circular plasmid containing the gene or cDNA of interest.
In general, the shorter the plasmid, the more efficient the amplification of the target DNA. Plasmids with
a total length of <7 kb work well; however, success has been achieved with plasmid templates up to 11.5
kb in length (Gatlin et al. 1995). The plasmid DNA should be dissolved at 1 ug/ml in 1 mM Tris-Cl (pH
7.6) containing a low concentration of EDTA (<0.] mM).

Special Equipment

Barrier tips for automatic micropipettes

Microfuge tubes (0.5 ml, thin-walled for amplification) or Microtiter plates
Positive-displacement pipette

Thermal cycler programmed with desired amplification protocol
Ifthe thermal cycler is not equipped with a heated lid, use either mineral oil or paraffin wax to prevent
evaporation of liquid from the reaction mixture during PCR.

Additional Reagents

Step 14 of this protocol requires the reagents listed in Chapter 1, Protocol 23.
Step 75 of this protocol requires the reagents listed in Chapter 1, Protocol 7.
Step 16 of this protocol requires the reagents listed in Chapter 12, Protocol 3, 4, or 5.

Vectors and Bacterial Strains

Please see Appendix 3.
Competent E. coli strain with an hst17 genotype (e.g., XL1-Blue, XL2—Blue MRF’, or DH5a)

METHOD
 

Amplification of the Target DNA with Mutagenic Primers

Steps 1 and 2 are optional (please see note after Step 3),

1. Denature the plasmid DNA template in a reaction containing 1—10 ug of plasmid DNA dis—
solved in 40 pl of H20 plus 10 pl of l M NaOH/l mM EDTA. Incubate the DNA in the dena-
turing solution for 15 minutes at 37°C.

2. Add 5 pl of 3 M sodium acetate (pH 4.8) to neutralize the solution. Precipitate the DNA with
150 u] of ice—cold ethanol.  
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3. Collect the denatured plasmid DNA by centrifugation for 10 minutes at 4°C in a microfuge.

Carefully decant the ethanolic supernatant and rinse the pellet with 150 pl of 70% ethanoli

Recentrifuge for 2 minutes, decant the supernatant, and allow the last traces of ethanol to

evaporate at room temperature. Resuspend the DNA in 20 pl of H20.

In theory, there is no need to denature the plasmid DNA before it is used as a template in PCR. Ifthe
alkaline denaturation step is omitted, superhelical, native double»stranded DNA will be denatured by

heating to 94°C in the first cycle of PCR. So why bother with Steps 1 and 2? The answer probably lies

in the state of the plasmid DNA after prolonged denaturation in alkali. During exposure to 0.2 N
NaOH, the plasmid DNA collapses into a dense, irreversibly denatured coil that cam serve as a tem-
plate in PCR but has little ability to transform bacteria. The background of colonies containing

unmutated wild—type DNA is therefore markedly reduced (Du et al. 1995; Dorrell et al. 1996). By con-
trast, brief exposure to 95°C in the first cycle of PCR disrupts Watson-Crick base pairs but does not
necessarily destroy the transforming capacity ofthe plasmid molecules. A higher proportion of the
transformed colonies will therefore contain unmutated, parental, plasmid molecules. The value of
alkaline denaturation does not become apparent until the end of the experiment when the inves—
tigator is faced with the task of sifting through colonies to identify those that contain mutated
DNA. If the efficiency of mutagenesis is low and the selection by DpnI inefficient, the proportion
of colonies containing wild—type molecules may be unacceptably high.

4. In sterile 0.57mi microfuge tubes, set up a series of reaction mixtures containing different

amounts (e.g., 5, 10, 25, and 50 ng) of plasmid DNA and a constant amount of each of the

two oligonucleotide primers.
10x mutagenesis buffer 5 pl

template plasmid DNA 5—50 ng

oligonucleotide primer 1 (20 mM) 2.5 ttl

oligonucleotide primer 2 (20 mM) 2.5 1.11

dNTP mix 2.5 1.11

HZO to 50 “1

Add 2.5 units of PfuTurbo DNA polymerase.
It is important to add the reagents in the order shown to reduce the opportunity for the 3—5
exonuclease activity of PfuTurbo to degrade the primers.

5. If the thermal cycler is not fitted with a heated lid, overlay the reaction mixtures with 1 drop

(~50 til) of light mineral oil or a head of paraffin wax to prevent evaporation of the samples

during repeated cycles of heating and cooling. Place the tubes in the thermal cycler.

6. Amplify the nucleic acids using the denaturation, annealing, and polymerization times and

temperatures listed in the table.

 

Cycle

Number Denaturation Annealing Polymerization

1 cycle 1 min at 95°C

2—18 cycles“ 30 sec at 95°C 1 min at 55°C 2 min/kb of plasmid

DNA at 68°C

Last cycle 1 min at 94°C 1 min at 55°C 10 min at 72°C

These times are suitable for 50-141 reactions assembled in thin—wallcd 0.5—ml tubes and incu-

bated in thermal cyclers such as the Perkin—Elmer 9600 or 9700, Master Cycler (Eppendorf),

and PTC 100 (MJ Research). Times and temperatures may need to be adapted to suit other
types ofequipment and reaction volumes.

"For single—base substitutions, use 12 cycles of linear amplification; for substitution of one
amino acid with another (usually two or three contiguous base substitutions), use 16 cycles;
for insertions and deletions of any size, use 18 cycles.
The rate of DNA synthesis is 15—20 times slower in amplification reactions catalyzed by Pfu
than in reactions catalyzed by Taq.
A small number of cycles is used together with a large amount ofstarting template to reduce
the introduction of spurious mutations during amplification of the plasmid DNA and
gene/CDNA.
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7.

8.

After amplification of the DNA, place the reactions on ice.

Verify that the target DNA was amplified by analyzing 10 pl of each reaction by elec-

trophoresis through a We agarose gel containing 05 ug/ml ethidium bromide. As standards,

load 50 ng of unamplified linearized plasmid DNA and a l-kb DNA ladder into the outer

lanes of the gel.

If the efficiency of amplification is low, set up a series of reactions to optimize the components of
the amplification reaction and the cycling parameters.

Ligation and Transformation of Amplified Product

Steps 9—12 are optional and are generally used only when the efficiency of mutagenesis is expect-

ed to be low (e.g., when constructing insertions and deletions).

9.

10.

I1.

12.

13.

Extract the amplified DNAs twice with phenolrchloroform and precipitate with ethanol.

Resuspend the DNA pellets in the following:

10x bacteriophage T4 polynucleotide kinase buffer 5 pl

10 mM ATP 5 pl

bacteriophage T4 polynucleotide kinase 5 units

HZO to 50 1.11

Incubate the reactions for 1 hour at 37°C. Inactivate the kinase enzyme by heating at 68°C for

10 minutes. Extract the phosphorylated DNAs twice with phenolzchloroform and collect the

DNAs by ethanol precipitation.

Resuspend the pellets of phosphorylated DNA (~0.9 ug each) in 90 ul of TE. Set up a series

of ligation reactions containing the phosphorylated DNAs at concentrations ranging from

0.1 to 1 ug/ml.

phosphorylated DNA (10 rig to 100 ng)

10x bacteriophage T4 DNA ligase buffer 10 pl

10 mM ATP 10 pl

bacteriophage T4 DNA ligase 4 units

P170 to 100 pl

Incubate the reactions for 12—16 hours at 16°C.

If the 10x bacteriophage T4 ligase buffer supplied by the manufacturer contains ATP, omit the ATP
in the above ligation reactions.

Conditions that favor the formation of monomeric circles during ligation are well understood in
theory (Collins and Weissman 1984) but are difficult to achieve in practice. The molar concentra-

tion of DNA ends must be low in order to favor the formation of intramolecular circles over con-
catenates. However, it is difficult to calculate an appropriate concentration when working with
amplified DNAs generated by inverse PCR because the proportion of full-length products with
undamaged termini is unknown.

Extract the ligated DNAs twice with phenolzchloroform and collect the DNA by ethanol pre-
cipitation. Resuspend each pellet in 45 pl of H20. Add 5 u] of 10x Dpnl buffer to each tube.

Digest the amplified DNAs by adding 10 units of DpnI directly to the remainder of the ampli—
fication reactions (Step 7) or to the phosphorylated and ligated DNAs (Step 12). Mix the
reagents by pipetting the solution up and down several times, centrifuge the tubes for 5 sec-
onds in a microfuge, and then incubate them for 1 hour at 37°C.

If temperature cycling was carried out in the presence of mineral oil or wax, it is important to
ensure that the DpnI is added to the aqueous portion of the reaction mixture. Use barrier
micropipette tips and be sure to insert the end of the tip below the mineral oil or wax overlay.
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14.

15.

16.

Transform competent E. coli with 1, 2, and 5 pl of digested DNA according to the procedure

described in Chapter 1, Protocol 23.

Make sure that no mineral oil is transferred from the digestion mixture to the competent cells.

The use of ultracompetent XLZ-Blue MRF' E. coli (Stratagene) and a modified transformation pro-

cedure have been reported to facilitate the recovery of mutants (Dorrell et al. 1996). However, in

our hands, homemade preparations ofhighly competent E. coli are adequate for most forms of cir-
cular mutagenesis.

Prepare plasmid DNA from at least 12 independent transformants. Screen the DNA prepara—

tions for mutations by DNA sequencing, by oligonucleotide hybridization (see Protocol 7).

or by restriction digestion of small preparations of plasmid DNA if a site was created or

destroyed by the introduced mutation, or if an insertion or deletion was introduced into the

template.

Sequence the entire segment of target DNA to verify that the desired mutation has been gen—

erated and that no spurious mutations occurred during amplification (please see Chapter 12,

Protocol 3, 4, or 5).

 

 

TROUBLESHOOTING

If none of the plasmids prepared in Step 15 carry the desired mutation, the entire population of transfor-
mants can be screened by oligonucleotide hybridization to identify rare colonies that carry the desired
mutation.

If the amplification reactions have worked well but the yield of mutants is poor, Dpnl is the likely culprit.
Set up a series of reactions to Check that the enzyme is capable of digesting 50 ng of parental plasmid to
completion in 1x Pfu reaction buffer. If necessary, adjust the amount ofDpnl used and the time of the diges-
tion.

If digestion with Dpnl is working efficiently, consider using two-stage amplification reactions (Wang and
Malcolm 1999). In the first stage, two separate asymmetric amplification reactions are set up, each con-
taining just one of the two oligonucleotide primers. The products of these reactions are singIe-stranded
DNAs that can serve as templates for the second-stage linear amplification, which is carried out with both
oligonucleotides, essentially as described above. The goal of the flrst—stage reaction is to generate templates
to which the mutagenic primers can bind perfectly, without competition from a wild-type duplex.
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OIigonucIeotide-directed Mutagenesis by
Elimination of a Unique Restriction Site
(USE Mutagenesis)

13.26

I N THIS METHOD, TWO OLIGONUCLEOTIDE PRIMERS ARE HYBRlDlZED tO the same strand Of a dena-

tured double-stranded recombinant plasmid. One primer (the mutagenic primer) introduces the

desired mutation into the target sequences, whereas the second primer carries a mutation that

destroys a unique restriction site in the plasmid. Both primers are elongated in a reaction cat—

alyzed by bacteriophage T4 or T7 DNA polymerase. Nicks in the strand of newly synthesized

DNA are sealed with bacteriophage T4 DNA ligase. The product of the first part of the method is

a heteroduplex plasmid consisting of a wild-type parental strand and a new full—length strand that

carries the desired mutation but no longer contains the unique restriction site. The population of

plasmids therefore consists (1) of wild—type molecules that, for one reason or another, were never

used as templates for DNA synthesis primed by the two oligonucleotide primers and (2) of het—

eroduplex molecules that have lost the unique restriction site and gained the desired mutation.

In the second phase of the method, the mixed population is incubated with the restriction

enzyme that cleaves the unique site. The wild-type molecules are linearized and the mutated plas—

mids are resistant to digestion. The mixture of circular heteroduplex DNA and linear wild-type

DNA is then used to transform a strain of E. coli that is deficient in repair of mismatched bases.

Because linear DNA transforms lO—IOOO—fold less efficiently than circular DNA (Conley and

Saunders 1984), many of the wild-type molecules are unable to reestablish themselves in E. coli.

The circular heteroduplex molecules, however, begin to replicate. Because the mismatched bases

are not repaired, the first round of replication generates a wild-type plasmid that carries the orig-

inal restriction site and a mutated plasmid that does not. DNA from the first set of transformants

is recovered, digested once more with the same restriction enzyme to linearize the wild—type mol-

ecules, and then used to transform a standard laboratory strain of E. coli. This biochemical selec-

tion can be sufficiently powerful to ensure that a high proportion of the resulting transformants

carry the desired mutation (Deng and Nickoloff 1992; Zhu 1996). The theoretical maximum yield

of mutants in the standard form of USE (unique site elimination) described in this protocol is

50%. However, in most laboratories, the frequency with which mutant plasmids are recovered

varies between 50/0 and 30%, depending on the complexity of the mutation and the efficiency of

cleavage with the restriction enzyme. If necessary, the rate of mutant recovery can be improved

significantly by combining USE with the Kunkel method of selection against uracil-containing

template DNAs (Markvardsen et al. 1995) or by increasing the concentration of the mutagenic

primer to 10:1 in favor Of the mutagenic primer.
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With the USE method, a gene may, in principle, be mutated in any double—stranded circu-

lar vector provided the vector contains a unique restriction site and a selectable marker (e.g., a

gene conferring antibiotic resistance). Several companies sell selection primers and kits contain-

ing a range of the components required for USE mutagenesis (Chameleon Double-stranded Site—

directed Mutagenesis kit marketed by Stratagene; Transformer sold by CLONTECH, and the USE

mutagenesis kit sold by Pharmacia). These kits can be used successfully with many of the com-

monly used vectors; however, please see the panel on TROUBLESHOOTING at the end of this pro-
tocol.

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

70x Annealing buffer
200 mM Tris-Cl (pH 7.5)

100 mM MgCl2
500 mM NaCl

7 Ox Synthesis buffer
100 mM Tris—Cl (pH 7.5)

dTTP, dATP, dCTP, and dGTP, each at a concentration of 5 mM

10 mM ATP

20 mM dithiothreitol

Enzymes and Buffers

Gels

Bacteriophage T4 DNA Iigase

Bacteriophage T4 DNA polymerase or Sequenase
The native DNA polymerase encoded by bacteriophage T4 is unable to displace the oligonucleotide
primers from the template DNA (Nossal 1974; Kunkel 1985; Bebenek and Kunkel 1989; Schena 1989).

Unique site restriction endonuclease

Agarose gel (1 %) containing 0.5 ug/ml ethidium bromide <!>

Nucleic Acids and Oligonucleotides

Mutagenic primer

Selection primer

Both mutagenic and selection primers must anneal to the same strand ofthe target DNA, and the 5' end
of each primer must be phosphorylated. The mutagenic primer should be designed as described in the
information panel on MUTAGENIC OLIGONUCLEOTlDES, with the engineered mutations in the mid
dle flanked on each side by IO~15 bases that pair perfectly with the template DNA. The oligonucleotide
primers should be purified by FPLC or PAGE before use (please see Chapter 10, Protocol 1 or 5).
Several companies (CLONTECH, Pharmacia) sell selection primers and some companies (e.g.,
Pharmacia) also market pairs of“t0gg]e” primers that are used for forward and reverse conversion of
restriction sites and allow sequential rounds of mutagenesis without subcloning of the template.

Plasmid DNA
Closed circular plasmid DNA, purified either by chromatography through a commercial resin or by the
alkaline lysis method (please see Chapter 1, Protocol 2 or 9).

 



13.28 Chapter 13: Mutagenesis

Media

LB agar plates and LB medium containing the appropriate antibiotic

Special Equipment

Water baths preset to 70°C and to the appropriate temperature for restriction endonuclease
digestion

Additional Reagents

Steps 7 and 14 of this protocol require the reagents listed in Chapter 1, Protocol 23, 24, or

26 for the transformation of E. coli.

Steps 70 and 16 of this protocol require the reagents listed in Chapter 1, Protocol 1 for the
minipreparation of plasmid DNA.

Step 17 of this protocol requires the reagents listed in Chapter 12, Protocol 3, 4, or 5.

Vectors and Bacterial Strains

Please see Appendix 3.

E. coli strain with a mutS genotype (e.g., BMH 71-18) competent for transformation

E. coli strain with a mut+ phenotype competent for transformation
Please see Step 14.

METHOD

Synthesis of the Mutant DNA Strand

1. Mix the following components in a microfuge tube:

10x annealing buffer 2 pl

plasmid DNA 0.025 to 0.25 pmole

selection primer 25 pmoles

mutagenic primer 25 pmoles

HZO to 20 pl

Incubate the tube in a boiling water bath for 5 minutes.

The optimal amount of plasmid DNA is dependent on both the primer and the plasmid to be used.

2. Immediately chill the tube in ice for 5 minutes. Centrifuge the tube for 5 seconds in a

microfuge to deposit the fluid at the base.

3. To the tube of annealed primers and plasmid, add:

10x synthesis buffer 3 pl

bacteriophage T4 DNA polymerase (2—4 units/ul) 1 pl

bacteriophage T4 DNA ligase (4—6 units/ul) 1 pl

H20 5 141

Mix the reagents well by gentle up and down pipetting. Centrifuge the tube for 5 seconds in
a microfuge to deposit the fluid at the base. Incubate the reaction for 1—2 hours at 37°C.

4. Stop the reaction by heating the tube for at least 5 minutes at 70°C to inactivate the enzymes.
Store the tube on the bench to allow it cool to room temperature.
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Primary Selection by Restriction Endonuclease Digestion

5. Adjust the NaCi concentration of the reaction to a level that is optimal for the selected unique
site restriction endonuclease. Use the 10x annealing buffer, a stock of NaCl, or the 10x buffer

supplied with the restriction enzyme.

The concentration of NaCl in the synthesis/ligation mixture is 37.5 mM in a total volume of 30 pl.

If the restriction digestion needs less or no NaCl, the DNA mixture in the synthesis/ligation buffer
can be precipitated with ethanol or passed through a spun column and resuspended in the appro-
priate restriction enzyme buffer.

Add 20 units of the selective restriction endonuclease to the reaction mixture. Incubate the

reaction for at least 1 hour at the appropriate digestion temperature.

A IMPORTANT The volume of enzymes added to the reactions (including polymerase and ligase)

should not exceed 10% of the total reaction volume. Adjust the reaction volume accordingly.

First Transformation and Enrichment for Mutant Plasmids

7.

10.

11.

12.

13.

Transform a mutS E. coli strain such as BMH 71-18 with the plasmid DNAs contained in the

digestion mixture, using one of the transformation procedures described in Chapter 1,

Protocols 23—26.

Spread 10, 50, and 250 pl of the transformation mixture onto LB agar plates containing the

appropriate antibiotic. Incubate the plates overnight at 37°C. Carry out Step 9 while the

plates are incubating.

These plates are used to determine the number of primary transformants, which should be
between 100 and 300 colonies per 50 pl of transformation mixture plated.

Amplify the plasmids by adding the remaining transformation mixture to 3 ml of LB medi-

um containing the appropriate antibiotic. Incubate the culture overnight at 37°C with shak-

ing.

The next day, prepare plasmid DNA from ~2.5 ml of the overnight culture (please see

Chapter 1, Protocol 1).

Digest the plasmid DNA prepared in Step 10 with the selective restriction enzyme:

plasmid DNA 500 ng

10x restriction enzyme buffer 2 pl

unique site restriction endonuclease 20 units

H20 to 20 pl

Incubate the reaction for 2 hours at the appropriate temperature.

Add an additional 10 units of the restriction enzyme, and incubate for at least 1 further

houn

Assess the extent of digestion by running 5—10 1.11 of the plasmid DNA on a 10/0 agarose gel
containing 0.5 ug/ml ethidium bromide.

Linearized plasmid DNA will run as a discrete band; undigested (circular) DNA will run as two

bands, corresponding to the relaxed circular form and the supercoiled form. However, since the
parental plasmid makes up a greater part of the total plasmid pool, the bands corresponding to
the undigested mutant plasmids may be quite faint compared to the digested parental plasmid
band.

 



13.30 Chapter 13: Mutagenesis

Final Transformation

14.

15.

16.

17.

Transform competent mat?" E. coli cells with either 2—4 pl of the digested plasmid DNA

(~50—100 ng) for transformation of chemically treated competent cells or 1 pl of plasmid

DNA diluted fivefold with sterile HZO (~5 mg) for transformation by electroporation (please

see Chapter 1, Protocols 23—26).

Spread 10, 50, and 250 pl of the transformation mixture onto LB agar plates containing the

appropriate antibiotic. Incubate the plates overnight at 37°C.

The next day, prepare minipreparations of plasmid DNA from at least 12 independent trans-

formants. Screen the preparations by restriction endonuclease digestion and agarose gel elec—

trophoresis to identify plasmids that are resistant to cleavage by the selective restriction

enzyme.

Use DNA sequencing to confirm that the plasmids contain the desired mutation (please see

Chapter 12, Protocol 3, 4, or 5).

 

 

TROUBLESHOOTING

h‘ the rate of mutant recovery is low, try

0 combining USE with the Kunkel method of selection against uraciI-containing template DNAs
(Markvardsen et al. 1995)

and/or

increasing the concentration of the mutagenic primer so that the molar ratio of the two primers is 10:1 in
favor of the mutagenic primer (Hutchinson and Allen 1997).

incubating the extension reaction catalyzed by T4 DNA polymerase at 42°C rather than 37°C (Pharmacia
Instruction Booklet)

Vectors of the pBluescript family have been reported to yield mutants with very low efficiency, perhaps
because they contain a knotty region of secondary structure that impedes the progress of the DNA polymerase
during the extension of primers in vitro. This problem can be avoided completely by using a plasmid vector
that is not a member of the pBluescript family or by using a thermostable DNA polymerase and DNA ligase
and incubating the extension reaction at high temperatures (Wong and Komaromy 1995).   

 

 



Protocol 5

Rapid and Efficient Site-directed Mutagenesis by
the Single-tube Megaprimer PCR Method

 

THE MEGAPRIMER METHOD INTRODUCED BY KAMMANN et al. (1989) and subsequently modified

by many investigators, including Sarkar arid Sommer (1990, 1992), Giebel and Spritz (1990),

Landt et al. (1990), Marini et al. (1993), Picard et al. (1994), and Ling and Robinson (1997), is the

simplest and most cost-effective method of PCR—based mutagenesis currently available. The

megaprimer method of site-directed mutagenesis uses three oligonucleotide primers and two

rounds of PCR. One of the oligonucleotides is mutagenic, and the other two are forward and

reverse primers that lie upstream and downstream from the binding site for the mutagenic

oligonucleotide (please see Figure 13-3). The flanking primers can be complementary to

sequences in the cloned gene or to adjacent vector sequences. The mutagenic primer can, in the—

ory, be oriented toward either one of the flanking primers. In practice, however, the mutagenic

primer is oriented toward the nearer of the two flanking primers so that the length of the

megaprimer is kept to a minimum.

The mutagenic primer and the nearer of the external primers are used in the first PCR to gen-

erate and amplify a mutated fragment of DNA. This amplified fragment — the megaprimer —— is

used in the second PCR in conjunction with the remaining external primer to amplify a longer
region of the template DNA (Kammann et al. 1989; Giebel and Spritz 1990; Landt et a]. 1990;

Sarkar and Sommer 1990, 1992).

The original megaprimer methods were efficient only when the megaprimer was purified

by polyacrylamide gel electrophoresis from the residual oligonucleotides used to prime the first

PCR (Kammann et al. 1989; Giebel and Spritz 1990). Purification was a time-consuming and

wearisome step in an otherwise elegant protocol. Recently, Ke and Madison (1997) have devel-

oped a megaprimer method that has the important advantage of not requiring purification of

DNA between the two rounds of PCR. The method uses forward and reverse external primers

with significantly different melting temperatures. A megaprimer is synthesized in the first ampli—

fication reaction using a mutagenic primer, an external primer with a low Tm, and a low anneal—

ing temperature. The second PCR is performed in the same tube as the first and utilizes the

megaprimer produced in the first reaction, an external primer with a high Tm, and an annealing

temperature (usually 72°C) high enough to prevent priming by the residual low Tm primer. The

average mutagenesis efficiency of this method is >80% (Ke and Madison 1997).

Careful design of DNA primers is essential for achieving rapid and highly efficient mutage-
nesis using this PCR—based protocol. Optimal, short external primers are usually 15—16 bases long
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FIGURE 13-3 The Megaprimer Method

(A) PCR 1 is performed with a mutagenic forward primer (M) and a reverse primer (R1) to generate and
amplify a doubIe-stranded megaprimer (shown in color). (B) In the first cyc|e(s) of PCR 2, the megaprimer
formed in PCR 1 is extended on the original template. In the subsequent cycles, which use forward and
reverse primers F2 and R2, the desired mutants are further amplified. (Modified, with permission, from
Colosimo et al. 1999.)

 

and typically possess a calculated Tm between 42°C and 46°C. The Tm (in 0C) of oligonucleotide

primers can be estimated using the standard formulas:

Tm : 4(G+C) + 2(A+T)

where (G+C) is the sum of G and C residues in the oligonucleotide and (A+T) is the sum of the

A and T residues in the oligonucleotide.

or

Tm = 81.5 + 16.6 10g10 [Na+] + 0.41 (%[G+C]) — (675/n) — (% mismatch)

where n is the length of the primer in bases. The first formula is appropriate for short oligonu-

cleotides, whereas the second formula is used with longer DNA.

The mutagenic oligonucleotide should also be designed to have a low estimated Tm and a
length of 16—25 bases. The desired mutation, and therefore the mismatched region of the
primer/template duplex, should be located in the middle of the primer with 8—10 bases of correctly
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MATERlALS

matched sequences on each side of the mismatched region. When using Taq DNA polymerase,

which possesses a terminal transferase—like activity that sometimes incorporates an untemplated

dA residue at the 3' end of the amplified megaprimer, the mutagenic primer is designed so that its

first 5’ nucleotide follows a T residue in the same strand of the template sequence. The longer of

the two flanking primers should be designed to contain 25—30 bases and possess a calculated Tm

between 72°C and 85°C.

This protocol was kindly provided by Ed Madison and Song Ke of Corvas Inc., San Diego,
California.

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

10x Amplification buffer

dNTP solution containing all four dNTPs, each at a 2.5 mM

Enzymes and Buffers

Gels

Thermostable DNA polymerase (Hot-Tub DNA Polymerase [Amersham] or equivalent)
Most thermostable DNA polymerases are supplied in a storage buffer containing 50% glycerol. This
solution is very viscous and is difficult to pipette accurately. The best sampling method is to centrifuge
the tube containing the enzyme at maximum speed for 10 seconds at 4°C in a microfuge and then to
withdraw the required amount of enzyme using a positive-displacement pipette. Use automatic pipet—
ting devices equipped with barrier tips to assemble the components of PCRs.

Agarose gel (7 %) or polyacrylamide gel containing 0.5 ug/ml ethidium bromide <!>
Please see Step 6.

Nucleic Acids and Oligonucleotides

Primers
Dissolve the forward and reverse external primers in HZO at a concentration of 100 pM ( 100 pmoles/ul).
Dissolve the mutagenic primer in HQO at a concentration of 10 “M (10 pmoles/ul).

Template DNA
Superhelical, double—stranded plasmid DNA, purified by ethidium bromide—CSCI density gradient cen—
trifugation (Chapter 1, Protocol 10 or 11) or chromatography on a Qiagen resin (Chapter 1, Protocol 9).
Dissolve the template DNA in TE (pH 8.0) at a concentration of 0.1 pg/ml.

Special Equipment

Barrier tips for automatic micropipettes

Microfuge tubes (5 ml, thin-walled for amplification)
Positive-displacement pipette

Thermal cyc/er programmed with desired amplification protocol
If the thermal cycler is not equipped with a heated lid, use either mineral oil or paraffin wax to prevent
evaporation of liquid from the reaction mixture during PCR.

Additional Reagents

Step 6 of this protocol requires the reagents listed in Chapter 1, Protocol 77 or 79.  
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METHOD
 

1. In a sterile 0.5-ml microfuge tube or amplification tube (on ice), mix the following reagents

for the first amplification reaction:

10x amplification buffer 10 u]

plasmid template DNA 200—400 pg

2.5 mM dNTP solution 8 pl

mutagenic primer 10 pmoles

low Tm flanking primer 100 pmoles

thermostable DNA polymerase 0.5 pi (2.5 units)

1120 to 100 pl

If the 10x amplification buffer supplied by the manufacturer of the thermostable DNA polymerase
does not contain MgClz, add an appropriate volume of 0.1 M MgClz so that the reaction mixture

contains the optimum concentration of divalent ion for the particular DNA polymerase being
used.

2. If the thermocycler does not have a heated lid, overlay the PCRs with 1 drop (~50 pl) of light

mineral oil. Place the tubes in a thermocycler.

3. Amplify the nucleic acids using the denaturation, annealing, and polymerization times and

temperatures listed in the table.

 

Cycle

Number Denaturation Annealing Polymerization

lst cycle 4 min at 94°C 1 min at 42—460C 1 min at 72°C

24 cycles 40 sec at 94°C 1 min at 42—460C l min at 72°C

Last cycle 40 sec at 94°C 1 min at 42—460C 5 min at 72°C

These times are suitable for 100—pl reactions assembled in thin—walled 0.5-ml tubes and

incubated in thermal cyclers such as the Perkin—Elmer 9600 or 9700, Master Cycler

(Eppendorf), and PTC 100 (Ml Research). Times and temperatures may need to be adapt—

ed to suit other types of equipment and reaction volumes.

Polymerization should be carried out for 1 minute for every 1000 bp oflength of the target

DNA.

4. After completion of the first PCR, add to the reaction tube:

high Tm flanking primer 100 pmoles

thermostable DNA polymerase 0.5 pl (2.5 units)

2.5 mM dNTP solution 3 ul

Mix the reagents gently by pipetting the reaction mixture up and down several times. If nec—

essary, centrifuge the tube briefly to deposit the reagents in the bottom.

If desired, successful synthesis of the megaprimer PCR product can be verified at this point by

using 3—5 pl of reaction mixture to perform rapid, analytical agarose gel electrophoresis.

5. Carry out the second amplification reaction, which consists of 25 cycles with the following

two—step temperature profile:

94°C for 40 seconds

72°C for 90 seconds with a final extension step for 5 minutes at 720C
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6. Analyze 5% of the second amplification reaction on an agarose or poiyacrylamide gel and

estimate the concentration of amplified target DNA.

If restriction sites were placed in the sequences of the external primers, digest the amplified DNA
with the appropriate enzymes and then subclone it into an appropriate vector. Alternatively, phos—

phorylate the amplified DNA fragment from Step 5 and then ligate it into a vector that has been
cleaved with a restriction enzyme that yields blunt ends. Because this method yields mutants with
an efficiency of ~80%, it is generally necessary to select only six colonies for DNA sequencing to
verify the presence ofthe desired mutation(s) and to confirm the absence of any additional muta-
tions in the entire product DNA sequence.
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Site-specific Mutagenesis by Overlap Extension

MATERIALS

FOUR PRIMERS ARE NEEDED TO INTRODUCE A SlTE-SPECIFIC MUTATION by overlap extension (please

see Figure 13-4) (Higuchi et al. 1988; Ho et al. 1989). One pair of primers is used to amplify the

DNA that contains the mutation site together with upstream sequences. The forward primer

(FM) contains the mutati0n(s) to be introduced into the wild—type template DNA, whereas the

reverse primer R2 contains a wild—type sequence. Many investigators include a restriction site in

the 5” region of primer 1 to facilitate subcloning of the mutated segment of DNA.

The second pair of primers is used to amplify the DNA that contains the mutation site

together with downstream sequences. The reverse primer (RM) of this pair contains the muta—

tion(s) to be introduced into the template DNA. At least 15 bases of primer RM should be exact—

ly complementary to primer FM. The forward primer (F2) has a wild-type sequence and may, if

desired, have a restriction site in its 5’ region.

The two sets of primers are used in two separate amplification reactions to amplify over—

lapping DNA fragments (reactions 1 and 2 of Figure 13—4). The mutation(s) ofinterest is located

in the region of overlap and therefore in both sets of resulting amplified fragments. The overlap-

ping fragments (resulting from the first and second rounds of amplification) are mixed, dena-

tured, and annealed to generate heteroduplexes that can be extended and, in a third PCR (reac-

tion 3), amplified into a full-length DNA using two primers that bind to the extremes of the two

initial fragments. The method is surprisingly effective, but it requires two mutagenic primers, two

flanking oligonucleotides, and three PCRs to construct a mutation. In some cases, a simpler ver—

sion of the method can be used (one mutagenic primer and two sequential PCRs) if strategically

placed restriction sites are available to clone the segment of amplified DNA containing the muta-

tion (Aiyar et al. 1996).

 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with < !>.

Buffers and Solutions

13.36

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

10x Amplification buffer

dNTP solution containing all four dNTPs, each at 20 mM
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FIGURE 13-4 Site-directed Mutagenesis by Overlap Extension

In separate amplifications, 1 and 2, two fragments of the target gene are amplified. PCR 1 utilizes

primers FM and R2, whereas PCR 2 utilizes primers RM and F2. The boxed portion of the figure rep-
resents the intermediate steps that are likely to occur during the course of PCR 3, in which denatured
FMR 2 and RMF 2 anneal at the region of overlap are extended as shown by the dashed lines to form
fuII-Iength doubIe-stranded mutant DNA. In PCR 4, the fuII-Iength mutant DNA is amplified using
primers R2 and F2. (Modified, with permission, from H0 et al. 1989 [©Elsevier Sciencel.)

Enzymes and Buffers

Gels

Thermostable DNA polymerase
To avoid the introduction of erroneous bases, use a highly processive thermostable DNA polymerase

with 3’-5' exonuclease “proofreading” capacity in overlap extension mutagenesis. In addition, the DNA
polymerase used must not catalyze the nontemplate addition of adenine residues. Thermostable DNA
polymerases with the appropriate properties include Pwo DNA polymerase (Boehringer Mannheim),
thh DNA polymerase XL (Perkin—Elmer), VentR DNA polymerase (New England Biolabs), and Pfu
DNA polymerase (Stratagene).

Mixes of thermostable DNA polymerases designed for use in long PCR are also well suited for overlap
extension mutagenesis.

Agarose gel (1 %) or polyacrylamide gel containing 0.5 pg/ml ethidium bromide <!>
Please see Steps 6 and 11.
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Nucleic Acids and Oligonucleotides

Oligonucleotide Primers

Each primer should be 20—30 nucleotides in length and contain approximately equal numbers ofthe four
bases, with a balanced distribution of G and C residues and a low propensity to form stable secondary
structure. The sequences of the mutagenic oligonucleotide primers FM and RM should share at least a 15—
bp overlap (please see Figure 13-4), and the mismatched base pairs within these primers should be locat—
ed in the center of the oligonucleotide. The primer sequences at the 5” and 3' ends of the DNA fragment
to be amplified ( Le.) those with wild—type sequences R2, F2) can incorporate unique restriction endonu—
clease cleavage sites to aid in the subsequent cloning of the mutagenized DNA fragment. For general fea-
tures of primer design, please see the discussion on Design of Oligonucleotide Primers in the introduc-
tion to Chapter 10.

Oligonucleotide primers synthesized on an automated DNA synthesizer can generally be used in over»
lap extension mutagenesis without further purification.

Template DNA
The template DNA used for mutagenesis is usually a plasmid DNA containing the gene or cDNA of
interest. Dissolve the DNA at 1 ug/ml in 10 mM Tris-Cl (pH 7.6) containing a low concentration of
EDTA (<O.1 mM).

Special Equipment

Barrier tips for automatic micropipettes

Microfuge tubes (0.5 ml, thin-walled for amplification) or Microtiter plates
Positive-displacement pipette

Thermal cycler programmed with desired amplification protocol
Ifthe thermal cycler is not equipped with a heated lid, use either mineral oil or paraffin wax to prevent
evaporation ofliquid from the reaction mixture during PCR.

Additional Reagents

Step 77 of this protocol requires the reagents listed in Chapter 7, Protocol 17 or 79.
Step 72 of this protocol requires the reagents listed in Chapter 72, Protocol 3, 4, or 5.

METHOD
 

1. Design and synthesize oligonucleotide primers FM, RM, R2, and F2 based on the known
sequence of the DNA, as outlined in the protocol introduction and Materials section.

2. In a sterile 0.5—ml microfuge tube or amplification tube, set up PCR 1 by mixing the follow—
ing reagents:

3. In a second sterile 0.5-m1 microfuge tube or amplification tube, set up PCR 2 by mixing the

template DNA ~100 ng

10x amplification buffer 10 pl

20 mM mixture of four dNTPs 10 u]

5 M1 primer FM (30 pmoles) 6.0 pl

5 pM primer R2 (30 pmoles) 6.0 pl

thermostable DNA polymerase 1—2 units

HZO to 100 pl

following reagents:

template DNA ~100 ng

10x amplification buffer 10 ul

20 mM mixture of four dNTPs 140 pl

5 MM primer RM (30 pmoles) 610 u]

5 th primer F2 (30 pmoles) 6.0 u]

thermostable DNA polymerase 1~2 units

HZO to 100 pl

  



4.

10.

11.

12.
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If the thermocycler does not have a heated lid, overlay the PCRs with 1 drop (~50 ul) of light

mineral oil. Place the tubes in a thermocycler.

Amplify the nucleic acids using the denaturation, annealing, and polymerization times and

temperatures listed in the table below.

 

 

Cycle

Number Denaturation Annealing Polymerization

20 cycles ’ 1 min at 94°C 1 min at 50°C 1—3 min at 72°C
Last cycle 1 min at 94°C 10 min at 72°C

These times are suitable for 100411 reactions assembled in thin-walled OtS-ml tubes and
incubated in thermal cyclers such as the Perkin—Elmer 9600 or 9700. Master Cycler
(Eppendorf), and PTC 100 (MI Research). Times and temperatures may need to be adapt—
ed to suit other types of equipment and reaction volumes.

The length of the polymerization step should be calculated from the polymerization rate of
the thermostable DNA polymerase employed and the length of the DNA template to be
amplified.

The temperature of the annealing reaction may have to be adjusted depending on the
sequence of the mutagenic primers.

Analyze 50/0 of each of the two PCRs on an agarose or polyacrylamide gel and estimate the

concentration of amplified target DNAs.

(Optional) Purify the two PCR products using one of the protocols described in Chapter 5.

Including this purification step often increases the yield of the desired amplification product

in Step 8 of the protocol and reduces the background of spurious amplification products.

In a sterile 0.5-ml microfuge tube or amplification tube, mix the following reagents in an

amplification reaction to join the 5” and 3’ ends of the target gene:

amplification product PCR 1 (Step 2) ~50 ng

amplification product PCR 2 (Step 3) ~50 ng

10x amplification buffer 10 pl

5 uM primer F2 (30 pmoles) 6.0 1.11

5 pM primer R2 (30 pmoles) 6.0 u]

thermostable DNA polymerase 1—2 units

HZO to 100 pl

If the thermocycler does not have a heated lid, overlay the PCRS with 1 drop (~50 H1) of light

mineral oil. Place the tubes in a thermocycler.

Amplify the nucleic acids using the denaturation, annealing, and polymerization times and

temperatures listed above in Step 5.

Analyze 50/0 of the PCR on an agarose or polyacrylamide acrylamide gel and estimate the

concentration of amplified target DNA.

If restriction enzyme sites were placed in the sequences of primers F2 and R2, digest the amplified
DNA with these enzymes and then subclone them into an appropriate vector. Alternatively, phos-
phorylate the amplified DNA fragment from Step 10 and then ligate it into a vector that has been
cleaved with a restriction enzyme that yields blunt ends.

Verify the complete sequence of the amplified DNA fragment after cloning to ensure that no

mutations other than those in primers FM and RM were introduced during these manipula-
tions,

All DNA polymerases exhibit a measurable error rate when used in in vitro reactions.

 



Protocol 7
 

Screening Recombinant Clones for
Site-directed Mutagenesis by Hybridization
to Radiolabeled Oligonucleotides

13.40

WHEN PROTOCOLS FOR SlTE-DIRECTED MUTAGENESIS of single—stranded bacteriophage M13

DNA were developed in the early 19805, genetic techniques to select against the wild—type tem-

plate strand were not available. Because the efficiency of mutagenesis was often low, methods

were required to identify a small minority of mutant plaques in a dense background of wild—type

plaques. For many years, the technique of choice was screening of plaques by hybridization, using

a radiolabeled mutagenic oligonucleotide as a probe (e.g., please see Zoller and Smith 1982,

1983). Hybridization was carried out under conditions that allowed the radiolabeled oligonu-

cleotide to anneal to both mutant and wild-type DNAS. The resulting hybrid between the radio-

Iabeled mutagenic oligonucleotide and the wild—type sequence would therefore contain one or

more mismatched base pairs, whereas the hybrid formed between the newly created mutant and

the oligonucleotide probe would be perfectly matched. The thermal stability of these two types of

hybrids would be expected to differ. with mismatched hybrids dissociating at a temperature lower

than that of the corresponding perfect hybrid. At the time, however, the quantitative effects of

mismatches on thermal stability of oligonucleotide duplexes were not well understood. It was
obvious that the position of the mismatch, the number of mismatched bases, the length of the

oligonucleotide, the content of G and C residues, and sequence context effects would all influence
the stability of the mismatched hybrid. But it proved difficult to weave these factors into an equa-
tion that would satisfy all circumstances. In the absence of a strong underlying theory, the success
of site-directed mutagenesis depended on the ability of the investigator to find an empirical com-
bination of temperature and ionic strength that caused mismatched hybrids to dissociate but had
no effect on perfect hybrids.

Although methods to reduce the proportion of wild-typc clones have substantially reduced
the need for screening by hybridization, the protocol described here remains useful in situations
where the desired mutant is obtained with low frequency (e.g., when creating large deletions or
complex rearrangements). In addition, this protocol has other applications in molecular biology,
including allele-specific oligonucleotide hybridization, colony hybridization, identification of
specific mutations among a population of random mutants, and measuring the relatedness
among members of a gene family.

The main protocol describes the screening of bacteriophage M13 recombinant clones,
whereas an alternative protocol presents a method for screening phagemid-containing bacterial
colonies. A final alternative protocol included in this collection describes the detection of defined
mutants using PCR.
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MATERIALS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Ammonium formate (0.2 M) <!>

Oligonuc/eotide hybridization solution
6x SSC
5x Denhardt’s reagent

10“ to 107 dpm/ml radiolabeled oligonucleotide

Oligonucleotide prehybridization solution
6x SSC
5x Denhardt’s reagent

0.1% (w/v) SDS

6x 55C

6x SSC should be warmed to various temperatures. Please see Steps 11, 12, and 13.

TE (pH 7.6)

Enzymes and Buffers

Bacteriophage T4 polynucleotide kinasc

Restriction enzymes
Please see Steps 18 and 19.

Gels

Preparative agarose gel
Please see Step 18.

Nucleic Acids and Oligonucleotides

Mutagenic oligonucleotide (10 pmoles/ul)

Radioactive Compounds

[y-32P1ATP (>5000 Ci/mmole, 10 mCi/ml) <!>

Media

2x YT top agar and YT agar plates

Special Equipment

Forceps, blunt-ended (e.g., Millipore forceps)
Hypodermic needle (78 gauge) and India Ink (optional)

Incubator preset to 650C, for prehybridization

Incubator preset to appropriate hybridization temperature
Please see note to Step 7.

Nitrocellulose or nylon filters
Vacuum oven
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Water bath preset to 68°C
Whatman DEAE paper (DE-87)

Store the paper at room temperature, and wear gloves when handling.

Additional Reagents

Step 4 of this protocol requires the reagents listed in Chapter 10, Protocol 4.
Step 14 of this protocol requires the reagents listed in Chapter 3, Protocol 4.
Steps 75 and 76 of this protocol require the reagents listed in Chapter 12, Protocol 3, 4, or 5.

Step 17 of this protocol requires the reagents listed in Chapter 3, Protocol 3.
Step 20 of this protocol requires the reagents listed in Chapter 6, Protocols 8 and 70.

Vectors and Bacterial Strains

Bacteriophage M73 recombinants, previously mutagenized
Please use plates containing bacteriophage Ml3 plaques generated in Protocol 2.

Bacteriophage M13 recombinants, nonmutagenized
These serve as a negative control; please see Step 5.

E. coli strain TGi or equivalent

METHOD
 

Radiolabeling of Oligonucleotides by Phosphorylation

1. In a sterile microfuge tube, mix:

mutagenic oligonucleotide (10 pmoles/ul) 1 u]

10x bacteriophage T4 polynucleotide kinase buffer 1 pl

10 mCi/ml [7—32PiATP (10—50 pmoles) 1 pl

HZO 6 pl

5—10 units/pl bacteriophage T4 polynucleotide kinase 1 ul

Incubate the reaction mixture for 30 minutes at 37°C.

2. Dilute the reaction mixture to 100 iii by the addition of 90 ul of TE (pH 7.6) and inactivate

the polynucleotide kinase by heating for 10 minutes at 68°C.

3. Measure the efficiency of transfer of 32P to the oligonucleotide and estimate its specific activ-

ity by chromatography on DE-81 paper as follows:

a. Cut a strip of Whatman DE-81 paper ~1 cm wide and 7—10 cm long. With a soft—lead

pencil, draw a fine line across the strip ~1.5 cm from one end. This line marks the origin

of the chromatogram.

b- Spot 1.0 1.11 of the diluted phosphorylation reaction at the origin. Fill a 250—ml beaker to

a depth of ~0.5 cm with ~25—50 ml of 0.2 M ammonium formate. Place the DE-81 strip

vertically in a beaker so that the radioactive sample(s) at the origin is just above the
buffer solution. Cover the beaker with a glass plate or aluminum foil and allow the chro-
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matogram to develop until the solvent front has migrated almost to the top of the

beaker.

c. Wrap the strip of DE—81 paper in Saran Wrap and subject it to a very brief period of

autoradiography. Use the developed X-ray film as a guide to cut out the radioactive

region at the solvent front, the origin, and any other region that contains radioactivity.

Measure the amount of radioactivity in each section in a scintillation counter.

Oligonucleotides remain at the origin, whereas ATP and inorganic phosphate migrate in the

same direction as the solvent. Inorganic phosphate migrates slightly behind the solvent front,
whereas ATP is approximately equidistant from the origin and the inorganic phosphate. Thus,

transfer of phosphate from ly—32P]ATP to the oligonucleotide results in the appearance of
radioactivity at the origin. Calculate the specific activity of the radiolabeled probe from the
molar quantities of oligonucleotide, the specific activity of the [y—32P]ATP in the reaction, and
the efficiency of transfer of the label to the oligonucleotide. >50% of the radioactivity in the
reaction mixture (Step 1) should be transferred to the oligonucleotide.

4. ( Optional) Remove unincorporated radiolabel from the oligonucleotide by precipitation with

cetylpyridinium bromide as described in Chapter 10, Protocol 4.

This step is necessary only when background hybridization is a persistent problem. Under normal
circumstances, the unfractionated reaction mixture may be used as a probe.

Screening of Bacteriophage M13 Plaques

5. Prepare replicas of the bacteriophage M13 plaques that are to be screened with the radiola-
beled oligonucleotide as follows:

a. Transfer plates containing 100—500 plaques to 4°C for at least 30 minutes.

include at least one plate that contains plaques of the original wild-type recombinant bacte—

riophage M13. This plate serves as a negative control in the hybridization and washing steps.

b. When the plates are thoroughly chilled, remove them from the cold room and immedi—

ately lay a numbered, dry nitrocellulose or nylon filter on the agar surface of each plate.

Use an 18-gauge hypodermic needle to make a series of holes in each filter and the under-

lying agar. These holes will later serve to key the filters to the plates.

To make an indelible spot, dip the needle in a small amount of India Ink before stabbing the
filteri

c. After 30 seconds to 4 minutes, use blunt-ended forceps to peel each filter carefully from

its plate. Spread out all of the filters (plaque side up) on a pad of paper towels. Wrap the

plates in Saran Wrap, and store them at 4°C until they are needed.

d. When the filters have dried (~30 minutes at room temperature), bake them for 1 hour at

80°C in a vacuum oven.

It is not necessary to denature the DNA by base treatment when screening bacteriophage M13
plaques because the baking step releases the single—stranded DNA from the virus.

6. Transfer all of the filters to a heat-sealable plastic bag (e.g., Sears Seal-A-Meal), or to an evap-
orating dish of the appropriate diameter, or to a hybridization roller bottle. Add oligonu-

cleotide prehybridization solution (~10 ml/82-mm filter in bags or dishes; 5 ml/82-mm fil-

ter in bottles). Seal the bag, cover the evaporating dish with Saran Wrap, or cap the roller bot-

tle, and incubate the filters for 1—2 hours at 65°C.
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10.

11.

12.

Discard the prehybridization solution, and replace it with oligonucleotide hybridization solu—

tion (~S ml/82—mm filter). Reseal the bag, recover the evaporating dish, or recap the

hybridization roller bottle, and incubate the hybridization reaction for 4—6 hours at the

appropriate temperature.

Perform hybridization with the radiolabeled oligonucleotide at a temperature 540°C below the
Tm estimated from the following formula:

Tm : 4(G+C) + 2(A+T).

where (G+C) is the sum of G and C residues in the oligonucleotide, and where (A+T) is the sum
of the A and T residues in the oligonucleotide.

At the end of the hybridization period, quickly transfer the filters to a tray containing

200—300 ml of 6x SSC at room temperature. Cover the tray with Saran Wrap, and place it on

a rotating shaker for 15 minutes. Replace the washing fluid every 5 minutes. Meanwhile,

transfer the remainder of the radioactive hybridization solution from the bag, dish, or roller

bottle to a disposable plastic tube. Close the tube tightly, and store the radioactive solution at

—20°C until it is needed for rescreening positive plaques (Step 13).

Label and store the tube appropriately.

At the end of the washing period, quickly transfer the filters to a piece of Saran Wrap

stretched on the bench. Cover the filters with another piece of Saran Wrap. Fold the edges of

the two pieces of Saran Wrap together to form a tight seal. Apply adhesive dot labels marked

with radioactive or chemiluminescent ink to the outside of the package, and generate an

autoradiograph by exposing the package of filters to X—ray film for 1—2 hours at —70°C, using

an intensifying screen (please see Appendix 9).

A IMPORTANT Do not allow the filters to dry on the Saran Wrap‘

Compare the pattern of hybridization with the distribution of plaques. At this stage, it is nor-

mal to find that virtually every plaque hybridizes to the probe. Typically, however, some

plaques hybridize more strongly than others, and these often turn out to be the plaques car-

rying the desired mutation.

Transfer the filters to a plastic box containing 100—200 ml of 6x SSC that has been warmed

to 10°C below the Tm. Agitate the filters in the solution for 2 minutes (please see note

below), and then transfer them to a piece of Saran Wrap as described in Step 9. Establish

another autoradiograph. At this stage, it is often possible to identify two types of plaques:

those whose radioactive signal has decreased in intensity and those that show no change in

intensity.

If a short oligonucleotide probe (<20 bases) is used, do not wash the filters for more than 2 min—
utes at 10°C below the Tm. Otherwise, the perfect hybrids formed between the radioactive oligonu—
cleotide and the mutagenized target sequence may dissociate Longer oligonucleotide probes
require more extensive washing times which must be established empirically. This optimization
can be done using a hand—held minimonitor and listening for a decrease in the intensity of the
radioactive signal as washing proceeds.

Repeat the cycles of washing and autoradiography, increasing the temperature of the wash-

ing solution by 2—100C in each cycle. The aim is to find a temperature that does not marked-

ly affect perfect hybrids but causes dissociation of mismatched hybrids (such as those formed

between the mutagenic oligonucleotide and the original wild-type sequence).

With practice, it is possible to eliminate some of the cycles of washing and autoradiography by
scanning the filters after each wash with a handheld minimonitor.  
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Purification of Positive Plaques

13.

14.

15.

16.

17.

18.

Positively hybridizing plaques usually contain a mixture of both mutant and wild-type

sequences. It is therefore essential to plaque-purify the bacteriophages from positively

hybridizing plaques as follows:

3. Touch the blunt end of a sterile, disposable wooden toothpick to the surface of a posi—

tively hybridizing plaque.

b. Drop the toothpick into a sterile tube containing 1 ml of sterile TE (pH 7.6). Store the

tube for 10—15 minutes at room temperature, shaking it from time to time to dislodge

bacteriophage particles.

c. Make a series of tenfold dilutions of the bacteriophage suspension with TE (pH 7.6). Mix
10 pl] of the 10—3, 104, and 10'5 dilutions with 100-p1 aliquots of an overnight culture of

an appropriate strain of E. coli (e.g., TGI).

d. Add 2.5 ml of 2x YT top agar (melted and cooled to 45°C) to each culture, and plate the

entire mixture on a single YT agar plate. Incubate the plate for 16 hours at 37°C to allow

plaques to form.

9. Rescreen the plaques with the radiolabeled oligonucleotide as described in Steps 5—12. In

this second round of screening, there is no need to increase the temperature of the wash-

ing solution in a stepwise fashion. Instead, the filters can be transferred directly from the

washing solution at room temperature (Step 8) to 6x SSC previously warmed to the dis—

criminatory temperature found empirically in Step 12.

Pick two plaques from each of three independent putative mutants. Prepare single—stranded

DNA from small-scale cultures infected with bacteriophages derived from each of these

plaques as described in Chapter 3, Protocol 4.

Carry out DNA sequencing by the dideoxy—mediated chain-termination method (please see

Chapter 12, Protocol 3 or 4) through the region containing the target sequence. Use either a

universal sequencing primer or a custom—synthesized primer that binds 50—100 nucleotides

upstream of the mutation site.

When the presence of the mutation has been confirmed, verify the sequence of the entire

region of the target DNA cloned in the bacteriophage M13 vector to ensure that no adventi-
tious mutations have been generated during propagation of the recombinant in bacterio-

phage M13. Often, this requires the synthesis of custom-designed sequencing primers that

are complementary to segments of the target DNA spaced ~200—400 bp apart.

Isolate bacteriophage M13 replicative form DNA from a culture infected with plaque—puri—

fied recombinant bacteriophages (Step 14) that carry the desired mutation and show no
other changes in sequence in the target region. For methods to isolate and purify bacterio-
phage M13 replicative form DNA, please see Chapter 3, Protocol 3.

Recover the mutated target sequence by digestion of bacteriophage M13 replicative form
DNA with the appropriate restriction enzyme(s) and preparative gel electrophoresis. Clone
the target DNA into the desired vector.  
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19.

20.

Use several different restriction enzymes to digest aliquots of either a recombinant that car-

ries the original (nonmutagenized) target sequence or the recombinant that carries the muta—

genized target sequence.

Separate the resulting fragments by gel electrophoresis, and transfer them to a solid support

(e.g., nitrocellulose or nylon membrane) as described in Chapter 6, Protocol 8. Carry out

Southern hybridization at 10°C below the Tm, using the 32P-labeled mutagenic oligonu-
cleotide as a probe. Wash the filter under the discriminatory conditions and establish an
autoradiograph.

The final autoradiograph should show hybridization only to the relevant fragments of the mutag-
enized target DNA.

 

 

TROUBLESHOOTING

The hybridization and washing conditions described above work well for short oligonucleotides (<20 bases),
and it is almost always possible to identify strongly hybridizing plaques or colonies after several cycles of wash-
ing and autoradiography. If after repeated washings, all the plaques or colonies continue to hybridize to the
oligonucleotide probe, consider the following:

Check that there is no region of extensive homology between the probe and ectopic regions of the vector
or the target DNA.

Increase the stringency of washing by decreasing the concentration of SSC in the buffer or dramatically
increasing the tem perature. For longer oligonucleotide probes (e.g., 40-mers), such as those used to delete
large segments of a cloned DNA, washing may require 0.1x SSC buffers and a washing temperature of
80°C. Unusual base compositions or secondary structures in oligonucleotide probes may require the use
of tetramethylammonium salts to distinguish mutant from wild-type templates (please see Chapter 10,
Protocol 8).

Remove bacterial debris from the filters before hybridization by wiping the filters with Kimwipes soaked in
warm 2x SSC, 0.1 % SDS.

Purify the mutagenic oligonucleotide by polyacrylamide gel electrophoresis. If the background problem per-
sists, resynthesize the oligonucleotide, and consider synthesizing a shorter oligonucleotide for use as a
probe.
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ALTERNATlVE PROTOCOL: SCREENING PHAGEMID-CONTAINING BACTERIAL
COLONIES BY HYBRIDIZATlON TO RADIOLABELED OLIGONUCLEOTIDES

This protocol is identical in principle and similar in practice to the main protocol (screening bacteriophage
M13). However, because colonies of bacteria transformed by the products of site-directed mutagenesis reac-
tions often contain a mixture of wild-type and mutated molecules, a second round of transformation and
screening is required to segregate the two types of phagemids. Note that simple restreaking of positive colonies
does not generally yield pure populations of bacteria: The copy number of phagemids is so high that complete
segregation of mutant from wild-type phagemids occurs only rarely.

An alternative method of obtaining pure mutant phagemids before oligonucleotide hybridization is to
scrape the colonies transformed by the products of in vitro DNA synthesis into a small volume of liquid medi-
um. Phagemid DNA is isolated from the pooled colonies by a standard minipreparation method and used to
transform another batch of competent E. coli cells. The resulting colonies, which will contain pure populations
of either mutant or wiId-type phagemids, are then screened by hybridization using the mutagenic oligonu-
cleotide as a probe.

Additional Materials

E . coli strain MV1184, competent for transformation
Please see Chapter 3, Protocol 8, for phagemid strain information.

LB medium containing the appropriate antibiotic
Please see Step 6.

2x 55C containing 0.1% (w/v) SDS
Water bath preset to 55°C

Method

1. Radiolabel the mutagenic oligonucleotide by phosphorylation, as described in Steps 1—4 of the main pro-
tocol.

2. Transfer the transformed colonies to nitrocellulose or nylon filters as described in Chapter 1, Protocol 29.

Incubate the bacterial master plates for a few hours at 37°C to allow the colonies to regrow, then seal the plates in
Saran Wrap, and store them at 4°C until they are needed.

3. Lyse the colonies transferred to the filter with alkali (please see Chapter 1, Protocol 31). Neutralize the fil-
ters, and then fix the liberated DNA in situ by baking for 1 hour at 80°C in a vacuum oven.

4. Soak the filters in 6x SSC, 0.1% (w/v) SDS at 37°C. Use Kimwipes soaked in the same solution to gently

rub the filters to remove a" bacterial debris. Incubate the filters in fresh 6x SSC, 0.1 % (w/v) SDS for 3 hours

at 55°C.

5. Carry out hybridization with the 32P-labeled mutagenic oligonucleotide as described in Steps 6—12 of the
main protocol.

6. Identify colonies that hybridize preferentially to the mutagenic oligonucleotide. Set up a number of small-
scale liquid cultures in LB medium using individual colonies as lnocula. Grow the cultures to saturation in
the presence of the appropriate antibiotic.

7. Isolate superhelical phagemid DNA from each of the cultures by one of the methods described in Chapter
1.

B. Transform competent E. coli with each of the phagemid DNA preparations.

9. Prepare single-stranded phagemid DNA by superinfection of individual transformants as described in
Chapter 3, Protocol 8.

10. Sequence the target DNA to verify the presence of the desired mutation and to confirm that no adventi-
tious mutations have arisen.

11. Recover the mutated fragment by digestion of the phagemid vector with the appropriate restriction
enzyme(s) and preparative gel electrophoresis. Clone the target DNA into an appropriate vector (if need-
ed).

12. Confirm the presence of the mutation by Southern hybridization as described in Steps 19 and 20 of the
main protocol.    
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ALTERNATIVE PROTOCOL: DETECTION OF DEFINED MUTANTS BY PCR

Several techniques have been described to screen DNA samples for the presence or absence of a defined
mutation (Glisic and Alavantic 1996; Zhu and Clark 1996; Humbert and Elard 1997; Alavantic et al. 1998) All
of these methods are built on the observation that PCRs require the 3 ’-terminal base of the oligonucleotide
primer to be perfectly complementary to the DNA template. If the 3 ’-terminal base cannot form a conven-
tional Watson-Crick base pair with the base in the corresponding position of the template, the efficiency of
priming drops dramatically.

Figure 13-5 outlines the technique described by Glisic and Alavantic (1996), which requires four primers.
Oligonucieotides 1 and 4 are fon/vard and reverse primers for amplification of the target region containing the
mutation site. Oligonucleotides 2 and 3 are aIIeIe-specific primers that anneal to a defined sequence within the
target region and differ only in the 3 ’-terminal base: one of the oligonucleotides corresponds to the wild-type
allele, and the other corresponds to the mutant allele. Two amplification reactions are set up, with 35 pmoles
of oligonucleotides 1, 2, and 4 in one tube and identical amounts of oligonucleotides 1, 3, and 4 in the other
tube. The template DNA can be mammalian genomic DNA (500 ng), yeast genomic DNA (10 ng), bacterio-
phage M13 DNA (1 —5 pg), plasmid DNA (1—5 pg), or in fact any other DNA that may carry the defined muta-
tion.

Amplification is carried out under standard PCR conditions and the products are analyzed by agarose gel
electrophoresis. Both reactions should yield a prominent band of amplified DNA corresponding in size to the
target region. This DNA, whose synthesis is primed by oligonucleotides 1 and 4, serves as a template for ampli-
fication by the aIIeIe-specific oligonucleotides. If the template DNA is homozygous, one of the two reactions
should contain a second smaller band whose synthesis is primed by oligonucleotide 1 and either oligonu-
cleotide 2 or oligonucleotide 3, depending on whether the template is mutant or wiId-type. If the template
DNA is heterozygous, both reactions will yield two bands.

The smaller band is usually present in lower molar concentration than the larger band. The reason is that
amplification by the aIIeIe-specific oligonucleotide depends on prior amplification of the target region by
oligonucleotides 1 and 4.

This method is simple, rapid, and robust, and can be used to screen many samples simultaneoust The
disadvantage is that it requires four separate oligonucleotides and two amplification reactions.   
 

A R1 R2 R3
A

R1 5' GAG CAC AGA GGT GCT ACG TAA TC 3’ “6“? A G A G M A G

R2 5' AAG ATG AGA TCA ACA CAA TCT TCA A3‘

R3 5’ AAG ATG AGA TCA ACA CAA TCT TCA G 3'

F1 5' TGA GAA GCT TCC TGA AGC TCG Tr 3'

 

 

R1 —> R2 —>

5' AG 3' 241 bp >
R3 —> <— F1

127 bp >—
127 bp

and/or 241 bp
 

FIGURE 13-5 PCR Amplification of Specific Alleles

(A) Primers R1 and F1 generate a 241-bp fragment, which serves as a template for either primer R2 or primer R3 that differ in
their 3 '-terminal nucleotide. Use of either primer R2 or R3 in combination with F1 generates a 127-bp fragment that matches
either allele A or allele G. (B) Gel electrophoresis of the products of a PCR to detect a point mutation at nucleotide 12932 (codon
4311) in exon 29 of the apoB gene. Each sample is represented by two lanes of the gel. Sample 1 is homozygous for allele A,
sample 2 is a heterozygote, and sample 3 is homozygous for allele G. (Lane M) DNA standards (AmpIiSize; Bio-Rad). (Modified,
with permission, from Glisic and Alavantic 1996 [©Elsevier ScienceJ.)
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Detection of Mutations by SingIe-strand
Conformational Polymorphism and
Heteroduplex Analysis

 

DETECTION OF MUTATIONS IS ESSENTIAL FOR MOLECUIAR CHARACTERIZATlON, diagnosis, preven-

tion, and treatment of inherited diseases of humans and, more generally, to correlate phenotype

with genotype in organisms as diverse as mice and slime molds. The goal of mutation detection

is to locate and precisely describe changes in DNA sequence that are responsible for particular

phenotypes. The range of possible mutations is very great and includes deletions, insertions,

inversions, translocations, transitions, and transversions. Some large—scale changes can be detect-

ed, for example, by cytochemical analysis of chromosomes or Southern blotting of genomic DNA.

However, base-by—base comparison of wild—type and mutant DNAs is at present the only method

to pinpoint mutations that affect single bases or groups of bases. Because sequencing of kilobase

lengths of DNA is expensive, slow, and dreary, many different techniques have been developed to

localize mutations and hence reduce sequencing to a minimum. These scanning methods differ

widely in their power, accuracy, speed, and cost, and each can detect only a subset of mutations.

At present, therefore, detection and localization of uncharacterized point mutations often require

the sequential application of two or more scanning methods, followed by DNA sequencing to

specify the mutation. The order in which these scanning methods are applied and their sensitivi-

ty vary from gene to gene and from mutation to mutation.

Scanning methods in common use are based on differences in electrophoretic migration

and chromatographic behavior between mutant and reference (wild-type) DNAs. These methods,

which include single—strand conformational polymorphism (SSCP; this protocol), heteroduplex

analysis (HA; this protocol), denaturing gradient gel electrophoresis (DGGE), and, more recent-

ly, coupling ion-pair reversed-phase liquid chromatography, can map mutations to an accuracy of

i200 bp. Dideoxyfingerprinting (ddF), a hybrid between dideoxysequencing and SSCP, is more

difficult and expensive, but it is capable of mapping mutations with a resolution of ~lO bp.

SI NGLE-STRAND CONFORMATIONAL POLYMORPHISM
 

SSCP involves three steps:

0 amplification by PCR of the target region of the gene

0 denaturation of the PCR product

0 electrophoresis of the single—stranded DNA through a gel at neutral pH

13.49
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FIGURE 13-6 Schematic for Single-stranded Conformational Polymorphism

A mixed population of DNA duplexes consisting of normal (wild type) as well as mutant sequences is
denatured as described in the text, and the resulting singIe-stranded probes are resolved by elec-
trophoresis under nondenaturing conditions.

Single—stranded DNA molecules fold into complex three—dimensional structures as a result

of intrastrand base pairing. Single strands of equal length but different sequence can therefore

vary considerably in electrophoretic mobility as a result of the looping and compaction caused by

intrastrand pairing. Alteration of the nucleotide sequence of the molecule by as little as a single

base can reshape the secondary structure, with consequent changes in electrophoretic mobilities

through native gels (please see Figure 13-6). SSCP exploits the differences in mobility between

wild-type and mutant strands of DNA (Orita et al. 1989a,b, 1990; Ainsworth et al. 1991; Dean and

Gerrard 1991; Condie et al. 1993; Glavac and Dean 1993; for reviews, please see Fan et al. 1993;

Axton and Hanson 1998; Iaecke] et al. 1998; Nataraj et al. 1999).



Amplification

Denaturation

Electrophoresis

Protocol 8: Detection ofMutations by SSCP and HA 13.51

Both single- and double-stranded DNAs can be analyzed by SSCP. In each case, the DNA is ampli—

fied from genomic DNA templates by either conventional PCR or asymmetric PCR (PCR—SSCP).

Using double-stranded DNA allows both strands of the target region to be analyzed simultane-

ously. This may be an advantage since the sensitivity of mutation detection is often greater for one

strand of DNA than the other, and it is not possible to predict which strand will yield the best

conformers for SSCP.

Most investigators find that the efficiency of detection of mutations is maximal when the

DNA is 150—200 bases in length and decreases rapidly as the size of the DNA increases (Sheffield

et al. 1993; Ravnik—Glavac et al. 1994). However, others report that the effects of fragment length

are not so dramatic (Fan et al. 1993; Highsmith et al. 1999).

A majority of investigators use Taq or Pfu to catalyze amplification reactions, which are gen—

erally run under standard conditions. There is usually no need to remove unused primers or

dNTPs before the sample is analyzed. However, it is important to minimize the production of

nonspecific amplification products, whose presence can complicate the interpretation of results

of gel electrophoresis.

Before loading on the gel, double—stranded DNA is denatured by alkali or, more commonly, by a

combination of formamide and heat. If the DNA has been amplified from a heterozygote, a pro—

portion of the denatured complementary strands may reanneal to one another before the DNA is

loaded onto the gel. A proportion of these molecules will be heteroduplexes formed by annealing

of complementary wild—type and mutant strands. The presence of both single-stranded and het-

eroduplex DNAs in the same sample provides an opportunity to use two scanning methods

simultaneously (SSCP and HA; see below). If the DNA under test has been amplified from a hap-

loid organism or from a homozygous diploid, the formation of heteroduplexes can be promoted

by adding an appropriate amount of the corresponding segment of wild-type (Axton and Hanson

1998). However, we recommend the simultaneous use of two scanning techniques only for those

investigators who are fluent in SSCP and HA.

Conformers of single-stranded DNA are separated by gel electrophoresis under nondenaturing

conditions. Because their mobility varies considerably with temperature and ionic strength, it is

usually necessary to analyze samples under two or more sets of conditions to obtain acceptable

resolution of different conformers. Close to 100% of mutations can be detected if SSCP is carried

out in a range of buffers and temperatures (e.g., 0.5x TBE at 4°C and 15°C or 0.5x TBE with and

without compounds such as glycerol that are rich in hydroxyl groups [Glavac and Dean 1993;
Hayashi and Yandell 1993; Highsmith et al. 1999; Liu et al. 1999]) (please see the information

panel on GLYCEROL). Accurate control of temperature during electrophoresis is essential to pre—

vent dissociation of intrastrand base pairs, destabilization of conformers, and, consequently, loss

of resolution.

The sensitivity of SSCP varies with the type of gel matrix, with optimum results being

obtained from cross-linked polyacrylamide. To achieve reproducibility, many investigators use

premade commercial solutions of acrylamide and bisacrylamide (e.g., Acrylogel BDH). However,

the best resolution is obtained from the Hydrolink series of gel matrices (Molinari et al. 1993);

these are sold under the trade name of MDE (Mutation Detection Enhancement) by FMC

BioProducts, Rockland, Maine.
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Detection

To suppress the formation of a surfeit of double—stranded molecules, only small amounts of DNA

can be loaded onto thin (0.4 mm) gels. The conformers are then detected by autoradiography of

PCR products or by staining of unlabeled DNA with SYBR Gold or silver. When thick (1 mm)

gels are used, the DNA may be detectable by staining with ethidium bromide.

Advantages and Disadvantages of SSCP

MATERIALS

SSCP has dramatically improved the efficiency with which mutations can be identified by mole-

cular analyses of mammalian tissues. The method can also be used to detect different mutant aile-

les arising from chemical mutagenesis, cassette mutagenesis, or site-directed mutagenesis with

families of oligonucleotide mutagens. The technique requires no special equipment, is relatively

straightforward to perform, is well suited to nonradioactive methods of detection, and can be

adapted to a range of electrophoretic conditions.

A major disadvantage is that the technique is empirical. At present, there are no algorithms

capable of accurately predicting the number of conformers of a segment of single—stranded DNA
or their electrophoretic properties. Gels containing multiple bands can therefore be difficult to

interpret. Finally, SSCP is capable of detecting almost 100% of mutations, but it may require a

variety of electrophoretic conditions to do so.

The following protocol obtained from Daphne Davis (University of Texas Southwestern

Medical Center, Dallas) describes SSCP analysis of a segment of human genomic DNA.

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

10x Amplification buffer

dNTP solution (PCR grade) containing all four dNTPs, each at a concentration of 1 mM (pH 7.0)
Formamide-Ioading buffer < ! >

Sucrose geI-loading buffer (buffer type I)
7 0x TBE electrophoresis buffer

Use TBE at a working strength of 1x (89 mM Tris-borate‘ 2 mM EDTA) for polyacrylamide gel elec—
trophoresis. Use of the 1x TBE concentration provides the necessary buffering power. The pH of the
buffer should be 8.3. It is generally not necessary to adjust the pH; however, check this variable with each
new batch of 10x TBE stock prepared in the laboratory.

Use the same stock of 10x TBE to prepare both the gel and the running buffers. Small differences in ionic
strength or pH produce buffer fronts that can greatly distort the DNA bands.

Enzymes and Buffers

Restriction enzymes (optional)
Thermostab/e DNA polymerase

Taq DNA polymerase is recommended.

Nucleic Acids and Oligonucleotides

Human genomic DNA to be screened for point mutations
Dissolve the DNA at 10 ug/ml in TE (pH 7.6).

Oligonucleotide primers, forward and reverse (35 |.1M each) in TE (pH 7.6)

Radioactive Compounds

[0t-32PldCTP (3000 Ci/mmole, 10 mCi/ml) <!>
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Protocol 8: Detection ofMutations by SSCP and HA 13.53

Acrylamide:bisacrylamide (29: 1%; w/v) < ! >
Many investigators use premade commercial solutions of acrylamide and bisacrylamide (e.g.,Acry10gel,
BDH)A However, the best resolution of conformers is obtained from the Hydrolink series of gel matrices

(Molinari et al. 1993), which are sold under the trade name ofMDE (Mutation Detection Enhancement)

by FMC BioProducts (Rockland, Maine).

Ammonium persulfate (70% w/v) < 1 >
Glycerol

Use a highly purified grade, such as UltraPure (Life Technologies). Please see the information panel on
GLYCEROL.

TEMED (N,N,N ’,N ’-tetramethylethylenediamine) < 1 >

Electrophoresis—grade TEMED is sold by many manufacturers including Sigma and Bio—Rad. TEMED is
hygroscopic and should be stored in a tightly sealed bottle at 4°C.

TEMED is used as an adjunct catalyst for the polymerization of acrylamide.

Special Equipment

METHOD

Barrier tips for automatic micropipettor

Boiling-water bath

Electrophoresis plates, glass (two 40 x 40 cm) with 0.4-mm spacers

GeI-drying apparatus

Glass capillary tube (drawn-out) or Micropipettor With geI—loading tips

Hamilton syringe or Pasteur pipette

Microfuge tubes (0.5 ml, thin-walled for amplification)

Positive-displacement pipette

Thermal cyc/er programmed with desired amplification protocol
If the thermal cycler is not equipped with a heated lid, use either light mineral oil or paraffin wax to pre—
vent evaporation ofliquid from the reaction mixture during PCR.

Water bath(s) preset to the appropriate temperature(s) for restriction endonuclease digestion
Whatman 3MM filter paper

Amplification of the DNA to be Screened for Point Mutations

1. In a sterile 0.5—ml microfuge tube, mix in the following order:

1 mM dNTP solution 1 pl

10x amplification buffer 2 pl

35 pM 5’-oligonucle0tide solution 1 pl (35 pmoles)

35 “M 3’-oligonuc1eotide solution 1 1,11

10 uCi/ul [a—32P1dCTP 1 u]

human genomic DNA 10 pl (100 ng)

thermostable DNA polymerase 1—3 units

HZO to 20 ul

[a—33P]dCTP is incorporated in the PCRs to label the amplified DNA uniformly. 3213'-labe1ed
oligonucleotide primers can be used in place of [a—32P1dCTP to produce an end—labeled DNA.

1fpossib1e, set up control reactions using two DNA samples known to contain alleles that differ in
sequence by one or more base pairs and that are known to resolve on SSCP gels‘ In addition, set up
a contamination control in which no template DNA is added to the reaction.

2. If the thermal cycler is not fitted with a heated lid, overlay the reaction mixtures with 1 drop
(~50 ul) of light mineral oil to prevent evaporation of the samples during repeated cycles of
heating and cooling. Alternatively, place a head of paraffin wax into the tube if using a hot
start protocol. Place the tubes in the thermal cycler.
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3. Amplify the nucleic acids using the denaturation, annealing, and polymerization times and
temperatures listed in the table. For advice on thermal cycler programs, please see Chapter 8,
Protocol 1.

 

Cycle

Number Denaturation Annealing/Polymerization

30 cycles 5—30 see at 94°C 0.5—1 min at 68°C

Last cycle 1 min at 94°C 5—10 min at 68°C

 

These times are suitable for SO—ul reactions assembled in thin-wailed 0.5—m1 tubes and incu—
bated in thermal cyclers such as the Perkin-Elmer 9600 or 9700, Master Cycler (Eppendorf),
and PTC 100 (Ml Research). Times and temperatures may need to be adapted to suit other
types of equipment and reaction volumes.

Preparation of the SSCP Gel

4. While the thermal cycler program is running, prepare a 5.5% polyacrylamide gel containing
100/o (v/v) glycerol in 1x TBE gel buffer.

10x TBE gel buffer 10 m1

29:1% acrylamidezbisacrylamide solution 18 ml

10% ammonium persulfate 0.5 m1

glycerol 10 m1

HZO 61.5 ml

Mix the reagents by gentle swirling or stirring.
This volume of gel solution is sufficient for one polyacrylamide gel of standard size (40 x 40—cm
plates with 0.4-mm spacers). The volume of the gel solution can be increased or decreased as need-
ed for other gel sizes.

Use the same stock of 10x TBE gel buffer to prepare enough 1x TBE gel buffer to fill the tanks of
the electrophoresis apparatus.

Assemble and tape together two 40 x 40—cm glass electrophoresis plates with 0.4-mm spacers.
To obtain maximum resolution of single-stranded DNA conformers, it is important to use “thin-
gel” spacers that are less than or equal to 0.4 mm in thickness.

Add 100 pl of TEMED to the gel solution. Mix the solution by gently swirling the flask, and
pour the gel.

Work quickly as the acrylamide solution will polymerize rapidly. For instructions on pouring thin
gels, please see Chapter 12, Protocol 8.

Assemble the polymerized gel into an electrophoresis apparatus at room temperature. Fill the
buffer tanks with 1x TBE gel buffer made from the same stock as the gel solution.

Preparation of Samples for SSCP Electrophoresis

8. (Optional) If the amplified DNA fragment is to be digested with a restriction enzyme, remove
the PCR tubes from the thermal cycler at the end of the run and place them on ice. Set up the
following restriction enzyme digestion:

PCR solution 5 pl

10x restriction enzyme buffer 4 u]

restriction enzyme (2—50 units) 2 Mi

H20 29 ul
Incubate for 1—2 hours at the temperature appropriate for the restriction enzyme.
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The ability of SSCP gels to resolve point mutations and polymorphisms decreases as a function of the
size of DNA fragment. The simplest way to resolve sequence differences in longer DNA fragments is to
digest the double-stranded DNA before electrophoresis with a restriction enzyme that produces frag-
ments 200—300 bp in length. This strategy is especially helpful when screening for polymorphisms in the
introns of a gene or for detecting mutations that reside in long exons. If the DNA sequence of the frag-
ment is known, then an appropriate restriction enzyme can be identified with ease. If the DNA sequence
is not known, then a random assortment of enzymes (e.g., AIuI, Ddel, Haelll, Hinfl, Mspl, Rsal) that rec-

ognizes 4-bp sequences may be used. Cleaving the DNA with a battery of frequently cutting enzymes
will often result in the point mutation/polymorphism being located at different distances from the end of
the DNA and in fragments of different sizes. Both features can affect the migration of the resulting sin-
gIe-stranded conformers by SSCP. Finally, digesting a 200—300-bp DNA into two or more smaller frag-
ments followed by SSCP analysis will often resolve an othen/vise undetectable mutation.   
 

Dilute either 1.5 ul of the original PCR (from Step 3) or 5 pl of the restriction-enzyme-digest—

ed PCR (from Step 8) into 20 ul of sucrose gel-loading buffer. Dilute similar aliquots into 20

pl of formamide dye mix.

The samples diluted into formamide dye mix will be denatured, whereas those diluted into sucrose
gel‘loading buffer will remain double—stranded and serve as controls.

Boil the formarnide—containing samples for 6 minutes, and then plunge the tubes directly

into ice.

Separation and Analysis of DNA Fragments by SSCP Gel Electrophoresis

11.

12.

13.

14.

Use a Pasteur pipette or a Hamilton syringe to wash out the wells of the polyacrylamide gel

with 1x TBE gel buffer. With a drawn—out glass capillary tube or a micropipettor equipped

with a gel-loading tip, load 2 pl of each sample on the polyacrylamide gel.

Apply 6—7 V/cm (~250 V [and 15 mA] for a 40 x 40-cm gel) to the gel for ~14 hours.

At the completion of electrophoresis, separate the glass plates, and transfer the gel to a sheet

of Whatman 3MM filter paper. Dry the gel on a vacuum dryer for 30—60 minutes.

Subject the dried gel to autoradiography for 4—16 hours at room temperature without an

intensifying screen.

The nondenatured PCR samples (i.e., those diluted into the sucrose gel—loading buffer) will
migrate through the gel as double—stranded DNAs. By contrast, the denatured samples (i.e., those
resuspended in formamide dye mix and boiled) will usually migrate as a mixture of doubIe—strand-
ed and single—stranded DNAs. The single-stranded DNAs will generally migrate through polyacry—
lamide gels more slowly than the double—stranded molecules (Maxam and Gilbert 1977, 1980;
Szalay et al. 1977). Only one single—stranded band will be detected if the two complementary
strands of the DNA fold into conformations that cannot be resolved by SSCP. Two single—stranded
DNA bands will be detected if the complementary strands fold into resolvable conformers. The
PCR product of a heterozygous allele from a diploid organism should generate at least four bands,

two whose mobility should be identical to that of the wild—type bands and two that are character-
istic of the particular mutation. Often, however, there will be more than two bands, either as a con—

sequence of genetic heterogeneity in the sample or because the two complementary strands of a

DNA molecule each fold into more than one conformer. The patterns can be quite complex and
are not easily predictable based on DNA sequence, base composition, or fragment length; howev-
er, a given pattern is often diagnostic for a particular mutation.
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TROUBLESHOOTING: GEL VARIATIONS

This protocol resolves ~75% of all single-base-pair changes in DNA fragments of <300 bp. If the results are
not satisfactory, there are a multitude of different gel conditions that can be used to resolve single—stranded
DNA conformers. For example:

Carry out electrophoresis for 12—16 hours at 4—60C.

Cast a polyacrylamide gel as described above, but with either 5% (v/v) glycerol or no glycerol. Carry out
electrophoresis for 12—1 6 hours at 4—600

Cast a polyacrylamide gel using a high-resolution gel solution such as Mutation Detection Gel Solution
(e.g., MDE Gel Solution FMC Bioproducts, Maine). This solution contains a proprietary vinyl polymer in
place of acrylamide. MDE gels resolve some single-stranded DNA conformers better than polyacrylamide
gels. Because double-stranded DNAs migrate more rapidly on these gels than they do on polyacrylamide
SSCP gels, the single-stranded DNAs are often the only fragments detected by autoradiography‘ Follow the
manufacturer’s instructions for pouring MDE gels and note that a different strength TBE buffer is usually
used.

Load different volumes of the starting amplification reaction (after denaturation) on the SSCP gelt l n some
cases, loading less DNA decreases the chance that the separated single strands will reanneal with one
another and will instead form intrastrand hydrogen-bonded structures that are separated on the SSCP gel.

Dilute the PCR into an SDS—containing buffer before electrophoresis. In the above example, dilute 1.5 pl of
the PCR with 8.5 pl of 0.1% (w/v) SDS in 10 mM EDTA and 10 pl of formamide dye mix. Boil the sample
as described in Step 10, and analyze 2 pl of the denatured DNA on an SSCP gel. For unknown reasons, the

presence of SDS sometimes facilitates the resolution of single-stranded DNA conformers.

Substitute 1x TBE gel buffer containing 20 mM HEPES for 1x TBE gel buffer in the protocol. This simple addi-
tion greatly changes the electrophoretic mobilities of the single-stranded DNAs. Greater than 95% of con-
formers in DNA fragments S350 bp (Liu and Sommer 1998) can be resolved using two gels, one contain-
ing 1x TBE gel buffer, and the other containing 1x TBE gel buffer supplemented with 20 mM HEPES.

Add urea (5%) or formamide (5%) to the gel buffer to prevent smearing of conformers with high contents
of G+C (Glavac and Dean 1993). Addition of higher concentrations of urea produces ultrasharp bands but
also a decrease in sensitivity of SSCP (Liu et al. 1999).

 

 

 
 



Protocol 9

Generation of Sets of Nested Deletion

Mutants with Exonuclease III

 

NESTED DELETION MUTANTS LACKING PROGRESSIVELY MORE NUCLEOTIDES from 0116 end or the

other of a target DNA are used to define the boundaries of functional cis-acting control elements

or, more rarely these days, as templates for directed DNA sequencing. The methods rely on nucle-

ases such as BAL 31, pancreatic DNase I, or exonuclease III, which digest DNA in a predictable

fashion. Of these enzymes, exonuclease III is by far the best:

0 The exonucleolytic reaction proceeds at a remarkably uniform and predictable rate, making

possible the simultaneous isolation both of nested deletions and of groups of deletions with

tightly clustered endpoints.

o The method is not restricted to any particular vector.

0 The entire series of enzymatic reactions (exonuclease digestion, treatment with nuclease

Sl/mung bean nuclease, and recircularization) can be carried out in a single set of tubes with—

out purification ofintermediate products (Henikoff1984, 1987, 1990).

In the method described by Henikoff (1984), the double—stranded DNA of recombinant

plasmid, phagemid, or bacteriophage M13 replicative form DNA is digested with two restriction

enzymes whose sites of cleavage both lie between one end of the target DNA and the binding site

of a universal primer. The enzyme that cleaves nearer the target sequence must generate either a

blunt end or a recessed 3' terminus; the other enzyme must generate a 4-nucleotide protruding

3' terminus. Because only the blunt or recessed 3' terminus of the resulting linear DNA is sus—

ceptible to exonuclease III, digestion proceeds unidirectionally away from the site of cleavage and

into the target DNA. The exposed single strands are then removed by digestion with nuclease 51
or mung bean nuclease, and the DNA is then recircularized. If desired, a synthetic linker can be
inserted at the site of recircularization.

The only significant limitation of the method is the requirement for an appropriate restric-
tion site at one end of the target DNA that is not susceptible to attack by exonuclease III. However,
in practice, this limitation is not a serious impediment. The range of cloning sites currently avail-

able in bacteriophage M13, phagemid, and plasmid vectors is so large that it is almost always pos—
sible to find a vector that is suitable for the particular target fragment under study. In those rare
instances when no suitable restriction site is available, recessed 3' termini can be protected from
attack by filling with the Klenow fragment of E. coli DNA polymerase I and a—thiophosphate
dNTPs (Guo and Wu 1983; Jasin et al. 1983).A1ternative1y, a protective “buffer” fragment can be
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MATERIALS

inserted between the site of cleavage and the flanking vector sequences (Haltiner et al. 1985). If

the buffer fragment is long enough, the progressive removal of the target DNA by exonuclease III

is unlikely to be accompanied by loss of essential sequences from the flanking vector.

For this mutagenesis procedure to be effective, it is essential that digestion of the template

DNA by the appropriate restriction enzymes be complete. However, if the two restriction sites are

close to each other, complete digestion may require digesting for extended times with large

amounts of one or both enzymes, which may lead to nicking of the template. Because exonucle—

ase III efficiently attacks the 3' end of a nick (Masamune et al. 1971), deletions may then be gen—

erated in undesirable locations in both the vector and the target DNA. In our hands, this prob—

lem remains largely a theoretical possibility that occurs rarely in practice. We therefore recom-

mend the use of a protocol based on digestion of the template DNA with two restriction enzymes,

as described by Henikoff ( 1984).

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions
Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

dNTP solution containing dATP, dGTB and dTTP, each at 0.5 mM in 25 mM Tris-Cl (pH 8.0)

Ethanol (100%, ice cold, and 70%, room temperature)

10x Exonuclease III buffer

660 mM Tris»Cl (pH 8.0)

66 mM MgCl2

100 mM B—mercaptoethanol <!>

Nuclease 57 stop mixture
0.3 M Tris base

50 mM EDTA (pH 8.0)

Phenol:chloroform <!>

Sodium acetate (3 M, pH 5.2)

Enzymes and Buffers

Exonuclease III

The quality of exonuclease III varies from manufacturer to manufacturer and should be checked in ana-
lytical digests before large-scale preparation of nested deletion templates.

Klenow mixture (sufficient for 30 samples)
H20 20 pl

1 M MgCl7 6 pl
0.1 M TrisZCl (pH 7.6) 3 pl
Klenow fragment 3 units

Prepare this mixture on ice just before use.

Ligase mixture (sufficient for 24 samples)
H20 550 pl

10x bacteriophage T4 ligation buffer 100 pl

5 mM rATP 100 pt]

polyethylene glycol (30% w/v PEG 8000) <!> 250 u]
bacteriophage T4 DNA ligase 5 Weiss units

Prepare this mixture on ice just before use.
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Nuclease S 7 reaction mixture

H10 172 pl
10x 51 buffer 27 pl

nuclease SI 60 units

Prepare this mixture just before use.

Mung bean nuclease can be substituted for nuclease S] in this reaction mixture.
Restriction enzymes (two)

For a discussion on choice of enzymes and engineering their recognition sites properly into the target
DNA, please see the introduction to this protocol and the information panel on EXONUCLEASE III.

Gels

Agarose gels (two), 7 % (w/v) agarose

Nucleic Acids and Oligonucleotides
Target DNA

Analyze the sequence of the target DNA for the presence of suitable restriction sites. Clone the DNA to
be digested into a plasmid or bacteriophage vector that contains as few nonessential sequences as possi—
ble. Analyze an aliquot of the preparation of recombinant plasmid DNA that is to be used as a substrate
for mutagenesis by agarose gel electrophoresis in TAE buffer (please see Chapter 5, Protocol 1). The plas—
mid must be >90% superhelical molecules. Repurify the preparation if any linear or >100/o nicked or
relaxed plasmids are detected.

Because exonuclease III will initiate digestion from single-strand nicks, it is important that the template
DNA consist predominantly of closed circular molecules. Purification of the template has the added
advantage of removing small pieces of DNA and RNA from the closed circular DNA preparation. These
can interfere with digestion by exonuclease Ill.

Special Equipment

Microfuge tubes (0.5 ml) or Microtiter plates with ”U”-shaped wells (e.g., Baxter 81790-77)
Waterbaths preset to 300C, 37°C, and 70°C

Additional Reagents

Step 74 of this protocol requires the reagents listed in Chapter 1, Protocol 24, 25, or 26 (for
transformation).

Step 75 of this protocol requires the reagents listed in Chapter 1, Protocol 1 or 4 (for
minipreparation of plasmid DNA) or in Chapter 3, Protocol 3 (for preparation of replicative
form ofM13 DNA).

Step 76 of this protocol requires the reagents listed in Chapter 12, Protocol 3, 4, or 5.

METHOD
 

1. Digest 10 pg of target DNA (recombinant bacteriophage Ml3 replicative form DNA,
phagemid DNA, or plasmid DNA) with two restriction enzymes that cleave the polycloning
site between the primer-binding site of the vector and the target DNA.

To maximize the efficiency of cleavage, avoid using restriction sites located immediately adjacent
to each other in a polycloning site. Perform the digests under conditions of low DNA concentra—
tion and large reaction volume with the appropriate buffer recommended by the enzyme’s manu—
facturer. Digest first with the restriction enzyme that generates the blunt or recessed 3' terminus.
When all of the closed circular DNA has been converted to linear DNA, as confirmed by agarose
gel electrophoresis, adjust the buffer and add the second enzyme. Alternatively, perform a standard
phenolzchloroform extraction and ethanol precipitation, and set up a fresh digestion in the appro-
priate buffer for the second enzyme. Any DNA that escapes cleavage by the second enzyme will be
digested in both directions by exonuclease Ill and will therefore be unlikely to generate viable  
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clones. The efficiency of cleavage by the second restriction enzyme can be checked by end labeling
with ”P the first cleavage site and checking for the subsequent loss of ~50% of the radi01abe1.

lf difficulties are encountered in cleaving the template DNA to completion with two restriction
enzymes, we recommend using a commercial kit based on a method described by Henikoff( 1990).
111 this procedure, single—stranded circular phagemid DNA is used as a template for extension of an

oligonucleotide primer by bacteriophage T4 DNA polymerase. This reaction generates a double—
stranded circular molecule containing a small nick or gap immediately 5” to the primer.
Exonuclease III is then used to resect the resulting 3' end, and the exposed single-stranded DNA is
removed by digestion with a single—strand—specific endonuclease (nuclease 51 or mung bean nucle»
ase). The resulting set of linear nested DNA fragments have a common terminus corresponding to
the 5' end of the primer. These deleted molecules are then recircularized and used to transform
cells. This method has the advantages that nested deletions can be made from any point in the tar-
get DNA and that the enzymatic reactions can be carried out sequentially in a single tube; thus,
there is no need to extract the solution with organic solvents or to precipitate the DNA.

Several commercial kits are available for construction of deletion mutants using Henikoff’s (1990)

method (please see the information panel on COMMERCIAL KITS FOR SITE-DIRECTED
MUTAGENESIS).

. Purify the DNA by standard extraction with phenolxhloroform and precipitation with

ethanol. Carefully remove the supernatant, and add 0.5 ml of 70% ethanol to the pellet.

Rinsing the pellet with ethanol is important because sodium ions inhibit exonuclease III (Hoheisel
1993) (please see the information panel on EXONUCLEASE Ill).

. Recover the washed pellet of DNA by centrifuging at maximum speed for 2 minutes at 4°C

in a microfuge, and then carefully remove the supernatant. Incubate the open tube on the

bench to allow the last traces of ethanol to evaporate, and then dissolve the DNA in 60 pl of

1x exonuclease [II buffer. Store the dissolved DNA on ice.

. Place 7.5 ul of nuclease 5] reaction mixture in each of 25 0.5-ml microfuge tubes or in 25

wells of a 96-well microtiter plate with U-shaped wells. Store the microtiter plate or

microfuge tubes on a bed ofice.

. Incubate the DNA solution prepared in Step 3 for 5 minutes at 37°C. Transfer 2.5 ul of the

solution to the first microfuge tube or well of the microtiter plate containing the nuclease Sl

reaction mixture.

. T0 the remainder of the DNA solution, add 150 units of exonuclease HI per pmole of recessed

3’ termini (1 unit of exonuclease III will generate 1 nmole of acid-soluble total nuc1e0tide in

30 minutes at 37°C). Tap the tube to mix the contents and immediately return the tube to the

37°C water bath.

Under these conditions, the amount of exonuclease III is saturating, and ~200 nucleotides per
minute are removed from the blunt end or recessed 3' terminus of each of the DNA molecules in
the solution. More or less DNA can be removed by varying the intervals between successive sam-
ples. In general, the rate of exonucleolytic digestion of DNA, which determines the range of the
exonuclease III digestion endpoints, varies depending on the molar ratio of enzyme to template.
To ensure that all DNA templates are degraded at the same rate and that synchronicity is main-
tained over several kilobases of DNA fragment, exonuclease III must be present in excess in the
digestion reaction.

The rate of exonuclease digestion can also be controlled by carrying out the digestion reactions at

different temperatures. Henikoff( 1987) estimates that a 2°C difference in temperature in the range
of 30—4OUC can change the rate of digestion by 100 bases/minute.

. At 30—second intervals, remove 2.5411 samples of the DNA solution and place them in suc-

cessive microfuge tubes or wells of the microtiter plate containing the nuclease SI reaction
mixture.

. When all of the samples have been harvested, incubate the microfuge tubes or microtiter

plate containing the nuclease SI and digested plasmid DNA for 30 minutes at 300C



10.

11.

12.

13.

14.

15.

16.
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Add 1 pl of nuclease Sl stop mixture to each of the microfuge tubes or wells and incubate the

reaction mixtures for 10 minutes at 70°C.

Heating to 70°C inactivates nuclease SI and any residual exonuclease III. For further information
on these enzymes, please see the information panels on NUCLEASE S1 in Chapter 7 and EXONU-
CLEASE l" at the end of this chapter.

Transfer the microfuge tubes or microtiter plate to a bed of ice and analyze aliquots of each

of the samples by agarose gel electrophoresis.

Choose a concentration of agarose that will allow maximum discrimination between the original
DNA and fragments that are smaller in size by up to 2 kb

P001 the samples containing DNA fragments of the desired size. Add 1 ul of Klenow mixture

for each 10 pl of pooled sample and incubate the reaction mixture for 5 minutes at 37°C.

For each 10 pl of pooled sample, add 1 pl of 0.5 mM dNTPs. Continue incubation for 15 min—

utes at room temperature.

The initial brief incubation with the Klenow enzyme in Step 11 is carried out in the absence Of
dNTPs to allow the 3' exonuclease activity of the enzyme to remove any remaining protruding 3'
termini from the digested DNA.

Add 40 pl of T4 bacteriophage ligase mixture for each 10 ul of pooled sample. Mix and con-

tinue incubation for 2 hours at room temperature.

Transform the appropriate E. coli host with aliquots of the ligated DNA.

Prepare minipreparations of bacteriophage M13 replicative form DNA, plasmid, or

phagemid DNA from at least 24 randomly selected plaques or colonies.

Linearize the DNAS by digestion with an appropriate restriction enzyme and analyze their

sizes by electrophoresis through a 10/0 agarose gel. Include the original plasmid or bacterio—

phage DNA that has been linearized by restriction enzyme digestion as a marker. Choose

clones of an appropriate size for sequencing (Chapter 12) or additional restriction enzyme

mapping.

Approximately 80—90% of the deletions will typically retain a universal or reverse primer—binding

site and can be sequenced using the appropriate oligonucleotides. For DNA sequencing, it is best
to select clones that differ in size by ~400 bp to ensure that an overlapping set will be analyzed. For
appropriate DNA sequencing protocols using the religated and retransformed DNAS‘ see Chapter

12.  



Protocol 10

Generation of Bidirectional Sets of Deletion

Mutants by Digestion with BAL 31 Nuclease

 

I N THIS METHOD, THE NUCLEASE BAL 31 (purified from the marine bacterium Alteromonas espe-

jiana BAL 31) is used to make uni— or bidirectional deletions in a segment of cloned DNA. BAL

31 is a complex enzyme and tends to digest a population of double-stranded DNA targets in an

asynchronous fashion (please see the information panel on BAL 31). The resulting deletions are

therefore far more heterogeneous in size than those created by processive enzymes such as exonu-

clease III (please see Protocol 9).

MATERIALS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

5x BAL 31 buffer

2.5 M NaCl

62.5 mM CaCl.
62.5 mM MgC12
100 mM Tris—Cl (pH 8.0)

dNTP solution of all four dNTPs, each at 0.5 mM

EGTA (0.5 M, pH 8.0)
Ethanol

Phenolsch/oroform (7:1, v/v) <!>

Sodium acetate (3 M, pH 5.2)

Sucrose geI-Ioading buffer

TE (pH 7.6)

Enzymes and Buffers

Bacteriophage T4 DNA polymerase
BAL 37 nuclease

Klenow fragment of E. coli DNA polymerase I
Restriction endonucleases

Please see Steps 3, 23, and 31.

13.62
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Gels

Agarose gels
Please see Steps 3 and 32.

Agarose gel (O.8%) containing 0.5 pg/m/ ethidium bromide <!>
Please see Step 11.

Agarose gel cast in THE containing 0.5 ug/ml ethidium bromide
Please see Step 25.

Preparative agarose gel
Please see Step 27.

Nucleic Acids and Oligonucleotides

Marker DNA for gel electrophoresis

Special Equipment

Stopwatch

Water baths preset to 65°C and to the appropriate temperature(s) for restriction endonuclease
digestion

Additional Reagents

Step 7 of this protocol requires the reagents listed in Chapter 7, Protocols 7 7—79, or the
reagents listed in Chapter 3, Protocol 6.

Step 2 of this protocol requires the reagents listed in Chapter 7, Protocol 9.

Step 27 of this protocol requires the reagents listed in Chapter 5, Protocol 4, 5, 6, or 7.

Step 30 of this protocol requires the reagents listed in Chapter 7, Protocols 23—26, or the
reagents listed in Chapter 3, Protocol 6 or 8.

Step 37 of this protocol requires the reagents listed in Chapter 7, Protocol 1, or the reagents
listed in Chapter 3, Protocol 3.

Step 34 of this protocol requires the reagents listed in Chapter 72, Protocol 3, 4, or 5.

METHOD

Preparation of Target DNA for Digestion by BAL 31

1. Clone the target fragment into an appropriate plasmid or bacteriophage M 13 vector.

if deletion mutants are to be constructed from both termini ofthe target DNA, it will be necessary
to clone the parental target DNA in both orientations with respect to the polycloning site in an
appropriate vector.

2. Purify the closed circular recombinant DNA(s) by column chromatography on Qiagen
columns (or their equivalent) and precipitation with ethanol. Redissolve the DNA in the

smallest practical volume of Tris/EDTA.

It is essential to use highly purified closed circular DNA (i) to minimize the contribution of cont~
aminating RNA and small fragments ofE. coli chromosomal DNA to the total concentration ofter—
mini in the reaction and (ii) to eliminate nicked circular molecules, which are degraded by BAL 31
from the site of the nick.

3. Digest 30 pg of the closed circular DNA to completion with a restriction endonuclease that
cleaves at one end of the target DNA. This site defines the common point from which the
nested deletions will begin. Use agarose gel electrophoresis to verify that digestion with the
restriction endonuclease is complete.
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4. Purify the DNA by extraction with an equal volume of phenol:chloroform. Separate the

aqueous and organic phases by centrifugation at maximum speed for 3 minutes at 0°C in a

microfuge, and then transfer the aqueous phase to a fresh microfuge tube.

Add 0.1 volume 0f3 M sodium acetate (pH 5.2) and 2 volumes ofice-cold ethanol. Store the

tube for 10 minutes at 0°C, and then recover the DNA by centrifugation at maximum speed

for 10 minutes at 4°C in a microfuge.

Remove the supernatant, and wash the pellet of DNA carefully with 70% ethanol at room
temperature. Dry the pellet at room temperature, and dissolve it in TE (pH 7.6) at a concen-

tration of 1 pg/pl. Store the DNA at —20°C.

Assaying BAL 31 Activity

Most commercial preparations of BAL 31 contain two kinetically distinct forms of the enzyme: a

fast form and a slow form (please see the information panel on BAL 31). The slow form is a pro—

teolytic degradation product of the fast form. The rate at which BAL 31 digests DNA is a func-
tion of the proportion of the fast and slow forms in the particular preparation of the enzyme
used. Pure preparations of the fast form are available (Wei et al. 1983), but they are expensive and,
in any case, they frequently decay into the slow form during storage. To preserve BAL 31 in the
fast form, do not freeze the enzyme, and store it at 4°C.

Because the ratio of fast and slow forms of BAL 31 varies from preparation to preparation,
it is essential to assay the activity of the particular batch of enzyme that will be used to generate
deletions.

7.

10.

11.

In a microfuge tube, mix:

linearized DNA (1 pg/ul) 4 pl

H10 48 ul
5x BAL 31 buffer 13 ul

Dispense 9 111 of this mixture into each of seven separate microfuge tubes.

Make a series of seven twofold dilutions of BAL 31 in 1x BAL 31 buffer. Enzyme dilution is
best carried out by placing seven aliquots (2 ul) of 1x BAL 31 buffer on the surface of a piece
of Parafilm lying on a bed of ice or on a cold block. Use a disposable micropipette tip to mix
2 pl of the BAL 31 preparation under test with the first drop. Use a fresh tip to transfer 2 ul
of the mixture to the next drop, and again mix. Continue in this fashion until the enzyme has
been added to all of the drops. Working quickly, add 1 pl of each of the last six dilutions to
six of the microfuge tubes containing the linear DNA being tested. Do not add enzyme to the
seventh tube.

Most commercial preparations of BAL 31 are supplied at a concentration of ~1 unit/ul; 0.05—0.1
unit of most commercial preparations of BAL 31 is sufficient to digest 1 pg of a 2-kb segment of
linear DNA to fragments <200 bp in length.

Incubate all of the microfuge tubes (including the tube that received no enzyme) for 30 min—
utes at 30°C.

Add 1 pl of 200 mM EGTA (pH 8.0) to each tube, and then heat the tubes for 5 minutes at
650C,

BAL 31 requires Ca2+ for activity and is therefore completely inhibited by EGTA. The enzyme is
also inactivated by heating for 5 minutes at 65°C.

Mix each of the samples with 3 pl of agarose gel-loading buffer and analyze the size of the
DNAs by electrophoresis through a 0.8% agarose gel containing 0.5 pg/ml ethidium bromide.  
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12. Examine the gel by UV illumination, and determine the dilution of enzyme just sufficient to

digest the DNA to the point where only a smear of small (200—bp) fragments is detectable.

This dilution of BAL 31 will be used in the large-scale digestion (Step 15).

Another way to check the progress of the BAL 31 digestion is to set up a large—scale digestion with

BAL 31 and to withdraw aliquots at various times. Each of these aliquots is then digested with a
restriction enzyme that cleaves the target fragment several times. As the digestion with BAL 31 pro—
ceeds, the restriction fragments disappear in a defined order. Knowing the size and map positions
of the restriction fragments, it is possible to estimate the rate of BAL 31 digestion. The amount of
enzyme added to the large-scale digest (below) should be sufficient to digest <20% of the length of
the target fragment in the first 5 minutes of the reaction.

Large-scale Digestion with BAL 31

13.

14.

15.

16.

17.

18.

19.

20.

Mix:

linearized DNA (1 ug/ul) 20 pl

H10 240 pl
5x BAL 31 buffer 65 pl

Incubate the mixture in a water bath at 30°C.

While the mixture is warming to 30°C, prepare a set of eight microfuge tubes, each contain-
ing 5 pl of 200 mM EGTA (pH 8.0). Label the tubes 1.5 minutes, 3.0 minutes, 4.5 minutes,

etc.

Add 36 pl of the appropriate dilution of BAL 31 (please see Step 12) to the reaction mixture

prepared in Step 13. Quickly mix the enzyme by tapping the side of the tube, and then return

the tube to the water bath set at 30°C and start a stopwatch.

At 1.5-minute intervals, transfer 45 pl of the reaction mixture to the appropriately labeled

microfuge tube. Store the tubes on ice until all of the samples have been collected.

Heat the tubes for 5 minutes at 65°C to inactivate the BAL 31.

Add 5 pl of 3 M sodium acetate (pH 5.2) to each tube, followed by 100 pl of ice-cold ethanol.

Mix the solution by vortexing, and store the tubes on ice for 20—30 minutes.

Recover the DNAs by centrifugation at maximum speed for 10 minutes at 4°C. Remove the

supernatants, and wash the pellets with 200 pl of ice—cold 70% ethanol. Centrifuge for a fur-

ther 2 minutes.

Carefully remove the supernatants, and stand the open tubes at room temperature until all of

the ethanol has evaporated. Dissolve each of the pellets in 23 pl of TE (pH 7.6).

Isolation of Truncated Target Fragments

21. Add to each of the DNA preparations:

0.5 mM dNTP solution 3 pl

10x polymerase buffer 3 pl

bacteriophage T4 DNA polymerase (~5 units) 1 1.11

Incubate the reactions for 15 minutes at room temperature, and then add ~1 pl (~5 units) of

the Klenow fragment. Continue the incubation for a further 15 minutes at room tempera—

ture.  
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22.

23.

24.

25.

26.

27.

28.

The use of two different DNA polymerases in the repair reaction results in an approximately three—
fold increase in recovery of mutants.

Purify the DNAs by extraction with phenolzchloroform, and then precipitate the DNAs with

ethanol as described in Steps 18—20. Dissolve each of the DNAs in 16 pl of TE (pH 7.6).

To each DNA, add 2 pl of the appropriate 10x restriction enzyme buffer and 8 units of a

restriction enzyme that will separate the target DNA from the vector. Incubate the reactions

for 1 hour at the appropriate temperature.

At the end of the incubation, transfer an aliquot (3 ul) from each digest to a fresh microfuge

tube. Store the remainder of the digests on ice until needed in Step 27.

Add 1 pl of sucrose gel-loading buffer to each 3-ul aliquot, and load the contents of each tube

into the wells of an agarose gel cast in 0.5x TBE and containing 0.5 ug/ml ethidium bromide.
The wells at the sides of the gel should contain markers of the appropriate size.

Cast the gel with a percentage of agarose that allows separation of the target fragment and the vec—
tor (please see Table 5-2, in the introduction to Chapter 5).

Separate the target fragments from the vector DNA by electrophoresis. Examine the gel by

UV illumination, and determine which of the samples has been digested to an appropriate

size by BAL 31.

Pool the samples (from Step 24) containing target DNA of the appropriate size, and isolate

the target fragments by preparative gel electrophoresis. Recover the target DNA fragments

from the gel using one of the methods described in Chapter 5, Protocols 4—7.

Estimate the amount of purified target DNA from the intensity of ethidium-bromide-medi-

ated fluorescence (please see Appendix 8).

Cloning of Deleted Target Fragments

29.

30.

31.

32.

Ligate the deleted target fragments with a plasmid, phagemid, or bacteriophage M13 vector

(please see Chapter 1 or 3) that carries one blunt end and one terminus that is compatible

with the restriction enzyme used in Step 23.

The exact composition and volume of the ligation reaction will depend on the amount of target
DNA available. If possible, use between 50 and 100 ng of target DNA, and make sure that the molar
ratio of vector DNA to target DNA is at least 5 ( to minimize the number of recombinants that con—

tain more than one fragment of target DNA). To maximize the formation of recombinants, the lig—
ation reaction should be carried out under conditions that favor blunt—end ligation, i.e., in a small
volume in the presence of high concentrations of bacteriophage T4 DNA ligase and polyethylene

glycol and low concentrations of ATP. For details on ligation conditions, please see Chapter 1,
Protocol 19.

Transform (plasmids or phagemids) or transfect (bacteriophage M13 replicative form DNA)

competent E. coli of an appropriate strain with small aliquots or dilutions of the ligation mix-
ture. The next day, grow small-scale cultures of 12 transformed colonies or bacteriophage
M13 plaques, chosen at random.

Purify plasmid, phagemid, or bacteriophage M13 replicative form DNA from each of the 12
cultures by using one of the methods described in Chapter 1 or 3. Digest the DNAs with a
restriction enzyme(s) that will liberate the target fragment from the vector.

Analyze the size of the target fragment liberated from each of the DNAs by agarose gel elec-
trophoresis, using size markers of an appropriate size.
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33. If the results are satisfactory (i.e., if the target fragments fall within the desired size range),

pick a large number of individual transformed colonies or plaques and determine the size of

the inserts as described above. Preserve those cultures that carry recombinants of the desired

size.

34. Determine the exact endpoints of the deletion in each mutant by DNA sequencing (please see

Chapter 12, Protocol 3, 4, or 5).
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BAL 31

BAL 31, isolated from the marine bacterium, Alteromonas espejiana sp., is a calcium—dependent nuclease

whose predominant activity against DNA is exonucleolytic. Magnesium ions are also required for full activ‘

ity. BAL 31 contains:

0 A 3 '-—>5’ exonuclease activity that removes mononucleotides from double-stranded DNA (Zhou and

Gray 1990).

o A 5 ’—~>3 ’ exonuclease activity that works efficiently on single—stranded DNA (Gray and Lu 1993).

a An endonuclease that digests single—stranded DNA slowly and cleaves a variety of torsionally strained

DNA substrates, including negatively supercoiled DNA, junctions between left- and right-handed DNA

(B—Z junctions), and superhelical DNAs carrying apurinic sites or covalent cross-links (Legerski et al.

1977, 1978; Lau and Gray 1979; Kilpatrick et al. 1983; Wei et al. 1984).

The combination of the two exonuclease activities causes both strands of double~stranded DNA to be

shortened from both ends. BAL 31 will also digest single-stranded RNA and double-stranded RNA, the lat-

ter much less efficiently than double-stranded DNA (Bencen et al. 1984). In molecular cloning, the exonu-

cleolytic reaction of BAL 31 has been used:

0 To produce uni— and bidirectional deletion mutations at specific sites in cloned DNAs. Unidirectional

deletions are best generated in target DNAs cloned between two unique restriction sites in a plasmid or

phagemid vector. Bidirectional deletions can be generated from a unique internal restriction site in the

target DNA (please see Figures 13—7 and 13-8).

0 As an aid to restriction mapping of cloned DNAs (Legerski et al. 1978; Hauser and Gray 1991). When
linear duplex DNA is digested with BAL 31, the terminal restriction fragments are destroyed first, fol-

lowed by the subterminal fragments and so on. The order of restriction fragments in an unmapped seg-

ment of cloned DNA can therefore be ascertained from the order in which restriction fragments disap-
pear from samples that have been digested with BAL 31 for increasing periods of time.

So far, the functions of >200 genes and the organization of at least 100 cis—acting sequences have been

analyzed by assaying the function of deletion mutants created by BAL 31. In addition, unidirectional dele~

tions generated by BAL 31 have been used to create sets of nested templates for sequencing long segments

of DNA cloned in bacteriophage M13 vectors (Poncz et al. 1982).

Properties of BM 31

Most commercial preparations of BAL 31 contain two kinetically distinct forms of the enzyme, a fast (F) form
with a molecular weight (Mr) of 105,000 and a slow (5) form (Mr = 85,000). The 5 form is a proteolytic

degradation product of the F form and is generated by a protease in the supernatant ofAlteromonas cultures.

The F form itself appears to be a degradation product of an even larger protein (Hauser and Gray 1990).

The two forms of BAL 31 degrade single-stranded DNA at approximately equal rates, but they differ

markedly in the activity that generates uni- and bidirectional deletions, i.e., the 3'——>5’ exonucleolytic degra-

dation of double—stranded DNA. The rate of the reaction of the F form is described by the equation of Wei
et al. (1983):

appF<V,151>=F<V?§fx,151+1<m > (1)
where v is the initial reaction velocity, [5] is the initial substrate concentration expressed1n mole/liter of

duplex termini, V ”Ex"15 the apparent maximum velocity at the concentration of enzyme used, and K anipis
the apparent Michaelis constant The value of K n}:p is~~58 nM when the initial length of the duplex sub-
strate is in the range of 20—2.5 kb (Gray and Lu 1993).

At high substrate concentrations and working at maximum velocity, one unit of the F form releases 2.1
nmoles of nucleotide/liter/minute from duplex DNA molecules. This value of Vmi applies to DNAs whose
content of (G+C)15 between 52 and 67 M01%. However, because the activity of the F forpm of BAL 31 on dou~
ble-stranded DNAmcreases slightly as the (G+C) content of the substrate decreases,Vmaxpshould be increased
by interpolation by a factor of 1.7 as the (G+C) content decreases from 52 to 37 M0]% (Gray and Lu 1993).
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recircularize DNA fragments that have been digested to the desired extent

4 V

FIGURE 13-7 Generation of Bidirectional Deletions by Digestion with BAL 31

Digestion proceeds from a site within the target.
 

Equation 1 cannot be used to predict the kinetics of degradation for the 5 form of BAL 31 because the

values of K?:p for this enzyme are larger than the highest concentration of substrate that can be assembled
in the reaction (Gray and Lu 1993). However, since [5] is much less than Karip , a plot of 1/0 versus [S] yields

a straight line. The term on the right-hand side of Equation 1 reduces to F (V358 Kan?) ), which is constant
at fixed enzyme concentration.

Because this term is the slope of the plot of v0 versus [5], it is possible to calculate F(vo, [SD for any

given concentration of the S form of BAL 31 and to extrapolate results from one enzyme concentration to

another. For example, if x units of the S form catalyze the release of 0.5 residue/minute from a certain con-

centration of double—stranded substrate, then 2x units will catalyze the release of 1.0 residue/minute.
In general, the 8 form of BAL 31 truncates linear duplex DNA 20—30-fold more slowly than the F form

(Wei et al. 1983). However, by contrast to the F form, the activity of the 8 form on double-stranded DNA
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FIGURE 13-8 Generation of Unidirectional Deletions by Digestion with BM 31

Digestion proceeds from each end of the target.

decreases markedly with increasing G+C content, with a 4.2—fold change in F (v0, {SD over the range 37—66

Mol% G+C (Legerski et al. 1978; Gray and Lu 1993). The dependence of F (v0, [S]) on G+C content can be

estimated from the following equation:

F (vo,[S]) = 16.85 — 0.546P + 0.00456P2 (2)

where P is the M01% G+C, and the value ofF (v0, [S]) corresponds to an enzyme concentration of 1 unit/ml.

The desired value of F (vo,[S]) can be calculated by multiplying the quantity obtained from Equation 2 by
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the concentration of the 5 form to be used in the experiment (Gray and Lu 1993). Because of these com-

plications, the P species is the enzyme of choice for controlled shortening of duplexes whose base compo-

sition shows wide local variation.

When the products of BAL 31 digestion are to be ligated, it is important to consider that the average
length of single—stranded tails created by digestion of linear double-stranded DNA is dependent on the ratio

of F and S forms and on their concentration. The average length of the protruding 5' tails decreases with

increasing enzyme concentration (Zhou and Gray 1990). High concentrations of the F or S form (>2 and

10 units/ml, respectively) will generate DNA molecules that carry an average of seven nucleotides of single-

stranded DNA per terminus; 2—4% of these molecules can be blunt-end-ligated to one another without fur-

ther treatment. Low concentrations of either form (below ~1 and 5 units/ml of the F and S nuclease, respec—

tively) will generate long single-stranded termini whose efficiency of blunt‘end ligation is very low. Thus, a

low concentration of F enzyme in a preparation may be compensated in this regard by a relatively high con-

centration of S form. However, repair with bacteriophage T4 DNA polymerase (or, in some cases, the

Klenow fragment) is obligatory at low concentrations and desnable at high concentrations of BAL 31.

Although pure preparations of the F and S forms of BAL 31 are commercially available, they are very

expensive. Results using mixed preparations will vary, depending on the relative amounts of the two forms

in the initial preparation. However, mixed preparations of the enzyme work perfectly well for most pur-

poses, although it is necessary to carry out preliminary experiments to determine the concentration of

enzyme and the time of digestion that give the desired results.
Preparations rich in the F form are preferred for such tasks as removal of long (>1000 bp) segments

from the termini of double-stranded DNA, degradation of double'stranded RNA, and mapping of restric~

tion sites, B-Z DNA junctions, and lesions in double-stranded DNA. The S form of the enzyme is best suit-

ed for removal of short segments (10—100 bp) from the termini of double-stranded DNA. Mixed prepara-

tions of the enzyme can be used for any of these tasks, although the results will vary as mentioned above.

Facts and Figures

0 Digestions with BAL 31 are usually carried out at 30°C in a buffer (pH 8.0) containing between 0.4 and

0.6 M NaCl and 12.5 mM of both Ca2+ and Mg“.

0 The DNA should be purified by chromatography on Qiagen columns (or their equivalent), concentrat-

ed by precipitation with ethanol, resuspended in the smallest practical volume of Tris/EDTA, and then

diluted into the reaction mixture to a final concentration of >20 mg/ml (for a fragment ~2 kb in length).

0 The amount of enzyme used should be calculated to digest <20% of the length of the target fragment in
the first 5 minutes of the reaction.

0 Aliquots withdrawn from the reaction at various times should be stored at 4°C in 20 mM EGTA.

0 A good way to check the progress of the BAL 31 digestion is to digest an aliquot of the samples taken at

various times with a restriction enzyme that cleaves the target fragment several times. As the digestion
proceeds, the fragments disappear from the digest in a defined order. Knowing their size and map posi—

tions, it is possible to estimate the rate of BAL 31 digestion.

Historical Footnote

BAL 31 was discovered accidentally by Horace Gray when he was an assistant professor at the University of

Houston in the early 19705. At this time ~—- several years before molecular cloning of DNA became possible—

the only source of milligram amounts of prokaryotic closed circular duplex DNA was the bacteriophage PM2,

which had been discovered by Romilio Espejo, a Chilean microbiologist. Espejo was a peripatetic visitor to the

California Institute of Technology, where Gray was a postdoctoral fellow in Jerry Vinograd's laboratory. Gray

and others in Vinograd’s laboratory were interested in the hydrodynamic properties of closed circular DNA

and so needed to purify bacteriophage PM2 on a large scale. The bacteriophage was routinely grown on

Alteromonas espejiana, a marine bacterium that had also been isolated by Espejo some years before. Espejo

originally characterized it as a Pseudomonas. However, when it was reexamined and found to fit the small genus

Alteromonus, the authors of that paper (Chan et al. 1978) named it after Espejo.
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Pursuing studies on PM2 DNA at the University of Houston, Gray was surprised to find that some

batches of the bacteriophage particles lysed in preparative CsCl gradients, releasing their Viral DNA, which

then sedimented to the bottom of the centrifuge tubes. The released DNA was a mixture of closed circular

and linear forms and Gray and his colleagues were excited by the possibility that a restriction enzyme might

be present either in the bacteriophage particles or in lysates ofAlteromonas. However, they soon noticed that

the linear DNA produced from closed circular DNA became progressively shorter during incubations with

Alteromonas culture supernatants and realized that the Altemmonas lysate contained an exonudease (the

source of lysis was never discovered). The exonuclease was given the name BAL 31 and Gray spent a good

part of the next 15 years working out its biochemistry and structure. Almost everything that we know about

the enzyme is due to the work carried out in his laboratory in Houston. Espejo returned to Chile but lost

contact with former colleagues in the United States when he was forbidden to travel from Chile during the
19705.

 

EXONUCLEASE

Exonuclease III of E. coli removes 5’ mononucleotides from the 3’-hydroxyl ends of duplex DNA, leaving
protruding 5’ termini (Richardson and Kornberg 1964; Richardson et al. 1964). At 37°C, a limited number

of 5’ mononucleotides are removed during each binding event. Resection of DNA molecules therefore

occurs in a distributive and quasi-synchronous fashion. The favorable kinetics of digestion and the immu-

nity of single-stranded 3’ termini to attack led to the development of methods (1) to generate single-strand-

ed templates for DNA sequencing (Smith 1979; Guo and Wu 1982; Sorge and Blinderman 1989; Li and

Tucker 1993) and (2) to produce unidirectional sets of progressive deletions in populations of linear DNA

molecules with one resistant (3' protruding) terminus and one susceptible (blunt or 5’ protruding) termi-

nus (Henikoff 1984, 1987, 1990; Hoheisel and Pohl 1986). 3’ termini that are resistant to exonuclease III can

be generated by digestion with certain restriction enzymes (see Table 13-2), by digestion with 2. exonucle-
ase, or by “tailing” with terminal deoxynucleotidyl transferase.

TABLE 13-2 Substrate Specificity of Exonuclease III
 

TYPE or

TERMINI
RESISTANT on SENSITIVE

TO EXONUCLEASE IlI REFERENCES
 

Blunt-ended

Recessed 3'

Protruding 3’ termini with

<4 unpaired bases

Protruding 3' termini with

>3 unpaired bases

3' termini filled with

(x-thio deoxynucleotides

Sensitive

Sensitive

Sensitive

Resistant unless the terminal base is C. Most

4-base protruding 3' termini generated by

restriction enzymes are resistant to exonuclease

111. However, termini generated by Apai, BanII,

Bsp12861, HaeII, and Kan which cleave 3’ to a

C residue, are sensitive to the enzyme. These

enzymes should therefore be avoided when

designing templates for exonuclease—III-based

deletion and DNA sequencing.

Resistant

Richardson et al. (1964)

Richardson et al. (1964);

Weiss (1981)

Henikoff (1984)

Henikoff (1984); Hoheisel

( 1 989, 1993)

Putney et al. (1981); Olsen

and Eckstein (1990)
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Exonuclease III is a 31-kD globular protein, encoded by the xth gene of E. coli, which has been
sequenced (Saporito et al. 1988). Surprisingly for such a small protein, exonuclease III possesses multiple

catalytic activities.

a A 3 '—>5 ' exonuclease that degrades double-stranded DNA (Richardson et al. 1964).

o A 3 ' phosphomonoestemse (Richardson and Kornberg 1964; Brutlag and Kornberg 1972) that removes

a number of 3’ termini from double—stranded DNA, including 3’ phosphoglycoaldehyde and 3’ phos-

phoglycolate residues (for review, please see Doetsch and Cunningham 1990).

o A nucleotidyl hydrolase cutting 5' to apurinic/apyrimidimic sites in DNA (Weiss 1976, 1981; Weiss et al.

1978).

o A powerful exonucleolytic ribonuclease H (Keller and Crouch 1972; Weiss et al. 1978).

This constellation of activities, which are catalyzed by a single active site (Weiss 1976, 1981), is consis-
tent with genetic data indicating that exonuclease III acts within the cell as part of the prokaryotic base—exci—

sion repair pathway (Rogers and Weiss 1980).

Exonuclease III supplied from most commercial manufacturers is purified from a strain of E. coli con—

taining a chimeric plasmid (pSGR3) that carries a 3-kb fragment of the E. coli genome encompassing the

xth gene (Rao and Rogers 1978). Exonuclease III contains a bound divalent cation that is required for activ-

ity. The purified enzyme does not require Mn2+ or Mgz‘“ in the reaction buffer unless it has been exposed

to EDTA. Ca2+ can partially substitute for Mg2+ for the exonucleolytic activity of exonuclease 111 (Kow

1989). The mechanism by which exonuclease III degrades DNA exonucleolytically is affected by tempera-

ture, the concentration of monovalent cation, and the concentration and structure of the 3’ termini (please

see Table 13-3).

Arrhenius plots of the temperature dependence of the rate of exonucleolytic digestion by exonuclease

III in the presence of Mg2+ show a transition at 25—30°C (Henikoff 1987; Kow 1989; Hoheisel 1993), sug—

gesting that the enzyme exists in two conformational states. In one state, which predominates at tempera-

tures <25°C, exonuclease III binds tightly to DNA and works in a processive fashion. At temperatures

>30°C, the enzyme has a lower activation energy and hydrolyzes populations of 3' termini in a distributive

fashion (Hoheisel 1993). Ca2+ ions stabilize exonuclease III in its low-temperature conformation (Kow

1989). The activity of exonuclease III is inhibited at temperatures in excess of 46°C (Hoheisel 1993). Table

13-4 lists some of the applications of the enzymatic activities of exonuclease III to molecular cloning.

TABLE 13-3 Exonucleolytic Activities of Exonuclease III
 

REACTION CONDITIONS ENZYMATIC ACTIVITY REFERENCES
 

70 mM NaCl at 5°C Exonuclease III removes six nucleotides from Donelson and Wu (1972)

the end of a duplex and remains bound as a

stable complex.

50 mM NaCl at 5°C An initial burst of exonucleolytic activity Donelson and Wu (1972)

removes six nucleotides from the end of a

duplex. This is followed by a slower rate of

progressive hydrolysis.

23—28°C Exonucleolytic digestion is synchronous for Wu et al. (1976);

~250 nucleotides and is processive. At saturating Hoheisel (1993)

enzyme concentrations, 5' mononucleotides are

removed at a rate of ~100 nucleotides/min/3’end.

37°C Exonucleolytic digestion is distributive and Thomas and Olivera

quasi— synchronous. At saturating enzyme (1978); Hoheisel (1993)

concentrations, 5’-mononucleotides are removed

at a rate of ~400 nucleotides/min/3’ end.
 

Exonuclease III is inhibited by NaCl and displays maximal activity in buffers containing 15 mM Tris-Cl (pH 8.0) and 6.6
mM MgCl2. No enzymatic activity is detectable in buffers containing 300 mM NaCl (Hoheisel 1993).
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TABLE 13-4 Uses of Exonuclease III in Molecular Cloning
 

ENZYMATIC REACTION USES REFERENCES
 

Exonucleolytic digestion of

double—stranded DNA from

its 3 ’ end.

Exonucleolytic digestion of

double-stranded DNA from

its 3’ end in combination

with a single-strand-specific

resected molecules are used

0 as substrates for labeling reactions

0 as templates for DNA sequencing

o in mapping restriction sites by

exonuclease/hybridization

o for chemical or oligonucleotide-

directed mutagenesis

o to eliminate primers from

completed PCRs

to generate sets of nested deletions

to map genetic markers and repetitive

sequences

James and Leffak (1984)

Smith (1979); Guo and Wu (1982);

Labeit et al. (1986); Hoheisel and

Pohl (1987); Sorge and Blinderman

(1989); Henikoff (1990)

Li and Tucker (1993); Tartof (1992)

Shortle and Nathans (1978);

Nakamaye and Eckstein (1986)

Zhu et al. (1991)

Henikoff (1984, 1987, 1990);

Hoheisel and Feb! (1986)

Peters and Baumeister (1986);

Garon et al. (1975)

nuclease such as 51

(Protocol 9).

Blockage of exonuclease III Riley and Weintraub (1978)

digestion by DNA binding

proteins.

to localize protein-binding sites

 

Production of Nested Deletions by Digestion with Exonuclease III

Henikoff ( 1984) described a method whereby the double-stranded DNA of recombinant plasmid,

phagemid, or bacteriophage M13 replicative form DNA is digested with two restriction enzymes whose sites

of cleavage both lie between one end of the target DNA and the binding site for universal primer. The
enzyme that cleaves nearer the target sequence must generate either a blunt end or a recessed 3’ terminus;

the other enzyme must generate a 4-nucleotide protruding 3’ terminus. Because only the blunt or recessed
3’ terminus of the resulting linear DNA is susceptible to exonuclease III (please see Table 13-3), digestion

proceeds unidirectionally away from the site of cleavage and into the target DNA. The exposed single

strands are then removed by digestion with nuclease 51 or mung bean nuclease, and the DNA is then recir-

cularized. If desired, a synthetic linker can be inserted at the site of recircularization.

The major defect of this method is that it requires two unique restriction sites immediately adjacent to

the point from which deletions originate. In most cases, these sites are located in the polycloning site to one

side of the target sequence. For the procedure to be effective, it is essential that digestion of these two sites

by the appropriate restriction enzymes be complete. However, if the two sites are close to each other, this

can be achieved only by digesting for extended times with large amounts of one or both enzymes, which can

lead to nicking of the template. Because exonuclease III efficiently attacks the 3' end of a nick (Masamune

et al. 1971 ), deletions may be generated in undesirable locations in both the vector and the target DNA.

To solve this problem, Henikoff (1990) described a method in which a single-stranded circular

phagemid DNA is used as a template for extension of an oligonucleotide primer by bacteriophage T4 DNA

polymerase. This reaction generates a double-stranded circular molecule containing a small nick or gap
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immediately 5’ to the primer. Exonuclease III is then used to resect the resulting 3' end, and the exposed
single—stranded DNA is removed by digestion with a single—strand—specific endonuclease (nuclease 51 or

mung bean nuclease). The resulting set of linear nested DNA fragments have a common terminus corre-
sponding to the 5’ end of the primer. These deleted molecules are then recircularized and used to transform
cells. This method has three advantages:

o Nested deletions can be made from any point in the target DNA.
0 Restriction enzymes are not used.

0 The enzymatic reactions can be carried out sequentially in a single tube, and there is no need to extract

the solution with organic solvents or to precipitate the DNA.

Another method to control the extent of resection is to label the DNA randomly with thionucleotides

before digestion with exonuclease 111. Because thio-containing nucleotides are resistant to hydrolysis by

exonuclease Ill, digestion will stop at the first place the enzyme encounters a thioesubstituted nucleoside.

By controlling the amount of (x-thio incorporation, investigators can more readily obtain sets of resected

DNA fragments of the desired size (King and Goodbourn 1992).

Making Templates for Dideoxysequencing with Exonuclease III

Sequencing strategies based on digestion of double-stranded DNA templates with exonuclease III have been
in use since 1982 when Guo and Wu (1983) developed a method in which the DNA sequence was obtained
by resynthesis of the resected strand. This method eliminated the need for a primer-binding site, but it
required knowledge of the restriction map of the target DNA. Although improvements were made (Guo and
Wu 1983), exonuclease III was not used extensively to prepare templates for DNA sequencing until 1984,

when Henikoff’s protocol to create nested deletions was published. However, this method is labor-intensive
and, in addition to enzymatic resection, requires much subcloning, growth of bacterial cultures, and purifi-
cation of nucleic acids. In addition, a new deletion is needed for each 300—500 nucleotides of sequence.

 

lINKER-SCANNING MUTAGENESIS
 

Linker—scanning mutagenesis (McKnight and Kingsbury 1982) is designed to locate and identify function-
al elements in promoters, replication origins, and other cis-acting regulatory regions. A canon of mutants is
generated in which short segments of the target DNA are replaced in a systematic fashion with a “neutral”
DNA sequence. Replacing the natural DNA sequence with a sequence of the same length will usually destroy
the function of a particular regulatory element, but it will not change the spacing, torsional topology, or ori—
entation of functional elements within the domain. The phenotypes of individual mutants can therefore be
mapped with some confidence to specific locations within the regulatory region. Because all mutants carry
the same neutral sequence, comparison of their phenotypes is valid in most cases.

In the original linker-scanning method (McKnight and Kingsbury 1982), 5’- and 3’-deletion mutants
were first generated by resection with exonuclease III (please see the information panel on EXONUCLEASE
III). The termini of these mutations were then precisely mapped to identify pairs of mutants whose end—
points differed by precisely the number of nucleotides present in the neutral synthetic linker. Pairs of
mutants were then yoked together through a synthetic linker (please see Figure 13-9). This sounds simple
in theory, but it is extremely laborious and time-consuming in practice. To obtain a usable set of linker~
scanning mutants by this method, a large number of 5' and 3' deletions must be constructed, sequenced,
and matched. In their original paper, McKnight and Kingsbury (1982) used 43 5' and 42 3’ deletions to
obtain a canon of 15 linker-scanning mutants. Although the method was later streamlined (e.g., please see
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-110 —100 ~9o -so -70 —60

(a) ACAAACCCCGCCCAGCGTCTTGTCATTGGC-GAACACGCAGATGC Wildtype

EcoRI

(b) ACAAACCCCGCCCAG_———————————pBR322———————————— 3'-95

BamHIIinker

(c) ———-pBFl322————————TTGGC_GAACACGCAGATGC 5’—85

BamHI linker EcoFH

l BamHI restriction and recombination with DNA Iigase

(d) ACAAACCCCGCCCAG_TTGGC-GAACACGCAGATGC LS—95/—85
BamHI linker EcoRl

(e) ACAAACCCCGCCCAGGGTCTTGTCATTGGC-GAACACGCAGATGC Wildtype
EcoRI

FIGURE 13-9 Construction of a Linker-scanning Mutant

(a) Nucleotide sequence of the normal HSV tk gene between 60 and 110 residues upstream of the tran-
scription initiation site is shown on the top and bottom lines. This sequence is referred to as wild type.
(b, c) Nucleotide sequences of two linker deletion mutants 3 ’—95 and 5 ’—85. (d) Linker-scanning mutant

—95/—85 was constructed by recombining 3 ’—95 and 5’—85 at the BamHi restriction site. The nucleotide
residues of the tk gene that are substituted by this procedure are shown in bold type. (Redrawn, with per-
mission, from McKnight and Kingsbury 1982 [©AAAS].)

Haltiner et al. 1985; Luckow et al. 1987; Siidhof et al. 1987; Luckow and Schfitz 1991), it remained a daunt-

ing proposition until synthetic oligonucleotides became available at reasonable cost. Since then, many
methods have been described to generate linker-scanning mutants by oligonucleotide ligation (Hobson et

al. 1996) or PCR (e.g., please see Gustin and Burk 1993; Li and Shapiro 1993; Viville 1994; Harlow et alt

1996; Schanke 1997; Barnhart 1999). These methods save much labor by eliminating the need to generate

two sets of deletions with exonucleases. In addition, they allow the investigator to define the length of the

linkers and to place them with precision in predetermined locations within the target DNA. However, PCR

methods can be both laborious and extensive. For example, the technique described by Gustin and Burk

(1993) requires four oligonucleotide primers, three PCRs, and two ligations for each mutant.

More efficient PCR—based methods are based on variations on overlap extension PCR (Higuchi et al.
1988; Ho et al. 1989; Harlow et al. 1994), megaprimer PCR (Schanke 1997), or, for longer scanning muta-

tions, a combination of circular PCR and linker insertion (Barnhart 1999). Figure 13-10 shows two meth-

ods based on overlap extension that work efficiently and require two partially complementary mutagenic

oligonucleotides per mutation and two common oligonucleotides that are used to amplify all mutants in
the canon.

«Wm — »47—
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FIGURE 13-10 Linker Scanning

Generation of Iinker-scanning mutations by PCR. (A) In the overlap method, two complementary oligonucleotides carrying link—
er sequences at the 3 ’ termini are used to prime PCR 1 and PCR 2. In each case, the second primer (F1 or F2) is complemen-
tary to sequences lying outside unique restriction sites (shown as A and B). The products of PCR 1 and PCR 2 are mixed and
denatured and used as templates in PCR 3, which is primed by the two flanking oligonucleotides (F1 or F2). The PCR product
is then cleaved with restriction enzymes A and B and cloned into a suitabIe vector‘ (B) In the asymmetric method, PCR isprimed by F1 and another primer carrying linker sequences at its 3 ' terminus. The products of the reactions are purified and
used, together with oligonucleotide F2, to prime PCR 2. The product of PCR 2 is cleaved with restriction enzymes A and B and
cloned into a suitable vector. (Modified, with permission, from Harlow et al. 1994.)
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RANDOM MUTAGENESIS
 

Four methods are used to construct multiple mutations into a defined region of cloned DNA: chemical

mutagenesis, cassette mutagenesis, misincorporation mutagenesis, and mutagenesis with doped or spiked

oligonucleotides.

Chemical Mutagenesis

Chemical mutagenesis, the most venerable method of local randomized mutagenesis, involves exposing a
short fragment (<200 bp) of double—stranded DNA to a mutagen, such as nitrous acid, hydroxylamine,

bisulfite, or hydrazine (please see Table 13-5). The population of mutagenized fragments is then used to cre-
ate a small library of recombinant clones that contain a mutagenized fragment in place of the homologous

wild—type sequence. Individual recombinants carrying mutations that generate a novel phenotype are iden-

tified by appropriate functional tests. The exact location and specific characteristics of the mutations(s) can

be ascertained by any one of a number of methods, including DNA sequencing (please see Protocol 7).

Unfortunately, the frequency at which mutants are recovered by chemical mutagenesis can be unac-

ceptably low (Chu et al. 1979; Solnick 1981; Busby et al. 1982; Kadonaga and Knowles 1985). Furthermore,

as shown in Table 13-5, most commonly used chemical mutagens react with bases in a specific manner, so

that the spectrum of mutations obtained with a single mutagen may be too narrow to allow a comprehen-
sive analysis of a particular segment of a protein (Shortle and Nathans 1978; DiMaio and Nathans 1980;

Peden and Nathans 1982). Finally, chemical mutagenesis of double-stranded DNA is highly nonrandom,

with regions prone to denaturation being the most vulnerable. This problem can be alleviated, but not

TABLE 13-5 Mode of Action of Commonly Used Chemical Mutagens

MUTAGEN MODE or ACTION

 

 

Nitrous acid Reacts with the amines of purines and pyrimidines to generate diazonium derivatives that are
rapidly hydrolyzed in aqueous solution to ketonic products. Because the rates of these deam-
ination reactions increase with decreasing pH, mutagenesis with nitrous acid is usually car-
ried out at pH 5.2.

guanine—manthine, which pairs with thymine

adenineahypoxanthine, which pairs with cytidine

cytosine—mracil, which pairs with adenine

Nitrous acid therefore generates transition mutations, where purines are replaced by purines

and pyrimidines are replaced by pyrimidines. Ofthe three bases, cytosine is deaminated most

efficiently and guanine the least efficiently. The relative rates of reaction of cytosinezade-
ninezguanine are 6:2:1 (Schuster 1960).

Hydroxylamine Deaminates cytosine at low pH (<pH 2.5) and converts it to uracil. meS-cytosine, however, is
resistant to deamination. At pH 6.0, the deamination of cytosine is incomplete and a stable
intermediate product (hydroxyaminocytosine) is formed that can pair with adenine (Lawley
1967). In both cases, the result is a transition mutation where C-G base pairs are converted to

A-T.

Bisulfite Reacts almost exclusively with cytosine, which it deaminates to uracil (Shapiro et al. 1973).
Bisulfite and hydroxylamine therefore generate the same type of transition mutations.

Hydrazine Cleaves the heterocyclic rings of cytosine and thymidine, which leads to hydrolytic depyrim-
idation of DNA at the site of attack (Brown et al. 1966) The higher the monovalent cation
concentration in the reaction, the greater the preference of hydrazine for cytosine. During
DNA replication, any of the four bases can be inserted into the daughter strand opposite the
apyrimidinic site.
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entirely eliminated, by using single—stranded DNAs as substrates for mutagenesis (Greenfield et al. 1975;

Shortle and Botstein 1983). The yield of mutants can be increased by transfecting chemically mutagenized

DNA into an ung— strain of E. coli that lacks uracil N—glycosylase and is therefore unable to remove uracil

residues generated by deamination (Pine and Huang 1987).

Myers et al. (1985b) introduced methods to treat single-stranded DNA with chemicals that damage all

four bases. Here, single-stranded DNA of a recombinant M13 bacteriophage is exposed under defined con-

ditions to chemicals (nitrous acid, formic acid, and hydrazine) that modify bases in single-stranded DNA

without breaking the phosphodiester backbone. After removal of the chemicals, a universal sequencing
primer and a DNA polymerase are used to synthesize the complementary strand of DNA. When the poly-

merase encounters damaged bases in the template strand, it incorporates nucleotides essentially at random.

Because all possible nucleotides can be incorporated at a single position, there is a 75% probability of muta-

tion at every site of damage. Furthermore, because transversions are generated twice as frequently as tran-

sitions, the resulting mutations generate DNAs (and subsequently proteins) with a wide spectrum of

changes. After the extension reaction is completed, the double-stranded target fragment is excised and

recloned into an appropriate vector. Mutants can be identified directly by DNA sequencing of random

Clones.
The major problem with Myers’ method is the frequency with which useful mutations can be isolated.

To prevent the formation of unacceptable numbers of multiple mutants, it is necessary to limit carefully the

length of time the single—stranded DNA is exposed to damaging chemicals. However, this requirement

means that many of the template strands escape modification altogether. Therefore, the best that can be

achieved by this method is a frequency of single mutations of 10—15%. This problem can sometimes be alle-
viated by using denaturing gradient gel electrophoresis to purify fragments of DNA that carry mutations

(Myers et al. 1985b,c) or by using a screening method such as single-stranded DNA conformation analysis

(Orita et al. 198913) to identify rapidly clones that carry mutations. For a comprehensive discussion of meth-

ods used in chemical mutagenesis, please see Walton et al. (1991).

Cassette Mutagenesis

in the simplest form of cassette mutagenesis (Wells et al. 1985), a small section of DNA is rem0ved from the

wild-type gene and replaced by a synthetic segment of DNA that carries one or more mutations. Cassette

mutagenesis can therefore be used to introduce single or multiple amino acids within the target zone. In

theory, the method is capable of, for example, generating a canon of mutants encoding all possible amino
acid residues at a particular codon or inserting or deleting amino acids at every position.

There are many ways to design pools of oligonucleotides that carry mutations at the desired site(s). A

particularly efficient method is to synthesize one strand of the cassette as a pool of oligonucleotides with
equal mixtures of all four nucleotides in the first two positions of the target codon and an equal mixture of

G and C in the third position (Reidhaar-Olson and Sauer 1988). This composition produces a truncated

version of the genetic code that contains only 32 codons and yet encodes the entire set of amino acids (Scott

and Smith 1990; Reidhaar-Olson et al. 1991). The second strand of the cassette is synthesized with inosine

at each target position. Inosine is able to form base pairs with each of the four conventional bases (Martin

et al. 1985). The two strands are then annealed, and the population of mutagenic cassettes is ligated into the

open-jawed vector.
The resulting population of doped cassettes will include codons specifying each of the 20 amino acids

at each target site(s). However, because of redundancy in the code, some amino acids will be represented

more frequently than others, and it may be necessary to sequence many candidates to obtain a complete col-

lection of cassettes. If only a subset of amino acid substitutions is required, it would be worthwhile to con-

sider doping schemes that generate oligonucleotides encoding specific subsets of amino acids and exclud-
ing others (e.g., please see Arkin and Youvan 1992).

In cassette mutagenesis, the frequency of particular mutations and of double and triple mutations usu-

ally deviates from theoretical predictions. This deviation is probably a result of inequalities in the efficien-

cy with which the four nucleotide precursors are incorporated into the mutagenic cassettes. However, these

deviations only become serious when the aim is to isolate a complete sampling of mutations. In this case, it

may be better to harvest most of the mutations from the pool and then to complete the set by convention-

al site-directed mutagenesis.
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Misincorporation Mutagenesis

In the early 19805, suites of mutants were generated by enzymatic incorporation of nucleotide analogs or by

misincorporation of normal nucleotides (Muller et al. 1978; Shortle et al. 1982; Zakour and Loeb 1982;

Shortle and Botstein 1983; Shortle and Lin 1985). However, the rate of recovery of useful mutations was too

low and the distribution of the mutations too biased to allow the assembly of a complete library of mutants.

More recently, however, misincorporation mutagenesis has been revived in a more efficient form.

Misincorporation of bases occurs when one of the four nucleotides in an in vitro DNA synthesis reac-

tion is present in a limiting amount (usually 1—10% of the normal concentration). The DNA polymerase,

starved of the correct nucleotide, stalls briefly and then inserts one of the three available nucleotides. The

synthetic reaction can be catalyzed either by a thermolabile polymerase such as the Klenow fragment (e.g.,

please see Lehtovaara et al. 1988) or, more efficiently, in a PCR catalyzed by an error-prone thermostable
polymerase such as Taq. In the latter case, four PCRs are carried out, each depleted for a different nucleotide

but containing high concentrations of dITP (Spee et al. 1993; Kuipers 1996). The thermostable DNA poly-
merase therefore has the option of incorporating an inosine residue at sites requiring the depleted

nucleotide or of incorporating one of the three available conventional nucleotides. Because all four natural

bases can form base pairs with inosine, there is a theoretical probability of 7S% that a mutation will arise
during the next PCR cycle at the site of incorporation of inosine. The combination of both types of muta-
geneses elevates the frequency of mutation approximately tenfold over the already high basal rate of Taq

polymerase (5 x 10—4). The frequency of mutation can be further elevated by including Mn2+ at a concen-

tration of 0.5 mM in the PCR buffer (Leung et al. 1989).

Spiked Oligonucleotide Primers

Random mutations in short (<80-nucleotide) regions of DNA can be constructed using spiked oligonu-

cleotides as primers in the classic method of oligonucleotide-mediated mutagenesis (e.g., please see Hermes

et al. 1989; Dale et al. 1991; Dale and Belfield 1996). Spiked oligonucleotides are synthesized on an auto-

mated DNA synthesizer by mixing each of the phosphoamidite precursors with a mixture of the other three

bases. The frequency of mutations depends on the degree of spiking oligonucleotide primers, which can be

adjusted by the investigator (Dale and Belfield 1996). In theory, spiked oligonucleotide primers should gen-

erate a truly random distribution of mutations. In practice, this degree of perfection is not achieved, per-

haps because oligonucleotides that differ in sequence ——— even by as little as one nucleotide — prime with

different efficiencies, perhaps as a consequence of differences in secondary structure.

 

 



Information Panels 13.81

 

AlANINE-SCANNING MUTAGENESIS

Alanine—scanning mutagenesis is a scheme to change the surface residues of a protein while preserving its

underlying three—dimensional structure. The technique was originally designed to map the surfaces of a

protein that are involved in interactions with other proteins or small ligands (Cunningham and Wells 1989;

Bass et al. 1991; Wells 1991). The amino acid sequence of the protein was surveyed for clusters of highly

charged residues, typically Arg, Lys, Asp, and Glu. The side chains of these residues are usually exposed to

solvent on the surface of proteins where they can contribute to interactions with substrates, inhibitors, and

other ligands, including proteins. Site-directed mutagenesis was then used to delete (or truncate) these wild-

type side chains and replace them with a chemically inert side chain that does not extend beyond the B—car-

hon. The substitution of innocuous alanine for charged residues on the surface generally does not disrupt
folding of the core of the protein. However, the absence of polar groups from critical locations may severe-

ly compromise functions of the protein that involve residues on the surface.

Alanine-scanning mutagenesis of charged amino acids generates a systematic set of mutant proteins

that can be assayed for loss of function and avoids the necessity of generating, sequencing, and characteriz-

ing a large library of random mutants. Even so, the number of mutants generated by a comprehensive ala-

nine scan can be formidable. For example, scanning the surface of tissue-plasminogen activator, a 527-

amino-acid protein, involved the conversion of some 134 charged amino acids to alanine residues (Bennett

et al. 1991). To reduce the amount of work, charged amino acids were collected into arbitrary clusters. Each
cluster contained Arg, Lys, Asp, Glu, and His residues that lie within five residues of each other in the pri-
mary sequence. The charged amino acids in each of these clusters were simultaneously changed to alanine

residues by oligonucleotide—mediated site-directed mutagenesis. This strategy generated a total of 64

mutants (12 single mutants, 35 doubles, 12 triples, and 5 quadruples), which were then expressed and

assayed. The decision to include histidine residues in this alanine scan is questionable. Although its pK is

near neutrality, the charged group of histidine is often involved in binding the buried charge of another

reactive group (Richardson and Richardson 1989). Substitution of histidine by alanine may therefore desta-

bilize the protein or result in other undesirable structural changes in the mutant protein.

Alanine scanning is not for the faint-hearted. The surveying power of the method depends on the

breadth of its synoptic coverage. However, comprehensive scrutiny of charged residues, or even of charged

clusters, on the surface of a moderate-sized protein may require the generation, expression, and assay of

many mutants. Perhaps for this reason, alanine scanning of entire proteins has been used chiefly by com-

mercial companies. Genentech developed a technique whereby alanine scanning is used to define function-

al motifs involved in catalysis and substrate binding of yeast cAMP-dependent protein kinase (Gibbs and

Zoller 1991), to identify residues required for binding of interleukin 8 to its receptor (Hebert et al. 1991),

to identify hormone-binding determinants in the human growth hormone receptor (Bass et al. 1991; for

review, please see Wells 1996), to map antigenic epitopes on human growth factor (Iin et al. 1992), and to

assign certain functions to particular structural domains of tissue-plasminogen activator (Bennett et a].

199 1 ).

Academic laboratories have used the technique in a more limited way, for example, to produce detailed

maps of functional residues in individual domains or subdomains of proteins and to evaluate the contri—

bution of different side chains to the stability and folding of particular domains in proteins of known struc-

ture. For purposes such as these, alanine scanning remains the method of choice; papers founded on the

technique continue to be published at the rate of several a month.
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MUTAGENIC OLIGONUCLEOTIDES

All methods for site—directed mutagenesis require the use of one or more mutagenic oligonucleotides to

alter the target sequence. If these oligonucleotides are correctly designed, the desired mutants will be pro-

duced with ease and efficiency. If not, the yield of mutants may be unacceptably low. Oligonucleotides used

for conventional (non~PCR) site-directed mutagenesis must:

0 Be complementary to the appropriate strand of the target DNA.

0 Be sufficiently long (>20 nucleotides) to anneal specifically to the target sequences. Primers carrying

two or more base substitutions should be at least 25 nucleotides in length.
0 Carry the mismatched base(s) in the center, thus providing 10—15 bases on either side that perfectly

match the template strand. Efficient introduction of insertions, deletions, or substitutions >3

nucleotides in size require primers that have as much as 30 nucleotides complementary to the template

on each side of the mutation’s site. Whenever possible, the calculated thermal stabilities of the duplexes

formed between the target DNA and the 5'- and 3’-terminal regions of the mutagenic oligonucleotide

should be equal to one another. For information on calculating the melting temperature of oligonu-

cleotides, please see the introduction to Chapter 10.

0 Contain a 5 '-terminal region thatforms a perfect hybrid with the template, so that DNA synthesis ini-
tiated from an upstream primer does not easily displace the mutagenic oligonucleotide. Approximately

eight to ten perfectly matched nucleotides are required to suppress displacement of the oligonucleotide

by the Klenow fragment. Displacement can also be prevented by using enzymes such as bacteriophage

T4 DNA polymerase (Nossal 1974; Kunkel 1985), which have no 5’-3' exonuclease activity, or Sequenase

(Schena 1989), which cannot readily remove the hybridized mutagenic primer from its template.
0 Form a hybrid sufficiently stable to allow efiicient priming ofDNA synthesis from the 3’ terminus of

the oligonucleotide. If the mismatched nucleotide is too close to the 3' terminus, the 3' segment of the
oligonucleotide will be unable to form a stable hybrid with the target DNA and will therefore be sus—
ceptible to exonucleolytic degradation if, for example, the Klenow fragment is used in the primer-exten-

sion reaction (Gillam and Smith 1979a,b). In addition, an increase in the frequency of priming at incor-

rect locations might occur because the unhybridized 3’ region of the mutagenic oligonucleotide is now

free to anneal to incorrect sites on the template. T0 suppress these effects, between 10 and 15 perfectly

matched nucleotides are required at the 3' terminus of the mutagenic oligonucleotide.
0 Be free ofpalindromic, reiterated, or self-complementary sequences that might form stable structures.

The greater the potential for such structures, the lower the efficiency with which the oligonucleotide will

hybridize to its target sequence in the template DNA. In extremely rare cases, the secondary structure of

the oligonucleotide (or its complementary target sequence) is so great that mutants cannot be obtained.

Under such circumstances, it may be necessary to carry out mutagenesis with a much longer synthetic

oligonucleotide whose 5' and 3' termini extend well beyond (15—20 nucleotides) the problem region.
Screening recombinants for the desired mutants is then carried out with a much smaller oligonucleotide

(17-19 nucleotides) that carries the potentially mismatched bases in the central position.

The same general guidelines apply when designing primers for use in PCR—based methods of site-

directed mutagenesis. However, an additional design feature is required when using a DNA polymerase such

as Taq that catalyzes the template-independent addition of a nucleotide (usually adenosine) to the 3’ ter—

minus of the amplified product (please see the information panel on TAQ DNA POLYMERASE in Chapter

8). In many cases, the additional nucleotide will not be complementary to the template strand. To restore
the correspondence between the PCR product and the target DNA, the oligonucleotide should be designed
so that its 5’ end is immediately preceded on the template strand by a deoxythymidine residue (Kuipers et

al. 1991). An adenosine residue added by the DNA polymerase does not change the amino acid sequence

and does not interfere with the use of the amplified DNA as a megaprimer in a subsequent round of PCR.
In many cases, mutagenic oligonucleotides can be designed so as to introduce a new restriction site or

eliminate an existing site located close to the site of mutation. This strategy allows candidate clones to be

screened by restriction enzyme cleavage and thereby facilitates identification of mutants. A computer pro—
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gram entitled Primer Generator permits investigators to determine whether an oligonucleotide can be

designed that both introduces a desired mutation and alters a nearby restriction site (Turchin and Lawler

1999). An alternative more powerful option that is independent of the DNA sequence near the site of muta—

tion uses two primers: one to mutagenize the target site and another to remove a nonessential unique

restriction site in the flanking vector sequences (Deng and Nickoloff 1992). This method can be extended

to build both mutations into a single long “megaprimer” that can be used in a second PCR to generate a

large amount of mutated double-stranded DNA (Kammann et al. 1989; Landt et al. 1990; Sarkar and

Sommer 1990, 1992; Ke and Madison 1997).

The sequence of mutagenic oligonucleotides should be analyzed for the ability to form fortuitous, sta-

ble hybrids with regions of the template molecules other than the target sequences. Most commonly avail-

able programs for computer analysis of DNA sequences can be used to scan potential mutagenic primers

for features such as hairpin formation, dimer formation, potential false annealing sites, position and num-

ber of mutations/insertions, melting temperature, and stability of 5' and 3’ ends. Some programs can cal—

culate the predicted stability (AG) of S-bp windows across the length of an oligonucleotide-template hybrid.

Oligonucleotides whose 3' pentamers have AG values between —6 and —10 kcal/mole usually provide the

maximum yield of mutations (Piechocki and Hines 1994), presumably because the hybrids formed by their

3' ends (1) are stable enough to compensate for the mismatch(es) in the center of the oligonucleotide but

(2) are sufficiently unstable to suppress false priming from unwanted sites.

If necessary, the specificity of hybridization of the mutagenic oligonucleotide can be checked either in
a DNA-sequencing reaction in which the oligonucleotide is used as a primer or by extending the primer in

the presence of a small amount of one labeled dNTP and four unlabeled dNTPs and then digesting the

product with appropriate restriction enzymes. The pattern of radioactive bands will reveal whether prim-

ing has occurred at the desired site and the length to which the primer has been extended (Zoller and Smith

1984). However, tests of this type are generally carried out only when difficulties are encountered in obtain—

ing the desired mutation.
In general, the larger the size of the mutation to be constructed, the lower the efficiency of oligonu-

cleotide-directed mutagenesis. For example, large deletions (i.e., deletions of several hundred nucleotides)

are generated with ~50-fold lower efficiency than mutations involving only local changes in sequence. This

inefficiency stems from two sources. First, the ability of the mutagenic oligonucleotide to form stable

hybrids with two separate sequences on the template DNA decreases as a function of the distance between

the two sequences. Second, there is an increased probability that the oligonucleotide will hybridize to incor-

rect sequences on the template DNA. The consequence of these effects is that the efficiency of “loop-
in/loop-out” mutagenesis is far lower than the efficiency of mutagenesis of one or two contiguous
nucleotides. Furthermore, the proportion of clones that carry alterations at ectopic sites is greatly increased.

For these reasons, it is often necessary to screen putative loop-in/loop-out mutants by hybridization with

oligonucleotides that are complementary to the desired deletion/insertion junction (“positive probes”) and

with oligonucleotides that are complementary to the deleted sequence or the starting insertion point (“neg-

ative probes”) (please see Thigpen and Russell 1992). Finally, because of the high frequency with which

incorrect mutations are created, it is essential to determine the complete sequence of the mutagenized DNA

(not just the region that is the planned target).
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SELECTING AGAINST WILD-TYPE DNA IN SITE-DIRECTED MUTAGENESIS
 

The frequency of mutations generated by oligonucleotide—mediated mutagenesis varies from >0.1% to

nearly 50%, depending on the complexity of the mutation and the underlying efficiency of the method

used. In classical oligonucleotide-mediated mutagenesis, a fraction of the wild-type bacteriophage M13,

phagemid, or plasmid DNA will escape mutation and will generate nonmutant colonies or plaques, some-

times in considerable numbers. A similar problem arises in PCR—based mutagenesis when double-stranded

plasmid DNAs are used as templates (e.g., please see Weiner and Costa 1994; Weiner et al. 1994; Costa et al.

1996),
To alleviate these difficulties, methods have been developed to destroy nonmutant DNAs selectively in

vitro or suppress the growth of wild-type clones. In both cases, the net effect is to increase the proportion

of mutant clones in the recombinants recovered after site—directed mutagenesis. These selective methods are

of particular value when attempting to isolate “difficult” mutants that are generated with low efficiency in

primer extension or PCRs (e.g., large deletion mutants and multiple point mutants) or when using pools of

oligonucleotides to generate many mutants simultaneously at a defined location in the target DNA.

Selection In Vitro

mummmn mm.

Destruction of Parental Template with Dpnl

The restriction enzyme Dpnl cleaves doubleestranded DNA specifically at the methylated sequence GmsATC

(Lacks and Greenberg 1975, 1977; Geier and Modrich 1979). Plasmid and bacteriophage DNAs isolated

from almost all commonly used strains of E. coli have been fully methylated in vivo by the endogenous Dam

methylase and are therefore sensitive to cleavage by Dpnl (McClelland and Nelson 1988). Hemimethylated

DNAs are cleaved by Dpnl at somewhat lower efficiency. By contrast, DNA synthesized in vitro using the

four conventional deoxynucleotides is unmethylated and therefore completely resistant to cleavage.

Consequently, Dpnl can be used at the end of site—directed mutagenesis to degrade residual methylated

wild—type templates and to enrich for unmethylated DNAs synthesized in vitro. Selective destruction of

parental templates by Dpnl is used chiefly as a method to disinfect double-stranded DNAs synthesized dur-

ing PCR-based mutagenesis (e.g., please see Ponce and Micol 1992; Weiner and Costa 1994; Costa et al.

l996; Wang and Malcolm 1999).

Another way to achieve biochemical discrimination against the template strand is to incorporate

methylated nucleoside triphosphate into the mutant strand during synthesis in vitro. The mutant strand
will then be protected against digestion with restriction enzymes such as HhaI, Sau3AI, and Mspl, which

will degrade the unmodified parental template DNA into small fragments (e.g., please see Vandeyar et al.

1988; Hofer and Kiihlein 1993).

Destruction of Parental Template with UraciI-DNA Glycosylase: The Kunkel Method

Single-stranded templates of bacteriophage M13 DNA, generated in a strain of E. coli carrying ung_ dut—

mutations (please see the panels on DUT and UNG) contain 20-30 uracil residues in place Of thymines

(Sagher and Strauss 1983). When this DNA is used as a template in a classical mutagenesis procedure, the

product is a heteroduplex molecule with uracil in the wild-type strand and thymine in the strand synthe~

sized in vitro. Exposure of the heteroduplex to uracil-DNA glycosylase, either in vitro or after transfection
of the DNA into an tmg+ strain, results in removal of the uracil and cleavage of the phosphodiester back-
bone at the resulting apyrimidinic sites‘ These lethal lesions result in selective and efficient destruction of
the template strand and a reduction in infectivity of approximately five orders of magnitude. A large pro-

portion (up to 80%) of the bacteriophage plaques are therefore derived by replication of the transfecting,

uracil—free (—) strand. Because synthesis of this strand is primed by the mutagenic oligonucleotide, many of

the progeny bacteriophages carry the desired mutation.

The Kunkel method has changed very little since its introduction (Kunkel 1985; for review, please see

Kunkel et al. 1991), Perhaps the one significant improvement is the extension of the technique to include

double-stranded templates derived from phagemids (McClary et al. 1989; Wang et al. 1989; Liu et al. 1990;

for review, please see Hagemeier 1996) and plasmids (Jung et al. 1992). This improvement eliminates the

need to subclone the fragment of interest into single—stranded vectors before mutagenesis. However, the
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yield of mutants is generally rather low and additional steps are often required to reduce the backround of

wild—type phagemids or plasmids. In addition, because the inserts that can be propagated in double—strand—

ed vectors are larger, significantly more DNA sequencing may be required to confirm the mutation(s) of

interest and to verify that no mutations have arisen anywhere else within the target DNA.

 

DUT

The dut gene of E. coli encodes dUTPase, a zinc—containing tetrameric pyrophosphatase (Mr = 64,000)
(Shlomai and Kornberg 1978; Lundberg et al. 1983). In dut mutants, the cell’s ability to convert dUTP to dUMP
is impaired. This decrease results in a 25—30-foid increase in the intracellular pool of dUTP. The elevated ratio
of dUTPszTP leads to an increase in the frequency of misincorporation of dUTP at a random subset of the
sites normally occupied by thymine.

The dut“ mutants of E. coli used in the Kunkel method all contain a trace of dUTPase activity (Konrad and

Lehman 1975; Hochhauser and Weiss 1978), perhaps because a complete lack of the enzyme is lethal (el—
Hajj et al. 1988). Viable dut“ mutants show increased rates of recombination and spontaneous mutation,
which result from the temporary strand breaks and gaps in DNA caused by excision of the uracil residues by
uracil-DNA glycosylase, encoded by the ung gene.   
 

 

UNG

Uracil residues incorporated into DNA in E. coli are normally removed by the small monomeric enzyme uracil-
DNA glycosylase (deduced Mr : 25,664) which cleaves the N-glycosydic bond between the base and the
deoxyribose phosphate backbone, generating an apyrimidinic site (Lindahl 1974; for review, please see Lindahl
1982; Tomilin and Aprelikova 1989). The phosphodiester backbone at these sites is cleaved by endonucleas-
es (exonuclease III or endonuclease IV) (for review, please see Lloyd and Linn 1993) and then repai red by DNA
polymerase I and Iigase. Cells deficient in uracil-DNA glycosylase cannot cleave the N-glycosydic bond and
display increased rates of spontaneous mutation which are biased toward G:C—>A:T transitions (Duncan and
Miller 1980; Duncan and Weiss 1982).

The ung gene of E. coli has been cloned (Duncan and Chambers 1984), as have highly conserved ung
genes from many other organisms including yeast, humans, and herpesviruses (for references, please see
Olsen et al. 1991 ; Lloyd and Linn 1993). These genes probably evolved to remove mutagenic deaminated
cytosine residues from DNA   
 

Unique Restriction Site Elimination

Unique site elimination (USE) is employed in classical oligonucleotide—directed mutagenesis to digest

unmutated double-stranded plasmid DNAs that carry a unique restriction site in a nonessential region

(Deng and Nickoloff 1992). In this method, two primers are hybridized simultaneously to the denatured

template DNA and one primer introduces the desired mutation in the target DNA; the other destroys the

unique restriction site in the plasmid. After the in vitro mutagenesis reaction is completed, the plasmid

DNA is used to transform a strain of E. coli that is deficient in correcting mismatched bases, for example, a

strain carrying a mutS_ mutation. The mismatched base pairs in the heteroduplex DNA are resolved by

replication, rather than repair. The plasmid DNA prepared from pooled transformants is then digested with

the restriction enzyme that cleaves wild-type DNA at the unique site. Plasmids that have escaped mutagen-

esis will be cleaved by the enzyme into linear DNA, which transforms E. coli inefficiently. Mutant plasmids,

on the other hand, are resistant to digestion, retain full transforming ability, and are efficiently recovered
after transformation of a mutSJ' strain of E. coli (Deng and Nickoloff 1992; Ogretman et al. 1996).

The USE method works with increased efficiency if the two mutations can be combined into a single

primer, which may be synthesized de novo or, more commonly, generated by PCR. This application is espe~

cially useful (1) if the restriction site used for selection is BamHI, BglII, or PvuII; the restriction site selec-

tion based on these enzyme recognition sites, for unknown reasons, does not work well when two separate

mutagenic primers are used or (2) if the plasmid used as template is large (>6 kb). For more information,

please see instructions provided by the manufacturers of USE mutagenesis kits (e.g., Amersham—

Pharmacia) (please see the information panel on COMMERC|AL KITS FOR SITE-DIRECTED MUTAGENE-

SIS).
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FIGURE 13-11 Structure of Phfiphorothioate-containing OIigonucIeotide
 

Phosphorothioate analogs of DNA and RNA contain a sulfur atom in place of oxygen in the phosphodi-
ester linkage between bases. (a) Structure of the normal phosphodiester linkage; (b) structure of the
phosphorothioate-containing linkage. (Redrawn, with permission, from TriLink BioTechnoIogies, Inc.)

Incorporation of Phosphorothioate Analogs into the Mutant Strand

Phosphorothioate analogs of DNA and RNA contain a sulfur atom in place of a nonbridging oxygen at one

or more of the linkages between adjacent nucleotides (for review, please see Eckstein 1985; Zon and Geiser

1991 ). Nucleic acids containing phosphorothioate internucleotide links can be synthesized in vitro by DNA

and RNA polymerases in reactions containing nucleoside phosphorothioates as substrates (available from

Synthegen or Applied Biosystems). When supplied with SP-diastereomers of dNTP-S or NTP—S, both types

of polymerases efficiently catalyze the formation of phosphorothioate internucleotide linkages exclusively

in the R -diastereomeric configuration (for review, please see Eckstein and Gish 1989). Incorporation of

nucleoside phosphorothioates into a growing DNA or RNA chain therefore involves net inversion of con-
figuration at the bridging phosphorus atom (please see Figure 13-11) (Eckstein 1985).

Phosphorothioate-c0ntaining DNAs and RNAs are very similar in structure to conventional nucleic
acids. However, the presence of a sulfur atom with a larger van der Waals radius,10wer electronegativity, and

reduced ability to form multiple bonds results in useful changes in chemical properties that can be har-

nessed for a variety of purposes in molecular biology and molecular cloning. For example, because of the

reduced electrophilicity of the sulfur atom, phosphorothioate linkages in DNA and RNA are resistant to

hydrolysis by certain nucleases, with the degree of resistance being dependent on the particular nuclease, the

stereochemistry of the phosphorothioate linkage, its distance from the scissile bond, and the type of metal

cofactor required by the enzyme.

Phosphorothioates may be used to increase the efficiency of oligonucleotide-directed mutagenesis of

both single-stranded templates (Taylor et al. 1985; Nakamaye and Eckstein 1986; Sayers et al. 1988a,b, 1992;

Sayers and Eckstein 1989, 1991, Sugimoto et al. 1989) and double-stranded templates (Olsen and Eckstein

1990, 1991). In the case of single-stranded templates, a mismatched oligonucleotide primer is annealed to
a single-stranded DNA template as described by Zoller and Smith (1983). The primer is extended by a poly-

merization reaction catalyzed by bacteriophage T7 DNA polymerase or the Klenow fragment. In this reac-

tion, one of the conventional dNTPs (usually dCTP) is replaced by the corresponding dNTP—S. The result-

ing heteroduplex therefore consists of a template strand whose backbone contains conventional phospho-

diester bonds and a mutated (+) strand that carries phosphorothioate internucleotidic linkages to the 5’ side

of all dC residues apart from those contributed by the mutagenic oligonucleotide primer. Incubation of the
heteroduplex with a restriction enzyme (usually Neil or AvaI) results in a partial reaction in which the tem-

plate strand is selectively nicked. The strand carrying phosphorothioate residues is resistant to digestion by

the restriction enzyme. The nicks in the template strand are extended by reaction with an exonuclease

(exonuclease 111, T7 exonuclease, or 7» exonuclease). The gap generated in this way is then filled in a second
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polymerization reaction in which the mutant (+) strand is used as a template. Because the mutation is now

carried on both strands of the DNA, >90% of the plaques generated after transfection consist exclusively of

the desired mutant.

When this technique was first developed, the choice of restriction enzymes was limited to those that

generated nicked heteroduplexes when presented with substrates that had been asymmetrically labeled with

phosphorothioates (Sayers et al. 1988a). However, the number of suitable enzymes is enlarged when the

nicking reaction is carried out in the presence of ethidium bromide. Under these conditions, many restric-

tion enzymes introduce nicks into the strand consisting of conventional phosphodiester bonds but are

unable to cleave the strand containing phosphorothioate residues (Sayers et al. 1988b; Sayers and Eckstein

1991).
When oligonucleotide-directed mutagenesis is carried out on double-stranded DNA templates, exonu~

clease digestion is used to generate a region of single-stranded DNA to which the mutagenic oligonucleotide

can efficiently anneal. Following polymerization in the presence of three dNTPs and one dNTP-S, a restric-

tion enzyme is used to introduce nicks into the wild—type strand, which contains only conventional phos-

phodiester bonds. After the nick has been expanded as described above, a second round of polymerization

is used to generate a homoduplex that carries the desired mutation in both strands (Olsen and Eckstein

1990, 1991).

Selection In Vivo

Two primers are hybridized simultaneously to the denatured template DNA; one primer introduces the

desired mutation in the target DNA and the other repairs a mutation in an antibiotic resistance gene car-

ried in the vector. After the in vitro mutagenesis reaction is completed, the resulting heteroduplex DNA is
used to transform a strain of E. coli that is deficient in correcting the mismatched base, for example, a strain
carrying a mutS‘ mutation. The mismatched base pairs in the heteroduplex DNA are resolved by replica-

tion, rather than repair. A fraction of the plasmids recovered from the mutS' transformants will then carry

the desired mutation and a newly functional antibiotic resistance gene. These plasmids are then recovered

in a second round of transformation — this time into a mismatch-repair competent host — with selection

for the restored antibiotic resistance gene (Lewis and Thompson 1990; Hashimoto-Gotoh et al. 1995;

Postina and Fahrenholz 1995; Bohnsack 1996).

 

NG-METHYLADENINE, DAM METHYLASE, AND METHYLATION-SENSITIVE RESTRICTION ENZYMES
 

Methylation of Adenine Residues by Dam Methylase

In E. coli, adenine residues embedded in the sequence 5” .....GATC..... 3' carry a methyl group attached to the

N5 atom (Hattman et al. 1978). More than 99% of these modified adenine bases, which are found on both

strands of the palindromic recognition sequence, are formed by action of DNA adenine methylase (dam),

a single—subunit nucleotide-independent (type II) DNA methyltransferase that transfers a methyl group

from S—adenosylmethionine to adenine residues in the recognition sequence (Geier and Modrich 1979; for

reviews, please see Marinus 1987; Palmer and Marinus 1994).

The recognition sites of several restriction enzymes (including PvuI, BamHI, BclI, BglII, XhoIl, M1701,

and Sau3A1) contain the sequence 5".....GATC..... 3', as do a proportion of the sites recognized by ClaI (~1
site in 4), Xbal (1 site in 16),Mboll (1 site in 16), Tan (1 site in 16), and thl (1 site in 16). The transfer of

a methyl group to the N6 atom of adenine places a bulky alkyl substituent in the major groove of B-form

DNA and completely prevents cleavage in vitro by some restriction enzymes (e.g., Mbol; Dreiseikelmann et

al. 1979). Other restriction enzymes will at best cleave a subset of their recognition sites. For example, ClaI
recognizes the sequence 5lATCGATi”. If this sequence is preceded by G, followed by C, or both, either or both
of the A residues will be methylated and the site protected from cleavage. However, methylation does not

endow the sequence GATC with absolute immunity from cleavage by any and all restriction enzymes. For

example, the restriction enzwne Sau3AI, an isoschizomer of M1701, cleaves —GATC— sequences regardless of

 



13.88 Chapter 13: Mutagenesis

their state of adenine methylation, whereas the enzyme DpnI specifically cleaves fully methylated

—Gmef’ATC— sequences (Lacks and Greenberg 1975, 1977; Geier and Modrich 1979). DNAS modified by dam

methylase in vitro also remain sensitive to restriction by the E. coli mcr and mrr systems. Mammalian DNA

is not methylated at the N6 position of adenine and therefore can be cleaved to completion by restriction

enzymes that are sensitive to dam methylation of prokaryotic DNA.

Lists of restriction enzymes whose pattern of cleavage is affected by dam methylation have been assem—

bled by Kessler and Manta (1990) and McClelland and Nelson (1988); additional information may be found

in the brochures of most commercial suppliers of enzymes and in a database of restriction and modifica-

tion enzymes (REBASE) accessible via the Internet at:

http:// www.neb.com/rebase/rebase.htm1

When it is necessary to cleave prokaryotic DNA at every possible site with restriction enzymes that are

sensitive to dam methylation, the DNA must be isolated from strains of E. coli that are dam“ (Marinus 1973;

Backman 1980; Roberts et al. 1980; McClelland and Nelson 1988). These strains (e.g., GM2163 is available
from New England Biolabs and IMl 10 from the ATCC) exhibit a quirky phenotype, including elevated rates
of spontaneous mutation and recombination, increased sensitivity to UV irradiation, high rates of recom-

bination, and increased rates of induction of Iysogenic bacteriophages (for discussion, please see Marinus

1987; Palmer and Marinus 1994). darn— strains are generally less robust than wild—type K-12 strains because

deficiency of dam impairs the ability of the mismatch repair system to correct errors in the progeny strand

of newly replicated DNA (Lu et a1. 1983; Pukkila et al. 1983; for reviews, please see Modrich 1989; Palmer

and Marinus 1994). The absence of dam methylation therefore leads to increased rates of spontaneous
mutation. dam- strains may also exhibit aberrant regulation of certain classes of genes and a reduced effi-
ciency of initiation of DNA replication. Because of these problems, dam_ strains should not be grown for
long periods in continuous culture or stored on plates or stab cultures for long periods. Instead, these strains

should be stored in small aliquots at ~70°C. In some E. coli strains, maintenance of the dam mutation is

enhanced by growing the cells in the presence of chloramphenicol or kanamycin. In these strains, the dam
gene was inactivated by insertion of the transposon Tn9, which encodes chloramphenicol resistance

(Marinus et al. 1983), or by replacement of part of the gene with a DNA fragment carrying a kanr marker
to inactivate the dam gene (Parker and Marinus 1988). A list of commonly used dam” strains has been pub-

lished by Palmer and Marinus (1994).

Unmethylated and Hemimethylated Adenine Residues in GATC

In some strains of E. coli, a small fraction (~0.2% or less) of the estimated 18,000 5”.....GATC..... 3' sequences

are unmethylated (Ringquist and Smith 1992). These unmodified sites appear to be preferentially located

near the origin of replication or in regions of genomic DNA that are protected from dam methylation in

vivo by DNA-binding proteins (e.g., CAMP receptor protein) (Ringquist and Smith 1992; Wang and Church

1992; Hale et al. 1994).

The unique origin of replication in the chromosome of E. coli (oriC) is highly enriched in GATC
sequences. The time of initiation of DNA synthesis is controlled by a number of factors, including the state

of methylation of these sequences (for review. please see Crooke 1995). Punctual and timely initiation

requires that these oriC—proximal GATC sequences be fully methylated by the Dam nuclease.

Semiconservative replication generates hemimethylated GATC sequences, which become bound to the bac-

terial membrane, where they are no longer accessible to Dam methylase. Before the next round of DNA syn-
thesis is initiated, the oriC region is released from the membrane and the local GATC sites once again

become fully methylated. How these processes are coordinated is not fully understood.
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COMMERCIAL KITS FOR SITE-DIRECTED MUTAGENESIS

TABLE 13-6 Web Resources and Commercial Tools for Mutagenesis
 

SOURCE WEBSITE ADDRESS COMMENTS/KITS
 

U.S. Dept. of Commerce

Iava—Based Molecular

Biology Work Bench

Primer3

Amersham—Pharmacia

Biotech

Bio-Rad

CLONTECH

Life Technologies

PanVera

Promega

Stratagene

NEB

Ana-Gen Technologies Inc.

www.nwfsc.noaa.gov/protocols/resources

www.embl-heidelberg.de/~toldo/IaMBW

www.genome.wi.mit.edu//cgi-bin/

primer/primer3 .cgi

www.apbiotech.com

www.bi0—rad.c0m/index1

www.clontech.com

www.lifetech.c0m

www.panvera.com/ls/index

www.promega.com

www.stratagene.com

www.neb.c0m

www.ana~gen.com/Mutagenesis,htm

Links to many protocol sites as
well as to kit and reagent suppliers.

Multiple links to sequence analy-
ses programs, including PCR
Primer Design by Luca and Toldo
and Oligonucleotide Calculator
by Eugen Buehler.

Primer selection programs.

Sculptor IVM Mutagenesis kit.

Unique Site Elimination (USE)

mutagenesis kit.

Muta—gene in vitro mutagenesis kit.

Transformer site-directed

mutagenesis kit.

CFLP PowerScan mutation detec-

tion system.

Mutan-Express Km Kit.

Altered Sites 11 in vitro mutagene—

sis systems.

Gene Editor System.

Interchange in vivo mutagenesis
system.

Quik Change site-directed mutage-
nesis kit.

ExSite PCR-based site-directed

mutagenesis kit.

Chameleon double-stranded site-
directed mutagenesis kit.

CodeZO kit.

Provides mutagenesis service.
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Glycerol (please see Figure 13—12) is used for several purposes in molecular cloning, including:

o For stabilization ofenzymes. Most enzymes are supplied by commercial manufacturers in buffers con-

taining 50% glycerol, which allows the preparations to be stored at —20°C without freezing. Glycerols and

other polyols are thought to exert their effects by stabilizing protein-protein interactions. Glycerol is

therefore widely used to generate continuous density gradients for the analysis of the composition and

molecular weights of protein complexes.

In gel—loading bujj‘ers. Glycerol is used to increase the density of gel—loading buffers and thereby facili-

tate the loading of nucleic acids and proteins into the slots of agarose and polyacrylamide gels.

High concentration of glycerol (>8%) in samples applied to DNA sequencing gels, however, generate

bends in the sequencing tracks and blurring of bands >3OO bases in size (Tabor and Richardson 1987).

This smearing is almost certainly because glycerol reacts with boric acid in the gel-running buffer to

form negatively charged esters that migrate through the gel during electrophoresis (Béeseken 1949). This

problem can be solved in several ways (Pisa—Williamson and Fuller 1992):

Diluting the DNA polymerase into buffers that do not contain glycerol.

Replacing boric acid in the gel and in the running buffer with taurine, a weak aminosulfonic acid with

a pKa similar to that of boric acid. Taurine/EDTA/Tris buffer consists of 1.78 M Tris, 0.57 M taurine,

and 0.01 M EDTA. A 20x solution therefore contains 216 g of Tris, 72 g of taurine, and 2 g of EDTA
per liter.

Precipitating the products of the sequencing reaction with ethanol before loading onto the gel.

In polyacrylamide gels. Glycerol is included in some types of nondenaturing polyacrylamide gels to

improve the electrophoretic separation of conformers of single—stranded DNA molecules during analy-

sis of mutations by SSCP (Glavac and Dean 1993).

The reasons for the beneficial effects of glycerol, which are most evident when SSCP gels are run at

room temperature, are unclear. Kukita et al. (1997) showed that the pH of the gel buffer is lowered from

8.4 to 7.7 by the addition of glycerol, which reacts with the borate ions in TBE. However, it is difficult to

see how this effect could explain the temperature-dependent improvement in resolution of single-

stranded conformers. Hayashi (1991) proposed that glycerol and other polyols such as sucrose and poly-

ethylene glycol (Markoff et al. 1997) are weak denaturants, whose polar OH groups disrupt the filigree

of hydrogen bonding in single-stranded conformers. This explanation is consistent with the observation

that glycerol preferentially increases the mobility of conformers that are rich in purines.

For glycerol boosts that increase the efficiency of transient expression and transformation of mam—

malian cells. Transfected cultures are exposed briefly to 15—20% glycerol in isotonic saline (Frost and
Williams 1978; Parker and Stark 1979). Glycerol is toxic, but the speed and efficiency of its poisonous

effects vary widely from one type of cell to another. The optimal time, length, and intensity of treatment
must therefore be determined empirically for each cell line.

0 In glycerol step gradients (Vande Woude et al. 1979), which are used as a faster and cheaper alternative

to CsCl step gradients (Yamamoto et al. 1970) in the large—scale purification of bacteriophage A parti-

cles. Pure glycerol has a density of 1.26 g/ml, which is hardly sufficient to support bacteriophage 7» par—

ticles (density ~1.4O g/ml). Glycerol step gradients are therefore centrifuged only for sufficient time to
concentrate the virus particles at one of the steps.

For long—term storage of bacterial stocks. Bacterial cultures can be stored indefinitely at ~70°C without
significant loss of viability in media containing 15% (v/V) of glycerol.

CHQOH

CHOH

CHQOH FIGURE 13-12 Structure of Glycerol
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MUTATION DETECTION

Detection of mutations is essential for the molecular analysis of inherited diseases of humans, for position-

al cloning of the genes that cause such diseases, and more generally, to correlate phenotype with genotype

in organisms as diverse as mice and slime molds. In mutation detection, proband DNAs are tested for dif-

ferences from a reference (wild-type DNA). At present, DNA sequencing is the only method capable of

detecting and identifying single—base mutations with certainty and precision. However, because sequencing

of kilobase lengths of DNA is expensive, slow, and dreary, many different techniques have been developed

to localize mutations and hence reduce sequencing to a minimum. The existing tests differ widely in their

power of ascertainment, accuracy, speed, and cost, and each only detects a subset of mutations. At present,

therefore, detection and localization of uncharacterized mutations often require the sequential application

of two or more tests, followed by confirmatory DNA sequencing. Tests to detect mutations can be divided
into two categories: scanning methods and specific methods.

Scanning methods are used to search segments of DNA for uncharacterized mutations. Three types of

scanning tests are in common use:

0 Tests based on differences in eiectrophoretic migration between mutant and reference (wild-type)

DNAs. Included in this class are denaturing gradient gel electrophoresis (DGGE) and single-stranded

conformational polymorphism (SSCP). These tests, which are simple and cheap, are typically used to

localize mutations to segments of DNA ~200 bp in length.
0 Tests based on detection of sequence changes in concert with electrophoretic migration differences. Two

fingerprinting strategies have been described that use SSCP to resolve differences generated either by the
creation or loss of a dideoxy termination site, known as dideoxy fingerprinting (ddF) or bidirectional

dideoxy fingerprinting (Bi-ddF), or by the creation or loss of a restriction endonuclease recognition site,

known as restriction endonuclease fingerprinting (REF). In general, the fingerprinting methods are
more difficult and expensive, but they are capable of mapping mutations with a resolution of ~10 bp,

and thus are easily confirmed by sequencing.

o Tests based on chemical cleavage of mismatched bases (CCM) in heteroduplexes formed between refer-

ence and mutant nucleic acids. Such mismatches can be cleaved by enzymes such as RNases, DNA repair
enzymes, and resolvases or by chemicals such as hydroxylamine and osmium tetroxide These tests can

be used to scan segments of nucleic acids up to 1.5 kb in length and can ascertain the position of the

mutation with accuracy. However, enzymatic tests detect different types of mismatches with different

efficiencies‘ and the extent of cleavage is often dependent on local context. CCM is more dependable but

requires toxic chemicals, which must be handled in an appropriately vented chemical fume hood.

Specific methods are used to ascertain whether a previously characterized mutation is present in a par»

ticular proband DNA. These methods include hybridization to allele-specific oligonucleotides (ASO), allele-

specific amplification (amplification refractory mutation system [ARMS], or competitive oligonucleotide

priming [COP]), oligonucleotide ligation assay (OLA), or base-specific primer extension. For mutations
that alter restriction sites, additional methods are available, including restriction fragment length poly-

merase (RFLP)/PCR.
Table 13-7 catalogs the commonly used tests to screen mammalian genes for mutations. The strengths

and weaknesses of many of these tests have been extensively reviewed (e.g., please see Cotton 1989, 1992;

Rossiter and Caskey 1990; Candie et al. 1993; Grompe 1993; Prosser 1993; Saleeba and Cotton 1993;

Smooker and Cotton 1993; Dean 1995; Forrest et al. 1995; Liu and Sommer 1995; Liu et al. 1997).
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u
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e
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s
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p
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b
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d
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n
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b
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A
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D
G
G
E
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D
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E
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u
s
e
d
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an
al
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P
C
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—
a
m
p
l
i
fi
e
d
,
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C
c
l
a
m
p
e
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s
e
g
m
e
n
t
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D
N
A
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p
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h
e
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ch
ni
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n
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p
l
e
s
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fr
ag
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n

ex
pe
ri
en
ce
d
in
ve
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n
de
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f
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c
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n
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f
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G
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e
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y
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e
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l
d
o
m
a
i
n
;

a
c
h
a
n
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f
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m
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/
C
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A
/
T
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y
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s
a
de
st
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in
g
ef
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.
T
h
e
ex
ac
t
po

si
ti
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an

d
n
a
t
u
r
e
of

th
e
m
u
t
a
t
i
o
n
m
u
s
t
b
e
c
o
n
fi
r
m
e
d
b
y
D
N
A

se
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en
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.
D
G
G
E
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qu
ir
es

sp
ec
ia
li
ze
d
e
q
u
i
p
m
e
n
t
a
n
d

a
di

st
in

ct
ly
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er
-u
nf
ri
en
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y
co

mp
ut

er
pr

og
ra

m,
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ic
h

is
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ed

to
se
le
ct

se
qu

en
ce

s
fo

r
ol
ig
on
uc
le
ot
id
e
pr

im
er

s.

F
i
s
c
h
e
r
a
n
d
L
c
r
m
a
n

(
1
9
8
3
)
;
M
y
e
r
s

et
al

.

(
1
9
8
7
)
;
S
h
e
f
fi
e
l
d

et
al
.

(1
98

9)

R
o
s
e
n
b
a
u
m
a
n
d

Ri
es

ne
r
(1
98
7)
;

R
i
e
s
n
e
r
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1
9
8
9
)
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o
r
r
e
s
o
n
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al
.

(
1
9
9
1
a
,
b
)
;
H
o
v
i
g

et
al
.

(1
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1)
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p
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c
h
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c
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p
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c
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c
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b
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c
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c
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b
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ra
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b
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b
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b
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n
d
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b
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.
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ra
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ra
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at
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ra
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at
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b
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.

M
i
s
m
a
t
c
h
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m
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R
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b
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b
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at
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d
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r
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ra
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re
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c
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ra
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o
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g
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A
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A
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e
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h
e
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pr
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p
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b
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at
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b
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p
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c
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d
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ra
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d
b
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e
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m
p
l
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.

(C
on

ti
nu

ed
on

th
e
fo
ll
ow
in
g
pa
ge
s.
)

S
S
C
P

re
qu
ir
es

n
o

sp
ec
ia
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d
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fa
st
es
t
an
d

si
mp
le
st

o
f

al
l
th

e
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D
N
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r
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p
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c
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.
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i
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t
d
e
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n
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p
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h
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p
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.g
.,

0.
5x
T
B
E

at
4°
C

wi
th

an
d
wi
th
ou
t

50
/0

gl
yc
er
ol
).

T
h
e
us
e
of

lo
ng
er

fr
ag
me
nt
s

le
ad
s
to

de
cr
ea
si
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fic
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y
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de
te
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io
n.

S
o
m
e
m
i
s
m
a
t
c
h
e
s
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te
ro
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,
pa
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e
w
i
t
h

pu
ri
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s
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e
p
r
o
b
e
st
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ar
e
cl
ea
ve
d
po
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ly

b
y
R
N
a
s
e
A
a
n
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R
N
a
s
e
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;
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te
n
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o
n
t
e
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d
c
p
e
n
d
e
n
t
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n
d
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p
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c
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c
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.
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c
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b
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o
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N
a
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e
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M
u
r
t
h
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.
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b
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at
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s
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r
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.
At

it
s
be
st
,
ho
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ve
r,

th
e

m
e
t
h
o
d
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e
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s
c
a
n
n
i
n
g
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kb
tr
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D
N
A
a
n
d
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e
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ra
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.
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at
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sa
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,
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e
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n
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uc
es

ta
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R
N
A
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en
t
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de
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va
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ct
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e
ge
l,

th
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b
y
p
a
s
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i
n
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e
n
e
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d
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n
d

pu
ri
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ra
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pr
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e.

Re
ag
en
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re
qu
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ed
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r
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e
N
I
R
C
A

pr
ot
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ol
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e
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ai
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bl
e
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a
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t
(
M
i
s
M
a
t
c
h
De
te
ct
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f
r
o
m

A
m
b
i
o
n
)
.

O
r
i
t
a

et
al
.
(
1
9
8
9
a
,
b
,

1
9
9
0
)
;
A
i
n
s
w
o
r
t
h

et
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.
(1
99
1)
;
D
e
a
n
a
n
d

G
e
r
r
a
r
d

(1
99
1)
;

C
a
n
d
i
e
et
a1
.(
19
93
);

Gl
av
ac

a
n
d
D
e
a
n

(
1
9
9
3
)

F
r
e
e
m
a
n
a
n
d
H
u
a
n
g

(
1
9
8
1
)
;
G
i
b
b
s
a
n
d

C
a
s
k
e
y

(1
98
7)
;

W
i
n
t
e
r

et
al
.
(1
98
5)
;

M
y
e
r
s

et
al
.
(1
98
5a
,

19
88
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Ro
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al
.
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99
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u
r
t
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.
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1
9
9
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;
G
o
l
d
r
i
c
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(
1
9
9
6
)
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d
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i
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e
th
y—

m
i
n
e

re
si
du
e
in

G
:
T
m
i
s
m
a
t
c
h
e
s
.
F
o
r
m
u
t
a
t
i
o
n

de
te
ct
io
n,

he
te
ro
du
pl
ex
es

f
o
r
m
e
d

in
vi
tr
o
b
e
t
w
e
e
n

pr
ob
an
d
D
N
A
an
d
wi
ld
—t
yp
e
D
N
A

ar
e
cl
ea
ve
d
by

a
c
o
m
b
i
n
a
t
i
o
n
o
f
m
i
s
m
a
t
c
h
re
pa
ir

e
n
z
y
m
e
s
.
T
h
e

si
ze

o
f
cl
ea
va
ge

p
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c
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.
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o
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p
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p
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d
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c
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f
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e
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h
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h
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c
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ca
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d
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h
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d
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b
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ra
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e
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.
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b
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p
r
i
m
e
r
wa
lk
in
g.
W
h
e
n
d
d
F

re
ac

ti
on

s
(1
99
7)

ar
e
ca
rr
ie
d
o
u
t

in
b
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ro
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ra
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p
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b
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b
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c
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c
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p
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p
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ra
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p
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b
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at
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p
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f
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p
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ra
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c
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c
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b
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c
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c
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b
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p
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b
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b
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c
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c
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c
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e
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p
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c
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b
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at
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b
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at
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p
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ra
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b
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d
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p
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b
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p
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g
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d
g
u
a
n
i
n
e
a
n
d
t
h
y
m
i
n
e

re
si

du
es

in
he
te
ro
du
pl
ex
es
,

al
be
it

wi
th

va
ry

in
g
ef

fic
ie

nc
y.

U
s
i
n
g
in

hi
bi

ti
on

o
f
p
r
i
m
e
r

ex
te

ns
io

n,
on
ly

~
5
0
%

of
mi
sp
ai
re
d
g
u
a
n
i
n
e
re

si
du

es
ar

e
de
te
ct
ed
.
P
r
o
b
l
e
m
s
e
n
c
o
u
n
t
e
r
e
d
in

cl
ud

e
in
te
rn
al

p
r
i
m
i
n
g
a
n
d

n
o
n
s
p
e
c
i
fi
c
m
o
d
i
fi
c
a
t
i
o
n
b
y
C
D
1
.
T
h
e
m
e
t
h
o
d
,
w
h
i
c
h
d
o
e
s

no
t
id

en
ti

fy
th
e
lo

ca
ti

on
o
f
m
u
t
a
t
i
o
n
s

pr
ec

is
el

y,
n
e
e
d
s
ca

re
fu

l

op
ti

mi
za

ti
on

be
fo
re

it
ca
n
be

ap
pl

ie
d
ro

ut
in
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ra
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SUCCESSFUL SCREENING OF CDNA EXPRESSION LIBRARIES requires probes that bind to target pro—

teins with high specificity and dissociate from them slowly. Discussed be1ow are three classes of

probes that fit these criteria.

0 Antibody Probes. Antibodies that recognize antigenic determinants or epitopes specific for the

protein of interest are used to screen protein imprints of cDNA expression libraries. Because

of their ability to react with cognate epitopes when the surrounding protein is malfolded or

denatured, antibodies are the reagents of choice for primary screening of expression libraries

when no nucleic acid probes are available for the gene of interest (for reviews, please see

Helfman and Hughes 1987; Mierendorf et al. 1987; Young and Davis 1991; Hurst 1997). Since

1983, when Young and Davis (1983a,b) introduced immunological screening, cDNA clones
encoding hundreds of different proteins have been isolated by this method.
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Immunological screening does not depend on the expression of a functional protein,

merely on the synthesis of an immunologically reactive epitope. Although some epitopes are

complicated topological structures formed by the folding of noncontiguous regions of one or

more polypeptide chains, others consist of short tracts of adjacent amino acids from a single

polypeptide chain (Geysen et al. 1987). Such localized epitopes can be formed in foreign pro—

teins expressed in bacteria even though the protein as a whole may be malfolded and non-

functional. Simple epitopes can also form in fusion proteins, which will therefore display at

least a part of the characteristic immunological reactivity of the entire target protein.
cDNA libraries suitable for immunological screening are occasionally constructed in plas—

mid vectors (Helfman et al. 1983; Helfman and Hughes 1987), but; more commonly, they are

constructed in bacteriophage 1 expression vectors such as gtll (Huynh et al 1985) and its close

relatives: kgt18-23, XZAP, AZAP Express, and kZAPlI. For further information about these

expression systems, please see the information panel on PLASMID AND BACTERIOPHAGE k

EXPRESSION VECTORS at the end of this chapter.

Oligonucleotide Probes. Double-stranded synthetic oligonucleotides of defined sequence are

used to screen protein imprints of expression libraries for cDNA clones that express sequence—

specific DNA-binding proteins (Schleif 1988; Singh et al. 1988; Vinson et al. 1988; Singh 1993).

Screening can be laborious because the mRNAs for many proteins of this class are rare and

because screening is generally carried out in a serial fashion with oligonucleotide probes that

(1) correspond to the wild-type consensus binding sequence and (2) carry a mutated version

of the binding sequence with reduced affinity for the transcription factor. Despite these dis-

advantages, screening expression libraries with DNA ligands has proven to be a remarkably

rewarding technique. The rich harvest of clones encodes mammalian transcription factors con—

taining several types of DNA-binding motifs including helix—turn—helix, zinc fingers, leucine

zippers, and helix-loop-helix domains (for reviews, please see Singh et al. 1989; Singh 1993).

Specialized Probes. Listed below are more specialized probes used to screen protein imprints

of expression libraries.

Labeled proteins or small organic molecules. For example, 125I-labeled calmodulin has been used

to isolate cDNA clones encoding proteins that bind to ealmodulin (Sikela and Hahn 1987;

Mutzel et al. 1990), whereas radiolabeled CAMP has been used as a probe to isolate cDNAs

encoding cAMP—binding proteins (Lacombe et al. 1987). This type of interaction cloning has

also led to the isolation of cDNAs encoding, for example, proteins involved in signal trans—

duction pathways (Skolnik et al. 1991) and heterodimeric transcription factors (Blanar and

Rutter 1992). However, such successes are rare, probably because the sensitivity of the tech—

nique is too low. These days, yeast two— and three—hybrid procedures would be the methods of

choice to isolate cDNAs encoding interacting proteins (please see Chapter 18).

Short RNA probes have been used to isolate cDNAs encoding proteins that interact with the

probe in a sequence—specific manner and with high affinity (Kb > 109 M4) (Qian and Wilusz

1993; for reviews, please see Bagga and Wilusz 1999; Webster and Macdonald 1999).

Apurinic DNA has been used as a probe to identify cDNA clones expressing DNA—repair pro-
teins (Lenz et al. 1990).

Antibodies specific for phosphotyrosine residues. Tyrosine residues of recombinant proteins
expressed in bacteria can be phosphorylated by cognate kinases in posttranslational modifica—
tion reactions. Antibodies directed against phosphotyrosine residues can therefore be used to
screen protein imprints of mammalian cDNA libraries for clones encoding peptides rich in
phosphotyrosine residues that are substrates for a particular kinase (e.g., please see Kornbluth
et al. 1988; Lindberg et al. 1988).  
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Among the reagents that have been used to detect antibody bound to its antigen on nitro-

cellulose filters are the following:

o 125I-labeled antibodies reactive with species—specific determinants on the primary antibodies

(Helfman et al. 1983; Helfman and Hughes 1987).

0 Protein A of Staphylococcus aureus radiolabeled with 125l (Kemp and Cowman 1981; Johnson
et al. 1985).

0 Second antibodies conjugated directly to horseradish peroxidase (HRP) (de Wet et al. 1984).

Alternatively, HRP coupled to avidin may be used to detect a second antibody coupled to

biotin (Young et al. 1985; French et al. 1986).

a Second antibodies conjugated to alkaline phosphatases (AP) (Mierendorf et al. 1987).

a Radiolabeled ligand, which binds to a divalent antibody that is attached monovalently to anti—

gen on the nitrocellulose filter (Chao et al. 1989). This method can be used only in those rare

circumstances when pure ligand is available in quantity.

Although a systematic comparison of these reagents has not been published, enzymatic meth-

ods of detection are generally more sensitive and give lower backgrounds than do radiochemical
methods. In addition, enzymatic methods produce signals directly on the nitrocellulose filter

(rather than on a sheet of X-ray film), so that positive plaques can be located more accurately.

Antibodies coupled to either HRP or AP that react with species—specific determinants on the

primary antibodies are available commercially, and both have been used successfully to isolate

cDNA clones from expression libraries constructed in bacteriophage k vectors. Both enzymes cat-

alyze the formation of an insoluble colored precipitate on the surface of a nitrocellulose filter at the

site of an antigen—antibody complex (Towbin et al. 1979; Hawkes et al. 1982; Blake et al. 1984;

Knecht and Dimond 1984; Towbin and Gordon 1984; Hawkes 1986). AP, however, offers some

potential advantages: The enzyme remains active for several hours, during which the end product
of the reaction — a dark-blue precipitate of diformazan (McGadey 1970) — continues to accu-

mulate and intensify in color. By contrast, although HRP-conjugated antibodies can efficiently

detect antigen-antibody complexes on the surfaces of nitrocellulose filters (Mierendorf et al. 1987),

the yellow-brown color fades over the course of time. Some protocols also require the use of a car-

cinogenic chromogen, o—dianisidine, which requires special handling and disposal.

In addition to probes that bind to target proteins, expression libraries can of course be

screened in the conventional manner with labeled DNA or RNA probes. Screening by hybridiza—

tion does not require expression of the target protein, merely the presence in the recombinant

clone of a DNA sequence encoding all or part of the protein. The technique may therefore be used

to screen DNA imprints of any type of library constructed in any type of vector. For further

details, please see Chapters 1 and 2.

In this chapter, we describe methods for the immunological screening of bacteriophage A

and plasmid cDNA expression libraries, methods for the purification of antibody probes, proce-

dures for antibody-based screening of expression libraries, and methods for the production and

analysis of fusion proteins in bacteriophage k recombinants.

 

Genetics tells us almost nothing about ourselves that we did not know before... . Genetics answers

all the questions about the human condition, exceptfor the interesting ones.

Steve Jones   

 

 



Protocol 1
 

Screening Expression Libraries Constructed
in Bacteriophage k Vectors

MATERIALS

I N A TYPICAL IMMUNOLOGICAL SCREENING EXPERIMENT, a library constructed in a bacteriophage A

expression vector is plated on an appropriate Escherichia coli strain in the absence of isopropyl-

thio—B-D-galactoside (IPTG). The absence of inducer ensures that no fusion proteins toxic to the

host are synthesized until plaque formation is well under way. After 2—4 hours, the plates are

moved from 42°C to 37°C to stabilize any fusion proteins that are temperature-sensitive, and fil—
ters impregnated with IPTG are laid on top of the developing plaques to collect an imprint of the
induced fusion proteins. After incubation for a further 2—4 hours, the filters are removed and
probed with antibody as described in the protocolt The plates are then stored at 4°C until the

results of immunological screening are available. Positive plaques are recovered and analyzed fur-

ther as described in detail in Protocols 7, 8, and 9 of this chapter and in Chapter 2.

Three alternative methods to detect bound antibodies are discussed: radiochemical screen—

ing, chromagenic screening, and chemiluminescent screening. The advantages and disadvantages

of these methods are discussed in the introduction to this chapter.

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

14.4

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Blocking buffer
10 mM Tris—Cl (pH 8.0)

150 mM NaCl
0.05% (v/v) Tween—ZO

2()% (v/v) fetal bovine serum

Alternative blocking buffers are 50/0 (w/v) nonfat dried milk or TNT buffer containing 10/0 (w/v) gelatin
and 30/0 (w/v) bovine serum albumin. Opinion of the relative virtues ofthese blocking agents varies from
laboratory to laboratory. We recommend that the investigator carry out preliminary experiments to
determine which of them works best with the primary and secondary antibodies that will be used for
screening. Blocking buffer can be stored at 4°C and reused several times. Sodium azide <!> should be
added to a final concentration of 0.05% (w/v) to inhibit the growth of microorganisms.
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Chloroform < ! >
IPTG (10 mM)

Just before use in Step 4, dissolve 0.6 g of solid IPTG in 250 ml of H10. Sterilize the solution by passage
through a 0.25-um filter.

Reagents for detection of antigen-antibody complexes:

Reagents for chromogenic screening with alkaline-phosphatase-conjugated antibody
Reagents for chromogenic screening with horseradish-peroxidase-conjugated antibody
Reagents for chemiluminescent screening
For a list of reagents needed for the desired screening method, please see Step 15. For information on
commonly used methods to detect antibodies, please see the information panel on USING ANTIBOD-

IES IN IMMUNOLOGICAL SCREENING at the end of this chapter. For further details, please see the

information panels in Appendix 9.

5M

Store SM at room temperature in 50—ml aliquots. Discard each aliquot after use to reduce the possibili-
ty of contamination.

TNT buffer
10 mM Tris—Cl (pH 8.0)

150 mM NaCl
0.05% (v/v) Tween—ZO

Approximately 1 liter of TNT buffer is required per 10 filters screened. Store TNT buffer at room tem—
perature.

Washing buffers:

TNT buffer containing 0.1% (w/v) bovine serum albumin

TNT buffer containing 0.1% (w/v) bovine serum albumin and 0.1% (v/v) Nonidet P-40
These buffers should not contain sodium azide.

Radioactive Compounds

725I-Iabeled protein A or 125I-Iabeled immunoglobulin (optional) <!>

Radioiodinated secondary antibody < 1 >
Use this antibody if detecting the antigen-antibody complexes with a radiolabeled secondary antibody
in Step 15.

 

RADIOIODINATION OF IgG

A WARNING Perform this procedure behind appropriate shielding in a correctly vented chemical
fume hood.

This method can be used to radiolabel an IgG fraction for use as a secondary antibody.

1. Prepare lgG from antiserum by protein A—Sepharose chromatography as described by Harlow and Lane
(1999). Dilute the IgG with 50 mM sodium phosphate (pH 7.5) to obtain a final concentration of 1 mg/ml.

To 50 p| of the diluted IgG, add 4 ul of 125I (sodium ”SI, 10 mCi/ml).

. Add 15 pi of chloramineT (2 mg/mi in 50 mM sodium phosphate [pH 7.5]).

Incubate the reaction for 90 seconds at room temperature.

. Add 50 u! of sodium metabisulfite (5 mg/ml in 50 mM sodium phosphate [pH 7.51).

. Apply the solution to a 5-ml column of Sephadex G-25 (equilibrated in 50 mM sodium phosphate [pH
7.51) (please see Appendix 8).

. Collect 0.5-ml fractions until all of the radioactivity has been eluted (~3 ml).\
|

8. Pool the radioactive material.

Usually, >95% of the radiolabei is incorporated, and the specific activity of the radiolabeled antibody exceeds 108
cpm/mg. Do not store radiolabeled antibody for prolonged periods before use.    
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Antibodies

Media

Primary antibody
For advice on choosing primary and secondary antibodies, please see the information panel on USING
ANTIBODIES IN IMMUNOLOCICAL SCREENING at the end of this chapter.

LB agar plates
Each 90-mm Petri dish should contain 30~35 ml of agar medium, whereas each lSO—mm plate should
contain ~50 mi. The plates must be dry; otherwise, the top agarose will peel off when the nitrocellulose
filter is removed. Usually, 2-day-old plates that have been dried for an additional 1—2 hours at 37°C with
their lids slightly open work well. LB agar plates without ampicillin are used in the screening procedure
because E. coli YlO90hst grows slowly in the presence of the antibiotic.

LB top agarose
Melt the top agarose by microwaving for a short period of time and then cooling to 47°C. Dispense the
molten top agar as 3—ml aliquots (for 90—mm plates) or 7.5—ml aliquots (for 150—mm plates) in sterile
tubes. Place the aliquots in a 47°C heating block or water bath to prevent the top agar from gelling.

Special Equipment

Air incubator preset to 42°C

Culture tubes (sterile 73 x 100 mm)

Forceps, b/unt-ended

Needle (18-gauge) and syringe filled with waterproof black drawing ink (India Ink)

Nitrocellulose filters
Filters suitable for binding protein and immunoblotting include nitrocellulose filters free of Triton X
100 (Millipore HATF or equivalent), and supported nitrocellulose derivatives such as Hybond—C extra
(Amersham Pharmacia Biotech). Nylon membranes and charged nylon membranes should not be used
for immunological screening because of their poor retention of proteins and high backgrounds.

Number the filters with a soft—lead pencil or ballpoint pen, wet them with water, and sandwich them
between dry Whatman 3MM papers. Wrap the stack of filters in aluminum foil, and sterilize them by
autoclaving at 10 psi (0.70 kg/cmz) on liquid cycle.

Additional Reagents
Step 1 of this protocol requires the reagents listed in Chapter 2, Protocol 1.

Step 17 of this protocol requires the reagents listed in Chapter 2 Protocol 2.

Vectors and Bacterial Strains

Bacteriophage 7L expression library
Construct a cDNA library in an appropriate expression vector as described in Chapter 11 or purchase
the library from a commercial supplier. Before beginning the screening experiment, determine the titer
of the bacteriophage solution as described in Chapter 2, Protocol 1.

E. coli
Different bacterial host strains used in expression screening require different growth media. For exam-
ple, E. coli Y1090hst, which is commonly used as a host strain for cDNA libraries constructed in kgtl 1,
carries a mutation in the Ion gene which encodes an ATP—dependent protease. Fusion proteins expressed
in these strains are often more stable than those expressed in strains lacking this mutation. This strain
also carries a plasmid (pMC9) that encodes the lac repressor and prevents synthesis of potentially toxic
fusion proteins from the B-galactosidase promoter. This plasmid also carries a selectable marker (ampf).
To ensure against loss of the plasmid, grow E. coli strain Y1090hst in media containing 50 ug/ml ampi-
cillin (except when screening, please see note with LB agar plates above).

E. coli strains BB4 and XLl—Blue, which are used for immunological screening of libraries constructed
in AZAP and its derivatives, carry a lach gene and a tet' marker on an F' factor. These strains should be
grown in media containing 12.5 ug/ml tetracycline.

Before plating the host strain to be used, become familiar with its genotype and any unique growth
requirements.
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METHOD

Plating Bacteriophage A

1. Using a single colony of the appropriate strain of E. coli as inoculum, prepare a plating cul-

ture as described in Chapter 2, Protocol 1.

2. Calculate the number of plates that will be required to screen the library, assuming 0.5 x 104

to 2 x 104 plaques per 90—mm plate or 0.5 x 104 to S x 104 plaques per ISO-mm plate. Arrange
a set of sterile tubes (13 X 100 mm) in a rack; use a fresh tube for each plate. In each tube, mix

0.1 ml of the plating bacteria with 0.1 ml of SM containing the desired number of plaque-

forming units of the bacteriophage 7» expression library. Incubate the infected bacteria for 20

minutes at 37°C.

Immunological screening works best when the density of plaques is low. The color produced by the
chromogenic reaction is most intense at the expanding edge of the plaque. WeIl—isolated
immunopositive plaques therefore display a characteristic ring~like pattern. When plaques crowd
against one another, their morphology becomes fragmented, and the intensity of color at the com-
mon border between adjacent plaques is greatly reduced. However, immunopositive plaques can
still be recognized as long as some portions of their borders do not make contact with the borders
of neighboring plaques. When the density exceeds ~500 plaques/cml, the borders between neigh-
boring plaques disappear and antigen-positive plaques become increasingly difficult to identify.
The number of plaques per plate given in this step should therefore be regarded as the upper limit
for immunological screening.

3. Add to each tube 2.5 ml (90-mm plate) or 7.5 m1 (150-mm plate) of molten top agarose, and
immediately pour the mixture onto an LB agar plate. Incubate the infected plates for 3.5
hours at 42°C.

An incubation temperature of 42°C is used to ensure inactivation of the A repressor protein
(encoded by the c1t5857 allele) and activation of the lytic program of bacteriophage X development.

Induction of Protein Expression on Filters

4. Number the nitrocellulose filters with a soft-lead pencil or a ballpoint pen. Use gloves to han—

dle the filters because skin oils Will prevent the transfer of proteins. Soak the filters in 10 mM

IPTG for a few minutes. Use blunt-ended forceps (e.g., Millipore forceps) to remove the fil-

ters from the solution, and allow them to dry at room temperature on a pad of Kimwipes.

5. Remove one plate at a time from the incubator, and quickly overlay it with an IPTG-impreg-

nated nitrocellulose filter. Do not move the filter once contact is made with the plate. Put the

plate in the 37°C incubator and repeat the above procedure until all plates contain a nitro-

cellulose filter.

The easiest way to place the filter on the plate without trapping air bubbles is to hold it by its edges,
bending it slightly so that the middle of the filter makes contact with the center of the plate.
Wetting action then pulls the filter onto the plate.

It is important to place filters on the plates one at a time so that the temperature of the plates does
not drop below 37°C. The growth of bacteriophages is severely retarded at temperatures (30°C.

6. Incubate the plates for at least 4 hours at 37°C.
During primary screening of a library, it is often difficult to distinguish immunoreactive plaques
from false positives. The frequency with which false positives appear depends on several factors,
including the care taken in handling the filters, the characteristics of the particular antiserum, and
the method used to detect antigen-antibody complexes. In general, chromogenic methods of detec—
tion yield fewer false positives than radiochemical methods and chemiluminescent methods. Even
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under the best conditions, however, false positives arise at a frequency of approximately one per

plate. To avoid the labor and expense of screening large numbers of plaques for a second time, we

recommend that primary screening be carried out in duplicate.

If the library is not to be screened in duplicate, the original filter can be left on the plate for 10—12
hours. If duplicate filters are required, please see the panel following Step 9.

7. Remove the lids from the plates and continue the incubation for a further 20 minutes at 37°C.

8.

9.

This step strengthens the bond between the soft agarose and the agar plate.

Move the plates in small batches to room temperature. Use an 18—gauge needle attached to a

syringe containing waterproof black ink to mark each filter in at least three asymmetric loca-

tions by stabbing through it and into the agar underneath.

Use blunt—ended forceps to peel the filters off the plates and immediately immerse them in a

large volume of TNT buffer. Rinse away any small remnants of agarose by gently agitating the

filters in the buffer. The speed of the shaking incubator should be high enough to prevent the

filters from sticking to one another.

If large areas of the top agarose stick to the nitrocellulose filters, chill the plates for 30 minutes at
4°C or 5 minutes at —20°C before peeling the filters off the surface of the agarose.

 

To Prepare Duplicate Filters

21. Remove the lids from the plates 30 minutes before removing the first filter.

b. Chill the plates for 30 minutes at 4°C or 5 minutes at —20°C.

. Mark each filter with waterproof black ink.c

d. Remove the filters and immediately immerse them in TNT buffer.

r'
b . Overlay each of the plates with a second filter impregnated with IPTG.

_—
h

Incubate the plates for a further 4—6 hours at 37°C.

g. Meanwhile, process the first set of filters as described in Step 10 onward.

h . After the second batch of filters has been incubated on the plates for 4—6 hours, mark them with ink,
immerse them in TNT buffer, and process them as described in Step 10 onward.  
 

10. After all of the filters have been transferred to the TNT buffer, wrap the plates in plastic film

and store them at 4°C until the results of the immunological screening are available.

Detection of Plaques Expressing Fusion Protein

11.

12.

A IMPORTANT Do not allow the filters to dry out during any of the subsequent steps. Antibodies
bound nonspecifically and reversibly to wet filters become permanently attached if the filters dry out.
It is also essential that the filters do not stick to one another when they are immersed in the various
buffers and antibody solutions. This problem can be minimized by dividing the filters into small batch-
es (e.g., five filters per batch) and using a separate large Petri dish or crystallizing dish for each batch.
The Petri dishes can be stacked on top of one another on a slowly rotating platform shaker.

When all of the filters have been rinsed, transfer them one at a time to a fresh batch of TNT

buffer. After transfer, agitate the buffer and filters gently for a further 30 minutes at room
temperature.

If necessary, the filters may be removed from the buffer at this stage, wrapped in Saran Wrap, and
stored for up to 24 hours at 4°C.

Use blunt-ended forceps to transfer the filters individually to a glass tray(s) containing block-
ing buffer (7.5 ml for each 82-mm filter, 15 ml for each 138-mm filter). When all of the fil—
ters have been submerged, agitate the buffer and filters slowly on a rotary platform for 30
mmutes at room temperature.
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Use blunt—ended forceps to transfer the filters to a fresh glass tray(s) containing the primary

antibody diluted in blocking buffer (7.5 ml for each 82-mm filter, 15 ml for each 138—mm fil—

ter). Use the highest dilution of antibody that gives acceptable background yet still allows
detection of 50—100 pg of denatured antigen. When all of the filters have been submerged,

agitate the solution gently on a rotary platform for 2—4 hours at room temperature.

The antibody solution can be stored at 4°C and reused several times. Sodium azide should be
added to a final concentration of 0.05% (w/v) to inhibit the growth of microorganisms.

Wash the filters for 10 minutes in each of the buffers below, in the order given. Transfer the

filters individually from one buffer to the next. Use 7.5 ml of each buffer for each 82—mm fil-

ter and 15 ml for each 138—mm filter.

TNT buffer containing 0.1% bovine serum albumin

TNT buffer containing 0. 1% bovine serum albumin and 0.1% Nonidet P—40

TNT buffer containing 0.1% bovine serum albumin

Detect the antigen-antibody complexes with the chosen radiochemical, chromogenic, or
chemiluminescent reagent.

 

RADIOCHEMICAL SCREENING
 

Use ~1 “Ci of 125I—labeled protein A or immunoglobulin per filter. Radiolabeled protein A is
available from commercial sources (specific activity 2—100 pCi/pg). Radioiodinated sec-

ondary antibody is available commercially or can be prepared as described in the panel on

RADIOIODINATION OF lgG above in Materials.

a. Dilute radiolabeled ligands in blocking buffer (7.5 ml for each 82—mm filter, 15 ml for

each 138-mm filter).

b. Incubate the filters for 1 hour at room temperature, and then wash them several times in

TNT buffer before establishing autoradiographs as described in Appendix 9.

Continue at Step 16.

 

CHROMOGENIC SCREENING
 

Antibodies coupled to horseradish peroxidase (HRP) or alkaline phosphatase (AP) that react
with species—specific determinants on primary antibodies are available from commercial
sources and should be used at the recommended dilution in accordance with the manufac-
turer’s instructions. Typically, 5 ul of conjugated antiserum is used for each 82—mm filter in
7.5 ml of blocking buffer (without sodium azide). For further details on HRP or AP, please
see the information panels in Appendix 9.

Antigen-Antibody-Antibody-AP Complexes Located Using BCIP and NET

 

Materials for Chromogenic Screening with AP-conjugated Antibodies
Alkaline phosphatase—conjugated anti-immunoglobulin antibodies
AP buffer

100 mM Tris-Cl (pH 9.5)
100 mM NaCI
5 mM MgCIZ

5-Bromo-4-chloro-3-indolyl phosphate (BCIP)
Dimethylformamide < !>
Nitro blue tetrazolium (N87)   
 



14.10 Chapter 14: Screening Expression Libraries

a. Gently agitate the filters for 1.5—2 hours at room temperature in the solution of AP-con~
jugated antibody.

b. Wash the filters as described in Step 14.

c. Prepare stock solutions of BCIP (50 mg/ml in 100% dlmethylformamide) and NET (50

mg/ml in 70% dimethylformamide). These solutions are stable when stored in the dark.

d. Prepare the BCIP/NBT developing solution just before use as follows:

i. Add 33 ul of the NET solution to 5 ml of AP buffer and mix well.

ii. Add 16.5 pl of the stock solution of BCIP. Mix again. Protect the solution from strong
light and use it within 1 hour.

e. Blot the washed filters on paper towels.

f. Incubate the filters (Step d) in the BCIP/NBT developing solution (7.5 ml for each 82-
mm filter, 15 ml for each 138-mm filter) for several hours at room temperature.

g. Rinse the filters briefly in two changes of H20. An intense purple color will develop at the
site of antigen-antibody complexes.

Continue at Step 16.

Antigen—Antibody—Antibody-HRP Complexes Located Using 4-Chloro-1-Nuphthol

 

Materials for Chromogenic Screening with HRP—conjugated Antibodies
4-Chloro-1-naphthol

HZO2 (30%) < l >
HRP-conjugated anti—immunoglobulin antibodies

Methanol <! >

NaCl (5 M)
Tris—CI (1 M, pH 7.5)
Tris-Cl (10 mM, pH 75) containing 150 mM NaCl   

a. Gently agitate the filters in the HRP-conjugated antibody solution for 1.5—2 hours at
room temperature.

b. Wash the filters as described in Step 14.

c. To prepare developing solution, dissolve 60 mg of 4—chloro—1-naphthol in 20 ml of ice-
cold methanol. Just before use, mix the solution with 100 ml of 10 mM Tris-Cl (pH 7.5),
150 mM NaCl containing 60 ul of 30% HZOZ.

d. Blot the washed filters on paper towels and wash them briefly in 10 mM Tris-Cl (pH 7.5)
containing 150 mM NaCl.

e. Incubate the filters for 15—20 minutes at room temperature in the 4-chloro—l-naphthol
developing solution (10 ml for each 82-mm filter, 25 ml for each 138-mm filter).

f. Wash the filters in two changes of H20. An intense purple color will develop at the site of
antlgen-antibody complexes.

Biotinylated species—specific antibodies and avidin-conjugated HRP are available from com-
mercial sources. They should be diluted according to individual manufacturer’s instructions
and used for immunological screening as described above for HRP-conjugated antibodies.
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Clones of bacteriophage k can be recovered directly from stained filters after chromogenic
screening (Alter and Patric 1990). The amounts of infectious particles recovered by the rec-

ommended method — scraping the filters with a scalpel blade — are highly variable, ranging
from <100 to >104 pfu per stained imprint. The scrapings from each imprint are mixed with
20-111 aliquots of SM, stored overnight at 4°C, and then replated in a series of dilutions on the

appropriate strain of E. coli. Of course, much greater quantities of bacteriophages can be
recovered by the traditional method of aligning the stained filters with the original plaques.
However, large quantities of bacteriophage are not necessarily an advantage since the next

step is to plaque-purify the recombinant bacteriophage.

If the scraping method is used, we recommend continuing the traditional method of keying
the filters to the plaques, especially when screening large cDNA libraries. This extra effort pro—
vides insurance if the desired recombinants fail to be recovered by scraping.

Continue at Step 16

 

CHEMILUMINESCENT SCREENING

Chemiluminescence is the most sensitive method for detecting immunopositive plaques. The

secondary antibody is typically conjugated to either AP or HRP. Use of AP—conjugated anti»

bodies requires substrates such as 1,2-dioxetane phosphates that emit light at a maximum

wavelength of 466 nm upon dephosphorylation. HRP—conjugated antibodies oxidize the sub—

strate luminol, which in the presence of hydrogen peroxide and phenol emits an intense light

emission with a maximum at 428 nm. With either system, the light emission can be captured

by autoradiography. Chemiluminescent detection is quick, produces a permanent record of

the screened filter (an X—ray film or phosphoimage), and is sensitive (1—10 pg of antigen in a
plaque can be detected). Two potential drawbacks are the inflated cost of the reagents and the

need to identify positives on the original agar plate by comparison to an autoradiogram. A
typical protocol follows.

 

Materials for Chemiluminescent Screening

AP- or HRP—Conjugated anti-immunog/obulin antibodies
Chemiluminescent substrates (commercially available from, e.g., Tropix)

Saran Wrap   
 

a. Gently agitate the filters for 1.5—2 hours in the AP— or HRP-conjugated antibody solution
at room temperature.

b. Wash the filters as described in Step 14.

C. Prepare the chemiluminescent substrates according to the manufacturer’s instruc-
tions.

d. Incubate the washed filters in the chemiluminescent substrates for 1—5 minutes (again,
consult the manufacturer’s recommendations for optimal exposure times).

9. Drain the excess solution from the filters, and immediately wrap the filters in Saran Wrap.
Do not allow the filters to dry out.

f. Establish an autoradiogram (please see Appendix 9). Typically, the initial exposure is 1
minute. This interval provides enough information to establish the proper exposure
time. ‘

Continue at Step 16.
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16.

17.

Identify the locations of positive plaques or, if made, compare the duplicate filters, searching

for coincident signals. For screens involving radiolabeled or chemiluminescent probes, com—

pare the resulting autoradiograms with the agar plates on a light box. For screens involving

chromogenic reagents that leave a Visible positive residue on the filter, carry out the follow-

ing steps:

a. Lay a sheet of Saran Wrap or Mylar film over the filters.

b. On the surface of the Saran Wrap, mark the locations of the holes in the filters and the

locations of antigen-positive clones with different colored waterproof markers. Label the

Saran Wrap to identify the plates from which the filters were derived.

c. Place the sheet of Saran Wrap on a light box, and align the plates containing the original

bacteriophage X plaques on top of it.

d. Identify the area containing the positive plaque, and remove a plug of agar from this area

using the large end of a Pasteur pipette. Transfer the plug to 1 ml of SM containing 2

drops of chloroform.

6. Keep the sheet of Saran Wrap, which provides a permanent record of the locations of the

positive plaques. The colored spots on the original filters fade quite rapidly.

Allow the bacteriophage particles to elute from the agar plug for several hours at 4°C.

Measure the titer of the bacteriophages in the eluate, and then replate them so as to obtain

~3000 plaques per 90—mm plate. Rescreen the plaques as described above (from Step 4

onward), and repeat the process of screening and plating until a homogeneous population of

immunopositive recombinant bacteriophages is Obtained.

 

 

o Demonstration that the protein encoded by the cloned cDNA displays the correct biological or enzymatic

cal screening. Regardless of the method used, it is essential to devise independent tests that do not rely on the
same immunological reagents used to identify the Clone in the first place.

VALIDATION OF CLONES ISOLATED BY IMMUNOLOGICAI. SCREENING

The identification of immunoreactive clones from expression libraries cannot be taken as proof that the cDNA

of interest has been isolated. The specificity of antibodies is never absolute and the epitope(s) recognized on

the protein is usually undefined. Further tests are therefore required to validate the identity of the initial iso-
lates. ln decreasing order of stringency, these tests include:

activity. This test usually requires the isolation of fuII-Iength cDNA clones and expression in prokaryotic or
eukaryotic vectors that do not generate fusion proteins. In only a few cases has it been possible to demon-
strate the appropriate enzymatic activity in fusion proteins synthesized in bacteriophage lgfl 1 vectors (e.g.,
firefly luciferase [de Wet et al. 1984] and cat brain glutamate decarboxylase [Kaufman et al. 1986]).

Comparison of the amino acid sequence ofthe protein with the amino acid sequence deduced from the
sequence of the cloned (DNA. At present, this test can rarely be applied, since there is usually no amino
acid sequence available for proteins whose genes are cloned by immunological screening. However, as the
catalog of human genes is completed, this test should become routine.

Demonstration that the fusion protein expressedby the clone can block the interaction between the puri-
fiedprotein of interest and a specific antibody. For example, the fusion protein could protect an enzyme
from inactivation by an antibody. Alternatively, the fusion protein can be used as a ligand in affinity purifi-
cation of an antibody (e.g., please see Earnshaw and Rothfield 1985). The affinity-purified antibody is then
used as a probe in western blots of purified antigen. Finally, the fusion protein may be used as an immuno-
gen to raise antibodies that can be tested for their ability to bind to, or inhibit the activity of, the protein of
interest. For the preparation of fusion proteins, please see Protocols 7, 8, and 9 in this chapter and Chapter
1 5.

These tests are by no means the only ones that may be used to validate clones isolated by immunologi-   
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TROUBLESHOOTING

A variety of problems are encountered when using antibodies to screen an expression library in a bacterio-
phage A vector. Consider the following if “cursed” with no positive clones or “blessed” with an abundance of
positives. General texts on immunochemistry can provide insights and solutions to certain problems
(Johnstone and Thorpe 1982; Harlow and lane 1999).

o The antibody used may not recognize the antigen when the latter is expressed in E. coli. This problem can
occur when screening for eukaryotic cell surface proteins fl'iat have an abundance of posttranslational mod-
ifications such as carbohydrates, lipids, and disulfide bonds. Each of these modifications are antigenic and
not generally present on proteins expressed in bacteria. Monospecific polyclonal antibodies that recognize
fully denatured, deglycosylated proteins should be used whenever possible to avoid these problems.

0 Use a TNT buffer that does not contain Tween. Nonionic detergents can disrupt the binding of low-affinity
antibodies to an antigen. Omitting Tween can, however, lead to the detection of an abundance of false pos-
itive clones due to the accompanying reduction in stringency.

o The use of excess primary or secondary antibody in the screening reactions can lead to the detection of too
many “positive” Clones. These clones are presumed to result from binding of antibody to proteins that are
related to the two targets, but are not identical to them. Diluting the antibody may eliminate or reduce
cross-reactions without significantly affecting the binding of the antibody to its two targets.

o Too many positives can sometimes reflect a problem with the blocking reagent. Try one of the other block-
ing reagents suggested under the blocking buffer entry in the Materials list. Alternatively, increase the con-
centration of Tween or try another nonionic detergent such as Nonidet P-40 in the rinsing and washing
buffers. The temperature at which the blocking, rinsing, and washing steps are carried out can be increased
to as high as 50°C.

0 If positive plaques are not detected, vary the incubation times in the protocol. For example, the incubation
of the IPTG-soaked filters on the agar plates can be varied between 2 and 10 hours. Snyder et al. (1987)
reported that an 8—10-h0ur incubation yields a signal that is 5—1 0 times stronger than a 2-hour incubation.
Similarly, an overnight incubation with primary antibody or incubation at 4°C works better for some anti-
bodies, especially those with low affinity for antigen.
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MOST CDNA LIBRARIES CONSTRUCTED IN PLASMIDS TODAY USE EXPRESSION vectors Of the pUC,

pUR, or pEX series (please see Chapters 11 and 15 and Appendix 3). In the pUC and pUR vec-

tors, the cDNA is inserted into polycloning sites that lie within the amino-terminal region (pUC)

or the carboxy—terminal region (pUR) of the E. coli B-galactosidase gene. Although libraries con-

structed in both pUR and pUC vectors have been screened successfully with antibodies (e.g.,

please see Helfman et al. 1983), pUR vectors have some advantages. First, because the polycloning

site is available in all three translational reading frames, any open reading frame of a sequenced

fragment of cDNA can be easily inserted in the appropriate frame for expression. Second, fusion

proteins in which the foreign sequences are located in the carboxy-terminal region of B-galac-

tosidase are more stable than fusion proteins with insertions in the amino-terminal region

(Stanley 1983). In at least some cases, fusion proteins synthesized from recombinants construct-

ed in pUR vectors retain B—galactosidase activity (Rfither and Miiller-Hill 1983), which can serve

as a useful marker during protein purification (please see Chapter 15, Protocol 1, and Chapter 17,

Protocol 7). Expression of fusion proteins in both pUC and pUR plasmids is controlled by the

upstream lac promoter and is therefore repressed in strains of bacteria that overproduce the lac

repressor (Iq strains). Continual repression is important to prevent constitutive expression of for—

eign proteins, which are frequently toxic to E. coli (Amann et al. 1983; Gething and Sambrook

1983). Plasmids encoding toxic proteins can therefore be propagated and amplified under condi-

tions that allow only minimal expression of the fusion protein. Maximal synthesis of the fusion

protein is transiently induced by exposing the culture to IPTG before immunological screening is

undertaken. Several expression plasmids have been described that carry their own copy of the

ladq gene (e.g., please see Stark 1987). Expression of sequences cloned in these plasmids is tight—

ly regulated, regardless of the strain of bacteria used.

The pEX family of plasmids also contains polycloning sites in all three reading frames at the

3' terminus of a fusion gene composed of bacteriophage X cro sequences and E. coli lacZ sequences

(Stanley and Luzio 1984). Expression Of cro—B—galactosidase fusion proteins is controlled by the

bacteriophage A pR promoter, which can be repressed during growth and amplification of the

plasmid by the bacteriophage 7» cI gene product. The pEX vectors are normally grown at 30°C in

a bacterial strain carrying a defective bacteriophage 7» prophage that synthesizes a temperature—

sensitive cl gene product. Transient expression of the fusion protein is induced by raising the tem—

perature of incubation to 42°C before immunological screening.

Although quantitative comparisons have not been carried out, it is clear that each of these
three families of plasmids can efficiently direct the synthesis of large quantities of fusion proteins
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(up to 40% of the total extractable cellular protein). Within any one system, smaller fusion pro—

teins are expressed to higher levels than larger fusion proteins and are degraded less rapidly by

cellular proteases, perhaps because they more readily form precipitates (known as inclusion bod—

ies; please see Chapter 15, Protocol 8) within the cell (Stanley and Luzio 1984).

Three alternative methods to detect bound antibodies are discussed: radiochemical screen—

ing, chromagenic screening, and chemiluminescent screening. The advantages and disadvantages

of these methods are discussed in the introduction to this chapter.

MATERIALS

CAUTION: Please see Appendix 12 for appropriate handling Of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Blocking buffer
10 mM Tris—HCI (pH 8.0)

150 mM NaCl

0.05% (v/v) Tween—ZO

20% (v/v) fetal bovine serum

Alternative blocking buffers are 50/0 (w/v) nonfat dried milk or TNT buffer containing 1% (w/v) gelatin

and 30/0 (w/v) bovine serum albumin. Opinion of relative virtues of these blocking agents varies from
laboratory to laboratory. We recommend that the investigator carry out preliminary experiments to

determine which of them works best with the primary and secondary antibodies that will be used for
screening. Blocking buffer can be stored at 4°C and reused several times. Sodium azide <!> should be
added to a final concentration of 0.05% (w/v) to inhibit the growth of microorganisms.

Chloroform <!>

Lysis buffer
100 mM Tris—Cl (pH 7.8)

150 mM NaCl

5 mM MgCl3

1.5% [w/v) bovine serum albumin
1 ug/ml pancreatic DNase I
40 pg/ml lysozyme

Add DNase 1 and lysozyme to this buffer just before use in Step 11.

Reagents for detection of antigen-antibody complexes:

Reagents for chromogenic screening with alkaline-phosphatase-conjugated antibody

Reagents for chromogenic screening with horseradish-peroxidase-Conjugated antibody
Reagents for chemiluminescent screening
For a list of reagents needed for the screening method, please see Step 19. For information on common-
ly used methods to detect antibodies, please see the information panel on USING ANTIBODIES IN
IMMUNOLOGICAL SCREENING. For further details, please see the information panels in Appendix 9.

SM

Store SM at room temperature, Discard each aliquot after use to reduce the possibility of contamination.

TNT buffer

10 mM Tris—Cl (pH 8.0)

150 mM NaCl
0.05% (v/v) Tween~20

Approximately 1 liter of TNT buffer is required per 10 filters screened. Store TNT buffer at room tem-
perature.

Washing buffers:

TNT buffer containing 0. 7% (w/v) bovine serum albumin

TNT buffer containing 0.1% (w/v) bovine serum albumin and 0. 7% (v/v) Nonidet P-40
These buffers should not contain sodium azide.
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Radioactive Compounds

“r’l-Iabeled protein A or 725I—Iabeled immunoglobulin (optional) <!>

Radioiodinated secondary antibody <!>
Use this antibody if detecting the antigen—antibody complexes with a radiolabeled secondary antibody
in Step 19.

 

RADIOIODINATION OF IgG

A WARNING Perform this procedure behind appropriate shielding in a correctly vented chemi-

cal fume hood.

This method can be used to radiolabel an lgG fraction for use as a secondary antibody.

1. Prepare IgG from antiserum by protein A—Sepharose chromatography as described by Harlow and
Lane (1999). Dilute the IgG with 50 mM sodium phosphate (pH 7.5) to obtain a final concentration
of1 mg/ml.

T0 50 ul of the diluted IgG, add 4 iii of 125] (sodium 125I, 10 mCi/mi).

. Add 15 pl of chloramine T (2 mg/mi in 50 mM sodium phosphate [pH 7.5]).

. Incubate the reaction for 90 seconds at room temperature.

. Add 50 til of sodium metabisuifite (5 mg/ml in 50 mM sodium phosphate [pH 7.5]).

. Apply the solution to a 5—ml column of Sephadex G-25 (equilibrated in 50 mM sodium phosphate [pH
7.5]) (please see Appendix 8)

. Collect 0.5—ml fractions until all of the radioactivity has eluted (~3 ml).

0
0
1
-
5
0
3
?
)
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8. Pool the radioactive material.

Usually, >95% of the radiolabel is incorporated, and the specific activity of the radiolabeled antibody exceeds
108 cpm/mg. Do not store radiolabeled antibody for prolonged periods before use.   
 

Antibodies

Primary antibody
For advice on choosing primary and secondary antibodies, please see the information panel on USING
ANTIBODIES IN IMMUNOLOGICAI. SCREENING at the end of this chapter. For further information
on antibodies, please see the information panels in Appendix 9.

Media

LB or SOB agar plates
Include the appropriate antibiotic for the expression system or vector used to construct the cDNA
library. Each 90—mm Petri dish should contain 30—35 ml of agar medium, whereas each iSO—mm plate
should contain ~50 mi. The plates must be dry; otherwise, the top agarose will peel off when the nitro—
cellulose filter is removed. Usually, 2-day-old plates that have been dried for an additional 1—2 hours at
37°C with their lids slightly open work well.

LB or SOB agar plates containing 1 mM IPTG
Plates containing IPTG are required if the expression vector carries the lac promoter. For additional
details on IPTG—induced expression of proteins, please see the discussion on Expression Vectors
Containing an IPTG—inducible Promoter in the introduction to Chapter 15.

Special Equipment

Air incubators preset at 300C and 42°C
These are required if the expression vector carries the bacteriophage l pR promoter (e.g., pEX series);
otherwise the incubators are set at 37°C.

Forceps, blunt—ended

Needle (18-gauge) and syringe filled With waterproof black ink (India Ink)
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Nitrocellulose filters
Filters suitable for binding protein and immunoblotting include nitrocellulose filters free of Triton X»
100 (Millipore HATF or equivalent) and supported nitrocellulose derivatives such as Hybond-C extra
(Amersham Pharmacia Biotech). Nylon membranes and charged nylon membranes should not be used
for immunological screening because of their poor retention of proteins and high backgrounds.

Number the filters with a soft-lead pencil or ballpoint pen, wet them with water, and sandwich them
between dry Whatman 3MM papers. Wrap the stack of filters in aluminum foil, and sterilize them by
autoclaving at 10 psi (0.70 kg/cmz) on liquid cycle.

Plastic box and Class Petri dish

Whatman 3MM papers, in a stack
Prepare one Whatman SMM paper for each filter plus a few spares. Wrap the stack of papers in alu—
minum foil, and sterilize them by autoclaving at 10 psi (0.70 kg/cmz) on liquid cycle.

Vectors and Bacterial Strains

Plasmid expression library
Construct a cDNA library in an appropriate expression vector as described in Chapter 1 l or purchase
the library from a commercial supplier.

Additional Reagents

Step 79 of this protocol requires the reagents listed in Protocol 1.

METHOD
 

Preparation of Master Plates and Filters

1. Use sterile blunt-ended forceps (e.g., Millipore forceps) to place a sterile nitrocellulose filter,

numbered side down, on an LB (or SOB) plate. Remove the filter from the plate, invert it, and
replace it, numbered side up.

2. Apply the bacteria in a small volume of liquid (<0.5 ml containing up to 20,000 bacteria for
a 138-mm filter, <0.2 ml containing up to 10,000 bacteria for an 82-mm filter). Spread the
liquid over the surface of the filter with a sterile bent glass rod. Leave a border 2—3 mm wide
at the edge of the filter free of bacteria. Store the plates at room temperature until all of the
liquid has been absorbed.

3. Invert the plates and incubate them until very small (0.1-mm diameter) colonies appear
(8—10 hours).

Grow colonies containing expression vectors carrying the lac promoter at 37°C. Grow colonies
containing expression vectors carrying the bacteriophage A pR promoter at 30°C to prevent the
expression of fusion proteins.

Preparation of Replica Filters

4. Wet a numbered, sterile nitrocellulose filter by touching it, numbered side up, to the surface
of a fresh agar plate containing the appropriate antibiotic. Leave the filter in contact with the
surface of the agar. The numbers on the set of replica filters should correspond to those on
the master filters.

5. Use sterile blunt-ended forceps to remove the master filter gently from one of the agar plates
(Step 3) and place it, colony side up, on the stack of sterile Whatman 3MM papers.
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Carefully place the second, correspondingly numbered, wetted filter numbered side down on

top of the master filter, being careful not to move the filters once contact has been made.

Place a circle of 3MM paper on top of the filter sandwich. Place the bottom of an empty Petri

dish on top of the BMM paper and exert hand pressure on the sandwich.

Use an 18-gauge needle to make a characteristic set of registration holes in the filters while

they are sandwiched together. Gently peel the filters apart. Transfer the replica filter to the

plate used for wetting (Step 4). Transfer the master filter, colony side up, to a fresh agar plate

containing the appropriate antibiotic.

If required, several replicas can be made from a single master filter, However, if the master filter is
to be used to make more than two replicas, reincubate it for a few hours to allow the colonies to
regenerate. Generally, it is best to make only two replicas from a single master to avoid problems
caused by smearing of the colonies.

Repeat Steps 4—7 until all the master filters have been replicated.

Induce the expression of a gene cloned into an expression vector carrying the lac promoter

as described below.

3. Incubate the plates (masters and replicas) at 37°C until colonies 1—2 mm in diameter

have appeared. Colonies on the master plates generally reach the desired size more
rapidly.

b. Allow the master plates to cool to room temperature on the laboratory bench, wrap them

in plastic film, and store them at 4°C until the results of the immunological screens are

available.

c. Transfer the replica filters numbered side up to fresh agar plates, prewarmed to 37°C,

containing IPTG at a concentration of 1 mM. Incubate the IPTG—containing plates for a

further 2—4 hours.

d. To induce synthesis in expression vectors that carry the bacteriophage 7. pR promoter

(e.g., the pEX vectors; please see Appendix 3), transfer the filters to a series of prewarmed

agar plates and incubate them for 2—4 hours at 42°C.

Processing Filters for Immunological Screening of Colonies

10. Use blunt—ended forceps to remove the nitrocellulose filters from the plates and place them

11.

12.

13.

14.

on damp paper towels in a chemicalfume hood. Cover the filters with an inverted plastic box.
Place an open glass Petri dish containing chloroform under the box with the filters. Expose
the bacterial colonies on the filters to chloroform vapor for 15 minutes.

Transfer small groups of filters to Petri dishes containing lysis buffer (6 ml per 82-mm filter,
12 m] per 138—mm filter). When all of the filters have been submerged, stack the Petri dishes
on a rotary platform and agitate the lysis buffer by gentle rotation of the platform. Lysis of
the bacterial colonies takes 12—16 hours at room temperature.

Transfer the filters to Petri dishes or glass trays containing TNT buffer. Incubate the filters for
30 minutes at room temperature.

Repeat Step 12 using fresh TNT buffer.

Transfer the filters, one by one, to a glass tray containing TNT buffer. Use Kimwipes to
remove the residue of the colonies from the surfaces of the filters.
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Detection of Clones Expressing Fusion Protein

15.

16.

17.

18.

19.

A IMPORTANT Do not allow the filters to dry out during any of the subsequent steps. Antibodies
bound nonspecifically and reversibly to wet filters become permanently attached if the filters dry out.
It is also essential that the filters do not stick to one another when they are immersed in the various

buffers and antibody solutions. This problem can be minimized by dividing the filters into small batch-
es (e.g., five filters per batch) and using a separate large Petri dish for each batch. The Petri dishes can
be stacked on top of one another on a slowly rotating platform shaker.

When all of the filters have been rinsed, transfer them one at a time to a fresh batch of TNT

buffer. After transfer, agitate the buffer and filters gently for a further 30 minutes at room

temperature.

If necessary, the filters may be removed from the buffer at this stage, wrapped in Saran Wrap, and

stored for up to 24 hours at 4°C.

Use blunt—ended forceps to transfer the filters individually to glass trays or Petri dishes con-

taining blocking buffer (7.5 ml for each 82—mm filter, 15 ml for each 138—mm filter). When

all of the filters have been submerged, agitate the buffer slowly on a rotary platform for 30

minutes at room temperature.

Use blunt-ended forceps to transfer the filters to fresh glass trays or Petri dishes containing

the primary antibody diluted in blocking buffer (7.5 ml for each 82—mm filter, 15 ml for each

138-mm filter). Use the greatest dilution of antibody that gives acceptable background yet

still allows detection of 50—100 pg of denatured antigen. When all of the filters have been sub—

merged, agitate the solution gently on a rotary platform for 2—4 hours at room temperature.

The antibody solution can be stored at 4°C and reused several times. Sodium azide should be
added to a final concentration of OtOSO/o (w/v) to inhibit the growth of microorganisms.

Wash the filters for 10 minutes in each of the buffers below in the order given. Transfer the

filters individually from one buffer to the next. Use 7.5 ml of each buffer for each 82—mm fil-

ter and 15 ml for each 138-mm filter.

TNT buffer containing 0.1% bovine serum albumin

TNT buffer containing 0.1% bovine serum albumin and 0.1% Nonidet P—40

TNT buffer containing 0.1% bovine serum albumin

Detect the antigen-antibody complexes with the chosen radiochemical, chromogenic, or

chemiluminescent reagent.

 

RADIOCHEMICAL SCREENING
 

Use ~1 nCi of 125l—labeled protein A or immunoglobulin per filter. Radiolabeled protein A is
available from commercial sources (specific activity 2—100 uCi/ug). Radioiodinated second
antibody is available commercially, or it can be prepared as described in the panel on
RADIOIODINATION OF lgG above in Materials.

a. Dilute radiolabeled ligands in blocking buffer (7.5 ml for each 82-mm filter, 15 ml for
each 138-mm filter).

b. Incubate the filters for 1 hour at room temperature, and then wash them several times in
TNT buffer before establishing autoradiographs as described in Appendix 9.

Continue at Step 20.
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CHROMOGENIC SCREENING
 

Antibodies coupled to horseradish peroxidase (HRP) or alkaline phosphatase (AP) that react

with species—specific determinants on primary antibodies are available from commercial

sources and should be used at the recommended dilution in accordance with the manufac-

turer’s instructions. Typically, 5 pl of conjugated antiserum is used for each 82-mm filter in

7.5 ml of blocking buffer (without sodium azide). For further details on HRP, please see the
information panels in Appendix 9.

Antigen-Antibody—Antibody—AP Complexes Located Using BCIP and NBT
 

Materials for Chromogenic Screening with AP-conjugated Antibodies

Alkaline phosphatase-conjugated anti-immunog/obulin antibodies
AP buffer

100 mM Tris-Cl (pH 9.5)
100 mM NaCl
5 mM MgClz

5-Brom0-4-chloro~3-indolyl phosphate (BCIP)
Dimethylformamide < ! >
Nitro blue tetrazolium (NBT)   
a. Gently agitate the filters for 1.5~2 hours at room temperature in the solution of AP—con-

jugated antibody.

b. Wash the filters as described in Step 18.

c. Prepare stock solutions of BCIP (50 mg/ml in 100% dimethylformamide) and NBT (50

mg/ml in 70% dimethylformamide). These solutions are stable when stored in the dark.

d. Prepare the BCIP/NBT developing solution just before use as follows:

i. Add 33 pl of the NBT solution to 5 ml of AP buffer and mix well.

ii. Add 16.5 pl of the stock solution of BCIP. Mix again. Protect the solution from strong
light and use it within 1 hour.

e. Blot the washed filters on paper towels.

f. Incubate the filters (Step d) in the BCIP/NBT developing solution (7.5 ml for each 82-

mm filter, 15 ml for each 138—mm filter) for several hours at room temperature.

g. Rinse the filters briefly in two changes of H20. An intense purple color will develop at the

site of antigen—antibody complexes.

Continue at Step 20.

Antigen-Antibody-Antibody—HRP Complexes Located Using 4—Chloro—1-Naphthol

 

Materials for Chromogenic Screening with HRP-conjugated Antibodies
4—Ch/oro— 7 -naphthol
Hp2 (30%) < z >
HRP-conjugated anti—immunog/obulin antibodies
Methanol < ! >
NaCl (5 M)
Tris-Cl (1 M, pH 7.5)
Tris-C/ (70 mM, pH 7.5) containing 150 mM NaC/   
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a. Gently agitate the filters for 1.5—2 hours at room temperature in the solution of HRP—

conjugated antibody.

b. Wash the filters as described in Step 18.

c. To prepare developing solution, dissolve 60 mg of 4—chloro—1—naphthol in 20 ml of ice-

cold methanol. Just before use, mix the solution with 100 ml of 10 mM Tris-Cl (pH 7.5),

150 mM NaCl containing 60 ul of 30% P1202.

d. Blot the washed filters on paper towels and wash them briefly in 10 mM Tris—Cl (pH 7.5)

containing 150 mM NaCl.

e. Incubate the filters for 15—20 minutes at room temperature in the 4-chloro-l—naphth0l
developing solution (10 ml for each 82—mm filter, 25 ml for each 138—mm filter).

f. Wash the filters in two changes of H20. An intense purple color will develop at the site of

antigen-antibody complexes.

Biotinyiated species-specific antibodies and avidin»conjugated HRP are available from
commercial sources. They should be diluted according to individual manufacturer’s
instructions and used for immunological screening as described above for HRP-conjugat—
ed antibodies.

Continue at Step 20,

 

CHEMILUMINESCENT SCREENING
 

Chemiluminescence is the most sensitive method for detecting immunopositive colonies.

The secondary antibody is typically conjugated to either AP or HRP. Use of AP—conjugated

antibodies requires substrates such as 1,2-dioxetane phosphates that emit light at a maximum

wavelength of 466 nm upon dephosphorylation. HRP—conjugated antibodies oxidize the sub-

strate luminol, which in the presence of hydrogen peroxide and phenol, emits an intense light

emission with a maximum at 428 nm. With either system, the light emission can be captured

by autoradiography. Chemiluminescent detection is quick, produces a permanent record of

the screened filter (an X—ray film or phosphoimagc), and is sensitive (1—10 pg of antigen in a

colony can be detected). Two potential drawbacks are the high costs of reagents and the need

to identify positives on the original agar plate by comparison to an autoradiograph. A typi-

cal protocol follows.

 

Materials for Chemiluminescent Screening

AP— or HRP—conjugated anti-immunoglobulin antibodies
Chemiluminescent substrates (commercially available from, e.g., Tropix)
Saran Wrap   

a. Gently agitate the filters for 1.5—2 hours at room temperature in the solution of AP— or

HRP~conjugated antibody.

b. Wash the filters as described in Step 18.

C. Prepare the chemiluminescent substrates according to the manufacturer’s instructions.

d. Incubate the washed filters in the chemiluminescent substrates for 1—5 minutes (again,

consult the manufacturer’s recommendations for optimal exposure times).

e. Drain the excess solution from the filters, and immediately wrap the filters in Saran Wrap.
Do not allow the filters to dry out.

f. Establish an autoradiogram (please see Appendix 9). Typically, the initial exposure is for 1
minute. This interval provides enough information to establish the proper exposure time.

Continue at Step 20.
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20. Identify the locations of positive colonies or, if made, compare the duplicate filters, searching

for coincident signals. For screens involving radiolabeied or chemiluminescent probes, com—

pare the resulting autoradiograms with the agar plates on a light box. For screens involving

chromogenic reagents that leave a visible positive residue on the filter, carry out the follow—

ing steps.

21.

22.

a. Lay a sheet of Saran Wrap or Mylar film over the filters.

On the surface of the Saran Wrap, mark the locations of the holes in the filters and the

locations of antigen-positive clones with different colored waterproof markers. Label the

Saran Wrap to identify the plates from which the filters were derived.

Place the sheet of Saran Wrap on a light box, and align the plates containing the original

bacterial colonies on top of it.

Identify the areas containing the positive colonies, and transfer a segment of each puta-

tive colony to 1 ml of LB medium containing the appropriate antibiotic. Incubate the cul-

tures for 12—16 hours at the appropriate temperature.

Keep the sheet of Saran Wrap, which provides a permanent record of the locations of the

positive colonies. The colored spots on the original filters fade quite rapidly.

Repeat the process of plating and screening until a homogeneous population of immunopos—

itive colonies is obtained.

Validate the clones isolated by immunological screening using one of the methods discussed

in the panel on VALIDATION OF CLONES ISOLATED BY IMMUNOLOGICAL SCREENING at the

end of Protocol 1.

 

 



Protocol 3
 

Removal of Cross-reactive Antibodies from

Antiserum: Pseudoscreening

MATERIALS

SEVERAL METHODS CAN BE USED TO REMOVE ANTIBODIES that react with bacterial- and phage—
encoded proteins from polyclonal sera:

Incubating the antiserum with nitrocellulose filters to which nonrecombinant bacteriophage

plaques have been transferred (this protocol).

Incubating the antiserum with a lysute of E. coli host cells prior to screening (Protocol 4).

Chromatography of the antiserum on a resin to which E. coli proteins have been covalently

attached (Protocol 5).

It is not easy to predict which of these methods will yield the optimum antiserum for

immunoscreening purposes; thus, more than one method may be required to free an antiserum of

cross-reacting antibodies. For example, the adsorption method described in this protocol works

only for preparations of antiserum that contain relatively low titers of anti-E. coli antibodies. If the

treated antiserum continues to give an unacceptably high level of reaction with host components, it

should be further purified by chromatography on a column that contains immobilized E. coli com—
ponents (Protocol 5).

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Blocking buffer
10 mM Tris—Cl (pH 8.0)

150 mM NaCl

0.050/0 (v/v) Tween-20

blocking agent (1% w/v gelatin, 3% w/v bovine serum albumin, or 5% w/v nonfat dried milk)
Opinion of the relative virtues of these agents varies from laboratory to laboratory. We recommend that
the investigator carry out preliminary experiments to determine which of them works best with the cho-
sen primary and secondary antibodies. Blocking buffer can be stored at 4°C and reused several times.
Sodium azide <!> should be added to a final concentration of 0.05% (w/V) to inhibit the growth of
microorganisms.
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Antibodies

Antibody preparation that is to be used for screening

Media

LB agar plates
Each 90—mm Petri dish should contain 30—35 m1 of agar medium. Each lSO—mm plate should contain

~50 ml of agar medium. The plates must be dry; otherwise, the top agarose will peel off when the nitro-
cellulose filter is removed. Usually, 2-day-old plates that have been dried for an additional 1—2 hours at
37°C with the lids slightly open work well.

LB top agarose

Melt the top agarose just before use by microwaving for a short period oftime and then cooling to 47°C.
Dispense the molten top agar as 3—m1 aliquots (for 90-mm plates) or 7.5-ml aliquots (for 150-mm
plates) in sterile tubes. Place the aliquots in a 47°C heating block or water bath to prevent the top agar
from gelling.

Special Equipment

Nitrocellulose filters
Filters suitable for binding protein and immunoblotting include nitrocellulose filters free of Triton X—
100 (Millipore HATF or equivalent), and supported nitrocellulose derivatives such as Hybond—C extra
(Amersham Pharmacia Biotech). Nylon membranes and charged nylon membranes should not be used
for immunological screening because of their poor retention of proteins and high backgrounds.

Additional Reagents

Step 1 of this protocol requires the reagents listed in Chapter 2, Protocol 1.

Step 2 of this protocol requires the reagents listed in Protocol 1 of this chapter.

Vectors and Bacterial Strains

Bacteriophage it vector

Use the expression vector and bacterial strain that was used to produce the cDNA library of interest.

METHOD
 

1. On ten LB agar plates, plate out nonrecombinant bacteriophage it so as to obtain semicon-

fluent lysis of the bacterial lawn (please see Chapter 2, Protocol 1).

2. Prepare imprints of the lysed lawns on nitrocellulose filters as described in Steps 5~l2 of

Protocol 1, but omitting the treatment with IPTG.

It is not necessary to key the filters as described in Protocol 1, Step 8.

3. Dilute the preparation of antibody that is to be used for screening 1:10 with blocking buffer.

4. Incubate the filters for 6 hours with the diluted antibody. The treated antibody may be stored
at 4°C in the presence of 0.05% (w/V) sodium azide until used for immunological screening.

This method can be adapted easily to remove anti—E. coli antibodies by pseudoscreening of bacte-
rial colonies. On nitrocellulose filters, establish bacterial colonies that carry the empty expression

vector (please see Protocol 2). Then follow the cell lysis and filter washing procedures described in
Protocol 2, Steps 10—16. Finally, treat the antiserum as described in Steps 3 and 4 above.
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ALTERNATIVE PROTOCOL: ADSORBING ANTIBODIES WITH lYSATES OF

BACTERIOPHAGE-INFECTED CELLS

This method to adsorb antibodies that react with bacteriophage-encoded proteins involves incubating five
strips of nitrocellulose (3 x 10 cm) in a lysate of bacteriophage-infected cells. The lysate is provided as a com-
ponent of several commercially available kits that contain materials required for immunoscreening of plaques
(e.g., please see Stratagene’s picoBlue Immunoscreening Kit or Novagen's Phagefinder Immunoscreening Kit).

Method

1. Incubate five (3 x 10 cm) strips of nitrocellulose in a lysate of bacteriophage-infected cells.

2. Remove the strips from the lysate and incubate them for 1 hour at room temperature in blocking buffer.

3. Dilute 1—2 ml of the antibody preparation 1:10 in» blocking buffer and incubate with one of the filters for
20 minutes at room temperature.

4. Remove the strip of nitrocellulose and replace with a fresh strip.

5. Repeat this process until all five strips have been used. The adsorbed antibody may be stored at 4°C in the
presence of 0.05% (w/v) sodium azide until used for immunological screening.   

  



Protocol 4
 

Removal of Cross—reactive Antibodies from

Antiserum: Incubation with E. coli Lysate

THIS PROTOCOL DESCRIBES A METHOD FOR REMOVING FROM POLYCLONAL antisera antibodies that
react with bacterial-encoded proteins by incubating the antisera with a bacterial lysate. This

method of adsorption only works for preparations of antisera that contain relatively low titers of

anti-E. coli antibodies. If the treated antiserum continues to give an unacceptably high level of

reaction with host components, it should be further purified by chromatography on a column

that contains immobilized E. coli components (Protocol 5).

_M_ATERIALS
 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Blocking buffer
10 mM Tris—Cl (pH 8.0)

150 mM NaCl

0.05% (v/v) Tween-ZO

blocking agent (1% w/v gelatin, 30/0 w/v bovine serum albumin, or 5% w/v nonfat dried milk)

Opinion of the relative virtues of these agents varies from laboratory to laboratory. we recommend that
the investigator carry out preliminary experiments to determine which of them works best with the cho—
sen primary and secondary antibodies. Blocking buffer can be stored at 4°C and reused several times.
Sodium azide <!> should be added to a final concentration of 0.05% (w/v) to inhibit the growth of

microorganisms.

Cell resuspension buffer
50 mM Tris-Cl (pH 8.0)

10 mM EDTA (pH 8.0)

Filter—sterilize and store the buffer at 4°C in SO—ml aliquots.
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Antibodies

Media

Protocol 4: Removal of Cross—reactive Antibodies from Antiserum: Incubation with E. coli Lysate 14.27

Antibody preparation that is to be used for screening

LB medium

Centrifuges and Rotors

Special Equipment

Probe sonicator appropriate for sonication of bacterial cells

Sorvall GSA rotor or equivalent

Vectors and Bacterial Strains

METHOD

E. coli strain Y7090h5dR

This strain can be obtained from Stratagene, Life Technologies, or the ATCC (www.atcc.org).

 

. Grow a lOO—ml culture of E. coli strain Y1090h5dR to saturation in LB medium.

. Harvest the cells by centrifugation at 5000g (5500 rpm in a Sorvall GSA rotor) for 10 minutes

at 4°C.

. Resuspend the cells in 3 ml of cell resuspension buffer. Freeze and thaw the suspension sev-

eral times, and then sonicate it at full power for six periods of 20 seconds, each at 0°C.

. Centrifuge the extract at maximum speed for 10 minutes at 4°C in a microfuge. Transfer the

supernatant to a fresh tube. Store the lysate at —20°C.

. Just before using the lysate, dilute the preparation of antibody that is to be used for screening

1:10 with blocking buffer.

. Add 0.5 ml of lysate for every milliliter of antibody preparation to be processed. Incubate the

mixture for 4 hours at room temperature on a slowly rotating wheel. The treated antibody

may be stored at 4°C in the presence of 0.05% (w/V) sodium azide until used for immuno-
logical screening.
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Removal of Cross-reactive Antibodies from

Antiserum: Affinity Chromatography

THIS PROTOCOL, ADAPTED FROM DE WET ET AL. (1984), DESCRIBES A METHOD for removing anti-

bodies that react with bacterial-encoded proteins by passing a crude preparation of immunoglob—

ulins through an affinity matrix bound to bacterial proteins. This procedure can also be used with

extracts of cultured cells or tissues to remove cross—reacting antibodies. It is of course crucial that

the antigen of interest not be present in the extract attached to the column.

MATERlALS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Cell lysis buffer
0.1 M sodium boratc (pH 8.0)

1 M NaCl

Sterilize the cell lysis buffer using a 0.45-pm filter7 and store at room temperature. Approximately 100 ml
of cell lysis buffer is required per 1 liter of bacterial culture.

NaOH (1 N) <!>

Tris-buffered saline (TBS) and TBS containing 0.2% (w/v) sodium azide <!>
Triton X-100

Enzymes and Buffers

Lysozyme

Use a molecular biology grade of lysozyme. Add solid lysozyme to assist lysis of bacterial cell

Pancreatic DNase I

Add solid DNase I to the bacterial cell lysate to digest chromosomal DNA.
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Antibodies

Media
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Antibody preparation that is to be used for screening
This protocol works best when using an IgG fraction, prepared by chromatography of the antiserum on
protein A—Sepharose. For a method of protein A~Sephar0se chromatography, please see Harlow and
Lane (1999).

Growth medium

One liter of growth medium appropriate for the E. coli strain of choice is required.

Centrifuges and Rotors

Special Equipment

Sorvall GSA rotor or equivalent

Sorvall 55-34 rotor or equivalent

Chromatography column
A S-ml plastic syringe plugged with glass wool or a Bio-Rad Poly-Prep column is suitable.

Cyanogen-bromide-activated Sepharose 48 (Amersham Pharmacia Biotech) or Affi-Gel 70
(Bio-Rad)

Vectors and Bacterial Strains

METHOD

E. coli strain used as host for preparation of expression library

 

Grow a l-liter culture of the appropriate strain of E. coli (e.g., Y1090hst, XLl -Blue, or DHl)

to stationary phase.

Recover the bacteria by centrifugation at 4000g ( 5000 rpm in a Sorvall GSA rotor) for 20 min-
utes at 4°C.

Pour off the medium, and stand the centrifuge tubes in an inverted position to allow the last

traces of medium to drain away.

Resuspend the pellet in 100 ml of cell lysis buffer.

Add 200 mg of lysozyme, and incubate the bacterial suspension for 20 minutes at room tem~
perature.

Add 1 mg of pancreatic DNase I and 200 pl of Triton X-100.

7. Incubate the bacterial suspension for 1 hour at 4°C, or until the turbidity clears and the vis—
cosity decreases.

Centrifuge the bacterial lysate at 8000g (8200 rpm in a Sorvall 35-34 rotor) for 20 minutes at
4°C. Carefully decant the supernatant into a fresh flask.

Adjust the pH of the supernatant to 9.0 with 1 M NaOH.

Determine the concentration of protein in the lysate using the Lowry, Bradford, or othel
method of measurement.
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11.

12.

13.

14.

Chill the extract to 0°C, and then bind the bacterial proteins to cyanogen-bromide-activated
Sepharose 4B or to Affi—Gel 10 according to the manufacturer’s instructions.

Before use, equilibrate the Sepharose 4B or Affi—Gel 10 resin containing conjugated E. coli

proteins in TBS containing 0.2% (w/v) sodium azide.

Use 1 ml of settled volume of resin coupled to E. coli antigen for each milligram of IgG pro—

tein to be purified by affinity chromatography. Mix the IgG and the coupled resin and incu-

bate for 12-18 hours at room temperature on a rotating wheel device.

Load the slurry into a chromatography column. Recover the antibody by washing the column

with TBS. Collect fractions (0.2 column volume each) until the OD280 drops to zero. P00] the

fractions containing antibody, and store the pool at —20°C until it is used for immunological
screening.

   



Protocol 6
 

Identifying DNA-binding Proteins in
Bacteriophage K Expression Libraries

COMPLEMENTARY DNA LIBRARIES CONSTRUCTED IN BACTERlOPHAGE EXPRESSION VECTORS can be

screened with synthetic oligonucleotides to identify clones corresponding to specific DNA-bind-

ing proteins (Singh et al. 1988; Vinson et al. 1988). The methods are very similar to those used for

immunological screening of expression libraries, except that the nitrocellulose filters carrying

immobilized proteins are screened with 32P—labeled double—stranded DNA rather than with anti—
bodies. Initially, screening was carried out with radiolabeled double—stranded DNA carrying a

single binding site (Singh et al. 1988). However, under these circumstances, the signal from a pos—

itive clone was often weak and easily washed from the filter. The equilibrium association binding

constants of sequence—specific DNA-binding proteins range from 108 to 1012 M”. Assuming that
a protein has an equilibrium association binding constant of 1010 M”1 and an association rate con-
stant of 107 M‘l-s‘l, the dissociation rate constant of the resulting DNA—protein complex will be
10‘3 M‘l-s‘l, and its half—life will be ~10 minutes (Singh et al. 1988; Singh 1993). Thus, only one
eighth of the complexes will survive a 30-minute wash. Consequently, screening of expression

libraries with double-stranded oligonucleotide probes is unlikely to be successful if the equilibri-

um association binding constant of the DNA-binding protein is <109 M". The problem can be

alleviated by using a concatenated probe that contains multiple binding sites (Clerc et al. 1988;

Staudt et al. 1988; Vinson et al. 1988). In side—by—side comparisons, a much stronger signal was

generated with probes containing multiple binding sites, presumably because the probe is teth-

ered at more than one site to the DNA-binding protein produced in the bacteriophage plaque.

With concatenated probes that have been radiolabeled to a specific activity in excess of 108

(pmmgfimpmfimemddatthewlpgdaBgdxmwhwfimmnpmmththMma

DNA-binding site (Singh 1993).

Plaques generated by recombinant lgtll bacteriophages typically contain 50—100 pg of

fusion protein. However, only a small proportion of the protein produced by the bacteriophage-

infected cells would normally be folded into a conformation suitable for binding to its DNA lig-

and. This situation can sometimes be improved by exposing the fusion protein briefly to dena-

turing agents (Vinson et al. 1988). Nitrocellulose filters carrying the fusion proteins synthesized

by recombinant bacteriophages are soaked in 6 M guanidine HCl. During this process, insoluble

aggregates of fusion proteins are solubilized and denatured proteins are made accessible to sol—

vent. The denaturant is then gradually removed, potentially allowing an increased proportion of

the fusion protein to refold into a conformationally active form. However, it is important to note
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MATERIALS

that exposure to denaturant is not always beneficial, apparently because some proteins are not

readily renatured after treatment with guanidine HCl. A safe course of action is to first screen a

set of filters containing protein imprints that have been exposed to guanidine HCl. If no clones

of interest are identified, the screening should be repeated, this time using a set Of protein

imprints that have not been treated with guanidine HCl. In some cases, it is possible to use

Southwestern blotting to find out whether the DNA-binding protein of interest will survive

dcnaturation and renaturation. In this technique, nuclear extracts containing the protein of inter—

est are fractionated by SDS—polyacryiamide gel electrophoresis, transferred to nitrocellulose

membranes, and probed with a catenated oligonucleotide probe, before and after being exposed
to a cycle of denaturation and renaturation with guanidine HCl. A positive result, in which a sin-

gle polypeptide is shown to bind the relevant probe, provides encouragement to screening an

expression library (Miiller et al. 1988). Aliquots of the nuclear extracts, treated and untreated with

guanidine HCl, can be assayed for specific DNA—binding activity in methylation protection exper-

iments, by DNase I footprinting, or in electrophoretic mobility shift assays (please see Chapter
17).

Potentially positive plaques that react strongly with double—stranded oligonucleotide probes

are picked, replated at appropriate dilutions, and retested for their ability to react with both spe»

cific and nonfunctional concatenated oligonucleotide probes. If possible, the nonfunctional

probes should be generated from oligonucleotides containing base substitutions known to pre-

vent interaction between the target protein and its binding site. The aim of the second round of
screening is to identify clones encoding proteins that react with the wild-type oligonucleotide but

not the mutant version of the DNA-binding site. Clones with these properties are used to gener-

ate lysogenic strains of bacteria that may be induced to synthesize large amounts of protein for

use in biochemical assays. Ultimately, the functionality of the protein must be demonstrated in

expression experiments in which a plasmid carrying the full-length cloned cDNA is introduced
into target cells together with a plasmid containing multiple copies of the recognition sequence

upstream of a basal promoter and the coding sequence of a reporter protein. The ability of the

protein encoded by the cDNA to activate or repress transcription from the promoter can then be

assayed by analysis of RNA extracted from the transfected cells.

Concatenated probes are usually prepared by transferring 52P residues to the 5’-hydr0xy1

termini of two complementary synthetic oligonucleotides, annealing the phosphorylated and

radiolabeled DNAs, and ligating the annealed DNAs to form concatemers. Alternatively, the dou-
ble—stranded concatemers may be radiolabeled by using reverse transcriptase or the Klenow frag-

ment to catalyze template-directed addition of [a—32P]dNTPs to recessed 3' termini. Replica fil—

ters are prepared from a bacteriophage 7L expression library. The radiolabeled concatemers are

then used to probe the filters for plaques harboring the proteins of interest. The following proto-

col was provided by Steve McKnight (University of Texas Southwestern Medical Center, Dallas).

 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations,

ATP (100 mM)

Make two ATP solutions, 10 mM and 50 mM, respectively, by dilution of the 100 mM stock into 25 mM
Tris—Cl (pH 8.0).
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10x Binding buffer
250 mM HEPES (pH 7.9)

30 mM MgCl2
40 mM KCl

1x Binding buffer containing 1 mM dithiothreitol
This solution is used to dilute full—strength denaturation solution to generate the series of washes in the
protocol. Please see Steps 11—13 to calculate the volume of solution required.

1x Binding buffer containing 7 mM dithiothreitol and 0.25% nonfat dry milk
Approximately 75 ml of 1X binding buffer is needed per SZ-mm filter screened or 180 ml per l38—mm
filter. Do not scrimp on the amounts of this buffer used in the washing procedure.

1x Binding buffer containing 5% (w/v) nonfat dry milk
About 10 ml of this blocking solution is needed per 82—mm filter screened or 25 ml per 138-mm filter.

1x Binding buffer containing 0.25% (w/v) nonfat dry milk
About 10 ml of this blocking solution is needed per 82-mm filter screened or 25 ml per l38-mm filter.

Denaturation solution (freshly made)
Dilute 10x binding buffer (see above) with 5 volumes of distilled HZO. The resulting solution (2x binding
buffer) is then added to the appropriate amount of solid guanidine HCl < !> to make a 6 M solution.
When the guanidine HCl has completely dissolved, adjust the concentration of the binding buffer to 1x
with distilled H,O and add dithiothreitol to a final concentration of 1 mM. About 15 ml of full-strength (6

M) denaturatiofi solution is needed for each 82—mm filter to be screened, or 25 ml for each 138—mm filter.

Dithiothreitol (1 M)

EDTA (0.5 M)

Ethanol

70x Kinase/ligase buffer
500 mM Tris~C1 (pH 7.6)

100 mM MgCl2
Phenol:chloroform (7:7, v/v) <!>

Screening buffer
1x binding buffer
0.25% (w/v) nonfat dry milk

1 mM dithiothreitol

10 ug/ml denatured salmon or herring sperm DNA
About 10 ml of screening buffer is needed for each 82-mm filter or 25 ml for each 138-mm filter. For
preparation of denatured salmon or herring sperm DNA, please see Chapter 6, Protocol 10.

SDS (20% w/v)
Sodium acetate (3 M, pH 5.2)

TE (pH 8.0)

Enzymes and Buffers

Bacteriophage T4 DNA Iigase
Bacteriophage T4 polynucleotide kinase

Nucleic Acids and OIigonucleotides

Synthetic oligonucleotides
Single-stranded oligonucleotides of complementary sequence, 20—25 nucleotides in length, should be
purified by gel electrophoresis and Sep»Pak chromatography as described in Chapter 10, Protocol 1 and
dissolved in TE (pH 7.6) at a concentration of 0.2 mg/ml. When reannealed, the central region of the
oligonucleotides should form a double—stranded monomeric version of the site that has been established
by gel retention or Southwestern blotting to be optimum for binding of the target protein. At least one

complementary pair of “mutant” oligonucleotides is also required in the second round of screening.
When annealed, the central region of the “mutant” oligonucleotide duplex should form a defective ver—
sion of the optimum binding site that is unable to bind the target protein. Sequential screening with a

positive probe (the optimum double—stranded binding sequence) and a negative probe (the closely relat—
ed but mutated double-stranded sequence) eliminates most false positives.

Both pairs of oligonucleotides should be designed with protruding, cohensive termini that can be ligat-
ed to one another.
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Radioactive Compounds

[a-HPJATP (10 mCi/ml, 5000 Ci/mmole) <!>

Gels

Nondenaturing polyacrylamide gel < !>
Please see Step 7.

Special Equipment

Adhesive labels marked with radioactive ink or chemiluminescent markers <!>

Reusable alternatives to radioactive ink are chemiluminescent markers available from Stratagene
(Glogos). The markers can be used many times and should be exposed to fluorescent light just before

each new round of autoradiography.

Baking dishes (12 x 8 inches)
Crystallizing dish

Forceps, blunt-ended

Needle (18-gauge) and syringe filled with waterproof black ink (India Ink)

Nitrocellulose filters

Sephadex C-75 spun column, equilibrated in TE (pH 7.6)

Water baths preset to 76°C, 65°C, and 85°C

Whatman 3MM blotting paper

Additional Reagents

Steps 8 and 70 of this protocol require the reagents listed in Protocol 7 of this chapter.

METHOD

Preparation of Radiolabeled Concatenated Probes

1. Set up two separate phosphorylation reactions, each containing one of the synthetic oligonu-

cleotides to be annealed:

oligonucleotide 200 ng
10x kinase/ligasc buffer 2.5 pl

100 mM dithiothreitol 2.5 u]

[y-3ZPiATP 100 pCi
H20 to 23 u]

bacteriophage T4 polynucleotide

kinase (8—10 units/pl) 2 pl

Incubate the reactions for 1 hour at 37°C.

2. Mix the two phosphorylation reactions together. Anneal the oligonucleotides by incubating

the mixture in the following sequence, which is most conveniently carried out in a thermal

cycler:

2 minutes at 85°C

15 minutes at 65°C

15 minutes at 37°C

15 minutes at 22°C

15 minutes at 4°C  
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. Add 4 pl of bacteriophage T4 DNA ligase (1 Weiss unit/pl) and 1 pl of 50 mM ATP. Incubate

the mixture for 12 hours at 16°C.

. Add 0.5 M EDTA (pH 8.0) to a final concentration of 5 mM.

. Separate the labeled oligonucleotides from unused [y-3ZP1ATP, single-stranded oligonu-
cleotides, and unligated double-stranded oligonucleotides by spun—column chromatography
through a Sephadex G-75 column (please see Appendix 8).

. Estimate the specific activity of the final probe.

The specific activity should be 22 x 106 cpm/pmole.

It is also possible to achieve the specific activity required in this protocol by filling the recessed 3‘
ends of unlabeled concatenated oligonucleotides. After the ligation, set up the end—filling reaction
as described in Protocol 7 of Chapter 10. Wherever possible, use two [ot—npldNTPs in each reac—
tion to increase the specific activity of the radiolabeled products. At the end of the reaction, sepa—
rate the labeled oligonucleotides from the unused [a—32P]dNTPs by spun—column chromatography
(please see Appendix 8).

. Analyze the size of the radiolabeled DNA by nondenaturing polyacrylamide gel elec-

trophoresis and autoradiography (please see Appendix 9). If all has gone well in the above

annealing and radiolabeling experiment, the concatenated DNA should form a ladder of

polymers of the original duplex oligonucleotide.

Preparation of Filters

8.

9.

10.

11.

12.

Prepare agar plates containing plaques of the bacteriophage 1 expression library and num—

bered nitrocellulose filters exactly as described in Protocol 1, Steps 1—8.

Wherever possible, use an unamplified expression library. If the protein of interest is toxic to bac-
teria or suppresses growth of the recombinant bacteriophage, the clone may be underrepresented
in amplified libraries.

Use blunt-ended forceps (e.g., Millipore forceps) to remove the numbered nitrocellulose fil-
ters from the lawn of plaques and place them on Whatman 3MM paper with the side exposed
to the plaques facing upward. Allow the filters to dry for 15 minutes at room temperature.

Lay a second (numbered) filter impregnated with IPTG on each agar plate (please see Step 4
of Protocol 1). Use an 18-gauge needle to make holes in each filter in the same locations as
the holes used to key the first filter to the lawn. Incubate the plates for 2 additional hours at
37°C and then remove the filters. Allow them to dry at room temperature as described in the
preceding step.

A IMPORTANT Carry out all subsequent steps at 4°C. The first set of filters is probed directly with-
out denaturation with guanidine HCl (i.e., omitting Steps 11—13), whereas the second set is
processed as described in Steps 11—14.

Place the second set of numbered filters in a 12 x 8-inch baking dish containing denaturation
solution at 4°C. Agitate the filters gently on a platform shaker for 5 minutes at 4°C. Decant
the denaturation solution, and replace it with fresh solution. Agitate the filters for an addi-
tional 5 minutes at 4°C.

Decant the second batch of denaturation solution into a graduated cylinder. Dilute the solu-
tion with an equal volume of 1x binding buffer containing dithiothreitol. Pour this solution
into a clean glass dish, and transfer the filters to the solution one at a time, making sure that
each filter becomes thoroughly exposed to the diluted denaturation solution containing
dithiothreitol.
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13.

14.

15.

Repeat the process described in Step 12 four more times, diluting the denaturation solution

by a factor of 2 each time. The concentrations of guanidine HCl in the solutions are there—

fore 3 M (Step 11), 1.5 M, 0.75 M, 0.375 M, 0.187 M, and 0.094 M. Finally, wash the filters twice

in 1x binding buffer containing dithiothreitol.

Place both sets of numbered filters (i.e., denatured and nondenatured) in 1x binding buffer

containing 50/0 nonfat dried milk. Agitate the filters gently for 30 minutes at 4°C.

Rinse the filters in 1X binding buffer containing 0.25% nonfat dried milk.

Probing of Immobilized Proteins with Radiolabeled DNA

16.

17.

18.

19.

20.

21.

22.

In a crystallizing dish, add the 32P-labeled concatenated DNA probe from Step 5 to screening
buffer to make a hybridization solution (~10 ml for each 82—mm filter or ~25 ml for each
138—mm filter).

Optimal results are usually obtained when the final concentration of radiolabeled probe (specific
activity 2 X 108 to 5 X 108 cpm/pg) in the screening reaction is ~25 ng/ml. However, concentrations
as low as 2.5 ng/ml can be used if the amount of probe is limiting.

In the original description of this method (Singh et al. 1988), poly(dlde) was used as a nonspe-
cific competitor. However, lower backgrounds are generally achieved when sonicated, denatured
salmon sperm or calf thymus DNA is used. It is possible that the presence of some DNA bind—

ing—fusion proteins will be masked by any DNA, synthetic or complex, that is used as a competi—
tor. Sensitivity to various blocking reagents such as salmon sperm DNA, poly(dlde), poly(A), and
others should be established in gel retardation assays or Southwestern blotting (please see Chapter
17) before cDNA screening.

Transfer the filters to the radiolabeled probe solution in the crystallizing dish. Incubate the

filters with gentle agitation on a rotating platform for 2—12 hours at 4°C.

The ionic composition of the binding/screening buffer used here is suitable for many DNA-protein
interactions. However, in some cases, it may be necessary to adjust the concentrations of salt and

magnesium ions to conform to the optimal conditions for binding established in gel retardation
assays or other methods. An alternative to the binding buffer recommended here is a buffer con-
taining 25 mM HEPES (pH 7.9)/25 mM NaCl/S mM MgClZ/OJS mM DTT (Singh 1993).

Wash the filters for 5 minutes at 4°C in a large volume (25 ml for each 82-mm filter, 60 ml
for each 138-mrn filter) of binding buffer containing 1 mM dithiothreitol and 0.25% nonfat
dried milk.

Repeat Step 18 twice more.

Decant the final wash buffer. Arrange the damp filters on a sheet of Saran Wrap. Cover the
filters with another sheet of Saran Wrap. Apply adhesive labels marked with radioactive ink
or chemiluminescent markers to several asymmetric locations on the Saran Wrap.

Cover the radioactive labels with Scotch Tape to prevent contamination with the radioactive ink of
the film holder or intensifying screen.

Establish an autoradiograph as described in Appendix 9.

Pick positive plaques, and rescreen them with specific and nonspecific probes as discussed in
the introduction to this protocol.

Filters may be reprobed for other DNA—binding protein cDNAs by repeating the denaturation/
renaturation cycle (Steps 11—13), which effectively removes the probe from the filters.

 



Protocol 7
 

Preparation of Lysates Containing Fusion
Proteins Encoded by Bacteriophage 7L
Lysogens: Lysis of Bacterial Colonies

THE ISOLATION OF RECOMBINANT BACTERIOPHAGES ENCODING FUSION PROTElNS that bind (0 an

antibody, a double-stranded oligonucleotide, or other type of ligand is just the first step in the

cloning of cDNAs that code for an enzyme, structural protein, or transcription factor of interest.

Additional experiments are required to ensure that the desired protein has been identified. The

next steps in the expression cloning process are production of the fusion protein and testing of the

expressed protein for unique properties such as DNA binding, enzymatic activity, or immuno-

chemical specificity. Fusion proteins can be produced following the formation of bacteriophage k

lysogens (this protocol) or after lytic infection of an E. coli host (Protocols 8 and 9). In the former

method, a bacteriophage lysogen is constructed from the recombinant bacteriophage k expressing

the fusion protein of interest. The resulting colonies are induced to synthesize the fusion protein,

which is isolated from the lysogen, and then subjected to further functional and biochemical analy—

ses. This method has three advantages over the lytic infection of a bacterial host:

a kgtll genomes inherited as part of the host-cell chromosome may be more genetically stable

than genomes propagated by lytic infection.

0 The repression of synthesis of potentially toxic fusion proteins may be more complete in cells

containing only one integrated copy of the recombinant genome rather than in lytically infect-
ed cells that rapidly accumulate many hundreds of copies of the fusion gene.

0 The amount of fusion protein produced in a lysogenic colony is at least 10 times greater than
in a bacteriophage A plaque (Mutzel et al. 1990).

Lysogens do, however, have two drawbacks. The formation and induction of lysogens

requires several days to complete, and, for unknown reasons, a small minority of bacteriophage l

recombinants are unable to form stable lysogens (Huynh et al. 1985).

Bacteriophage A vectors kgtl 1, kgt18-23, XZAP, and kZipLox carry a mutation (cIt5857) that

renders the repressor encoded by the viral cI gene thermosensitive. At 42°C, where the cIt5857

repressor is only partially functional (Lieb 1979), these vectors (and recombinants derived from

them) form plaques on strains of E. coli (such as Y1090h5dR) that carry the amber suppressor

supF. At temperatures where the repressor is active (32°C), these bacteriophage strains can also
form lysogens (Young and Davis 1983b). Such lysogens can be stably maintained as prophage only
when lysogenic cultures are carried out at 32°C. Lytic development of bacteriophage begins

immediately after the temperature is raised (Sussman and Jacob 1962).
After a recombinant kgtll that synthesizes a fusion protein of interest has been identified,

lysogens are established from which preparative amounts of the recombinant protein can be
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obtained. Because the foreign cDNA sequence is fused to the carboxyl terminus of B-galactosi—

dase, the standard method involves production of lysogens in E. coli strain Y1089 and induction

of the lacZ fusion protein by IPTG (Mierendorf et al. 1987). Alternatively, fusion proteins can be

prepared from liquid (Runge 1992) or plate cultures (Huang and long 1994) of strain Y1090 that

have been lytically infected with high multiplicities of the recombinant bacteriophage. In the fol—

lowing protocol, modified from Snyder et al. (1987), Singh et al. (1989), and Singh (1993), lyso—
gens of individual recombinant bacteriophages are generated at 32°C and then exposed briefly to
high temperature (44°C), which inactivates the thermolabile repressor and induces a round of
lytic bacteriophage infection (for more details, please see the introduction to Chapter 2).
Synthesis of the fusion protein encoded by the recombinant bacteriophage is induced by treating
the cells with IPTG.

MATERIALS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

IPTG (1 M)

Approximately 40 pl of 1 M IPTG is required per lysogen induced.

Lysogen extraction buffer
50 mM Tris-Cl (pH 7.5)

1 mM EDTA (pH 8.0)
5 mM dithiothreitol

50 ug/ml phenylmethylsulfonyl fluoride (PMSF) < ! >
Add PMSF to the lysogen extraction buffer just before it is used in Steps 13 and 18. Approximately 100
ml of lysogen extraction buffer is needed per 20 lysogens induced.

NaCl (5 M)

Store the solution of NaCl at 4°C.

Enzymes and Buffers

Lysozyme (70 mg/ml)
Dissolve solid lysozyme (molecular biology grade) at a concentration of 10 mg/ml in 10 mM Tris—Cl (pH
8.0). This solution should be freshly prepared for use in Step 15.

Media

LB agar plates containing 50 ug/ml ampicillin
LB medium

LB medium containing 50 ug/ml ampicillin
LB medium containing 10 mM MgCl2
LB medium containing 10 mM MgC12, 0.2% (w/v) maltose, and 50 ug/ml ampici/Iin

Special Equipment

Air incubators preset to 32°C and 42°C
Liquid nitrogen <!>

Millipore filter(s)
Circular 138—mm filters (Millipore type VS, 0.025—um pore size filters) are used to dialyze the lysates. As
many as 20 lysates can be dialyzed per filter.

Shaking water bath preset to 440C
A static HZO bath set at 44°C will usually suffice if a shaking water bath is not available.

Toothpicks or Inoculating loops
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Additional Reagents

Step 7 of this protocol requires the reagents listed in Chapter 2, Protocol 3.

Vectors and Bacterial Strains

METHOD

Bacteriophage th11, kgt18-23/ AZAB and kZ/pLox recombinant
This protocol has been optimized for a bacteriophage kgtll recombinant that expresses a recombinant
fusion protein (identified by methods outlined in Protocol 1 or 6 or by hybridization and DNA sequence
analysis). Recombinants constructed in many other bacteriophage 1 expression vectors can be used to
establish lysogens essentially as described here.

E. coii strains Y7090hst and Y7089
These strains, which are available from the ATCC (www.atceorg), are maintained on LB agar plates con—

taining 50 pg/ml ampicillin. The Y1090 and Y1089 strains carry mutations in the Ion gene, which encodes
an ATP—dependent protease. Fusion proteins expressed in these strains are often more stable than those
expressed in strains lacking this mutation. Y1089 carries the hflA mutation, which dramatically increas-
es the frequency of lysogenization by bacteriophage A. In addition, Y1089 lacks a suppressor tRNA gene;
thus, the amber mutation in the S gene (iysis gene) of thII is not suppressed in this strain, allowing
large amounts of bacteriophage-l-encoded gene products (including LacZ fusion proteins) to accumu—
late to high levels within an induced cell. For additional information on E. coli strains Y1090 and Y1089,
please see the information panel on PLASMID AND BACTERIOPHAGE k EXPRESSION VECTORS.

. Make a plate stock of each of the recombinant bacteriophage(s) of interest using the meth~
ods described in Chapter 2, Protocols 2—3. The titer of the stocks, measured on E. coli strain
Y1090hst, should be >1010 pfu/ml.

. Grow a 2-ml culture of E. coli strain Y1089 to saturation in LB medium containing 10 mM
MgC12, 0.20/0 maltose, and ampicillin (50 pg/ml).

. Dilute 50 Hi of the saturated culture with 2 ml of LB medium containing 10 mM MgC11.
Transfer four IOO-pl aliquots of the diluted culture to fresh culture tubes.

. To each of three of the tubes, add 1 X 107, 5 x 107, and 2 x 108 plaque—forming units of the
bacteriophage stock. The fourth tube should receive no bacteriophage. Incubate all four tubes
for 20 minutes at 37°C to allow virus attachment.

. Dilute 10 1.11 of each of the four cultures with 10 ml of LB medium. Immediately plate aliquots
(100 pl) of each of the four diluted cultures onto LB agar plates containing 50 tig/ml ampi~
cillin. Incubate the plates for 18—24 hours at 32°C.

A lawn of cells should appear on the plates inoculated with the uninfected culture of E. coli Y1089.
Infected cultures should give rise to 50—500 colonies, depending on the density of the original sat—
urated culture and on the exact multiplicity of bacteriophage infection.

. Use sterile toothpicks or inoculating loops to transfer a series of individual colonies onto two
LB plates that contain 50 ug/ml ampicillin. Incubate one plate at 32°C and the other plate at
42°C for 12—16 hours. Clones that give rise to colonies at 32°C but not at 42°C are lysogenic
for recombinant bacteriophage Agtl 1. Usually, 10—70% of the colonies tested are lysogens.

. Inoculate 2 ml of LB medium containing 50 pg/ml ampicillin with individual bacteriophage
kgtll lysogens. Grow the cultures for 12—16 hours at 32°C with vigorous agitation (300
cycles/minute in a rotary shaker).

. Add 50 til of each culture to 4 mi of prewarmed (32°C) LB medium containing 50 pg/ml
ampicillin. Continue incubation at 32°C with Vigorous agitation.  
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9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Grow the cultures until the OD600 2 0.45 (~3 hours of incubation).

A IMPORTANT The OD600 of the cultures should not exceed 0.5 (~2 x 108 bacteria/ml) before

induction of the lysogens.

Transfer the cultures to a shaking water bath equilibrated to 44°C. Incubate the cultures for

15 minutes at 44°C.

The maximal efficiency of induction is obtained by rapidly raising the temperature from 32°C to
44°C. It is therefore preferable to transfer the cultures to a water bath set at 44°C rather than to a
hot-air incubator. Shake the cultures vigorously from time to time during incubation at 44°C, if
using a static water bath.

Heating to these temperatures only partially inactivates the cIt5857 repressor, which can also rena—
ture when the culture is cooled to 37°C (Mandal and Lieb 1976). However, the concentration of

repressor is too low to prevent synthesis of Cro protein, which binds to OR3 and prevents further
synthesis of the repressor. After heating, the culture becomes irretrievably committed to a cycle of
lytic bacteriophage growth.

Add IPTG to each culture to a final concentration of 10 mM, and then incubate the cultures

for 1 hour at 37°C with vigorous agitation.

Transfer 1.5-ml aliquots of each of the induced lysogenic cultures to two microfuge tubes.

Immediately centrifuge the tubes at maximum speed for 30 seconds at 4°C in a microfuge.

Remove the medium by aspiration, and then rapidly resuspend the bacterial pellets by vor-

texing in 100 pl of lysogen extraction buffer.

Close the caps of the tubes, and place the tubes in liquid nitrogen.

After 2 minutes, recover the tubes from the liquid nitrogen. Hold the tubes in one hand to

warm them until the lysates just thaw, and then immediately add to each tube 20 pl of 10

mg/ml lysozyme. Store the tubes for 15 minutes in an ice bath.

Add 250 u] of 5 M NaCl to each tube. Mix the contents by flicking the side of each tube with

a finger. Incubate the tubes for 30 minutes at 4°C on a rotating wheel.

Centrifuge the tubes at maximum speed for 30 minutes at 4°C in a microfuge.

Float a Millipore filter (Type VS, 0.025-um pore size) on the surface of a Petri dish (150 mm)

filled with lysogen extraction buffer at 4°C.

This step is best carried out in a corner of a cold room away from drafts. Take care that no lysogen
extraction buffer spills over onto the upper surface of the filter.

Transfer the supernatants from the centrifuge tubes to the upper surface of the filter. Up to

20 different samples can be applied to the same filter.

After 1—2 hours at 4°C, transfer the dialyzed samples to fresh microfuge tubes, which can be
stored at —70°C until needed.

Analyze the cell lysates directly for the presence of DNA-binding proteins, for example, in

methylation protection experiments, by DNase I footprinting, or in gel electrophoresis DNA-

binding assays (electrophoretic mobility-shift assays) (please see Chapter 17).

Fusion proteins can be purified using commercially available affinity chromatography kits (e.g.,
ProtoSorb LacZ immunoaffinity absorbent, Promega) or as described in Chapter 15.

Crude lysates or purified fusion protein can be assayed for the presence of an enzyme activity asso-

ciated with the foreign protein or for immunochemical cross-reactivity by immunoblotting.

Purified fusion proteins can be used to raise antibodies against the foreign protein, which in turn
can be used to confirm the identity of a suspected cDNA—encoded protein (by tissue surveys or
analysis of partially purified fractions), to inhibit an enzyme activity, or to purify the native foreign
protein by affinity chromatography.

  



Protocol 8
 

Preparation of Lysates Containing Fusion
Proteins Encoded by Bacteriophage ?t:
Lytic Infections on Agar Plates

FUSION PROTEINS ENCODED BY BACTERIOPHAGE 7» RECOMBINANTS are generally prepared from

lysogenic colonies of E. coli strain 1089. However, the production of lysogens from large numbers

of individual plaques can be tiresome and may not be successful in every case (Huynh et al. 1985).

As an alternative, 3 lytic bacteriophage infection can be established either in soft agarose (this pro—
tocol) or in liquid culture (Protocol 9). Following induced expression, the fusion protein can be

recovered from the infected bacterial cells.

In general, these protocols are more versatile, require less IPTG, and yield more fusion pro-

tein than induced bacterial lysogens. However, they require a greater amount of recombinant bac-

teriophage than is needed to establish lysogens. In addition, greater accumulation of the fusion

protein in the host cells may, in rare cases, disrupt lytic expression systems. This protocol was

adapted from Huang et al. (1989) and Huang and long (1994).

MATERIALS
 

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Control overlay solution (6 ml required for each recombinant plaque analyzed)
10 mM MgSO4

0.5x LB medium

For an LB medium recipe, please see Appendix 2. After autoclaving the 0.5x medium, supplement it with
1 M MgSO4 to bring its final concentration to 10 mM. For each 150-mm agar plate, 6 ml of IPTG over—
lay solution is required.

IPTG overlay solution (72 ml required for each recombinant plaque analyzed)
0.5x LB medium

5 mM IPTG
10 mM MgSO4

For an LB medium recipe, please see Appendix 2. After autoclaving the 0.5x medium, supplement it with
1 M IPTG (2.38 g of IPTG in a final volume of 10 ml of sterile H20) and 1 M MgSO4 (24.6 g of
MgSOv-7HZO in a final volume of 100 ml of sterile HZO) to bring their final concentrations to 5 and 10
mM, respectively. For each 150—mm agar plate, 12 ml ofIPTG overlay solution is required.

MgSO4-7HZO (7 M)

5M

14.41
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Media

LB agar plates (150 mm)
Freshly poured plates that have been equilibrated to room temperature give the best results.

LB medium containing 50 ug/ml ampicillin

LB top agarose containing 70 mM M5604 and 50 ug/ml ampicillin

Centrifuges and Rotors

Sorvall 55-34 rotor or equivalent

Special Equipment

Air incubator preset to 40C

Vectors and Bacterial Strains

Bacteriophage kgt71 recombinant
Prepare a stock of recombinant bacteriophage A of known titer by soaking an individual plaque in ~ 100
pl of SM for at least 2 hours at room temperature or by preparing a plate lysate (please see Chapter 2,
Protocol 3).

E. coli strain Y7090hst
This strain is available from the ATCC (www.atcciorg) and is maintained on LB agar plates containing
50 ug/ml ampicillin. The strain carries a mutation in the Ion gene, which encodes an ATP-dependent pro-
tease. Fusion proteins expressed in this strain are often more stable than those expressed in strains lack-
ing this mutation

METHOD
 

1. Inoculate 50 ml of LB medium containing 50 pg/ml ampicillin with a single colony of E. coli

YlO90hst. Grow the culture overnight at 37°C with moderate agitation (250 cycles/minute

in a rotary shaker).

2. Transfer the culture to a centrifuge tube, and centrifuge the cells at 4000g (5800 rpm in a
Sorval] 58-34 rotor) for 10 minutes at room temperature.

3. Discard the supernatant, and resuspend the cell pellet in 20 ml of 10 mM MgSO4. Measure

the ODmo of a 1/ 100 dilution of the resuspended cells and prepare a plating stock by diluting

the resuspended cells to a final concentration of 2.0 ODGOO/ml with 10 mM MgSO4.

4. Transfer three 0.2-ml aliquots of the plating stock of E. coli Y1090hst to fresh tubes. T0 two

of the tubes, add 2 X 105 to 5 x 106 pfu of the recombinant bacteriophage kgtll stock. The

third tube serves as an uninfected control. Incubate the tubes for 20 minutes at 37°C to allow

the virus to attach to the cells.

5. Add 7.5 ml of molten LB top agarose containing 10 mM MgSO4 and 50 pg/ml ampicillin to

one of the tubes. Mix the contents, and immediately pour the top agarose onto a 150-mm LB

agar plate.

6. Repeat Step 5 with each of the remaining tubes.

7. Incubate the agar plates for 4 hours at 42°C.

8. Remove the plates from the incubator. Add 6 m1 of control overlay solution to one of the

infected plates. Add 12 ml of IPTG overlay solution to the two remaining plates.

9. Return the plates to the 42°C incubator for 3—5 hours.
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10. Remove the plates from the incubator and transfer the overlay solutions into individual ster-

ile tubes.

The fusion protein is released from infected cells at the point of lysis and diffuses into the overlay
solution. Most of the bacterial debris remains in the agarose and does not contaminate the overlay
solution.

As much as 200 pg of fusion protein can be produced per lSO—mm plate. According to Huang and
long (1994), the induction process can be repeated as many as five times on each plate, although
maximum expression is obtained in the first two inductions Repeat inductions are carried out by
removing the protein-infused overlay solution, allowing the plate to recover for 1 hour at 37°C, fol-
lowed by addition of fresh overlay solution.

In a variation of this protocol (Lillibridge and Philipp 1993), the recombinant phage expressing the
desired fusion protein is used to form a large “maxiplaque” on a lawn Of E. coli. The plaque and

underlying agar are cored from the plate, dounced in a homogenizer, and resuspended in 2x SDS-
loading buffer for polyacrylamide gel electrophoresis and immunoblotting. Starting with a plaque,
their procedure requires ~6.5 hours to reach the stage of gel electroph oresis.

11. Detect the fusion protein in the overlay solution by immunoblotting or by DNA—binding

assays if the original phage was isolated as described in Protocol 6.

No immunological reactivity or DNA—binding activity should be detected in the overlay solution
derived from the uninfected culture or in the overlay solution from which IPTG was omitted.

For assays involving the detection of enzyme activity, overlay solutions can be dialyzed against an
appropriate buffer before analysis.

12. Purify the B-galactosidase fusion protein from the overlay solution by affinity chromatogra-

phy using commercially available kits (e.g., Promega ProtoSorb), or as described in Chapter

15, Protocol 1. Dialyze the overlay solution before purification of the protein to remove IPTG.

 

 



Protocol 9

Preparation of Lysates Containing Fusion
Proteins Encoded by Bacteriophage k:
Lytic Infections in Liquid Medium

 

THIS RAPID METHOD IS USED TO SCREEN BACTERIOPHAGE XGTH RECOMBINANTS for the production
of immunodetectable fusion proteins. However, with some effort (i.e., optimization of the multi-

plicity of infection ratio, inactivation of the bacteriophage MI gene at 42°C, and harvesting just

before lysis), the method can be used to produce preparative amounts of a fusion protein (Runge
1992).

For an assessment of the merits of expressing protein fusions in lytic versus lysogenic cul—

tures, and in liquid versus solid medium, please see the introductions to Protocols 7 and 8.

MATERIALS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Cell lysis buffer (700 pl required for each plaque analyzed)
50 mM Tris—Cl (pH 6.8)

100 mM dithiothreitol
20/0 (w/v) SDS

0.1% (w/v) bromophenol blue
10% (v/v) glycerol

IPTG (1 M) (70 pl required for each plaque analyzed)

MgSO4-7HZO (7 M)

Phenylmethysulfonyl fluoride (PMSF) (700 mM) <!>
5M

Discard each aliquot after use to minimize contamination.

Gels

SDS-po/yacry/amide gel <!>
Please see Step 12.
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LB medium containing 50 pg/ml ampicillin

Centrifuges and Rotors

Sorvall 55-34 rotor or equivalent

Special Equipment

Boiling-water bath
Liquid nitrogen <!>

Vectors and Bacterial Strains

METHOD

Bacteriophage Agt7 1 recombinant

E.c

Prepare stocks of bacteriophage A recombinants by soaking individual plaques in ~1 ml of SM for at least
2 hours at room temperature or by preparing a plate lysate (please see Chapter 2, Protocol 3).

oli strain Y7090hst
This strain is available from the ATCC (www.atcc.org). For information on E. coli strain Y1090, please
see the information panel on PLASMID AND BACTERIOPHAGE k EXPRESSION VECTORS.

 

. Inoculate 50 ml of LB medium containing 50 ug/ml ampicillin with a single colony of E. coli

Y1090hst. Grow the culture overnight at 37°C with moderate agitation (250 cycles/minute

in a rotary shaker).

. Transfer the culture to a centrifuge tube, and centrifuge the cells at 4000g (5800 rpm in a

Sorvall 55-34 rotor) for 10 minutes at room temperature.

Discard the supernatant, and resuspend the cell pellet in 25 ml of 10 mM MgSO4. Store the

bacterial suspension on ice until required.

. In sterile 15-ml tubes, mix 8 m1 of LB containing 50 ug/ml ampicillin, 400 pl of bacterial sus-
pension, and 100 01 of phage lysate.

Because the fusion protein is isolated from the infected cells themselves rather than from the lysate
(as in Protocol 8), it is important to obtain a productive infection with the kgtl 1 phage of interest
while avoiding premature lysis of the culture. For this reason, low multiplicities of infection (~1
pfu per 16,000 cells) are used in the procedure.

. Place the tubes in a 37°C shaking water bath for 2 hours.

Transfer a 1-ml aliquot of each culture of infected cells to a sterile microfuge tube. Store the
tightly capped tubes in liquid nitrogen. Add 70 111 of 1 M IPTG to the remainder of the infect-
ed cultures and continue the incubation at 37°C.

At hourly intervals thereafter, withdraw l-ml aliquots of each culture of infected cells to
microfuge tubes. Store the tightly capped tubes in liquid nitrogen. Collect aliquots in this
fashion for a period of 4 hours.

Incubate the remainder of the infected cultures for a further 12 hours at 37°C. Remove a final
l—ml sample from each culture. Place the tightly capped tubes in liquid nitrogen for 30 min-
utes.
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10.

11.

12.

. Thaw all the samples and collect the infected bacteria by centrifugation at maximum speed

for 1 minute at room temperature in a microfuge. Decant and discard the bacterial medium.

Add 100 pl of cell lysis buffer to each tube and rapidly resuspend the cell pellets by vigorous
vortexing.

Place the samples in a boiling-water bath for 3 minutes. Transfer the samples to room tem-

perature, add 1 pl of 100 mM PMSF, and mix the contents of the tubes by vortexing.

Analyze the samples directly by SDS-polyacrylamide gel electrophoresis and immunoblot-

ting. Just before electrophoresis, spin the samples at maximum speed for 1 minute in a

microfuge. Load a 25-111 aliquot of the supernatant from this spin onto the SDS-polyacry-
lamide gel.

Alternatively, the samples may be stored at —70°C before analysis.

The amount of the fusion protein of interest should increase progressively in the samples of cult
tures treated with IPTG for 1—4 hours. Thereafter, the amount ofprotein may increase, remain the
same, or decrease depending on whether the infected cells lyse and release protein into the medi—
um.
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PLASMID AND BACTERIOPHAGE 7L EXPRESSION VECTORS

Expression libraries can be constructed in plasmid or bacteriophage A vectors that carry a strong, regulated
prokaryotic promoter and a ribosome-binding site. A few vectors are available that express only the
sequences of the foreign protein (please see Chapter 15 and Table A3—1 in Appendix 3). More commonly,
however, the foreign DNA sequences are cloned into a restriction site that lies within the coding sequences
of a prokaryotic or eukaryotic gene (or fragment of a gene) located immediately downstream from the
prokaryotic promoter/ribosome-binding site. In many vectors, this gene is E. coli lacZ, which encodes B-
galactosidase. If the foreign sequences are inserted in the correct orientation and reading frame, a fusion
protein is produced that consists of B-galactosidase sequences linked to polypeptide sequences encoded by
the cloned DNA. The fusion protein, which is synthesized upon induction of the lac promoter with iso-

propyl-B-thiogalactoside, may retain or lose B-galactosidase activity or the ability to take part in a-comple-

mentation (please see Chapter 1), depending on the nature of the foreign sequences and the site at which
they are inserted. Insertion of foreign sequences into B-galactosidase, or into other proteins such as maltose-
binding protein, thioredoxin, or the glutathione-S-transferase of Schistosoma japonicum, often enhances the
stability of the fusion protein in the host bacterium (Kupper et al. 1981; Stanley 1983; di Guan et al. 1988;
Smith and Johnson 1988; LaVallie et al. 1993).

Expression libraries constructed in bacteriophage l and plasmid vectors differ from one another in one

major respect. Libraries constructed in bacteriophage X vectors are plated on a bacterial lawn, which is pro-

gressively lysed during the next few hours as a natural consequence of bacteriophage growth. The resulting

debris is transferred to nitrocellulose filters and screened for the presence of immunoreactive material. By

contrast, plasmid libraries are maintained as transformed bacterial colonies that must be lysed in situ on

nitrocellulose filters before intracellular fusion proteins can be screened with antibodies or other ligands.

Expression libraries constructed in plasmids therefore suffer from a significant disadvantage: the labor
involved in generating the replicas of the library that are used for immunological screening. Usually, mas—
ter copies of plasmid libraries are grown on nitrocellulose filters, and several replicas are then generated by
transferring the colonies in situ to fresh nitrocellulose filters (please see Protocol 2). This is a laborious
process that can be repeated only a few times before the colonies on the master filter become smeared

beyond recognition. Colonies growing on the replica filters are lysed and screened with a labeled ligand spe—

cific for the gene product of interest. Clones that react with the labeled ligand are recovered from the mas-
ter filter and analyzed further. Although these procedures are easy to accomplish when only a few clones are
to be screened, they are logistically demanding when large libraries consisting of 106 or more colonies are
to be screened. For most purposes, therefore, bacteriophage expression vectors are the vehicles of choice for
immunological screening of large libraries.

The vast majority of cDNA expression libraries are constructed in bacteriophage kgtl 1, its close rela-
tives kgt18-23, 7LZAP (or the XZAP Express or AZAPII derivatives), XZipLox, or XORFS. These bacterio-
phages carry one of two modified E. coli lacZ genes. th11 and XORFB contain a complete copy of the lacZ
gene with a cloning site located 53 bp upstream of the translational termination codon. cDNAs inserted in
the correct orientation and reading frame are expressed to yield fusion proteins whose amino termini con-
sist of B-galactosidase sequences and whose carboxyl termini consist of foreign sequences. Vectors such as
kZipLox and KZAP contain a fragment of the lacZ gene spanning the promoter—operator and the amino-
terminal encoding region (Ullmann et al. 1967). cDNAs inserted into the polylinker are expressed as a
fusion protein consisting of the amino-terminal 6 amino acids of B-galactosidase followed by carboxy-ter-
minal foreign sequences. With both types of vectors, some of the foreign sequences display antigenic epi-
topes that can be detected using specific antibodies.

Bacteriophage 7» vectors used for the construction of expression libraries usually (AORFS is an excep-
tion) have a mutant copy of the A repressor gene (cIt5857), which encodes a temperature-sensitive repressor
protein, and they carry an amber mutation in the S (lysis) gene. At temperatures that inactivate the repres—
sor (42°C), these bacteriophage form plaques on strains of E. coli (such as YlO90hst) that carry an amber
suppressor (supF). Strain Y1090hst displays additional properties that are useful in immunological screen-
ing: It carries a plasmid (pMC9) that encodes the lac repressor, and it is deficient in the product of the Ion
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gene, an ATP—dependent endoprotease (for review, please see Gottesman and Maurizi 1992). The absence

of a functional Ion protease extends the half—life of many B-galactosidase fusion proteins‘ A related strain of

E. foli, Y1089, in addition to the Ion mutation, also carries a mutation in hflA, which dramatically increas-

es the frequency of lysogenization by bacteriophage k. In addition, because Y1089 lacks a suppressor tRNA

gene, the amber mutation in the S gene (lysis gene) of kgtll is not suppressed, allowing large amounts of

bacteriophage k-encoded gene products (including lacZ fusion proteins) to accumulate to high levels with—

in an induced cell. For further details of the properties of kgtll, kgt18-23, kZAP, kZipLox, and XORFS,

please see the introduction to Chapter 11 and Appendix 3.

Libraries of bacteriophage k established as lysogens in E. coli host strain Y1090 offer potential advan—

tages for screening of expression libraries: ?t genomes inherited as part of the host—cell chromosome may be

more stable genetically than genomes propagated by lytic infection, and the repression of synthesis of

potentially toxic fusion proteins may be more complete in cells containing only one integrated copy of the

recombinant genome than in lytically infected cells that rapidly accumulate many hundreds of copies of the

fusion gene. Expression of fusion protein in a lysogenic colony can be as much as 20 times higher than the

0.25 fmole of target protein typically expressed in a bacteriophage plaque (Lacombe et al. 1987). Despite

these apparent advantages, most libraries constructed in 7tgt11 are no longer propagated as lysogens nor

screened after induction because some recombinants are unable to form stable lysogens (Huynh et al.

1985). The increased amounts of fusion protein synthesized in induced lysogens are rarely of practical
advantage since imprints of conventional bacteriophage k plaques contain ample quantities of material for

detection by antisera of high specificity and reasonable titer. Screening of lysogens may, however, offer some
advantages when using proteins such as calmodulin as probes or when using small ligands (e.g., CAMP)

with a low affinity for the target protein. The high concentration of target protein in an induced lysogenic

colony may significantly shift the binding equilibrium in favor of complex formation between a ligand and

its target and hence raise the intensity of the signal to the point where it becomes detectable (Mutzel et al.

1990; Mutzel 1994).

Although lysogens are no longer used for screening entire bacteriophage A libraries with immunolog-

ical probes or double-stranded oligonucleotide probes, they are routinely used to analyze the properties of

fusion proteins encoded by individual bacteriophage recombinants. The bacteriophages recovered from an
individual plaque are used to establish lysogenic derivatives of E. coli strain Y1090hst or Y1089hflA, which
can be induced to synthesize fusion proteins in quantities sufficient for biochemical analysis (please see

Protocol 7). '

Genomic DNA and cDNA Expression Libraries

Two types of expression libraries can be constructed in plasmid and bacteriophage 7» expression vectors:

cDNA and genomic DNA libraries. For prokaryotic organisms, whose genomes contain few introns, there

is little to be gained by constructing cDNA libraries in these vectors. Instead, randomly sheared genomic

DNA can be used to create a library (for details, please see Chapter 11) in which all coding sequences are

proportionally represented (e.g., please see Young et al. 1985). The optimal average length of the sheared
fragments of DNA used to construct libraries of this kind depends on the size of the gene of interest: The

smaller the gene, the smaller the genomic DNA fragments. Ideally, the size of the fragments should be

approximately one-half the predicted size of the gene. This size range reduces the chance that the coding
sequences of the gene of interest will be preceded by upstream termination sequences.

A similar strategy can be used with eukaryotic organisms such as yeasts, whose genomes are compara-

tively small and consist predominantly of coding sequences. The probability (P) of creating a recombinant
containing the sequences of the gene of interest in the correct reading frame and orientation for expression is:

size of the coding region of the gene of interest (in kb)

size of genome (in kb) x 6
 P:

The factor of 6 takes into account the fact that a given DNA fragment can be inserted into the vector in two
possible orientations and that only one of the three potential reading frames is correct for expression. The
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proportion of clones expressing the particular fusion protein is then 1:1/P. For example, in a genomic DNA

expression library, the proportion of recombinants capable of expressing a fusion protein encoded by a gene

whose coding region is 1.5 kb in length is predicted to be:

 

Organism Genome size (kb) Proportion

E. coli 4.0 x103 1:1.6 x104

Yeast 1.4 x 104 1:5.6 x 104
Drosophila 1.8 x 105 17.2 x 105

In theory, these frequencies will be attained only if the cloned genomic DNA fragments are consider-
ably smaller (<50°/o) than the size of the coding sequence of interest. In practice, however, the frequency of

positive clones is somewhat higher than expected. Although the reasons for this outcome are not under-

stood, a possible clue comes from the observation that a high proportion of clones isolated from genomic

DNA expression libraries by immunological screening do not synthesize fusion proteins (Goto and Wang

1984; Ozkaynak et al. 1984; Snyder et al. 1986). Because expression of these cloned genes is dependent on

transcription from the IacZ promoter, it seems likely that the clones carry out-of-frame insertions and that

translation of the foreign sequences is initiated at an internal methionine codon. More rarely, the foreign

sequences may carry signals that can direct transcription and translation in E. coli.

As the size of eukaryotic genomes increases, the fraction that is occupied by coding sequences shrinks

dramatically, and the average length of individual exons decreases to ~200 bp (Go 1983). The idea of screen-

ing genomic DNA expression libraries then becomes much less attractive. In the case of the mammalian

genome (3 x 109 bp), reconstruction experiments suggest that it would be necessary to screen a library of at

least 107 clones (average size 200—300 bp) to detect a recombinant expressing a particular epitope (Rfither

et al. 1982). Even then, only epitopes encoded by DNA sequences contained within a single exon would be
detected. The use of cDNA libraries solves these problems by consolidating the coding sequences of indi-
vidual genes into single clones and eliminating the nonproductive screening of clones that consist of intron

and repetitive sequences.

Mammalian cDNA libraries used for immunological screening usually have a complexity of at least 106

independent recombinants. In libraries constructed by nondirectional cloning, only one recombinant in six

will carry an insert in the correct orientation and frame for expression. However, in libraries established by

directional cloning, the proportion of useful clones rises to one in three. Most directionally cloned libraries

are constructed by random priming of cDNA synthesis rather than by oligo(dT) priming. Random-primed
libraries contain a higher proportion of sequences that lie toward the 5’ region of the mRNA and therefore

would be expected to express epitopes that map to the amino-terminal sequences of the protein, whereas

expression libraries generated by oligo(dT) priming are likely to be enriched for epitopes located in the car-

boxy—terminal regions of the target protein. To maximize the chance of detecting a clone by immunologi-

cal probes, many investigators screen a composite library containing a representative mixture of cDNA

clones generated by each method of priming.
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USING ANTIBODIES IN IMMUNOLOGICAL SCREENING

Choosing the Antibody

Ideally, an antibody used for screening of expression libraries should be polyclonal, absolutely specific for
conformation-independent epitopes that are displayed on both native and denatured forms of the protein,

of high titer, and of the IgG class. This combination of properties is rarely found in a single antiserum, and

it is often necessary to screen expression libraries with preparations of antibodies that are far from ideal. To

determine whether the available batches of antisera are suitable as probes, serial dilutions of several inde-

pendent antisera should be tested for the following properties:

0 Reactivity with the protein of interest on a western blot. Denatured proteins transferred from an SDS-

polyacrylamide gel are likely to display many of the same epitopes as the cognate fusion protein synthe—

sized in bacteria. The foreign polypeptide sequences of most fusion proteins are unlikely to fold into

completely native structures and, after transfer to a nitrocellulose filter, may undergo further denatura-

tion. Antisera that fail to detect the protein of interest on a western blot are probably specific for epitopes

displayed only on the native protein and therefore may be unsuitable as probes for expression libraries.

0 Specific immunoprecipitation ofa polypeptide ofthe predicted size from in vitro translation reactions

primed with the same mRNA used to construct the expression library. An antiserum reacting strongly

in this test must be directed primarily against epitopes that are displayed on unmodified, and probably

unfolded, proteins. Clearly, antisera that recognize oligosaccharides or other modifying groups found on

eukaryotic proteins are of no value for screening prokaryotic expression libraries.
0 Production ofweak or undetectable signals when reacted with bacteria expressing the sequences ofthe

vector alone. Antisera should be tested by screening two nitrocellulose filters, one containing imprints
of nonrecombinant plaques or colonies formed by the vector alone and the other containing imprints of
a small fraction (e.g., 1—5000 plaques or colonies) of the expression library that is to be screened. A series
of dilutions containing known amounts of the native and denatured (boiled) antigen (20 pg to 100 ng)
of interest are spotted onto a separate filter. The three filters are then cut into sections, which are
screened with different dilutions of antiserum. The aim is to find a dilution that displays a high level of
specific reactivity with the antigen but does not react nonspecifically with prokaryotic proteins.
Typically, the range of dilutions used in this test is 1:200—1:5000 for polyclonal antisera, IgG fractions,
ascitic fluids, and affinity—purified antisera and 1:10—1:100 for supernatant fluids from cloned hybrido-
mas grown in vitro. Ideally, the antibody should be capable of detecting as little as 50—100 pg of antigen
in an area the size of a small bacterial colony. The amount of antigen present in colonies and plaques
expressing fusion proteins varies widely depending on the toxicity of the fusion protein, its rate of degra-
dation, and its physical state. However, an antiserum capable of detecting as little as 50—100 pg of dena-
tured antigen should allow all but the most labile of fusion proteins to be recognized.

Both polyclonal antisera and monoclonal antibodies can meet the above criteria, and both have been
used successfully to identify recombinants that express cloned sequences of interest. Each has different
advantages. Polyclonal antisera are usually able to react with several different epitopes, which may be encod-
ed by different regions of the gene of interest. Recombinants carrying fragments of this gene may therefore
be detected by polyclonal antisera. By contrast, monoclonal antibodies, which by definition are able to react
with only one epitope, may detect only a particular subset of the recombinants that express sequences of the
gene of interest. However, monoclonal antibodies generally show much lower levels of background reactiv-
ity with E. coli components than do polyclonal antisera. The best reagents for immunological screening are
therefore pools of monoclonal antibodies directed against different epitopes on the protein of interest or
high-titer polyclonal antisera that do not react with host components. Before screening an expression
library, it is essential to carry out a series of western blots or to optimize the conditions for binding the anti-
body to its target protein. The goal is to ascertain the following:

o A dilution of the antibody that generates a strong signal with the target protein and a low level of back-
ground against other proteins present in the bacterial lysate.

o The optimal time and temperature of incubation.
0 Washing conditions that will discriminate between antibody molecules bound to their target protein and

antibodies bound nonspecifically to, for example, the nitrocellulose membrane.
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If, as is sometimes the case, the antiserum reacts strongly with components of lysates of bacteriophage-

infected cells, it must be purified before being used to screen an expression library. For further information,
please see Purification of Antisera below.

Purification of Antisera

When the antisera to be used for screening react with only one protein of the expected molecular weight on
a western blot, further antigen-specific purification is not necessary. However, if the antibodies that react
with the antigen of interest are of the IgG class, they may be easily purified and concentrated by affinity
chromatography on protein A—Sepharose columns (Goudswaard et al. 1978). Preparations of IgG used for
immunological screening usually give lower backgrounds than whole sera.

Antisera that react with several different proteins usually have been raised against impure antigen and
are therefore likely to react with recombinant clones other than those specifying the protein of interest. In
this case, the antibody should be purified by affinity chromatography on columns of the immobilized anti-
gen. Note that affinity purification must be carried out with an independent preparation of antigen free of
the contaminants, which may be difficult to obtain. In this case, there are two options. First, the library may
be screened with the available polyclonal antisera; immunoreactive clones must then be analyzed by a test
that can distinguish unambiguously between false and true positives. Alternatively, impure preparations of
antigen may be used to generate clonal lines of hybridomas that secrete monoclonal antibodies specific for
the protein of interest.

Components in polyclonal antisera or preparations of IgG that react with antigens produced by E. coli
may be removed by immunoabsorption, for example, by incubating the diluted antiserum with nitrocellu-
lose filters coated with lysed bacterial colonies or the debris of nonrecombinant plaques (pseudoscreening;
please see Protocol 3 of this chapter). This process can be repeated several times, until all of the anti-E. coli
antibodies have been removed. Alternatively, the diluted antiserum can be mixed with an extract of E. coli
made by freezing-thawing and sonication (please see Protocol 4 of this chapter). The absorbed diluted anti-
serum can then be used to probe expression libraries without further treatment. The most effective proce-
dure is to expose undiluted antiserum or purified IgG to lysates of E. coli that have been immobilized on
cyanogen-bromide-activated Sepharose 4B as described by de Wet et al. (1984) (please see Protocol 5 of this
chapter). .

Several manufacturers of kits used for immunological screening provide lysates of bacterial cultures
infected with bacteriophage h vectors. These lysates can be used to check by western blotting whether an
antibody directed against the target protein also reacts with components specified by the bacteriophage vec-
tor and/or its host.
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We shall not cease from exploration
And the end of all our exploring
Will be to arrive where we started
And know the place for the first time.
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Lincuca 01 chemiluminescence, A944

Adaptors
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10W»melting-temperature, 5.6, 5.7

DNA recovery from, 529—535
pulsed~fie1d gel electrophoresis gels, 5.83—
5.88

DNA size selection m shotgun sequencing

protocol, 12.18
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pouring ge1,5.11—5.13
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colorimetric assays, 9.78
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direct detection, 9.80
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fluorescent assays, 9.79
in screening expression 1ibraries, 14.3

chemiluminescent, 14.11, 14.21
chromogenic, 149—1410, 14.20

self—ligation, prevention of, 9.92
substrates

AMPPD, A939, A9.42—A9.44

BClP/NPT, A9.39—A9.4O
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4.20~4.21
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large-scale expression, 15.34

materials for, 15314532
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overview, 15.30

protocol, 1532—1534
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Alkaline transfer buffer, 6.40, 6.44. 6.46, A1.12
Allele-specific oligonucleotides (ASO), 13.91, 13.95
Allyl alcohol, 1270-1271

a—amanitin, 17.29
a—complementation, 1.149—1.150

m BAC vectors, 4.3
in 2» vectors, 11.22, 11.25

in M13, 3.8, 3.10, 3.33
in pMAL vectors, 15.40

problems with, 1.27, 1.150
in protein—protein interaction assays, 18.127

protocol, 1.123—1.125
m pL'C vectors, 1.10, 3.9
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a—thrombin, 15.8
Altered sites 11 in vitro mutagenesis system, 13.89
Altemmonm espejiana, 13.62, 13.71~13.72,A4.43
A111] cleavage 017-deaza—dGTP—modified DNA, 8.60
Alul methylase, A47
AMAD. See Another MicroArray database
Amber mutation, A7.5

in 7. S gene, 2.15
in M13 vector5,3.11—3.13
supE mutation, 3.11—3.13

Amber suppressors, A7.5—A7.6
Amberlite XAD-16, A828

Ambion. 1.64
Amidme, 16.11

Amine—coupling kit, 18.104

Amino acids
cndon usage, A7.2—A7.4
hydrophobicity/hydrophilicity scales, A931
nomenclature,tab1e of, A7.7
overview, A7.6
properties, table of, A7.87A7.9
side chain propert1e5,A7.7
Venn diagram of, A7.6

N-(4-aminobutyl)—N~ethyli501umir101 (ABEI),
A918

Aminoformamidine hydroch10ride. See

Guanidinium chloride
Aminoglycoside phosphotransferase, 16474648
Aminophosphotransferases (APHs), 1.145

Aminopterin, 16.47, 16.48
Ammonium acetate

in ethanol precipitation of nucleic acids, A812
111 ethanu1 precipitation of oligonucleotides,

111204021
rec1pe, A1.25

Ammonium hydroxide, A1.6
Ammonium ion inhibition of T4 polynucleotidc

kinase, A435

Ammonium persulfate. 541—543, 7.58, 12.75.
12.78,12.82,13.53-13.54,A1.25, A8. 2

Ammonium sulfate, 8.9, 11.43, 11.45
in long PCR buffer, 8.78
in PCR1ysis so1ution, 6.22

ampC, 15.26
Amphotericin, A2.7

Ampicillin, 1.9
mechanism of resistance to, 1.148
modes ofaction, 148, A2.7
properties, 1.148
satellite colonies, 1.148

selecting transformants, 1.110, 1.115, 1.118
stock/working solutions, A2.6

Ampicillin resistance gene (amp’) gene, 1.9
in activation domain fusion plasmids, 18.20

in LexA fusion plasmids, 18.19
in pMC9, 14.6

in two-hybrid system of reporter plasmids, 18.12

Amplification
of bacteriophage, in situ, 2.95
of cDNA libraries, 1 1.64—11.66

of cosmid libraries

on filters, 4.31—4.32
in liquid culture, 428—430
on plates, 4.34

of genomic libraries, 287—289
for hybndization procedures, 1.128, 1.131
of plasmids

chloramphenicol and, 1.4, 1.39. 1.48, 1.56,
1.128,1.131,1.143

runaway plasmid vectors, 1.13
Amplification buffer, A1.9

Amplification refractory mutation system (ARMS),

13.91, 13.96
Amplify scintillam, A9.12
AmpliTaq DNA polymerase. 80011150 Taq DNA

polymerase
AmpliTaq Gold, 8.110
CS DNA polymerase. 12.54

in cycle sequencing reactions, 1246—1247

structure of, 12.47

FS DNA polymerase
in cyale sequencing reactions, 12464247
in DNA sequencing

automated, 12.98

dye~primer sequencing, 12.96
dye—terminator systems, 1296—1297

structure 01, 1247
properties, table of compared, A4.11

Ampliwax PCR Gems, 8.1 10
AMPPD. See Adamantyl 1,2—dioxetane phosphate

amp'. See Ampicxllin resistance gene (amp') gene

Amylose agarose, affinity chromatography use of,
15.40 15.43

Analytical ultracentrifugation, 18.96

Anion-exchange chromatography, DNA purifica-
tion by, 5.2(F5.28

Annealing buffer in nuclease $1 mapplng of RNA,
7.55, 7.58

Annealing reactions
CTAB and, 6.62
in PCR, 15.8—8.9

in primer extension assays, 7.76, 7.79

in ribonuclease protection assay protocol, 7.73
in 51 protection assays, 7.51

Annea1ing temperature
in inverse PCR, 8.85
in long PCR, 8.80
in touchdown PCR, 8112

Another MicroArray database (AMAD),A10.15

Antibiotics. See also specific zmtibiorifs

modes of action, table of, A27
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nomenclature, A7.7
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preflashing,A9.11—A9.12
reading an autoradiograph, 12.113
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Reverse transcriptase
reverse transcriptase, A4.24—A4.25
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Avidin,11.115—11.117,A9.45
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fragment size created by, table of, A48
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expression m, 15.55
genomic resources for microarrays, A10.6
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A437
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advantages of, 4.48
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Index 1.3

clone size, 43—44

copy number, 448

DNA purification
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arrayed libraries, 4.8
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construction, 449—450
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screening, 450—451

low-copy—number replicons, 1.3
overwew, 4.2~4.4
size of inserts, 4.49

storage, 451
vectors, A35

Bacterial colonies, screening by PCR, 8.74~8.75

Bacteria] cultures
receiving in the laboratory, 1.29
storage of, A85

Bacterial strains. See Esrherichia coli strains
Bacteriophage

fl. See fl bacteriophage
¢X174. Sec ¢X174 bacteriophage

A. See 7x bacteriophage
M 13. See Ml3 bacteriophage
P1. See P1 bacteriophage
SP6. See SP6 bacterlophage

T3. See T3 bacteriophage
T4 DNA ligase buffer,A1.9
T4 DNA polymerase buffer, A1.10
T4 DNA polymerase repair buffer, 1 1.53
T4 polynucleotide kinase buffer, A1.10

T7. See T7 bacteriophage
Bacteriophages. See also specific bm‘turiophngcs

CsCl density gradients purification of, 1.155
filamentous, 3.1—3.7

historical perspective. 2.109
male»>pecific, 3.2

origin of replication, 1.11
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Baculovirus, 17.81—17.84
expression systems

commercial, 17.84
drawbacks of, 17.83

vectors, 17.83

gene expression in, 17.82
history, 17.81

host interactions, 17.81v17.82
as pestic1dcs, 17.81
vectors, 17.83

Baking hybridization membranes, 6.46
BAL 31 buffer, A1.10

BAL 31 nuclease, 13.2
activities of, 13.68

endonuclease activity, A4.44~A4.4S
exonuclease activity, A4.44—A4.45

assaying activity of, 1364—1165

checking progreis of digestion, 13.71
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materials for, 1362—1363
protocoI, 1363—1367

fast and slow forms, A444
heat inactivation of, 13.65
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inhibition by EGTA, 13.64
overview, 1368—1372, A4.43—A4.45
properties of, 1368—1371
storage, A444
unidirectional mutations, generation of, 13.68.
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controls, 1863—1866  



1.8 Index

( 111111munuprcupimtum u‘nnttnuud)

111C1111fiuti<111nfpmmns, 18.66
1111111unnprcupiml1011 01 cell lysate, 1862—1863
111.1tcrialxtur. 1867—1868
mclhnd, 18.68

nonspcclfic unordumns, reducmg, 1865-1866
pmccdurc, outline of. 1861—1862

(fimmidcna circu1t,sumi11ation counter, 17.46, A922
10111 rcphmn, 1.34.4

chlorarnphcnim] amphflutiun, 1.143
m unmlds, 4.5

1).\'.~\ synthssis 111, 1.5~1.7

1: ml: strain and copy number, 1.15
[111111 gcnc and com number supplcssion, 1.13
111 pk 1 vectors, 15.3

phsmld growth and replication, table of, 1.17
( 11111111 13 p1mcn1,cpitnpctaggingof, 17.92
( (111.111 11 rcpllcon. Svu colEl rcplicon

( (xliun 1 3 111 positive xclcclion vectors, 1.12
(.()11\1}:1.‘11JM', 15.8. 18.116
( 11110d101‘1 hdgx, (1144115

( 1111111111-1(1.1d1ng buficr fur (11ig01d'1 1-ce11u105e
chrunnltngruphy, 7 14—7. 1 6

( nmpaclm, 11.6

( nmpctcnl 0:11 preparation

ChCI111Ld1 nwlhods, 1.24—125
clcclmmmpctcnl, 125—126, 1.119—1.121
1m/cn slacks, 1.109, 1.114—1,115
Handhun method, 1.105—1.111)
Innuc method, 1.11241.115
mung calcium thoride, 1.116—1.118

k mnpclinon assays, 17.17

(mnpctmvcoligonuclcutidepriming1COP), 13.91,
13.96

( ,n111plcn1c1161111111. Sec (L-con1plemcnmtion

( umplclc minimal (CM) recipe. A29
1 mnprcxsinnx 111 DNA scqucncmg gels, 12.109—

12.1 111

(‘unwntmting nucleic .1cids,A8.12—A8.18
1111611101, extraction “1111, A818

l1\' dulyxls 011 bed (11 sucrose, 6.15
clhdnnl prcc1pil.111011,1\8 12—A8.I6

.1\pir.1t1un 01" supernatants, A815
1.1111crs,1\8.13

dmoh 111g pl‘L‘LiplldICh. A813, A8. 1 5—A8. 16

111swry01',A8.14

pmmcul for, A8.14—A8.l5

01- RNA. 148.16

M111 solutiam used w1th, A812

I11gh711101eculdrvwe1ght DNA samples, 6.15
11111111111 chloride pruipitation oflarge RNAs, A816
11111 mmncmuramrs,.»\8.16—A8.1 7

( undcnung reagents, 1.24, 1.152
1 onditmnal 111u1;111011s,.—\7.5
nndilinnallv lethal gums, 1 12

Inniugdtcd antibodies, A9.33—A9.34
.un1ug.1110|1, 1m!)36 111u1.11i011,3.10
unscnxus pr(>gm111,A11.14

unsmnt dcnmumm gel electrophnrcsis (CDGU,

13.92

0111.11! printing J1‘r.1ycr.Al().7

(>|1lnurmlm11pcd 11<1111|1gc11cous electric field
112111 11. 5.57, 579—582

11111111110115 101“, 5.79—580

ulcg imdc mnfigumnnn, 5.57
111511141111111'111' vector msert sue determination,

4 18

method, 5 81—582

pulw tunes. 579—580
rcxnlulmn. 5.79

(nnnmwc13111111111 Blue staining solution, A126,
Ah.46—A8.47

( np\ 11111111301
|1-\( ,~1.~18

uhnlldm 4 26

P1 and PM vectors, 4.41

plasmid,1.39,1.48,1.56,1.128,1.131

amplification, 1.4, 1.143
ch1oramphenicol and, 1.4, 1.143
control by RNAI, 1.6—1.7

E. colistra1n5,related suppression of, 1.15
incompatlbilily of plasmids and, 1.7—1.8
Iow-copy-number vectors, 1.12—1.13
needs for low, 1.3
plasmid size and, 1.9
rep1icons and, 1.34.4
suppressmn byme, 1.13

Cordycepin, 955, 960—961, 12.73
Corermoter program, A11.12
COS cells. 11.68, 11.75

COS-l, 11.114

COS—7 cells, 11.114

electroporation into, 11.85—11.86
mRNA harvesting from, 11.87—11.88
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Denaturing butter

( '11H' 35:1, 5.80

1/\1~1-ch,575
valuring gradient gel electrophoresiq (DGGH

1191—1192

mutatmn dctccnun, 13 49

\Y11R (mld 41.1111 11s d1lCI’ndl1Vt310, 5.15
11cnh.u'dt\ wlutmn

1310110111111 139

in hybridization solutions, 651—652, 10.35, 10.38

reaps, A1.15

in slripping so1utions, 6.57

Densitometric scanning, 7.47
dfo’ gene, 3.16

Deoxycholate, 15.10, 15.50
2'—deoxyco{0rmyc1n (dCF), 16.47

Deoxmucleoside triphosphates [dNTPs), A126
in PCRs, 8.5
radiolabeled, 9.5. Sye also Radiolabclcd probes
removal by ultrafiltration, 827—829
stock solution preparation, 12.107, A126
storage of, 8.5

Deoxyrilmnudease 1 (DNase I), A4.40—A4.42

cleavage preferences, A4.41—A4.42

ethidium bromide and, A441
llmlting activity of, A4.4l

RNase free, preparation of, A442
uses, 1151 of, A4.4]

DEPC. See Diethylpyrocarbonate

Dephosphorylation, 9.92
in cosmid vector cloning, 4.15, 4.19, 4.20—4.21

0f1)NA fragments with alkaline phosphatase,
962—965

efficiency, analysis of reaction, 4.19
efficiency, monitoring, 2.70

of 71 vector DNA, 268—270
of M 13 vector DNA, 3.34, 3.36, 12.24
of plasmld DNA, 193—197

condilions for, 1.95
diagram of, 194

method, 1.95—1.97
when to use, 1.93—l.94

Of RNA, 9.65

Dephosphorylation buffer, 2.69
for use with C1P,A1.10
for use with SAP. Al .10

Dcpurination of DNA

during DNA transfer from agarose gel to filter,
6.34

by piperidine, 12.61

in Southern hybridization, 6.41, 6.43, 6.47
Detection systems. A9.1—A9.49. 56011150 spcmfir

Clu’IHICfllS; specific methods
AMPPI), A9.42—A9.44

antibodies, A9.25—A9.34

antipeptide, A9.30—A9.33
applications, A925
conjugated, A9.33—A9.34

biotinylated, A933
enzyme, A934

11 uorochrome, A933

immunological assays, A9.27—A9.30
immunoprecipitation, A929
Solid~phase RIA, A9.29—A9.30

western blotting, A928

purification of, A9.25»A9.27
radlolabehng, A9.3O

autoradiography, A9.9—A9.15
fluorography, A912
imaging, A9.9—A9. 10

intensifying screen, A9.11
isompes used

decay data, A915
pamcle spectra, A9.9—A9. 10
sensnivity of detection, A913

phosphorimaging,A9.11~A9.14

phosphorimagmg devices, 149.14
preflashing,A9.11—A9.12
selling up autoradiographs, A9. 15-A9. 14

BCIP. A9.4l—A9.42

bioluminescence, A9.21-A9.24

bacterial luciferase, A9.23—A9.24
firefly luciferase, A9.21-A9.23

assays for, A9.22—A9.23

properties of, A9.21—A9.22
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as reporter molecule. A923
GFP, A924

biotin, A945. See 11150 Bionn

chemiluminescence, A855. A9. 16~A9.20

alkaline phosphatase, A855
AMPPI) and, A9.42-A9.44

applicauons, table 01, A918
assays for immunoassay and nucleic aad

hybridization labels, table of,A9.17
digoxygeniu 11nd, A9.39—A9.40
enzyme assays, A9.19~A9.20

alkaline phosphatase, A919

Bigalactosidase, A9. 19
glucose oxidase, A920
110 rsemdish peroxidase, A9. 19

xanthine oxidasc, A919

horseradish peroxidase. A855
horseradish pcroxidase/1uminol, A9.35—A9.37
1abels,A9.l7—A9.19

1umin0mcters,A9.20
overview, A9. 16—A9. 17
reactions, A916

chromogenic, A855

alkaline p11osphatasc,A8.55
horseradish peroxidase, A855

digoxygenin. A9.39»A9.40

horseradish peroxidase, A9.35—A9.37
immunog10bu11n binding proteins

protein A, A9.46—A9.48
protein G, A9.46—A9.48

protein L, A946, .~\9.47, A949

staining nucleic acids, A9.3—A9.8
ethidium bromide, A9.3—A9.4

methylene blue, A9.4—A9.5

silver staining, A9.5~A9.7
SYBR dyes, A9.7—.~\9.8

Dexamethasone, 18.11
Dextran su1fdte

as crowding agent, 6.58

in hyhrldlzation solutions, 6.58

in northern hybridization, 7.45
in Southern hybridization, 6.56

DGGE. Sec Denaturing gradient gel electrophoresis
DH] E.CO1151111111. 1144.15. 1.25.1.115

genotype, A36

transformanon by Hanahdn method, 1.106
DHS 1:. ml: 51min, 1.25

genotype, A36

transformation by Hdnahan method. 1.106
DH50! E. coltstrain, 1.115

genotype, A37

for interadiun trap library screening, 18.38,
18.43—18.44

transformation by Hanahdn method, 1.106

DHSaF' E mli strain for MB growth, 12.21, 12.23
DHSaMCR E. (0115111111

for cosmid stability, 4.28
genotype, A17

DHloB E. (011 strain

for BAC propagation, 4.49
genotype, A37

DHlOB1ZIP) E. coli strain, 11.25

DH] 15 E. (011 strain

genotype, A37
A113 vectors and, 3.13, 3.16
phdgcmids and, 3.42, 3.44. 3 46—347

DH1251Z1P) E. calistrain, 11.25
DIALIGN program,A11.8

Dialysis

buffers. 256—257, 6.4, 6.13

to concentrate DNA, 6.15
drop didlysis,4.44,A8.11

electroelution inm dialysls bags, 52,345.25
to purify DNA, 6.15
on sucrose bed, 6.15
tubing, preparation of, A84
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1,1 1>|A|ninn1wnlidinc (DAB), A935
1mhlorodlmclhvlsildnc, 12.75, 12.112, A83
3, 4-1hchlnmimcoumarin, 45.1
11hhInmrhmlamim’ dvcs, 1196-1297
1)|dcn\\ fingerprinting1dd1-1,13.49, 13.91, 13.94
111dm\\nmlcmidc lriphmphales (ddNTPs), 12.4—

125. 800 also DNA sequencing
1)|dc<Nl\'A’11’,9.55, 960—9111

Incorporation mlu by thermostdble DNA poly—
merases, 12.45

sunk mlutinns 01, preparing, 12.107

lcrmmamr dye llnkagc to, 12.96
1llcthrlpvrmarhnndlc (DEPC), 7.84

glammrc/plaaliwurc treatment w11h, 7.82, 7.84
d\ pmbc01‘sccum1ar) structure 0f1)f\1A and

RNA, 7.84

pmblcms usmg, 7.84
for RNch inaclimtion. 782—784
fluragc, 7.84

s11 ucturc 01", 7.84
Ierth water, 7.84

11i11crcntm| display—PCR, 896—8106

1)i11L'rcml.1| screening, 9.89—990

11111crcmm|1y expressed genes, isolating, 9.89—991
pIm/mmus screwing, 9.89—9.90

mndum sampling, 9.89
xubtmctivc screening, 990—991

1)itmnmmn,9.78
11mm] Opmdl (Ihemmry (DOC) system, A10.17
111gzmhs purpurm. 9.77

1)|gx)\1gcr1|11,9.5,A936
labclcd RNA probes, 9.35
1.11w11ng nudcic acids with, A9.38—A9,39
men w“, A938

wank antibodies coupled to reporter emymes,
X9 40

l’ihvdmfnlatc rcducmw 11111171 gene, 16.47, 16.49

lhnwlhylfnrnmnude, 149—1410, 14.20, 18.80,
18.82, A942

lhmclhflsulfinc, 12.5, 12171—1165, 12.67

DimclhylsquXIdc (1).\1SO1, A126

111 mlumn-luading buffers, 7.16
1111.41" transfcction. fdiilltdllon of, 16.28
m 1).\4 scqucncmg reactions, 12.38, 12.109
tor 7, d).‘\'/\ storaga, 11.64

(m 7, xmmgc, lung-tcrm, 2.36
m l’t'ks, 8.9, 8.23

m lmnsfcclion with polybrcnc, 1643—1645

111 tral'nsfbrnmtion bufl’erg, 1105—1106
1hnnrophcno], 9.76
1)nylmvlplmsphdlidylcthanolmnine (DOPE), 16.5,

167—168, [6.50

11mm! sclcctinn nfc1)N.~\s, 11.9871 1.106
amplification, 11.104A11.105
biotin Idlwllng, 11.102

blmlung rcpctitivc wqucnccs, 1 1.103, 11.105—
1 1.106

llnkcrcd pool preparatmns, 1 1.102
nmlcrmlx 10r, 11.100—11.101
mcnicw 11.9841] 100

primary xclcuion, 11.105
x(‘tUIlddfl sclcctinn. 11.105
strum.“ idin bead prcpdmtiun, 11.103
11'011b1cx1'11mlll'1g, 11.106

Ihrcmonalcloning,1214.22.184—187
m .\113 vcclnrs, 3.34

prumng (1)N.\\\\’11h an oligo1d'l‘) adaptor,

| 1.13

111suncr\RR/\Y (1cnu1)isph|y, A109

Duplml’lmgc S) swm, 18.120

11llhiulhr01101 (171.11
111 hmdmg 11111'1cr. 14.33

m m mm transcripuon redttinnn, 7.71
m primer cxlensmn Assay protucul, 7.79
m mndom priming buffer, 9.6
m Imlhtnrmdtion buffers, 1.105—1.106

leR. 500 Inosme
1)-lucitérin—O-phosphate, A942
DMRIE,16.11

DMRIE-C, 16.11
DMS buffer, 12.63
DMS stop solution, 12.63
DMSO. See Dimethylsulfoxide
DNA. See also cDNA; Chromosomal DNA; Double—

stranded DNA; Genomic DNA;
Mammalian cells, DNA isolation; Plasmid

DNA; Singlevstranded DNA
concentrating. Sec Concentrating nucleic acids

concentration measurement
by fluorometry, 6.12
bigb-molecular-weight DNA, 6.11, 6.15

phenol contamination and,6.11,6.15
by spectrophotometry, 6.11, 6.15

dcnaturation. See Denaturation, DNA
detection

in agarose gels
eth1dium bromide staining, 5.14-5.15
photography, 5.16—5.1 7

SYBR Gold staining, 515516

in polyacrylamide gels
by autoradiography, 5.49—550

photography, 5.48

by staming, 547—548

drying DNA pellets, 1.34, 1.37, 1.41
electrophoresis of. See Agarose gel electrophore—

sis; Polyacrylamide gel electrophoresis
ethidium bromide interaction with. See

Ethidium bromide
fingerprinting and mapping YAC genomic

inserts, 4.63
footpriming DNA, 1775—1778, A441

fragmentation. Sve Fragmentation of DNA;
Hydrodynamic shearing

gyrase, 1.4, 2.3

higb~molecular—weight. See Chromosomal DNA;
Genomic DNA; Large DNA molecules

1igasc. See DNA 11gase
microarrays. See DNA array technology

mismatch repair, A43
polymeraseb. See DNA polymerase
precipitation by

CPB, 1022—1024

(ITAB, 6.62

ethanol, 3.28—3.29, 6.17—6.18, 6.61, 10.20—

10.21,A8.12—A8.16

isopropanoh 6.25, 6.30
PE(},1.152,1.154

spermidine, 9.34, 9.36
probes. See DNA probes; Radiolabeled probe

preparation
purification. 50811151) Plasmid DNA, preparation

from agarose gels, 5.18

anion—exchange chromatography, 5.26—

5.28
DEAE cellulose membranes, electrophore
515 onto, 518—522

dialysis bags, electroelution into, 5.23—

5.25

problems associated with, 518

from agarose gels, low—melting temperature
agarose
agarase, 5.33 75.35

g1uss bead use. 5.32
organic extraction, 529—531

BAC

from large—scale cultures, 4.55457
from small—scale cultures, 453—454

bacteriophage 21, 256—260
cosmid vectors, 4.22—423
CTAB use in, 6.62
hlgh~m01ecu1ar~weight

by chromatography on Qiagen resm, 4.45

 

by drop dialysis, 4.44
71 bacteriophage

from liquid cultures, 2106—1108

from plate 1ys.1tes,2.|01‘2.104
Ml3,12.21—12.24

doublc—srrandcd (replicathe 1brm), 3.23—
3.25

large-scale, 330—133

smgle-strandcd, 3.26—329
P1 and PAC, 4.42—445
simultaneous preparation with RNA and pro—

tein, 79—7. 1 2
spooling, 6.61
YACS, 4.67—4.71

quantitation. See Quantitation of nucleic acids

replication. Sec (1150 Origin 017 replication;

Replicons
in X, 2.1 l

in phagemids, 3.43
sequencing. See DNA sequencmg
size markers. See Molecular-weight markets
synthesis ofoligonucleotides, 10.1, 1042—1046
Ultraviolet (UV) radiation

damage to DNA by, 1.67, 1.151. 5.20, 5.24
fixation to membranes by, 1.135. 1.137, 2.94—

2.95, 6.46, 7.36

vectors. Sec Vectors; speflfic venom
Vital statistics tables, A6.2—A6.10

DNA adenine methylase (dam). 5001111111 methylflse

DNA array technology, A10.1—A10.19

advantages/disadvantages of array systems,

A10.10

applications, A10.2—A10.3

gene expression analysis, A102
genomic DNA changes, monitoring,

A10.2—A10.3

choice ofarray system, A108, A10. 10

coverslips for, A10.14
databases and analysis software, A10.14‘A10.16
detection of hybridization signal, A10.1 1

emerging technologies, A10.16—10.19

barcode chip, A]O.19
bloe1ectric chip, A10.19
bubble iet prmting, A1().16

DOC system, A10. 17

DNA-protein mtemctions, detection of,

A10.18AA10.19

IBD mapping, A10.17—A10.18
piezoelectric printing, A10.16

primer extension, A10. 17
protein microarrays, A10.18
resequencing, A10.17
tissue microarrays, 9110.18

flowchart, experiment, A104
gcnomlc resources for, A10.3—A 10.6

guidelines for cxperlmcnts, A10.13—A10.14
hybridization, A10. 10

image analysis, A10.12-A10. 13
process overview, A 10.2

production of microarrays, A10.7—Al().8

commercial sources, 10.9, A10.7—A10.8
contact printing, A 10.7
photollthographv, A108
pin and ring, A108

robotics for high—thmughput processing, 10.5
solid support substrates, 10.57A10.7

steps, experiment.11,Al().3
surface chemistry, A10.5~A10.7

DNA-binding domains, 18.6k18.15
DNA-bindmg proteins

competition assays, 17.17

detection with one-dnd—a-balfhybrid system,
18125—18126

gel retardation assays, 17.13—17.16, 1778—1780
materials for, 17.13

optimizing, 17.16



pnlvtdl d( 1111111,17.14—-17.15
lmuhluthmng, 17.16

1dcnli1)1ng m lmglcriophdgc 2» cxprcssion

111)|'.1rics,|4.51—14.36
nmppmg s11cx

11y11NJscI tnnlprmling, 17.4—17.11

bv hydrmy'] radical motprinting, 17.12
prntcuinn Against dam mcthyldtion, 13.88
superslnft Assays, 17.17

DNA-dcpcmlrnl RNA pnlymcrdac, 1.4, 1.1 1

DNA Iigdsc. hvc 11,511 Ligation reactions
1mglcriup|mgc '1 4, 1157—1158, 3.37, A4.31—

A132
d(tiv11)nt,A4.31
blum—cnd1igalion,A4.32

cnhcsn'c tcrmlm/nick11gation,A4.32
llnkcr/mldptor dttachmcntt0c1)NA, 11.54
mes, 11s! 01, A431

1" mll, 1.158—1.159,A4.33

in (DNA sccnnd-strand synthcsls, 11.4.3,
1 1 43—1 1.46

L, 2.3

overview, 1.157

1.11310 01" prupcrllcs, 1.158
1110 nmamlvlc. 1.158

unnsufdui\11y,1.159

DNA PAM (puncnt dcccptcd mutatlom program,
A1 1 5

l).\'.\ puh'nlcldsc,A4.22—r\4.23.5a’t1l5(7517661116
poly/uvmsvs

Inr Julumulcd DNA sequencing, 12.96, 12.98
Inulcnoplmgc 14, 11.43, 11.45, 11.54, 12.32,

/\4.18—A4.21,A4.22. Sea ulso Sequendsc

3 5 cwnucledw activuy, 8.30, 8.34—8.35,

A418, A420

5 J cmnuclcaxc activily,A4.18, A420

5 -3 pulvmeraw activity, A420
in blunl—cnd clomng of PCR products, 8.32—

8.34

L1)NI\ scmnd-slmnd synthesis, 11.16

in 1'1111-1.|1)cling, 956—959
exchange rcac1i0n,.~\4.21

1dling/lurnmer reaction, 9.57—9.58
m nllgnnuclemide-directed mutagenesis of

sing10-slmndedI).\1A, 13.15—13.17
pnhshing cnds,11.43, 11.45, 11.54, 12.17
pmpcrtms, 1,1b1c 01" compared, A41 1
uses, |1sln1‘,A4.18—A4.19

Inmarioplmgc T7, A422

111 01lgnnucleotide-dircctcd mulagenesis of
singlc-stmnded DNA, 1315—1116

overview 01, 12.104
pmpcrtics,tab1eofcnmpared,A4.11

mmpdrison, [able 01',A4.1 1
L. ml: DNA polymerase 1, 1.4, 982—986,

A4.12—A4.14.Sec also Klenow fragment
3 ~5'cxunuc1ease activity, A412, 144.14

5 -3‘ cxonuclease activity, A4.12—A4.14
5 -3’ pnh morass activity, A4.12—A4.13
in (DNA scmnd—slrand synthesis, 11.14—

11.1(1,11.43—11.46

dlguxvgcnin labeling of nuc1eic acids, A938—
A939

1).\1.M 1 mmamination of, 9.13
dnnmim 01, 982—983, 12.101
cnd-Idhnlmg, A412
u mr mm, 9.83
cxchangu rcaulion, A414
.\1 13 rcpliution, 3.5
111x1x [1211151111101], 9.1 2—9.13, 9 85—986, A412

proofreading, 9.82

pmpcmcs, table nfmmpared, M.“

m random priming reactions, 9.5
RNA“ prlmer, 1.6
RNasu 11 Attivity, A4.12

mm 01, 985—986, .~\4. 12

Klenow fragment, 1.84—1 .85, 4.15, A4.15—A4.17

3 -5’ exonuclease actlvity, A417

5 —3’ polymerase activity, A416
end labeling, 4.33, A4.15—A4.16

exchange reaction, A4.17
uses, 1istof,A4.lS—A4 16

overview, A4.10
properties, table 0f,A4.11,A4.23
reverse transcriptase l'RNA—dependem DNA

polymerase), A4.24—A4.26

5'—3' po1ymerase activity, A424

RNase H activity, A4.24—A4.25
uses, 11st of, A4.25—A4.26

in R1'-PCR, 8.46, 8.48, 8.51—8.52

thermostable, 8.4, 86—88, 810—81 1, 8.18,

A4.22—A4.23. See also PCR

3—5‘ exonuclease acnvity, 8.30, 8.77
antibod1es,8.110
for cDNA second—strand synthesis, 11.14

cocktail mlxtures of, 8.7, 8.77
digoxygenin labeling of nucleic acids, A938—
A939

in DNA sequencing, 1245—1250

1n hot start PCR,8.110
in mutagenesis procedures

megaprimer PCR mutagenesis method,

1333—1334

misincorporation mulagenesis, 13.80
overlap extension method of mutagenesis,
13.37—1339

plasmid template mutagenesis, 1320—1321

in SSCP protocol, 13.53
terminal transferase activity, template—inde—

pendent, 8.30
DNA polymerase III, 1.4
DNA probes, radiolabeled

preparation
cDNA probes

subtracted, 9.41—9.50, 9.90—9.91
using uligo(dT) primer, 9.41—945

using random primers, 9.38—940

end-labeling

5' termini with cordycepin/dideoxy ATP,
960—961

3' termini w1th Klenow, 951—956
3' termini with T4 DNA polymerase, 9.57—
9.59

5' termini, 9.55, 9.66—9.75

methods, table of, 955—956

with T4 polynucleotide kinase, 9.55, 9.66—
9.75

with terminal transferase, 955—956, 9.60—
9.61

nick translatlon, 9.4, 9.12—9.13
PCR, 9.14—9. 18

random priming, 9.4—9.11

single-stranded probes from M13

of defined 1ength, 919—924
of heterogeneous length, 925—928
overview, 919—920
premature termmation, 9.24

for 51 nuclease mapping of RNA, 7.59

DNA—prokein interaction detection by array use,
A10.18—A10.19

DNA—RNA hybrid length, measurement by a1kaline
agarose gel electrophoresis, 5.36

1)Nase.5€e also DNase I
contamination

alkaline lysis plasmid DNA preparation, 1.42
TE as source, 1.42

exonuclease V1], 7.86
in RNA isolation pr0t0c015,7.8, 7.12

singIe—strand-specific, 7.86
in washing solution for inclusmn bodles, 15.10

1)Nase1,A1.8

in E. coll lysate preparaticn for affinity chro—
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mamgraphy, 14.29
footprinting, 14.32, 14.40, 17.4—17 11, A441

concentranon 01 DNdSC 1, 17.1 1

control reactions, 17.8
materials for, 17.4—17.7

nuclear extract preparation from
cultured cells, 17.9
small numbers of cultured cells, 179—17. 10

tissue, 17.8—17.9

optimization, 17.11

overview, 17.75—17.76

specificity, 17,75
steps, diagram of, 17.5
troubleshooting, 17.11

hypersensitivity mapping, 17.18—17.22

controls for, 17.22

limitations of, 17.22
materials for, 17.19—17.20
overwew 01, 17.18—17.19
protocol, 17.20—1721

in A DNA purification, 2 107
in nick translation, 9.12—9.13
in RNA probe construcnon, 931—934
in shotgun library generatlon, 1210—121 1
mranng batchvss of, 9.13

DNasc I dilution buffer, 17.19, AI.9

DNA sequencing, 12.1—12.1 14

asymmetric labeling, methods for, 12.72
automated, 12.94—12.100

capillary vs. slab systems, 12.94

current models available, 12.94
dye—primer sequencing, 12.96

dye—terminatnr systems, 12.96—1297

genome sequencing strategy, 1299—12100
history, 1294—1295
optimizing reactions, 1298—1299
polymerases for, 12.98
templates for, 1298—1299

autoradiography
reading,12.113

BAFLs (bands in all four lanes), 1229

Chemical method, 124—126, 1261—1273

advantages of, 12.63
chemical modifications used, 12.61

diagram of. 12.62
end—labeling for, 12.73
flow chart for, 12.65
materlals for, 1263—1264
methods, 1264—1266, 1270—1273

end labeling, 12.73
examples, 12.72

rapid,12.70—12.71
troubleshooting band aberrations, 12.67—

12.69

compression in gels, 12.109—12.l 1 l

dideoxy—mediated chain termination, 12.3—12.4,
12.6—12.9

cycle sequencing, 1251—1255, 12.60
advantages of, 12.51—1252
with end-labeled primers, 1251—1255
with internal labeling, 12.60
reaction mixtures for, 12.53, 12.60

troubleshooting, 12.55

denaturation of DNA for, 1216—1230
rapid protocol, 12.30

dnuble—strdnded lcmpldtes, 1226—1231
amount needed, 12.27

demturarion protocols, 1228—1230
in DNA purification by PEG precipitation,

12.31

PCR—amplified, 12.106
troubleshooting, 12.29

using cycle sequencing, 12.51, 12.54
using Sequenase, 12.34
using Taq polymerase, 12.49

end»labeling, 12.8
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gcncml primipics, 12.6
mlcnml r.1dml.|1w|1ng, 12.8

Lllx, 12.9

pnmurx, 126—127

pmhlcm souru‘s, 12.8
xmg1c—slmndcd templates using

cvulc sequencing, 12.51, 12.54

chnms, 1240—1244
chucmsc, 12.32.1234

11111 polvmcmsc. 12.49
xlmlcgws, 12.7
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prcparing dcmkurcd, 1226—1231
trnuhlcshxmting probk‘ms with, 12.38—

12.39,12.4-1,12.56—12.58
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\.11L'1}‘ pregaullons, 12.86

lcmpcmluru-mnmturlng strips, 12.86
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diagram 01“ strategy, 12.12
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chemical stability of, 6.3
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fragment size created by, table of, A48
site frequency in human genome, 4.16, A63
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Drop dialysis,4.4'1, A811
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ecdysone, 1.7.71
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Dye—termmator systems, 1296—1297
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DYNO-MlLL, 15.49
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fragment size created by, table of, A48
genomlc DNA mapping, 5.60, 5.69
methylation, A4.7

site frequency in human genome, 4.16, A63
118C lysis buffer, 1867—1868
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cleavage at end of DNA fragments, A64
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Edman degradation, 18.62, 18.66, 18.68
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as protease inhibltor, 15.19

EGY48, 1822—1823, 18.29,18.4~1
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Electrophoresis. See Agarose gel electrophoresw;
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57—58
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types, 5.8
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terminal transferase, A427

thermostable, A4.22—A4.23
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forward reaction, A430, A4.35—A4.36
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topoisomerase 1, A452
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overview, 17.90
practical considerations, 1790—1791

Epitope-tagged proteins, 1.14
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Equilibration buffer 5.86
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Ethanol precipitation, A8.12~A8.16
aspiration Ofsupcmatants, A8.15
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Kissing complex, 1.5, 1.7

Kits, plasmid purification, 1.62-164

KK2186 E. coli strain

genotype. A38
M13 vectors and, 3.13

Klenow buffer, 9.20, A1.10
Klenow fragment, 1.84—185, 982—986, 12.101-

12.102. A4.15—A4.17

’-3’ exonuclease activ1ty,A4.17
'-3' polymerase activity, A4.16

activity, measurement of, 12.102
in BAL 31 mutagenesis protocol, 13.65
in cDNA probe production, 9.46, 9.49—9.50

in cDNA second—strand synthesis, 11.14

digoxygenin labeling of nuc1eic acids, A938—
A939

in DNA sequencing, 12.40—12.44

asymmetric labeling, 12.72
materials for, 1241—1242
method, 12.42—12.43

reacticn mixtures, table of, 12.41
secondary structure problems, 12.44
troubleshooiing, 12.44

end labeling, A4.15~A4.16
for chemica1 sequencing of DNA, 12.73
in cosmid vectors, 4.33
modified nucleotide use in end—labeling, 9.53

error rate, 9.83, 12.102

exchange reaction, A4.17
in exonuclease III mutagenesis protocol, 13.57,

13.61
filling-in recessed 3’ termini, 983—984, 12.101—

12.102

inactivation of, 9.23

labeling 3' termini, 951—956, 9.83— 9.85, 12.10]

labelmg of o1ig0nuc1e0tides, 1030—1034
diagram of scheme, 10.31

5
5

 

primers for, 1031—1033
protocol, 10334034
strand separation, 10.32

labeling smgle-strdnded DNA by random prim-
mg, 9.85

in misincorporatlon mutagenesis, 13.80

model of DNA bound to, 9.84
modified nucleotide use in end-labeling, 9.53

in oligonucleotide-directed mutagenesis of sin»
gle—stranded DNA, 1315—1317

partial filling of cosmid termini, 4.15
polishing ends, 12.17
in probe production for nuclease $1 mapping of

RNA, 7.58
properties, table of compared, A4.11
in radiolabeling for gel retardation assays, 17.16
in random priming reactions, 9.5, 9.7, 9.1 1

replacement by other polymerases, 12.102

Sequenase compared, 12.32

single—stranded probe production, 9.19—9.23, 9.27
by primer extension, 9.85

uses, list of, A4.l5—A4.16

in vitro mutagenesis and, 12.102

Klentaq, 8.77—8.78, 8.85
in circular mutagenesis, 13.20
in cycle sequencing reactions, 1246—1247

structure of, 12.47
KmR. See Kanamycin resistance

Knock-out, gene, 1.15
KOH/Methano1 so1ution, A120
Koxl, 17.56
Kozak sequence, 17.96
KpnI, A4.9

cleavage at end of DNA fragments, A64
KS promoter, primer sequence for, 8.117
Kunkel method, 13.84
KW251 E. coli strain

genotype, A3.8

7» vector propagation, 2.28
Kyoto Encyclopedia of Genes and Genomes

(KEGG) database, A101?)

1.40, 18.22

Labeled avidin—biotin (LAB) technique, A933
Labeling. See DNA probes; Nonradiuactive labeling;

Radiolabeled probe preparation; RNA,
probes

Labeling buffer, 17.24
lac operon in MD, 3.13—3.10

lac promoter
for eukaryotic expression vectors, 1 1.72
for expression of cloned genes in E. coli, 15.3,

1515—1519
in pH" expression vectors, 15.21

primer sequence for, 8.117
trp—lac promoter, 15.3

lac repressor, 15.18, 15.57. See alsn ladq
Iad‘l, 11.23—11.24,11.66

in IPTG—inducible expression vectors, 15.15-

15. 16, 15.18
71 propagation and, 228—229
in kZAP, 14.6

M13 vectors and, 3.10, 3.12—3.13
in plasmid expression vectors, 14.14
in pMAL vectors, 15.40

lac-proAB in M13 vectors, 3.10, 3.12—3.13
lacZ, 1.10, 1.27, 17.97. See also fi—galactosidase

in BAC vectors, 4.3
(x—complementation, 1.149—1. 150
in expression vectors, 14.47—14.48
fusion proteins, 1557—1559

disadvantages, 15.58
inclusion bodies, 15.58
vectors for, 15.59

in 7» vectors, 2.30,11.22, 11.25
in th11 vector,11.111

 



in .\|13, 5 8—3 10

in pL‘(. wctors. 5,9

m scrccmng marker m 7. rccumb1nams,2.21
Shmc-I).\1g.|rno sequence, 15.57

in two-lnbnd system nfprotcin-pmtcin interac-
tlun reporter plasmids, 18.17, 18.22, 18.24

hh/AM 1 5

7, propagation and, 2.29

Ml} vectors and, 3.10, 3.12—3.13
1 adders. SM Molecular-weight markers
LALIGN program,A11.4
1.A1.1(}N0 pr()gram,A11.4
lumB gene, 2.4, 11.62

glucose repression of, 2.35, 2.37
nmhose induction of, 2.26

luwB receptor, 71 adsorption to, 2.15
7.2001, 220-222, A33
7. Annealing buffer, A120

7. bacteriophage, 2.1-2.1 11.See also Cosmids; k vec»
tors

arm purification by sucrose density gradient,
2.71—2.75

ligation first method, 2.73
materials, 2.72
method, 273—275

cuncatemers, 2.68, 2.70

concentration of doubled-stranded DNA in
solution, A6.5

DNA extraction

DNA concentration, calculating, 2.58
from large~scale cultures

using formamide, 259—260

usmg proteinase K and SDS, 256—258
particle purification for, 254—255

DNA purification, S.71»5.73

from liquid cultures, 2106—1108
miscellaneous methods, 2.104

from plate Iysates, 2.101—2.104

polysaccharide removal by precipitation with
CTAB, 2.105

cxonuclease, 1 1.121, A449

expression vectors, 4.83

genomic organization, 2.3—2.4, 2.5
mfeclion phases

late lync

DNA packaging, 2.14—2.15

DNA replication, 2.11
lysis, 2.15

particles,assemb1yof, 2.14—2.15
recomblnam systems, 2.1 1—2.13
transcription, late, 2.14

lysm/Iysogeny crossroads, 2.7—2.1 1
lysogeny. 215—218

mtegratlon, 2.16

transcription ofprophage genes, 2.17—2.18

temperature and, 2.4, 2.18
uncommitted phase

adsorption, 2.4

transcription,de1ayed early, 2.6—2.7

transcription, immediate early, 2.6
in vitro packaging,11.113—11.114

libraries, screening by PCR, 876
map, physical and genomic, 2.5
nmlecular—weight marker ladder, 5.59
overview of. 2.2—2.3

P2 prophage restriction of growth, 2.20
plaques

B-galactosxdase screening, 2.31
macropIaques, 2.31

number per dlsh, table of, 2.92
picking. 132—233

screening by PCR, 8.74—875
size, 2.30
smearin Y, 2.30
storage, 2.33

Iong-lcrm, 2.36

p1atmg,2.25—2.3l
B»galactosidase plaque—assay, 2.30
macroplaque protoc01, 2.31
protocol

bacteria preparation, 2.26—2.27
infection of plating bacteria, 227—230
materials, 225—226

promoters, 25—28, 2.14, 2.17, 15.4, 15.25~15.29

propagation, E. cali strains for, 2.28—2.29
purification, particle

centrifugation through glycerol step gradient.
2.52~2.53

isopycnic centrifugation through CsCl gradi-
ent, 2.47—2.51

pelleting/centrifugation, 254—255

repressor, 2.8, 2.10421], 2.14, 2.17~2.18, 2.21,
2.23

inactivation, 14.7

in positive selection vectors, 1.12
temperature-sensitive, 1.13, 1437—1438,

14.40, 14.47, 15.4, 15.25,15.27—15.28

shotgun sequencing protocol, 12.10—12.22
specialized transduction, 2.17
stock preparation

DNA content, assaying by gel electrophoresis,
245—246

large—scale
infection at high multiplicity, 2.42
infection at low multiplicity, 2.40—2.42

liquid culture, small-scale, 238—239
plate lysis and elution, 2.34—2.36
plate lysis and scraping, 2.37
precipitation of particles, 2.43—2.44
yield, factors influencing, 2.35, 2.37

structure of, 2.3
terminase, 2.15, 4.5, 4.30

7.511, 11.109

1 D133, 15.20—15.21

7. EMBL vectors, A3.3
ADASH vector, 220—222, A33
?.ExCell vector

in commercial kits for cDNA synthesis, 11.108
expression cloning, 11.72

?.me vector, 4.83
KFIX vector, 2.22, A35

kgt10 vector, 11.25, A3.3

amplification of libraries constructed in, 11.64—

1 1.65

cDNA library construction in, 1159-1160

in commercial klts for cDNA synthesis, 11.108
overview, 11.111

plaque formation with, 11.62
primers for, 8.116

th11 vector, 222—223, 11.25, 11.27

amplification of libraries constructed in, 11.65—
11.66

cDNA library construction in, 11.59

in commercial kits for cDNA synthesis, 11.108
E. coli strain for amplification of cDNA libraries,

11.66
fusion protein expression in, 14.37, 14.39, 14.43,

14.45

immunologxcal screening of libraries in, 14.2
overview, 11.111

plaque formation with, 11.62
primers for, 8.116

kgt11—23 vector, A3.3
kgt18—23 vector
cDNA library construction in, 11.59

E. col: strain for amplification of cDNA libraries,
1 1.66

expressmn Iibraries and, 14.47—14.48
fusion protein expression in, 14.37
immunological screening 0f1ibraries in, 14.2
plaque formation with, 11.62

Xg118-23 vectors, 222—223

 

Index 1.21

th20 vector, 1 1.66
th22 vector, 11.66

XORFS vector and expression libraries, 14.47~14.48
2. p] promoter

for expression of c1oned genes in E. Coll. 15.4.
15.25—1529

Iargc—scale expression. 15.29

materials for, 15264527
optimization, 15.28
overview, 15.25
protocoI, 1527—1529

tryptophan—inducible expression, 15.26,
152841529

vectors containing, 15.25

APR promoter, 14.14
kTriplExZ in commercial kits for cDNA synthesis,

1 1.108

7» vectors. See also specific vefrors

amber mutations, A7.5

amplification oflibraries constructed in, 11.64—
1 1.66

cDNA Cloning,11.17—11.18,11.21-11.26
lgth/th11,11.25,11.27
XZAP, 11.22

AZAP Express, 11.22—11.23

XZAPII, 11.22—11.23
XZipLox, 1125-1126
library construction, 11.59—1 1.61

choosing, 2.20

cloning in, flow chart for, 2.24
Cre—onP in, 4.83

dephosphorylation of arms, 11.59
DNA preparation

alkaline phosphatase treatment, 268—270
arm purification, 2.71—2.75

cleaved with single lestriction enzyme, 2.61—
2.63

cleaved with two restriction enzyme, 2.64—
2.67

digestion efficiency, monitoring, 266-267
E. coli strain preferences for plating, 11.62
expression vectors, 2.12—223

immunological screening of libraries in, 14.2
immunity vectors, 2.21

insertion vectors, 2.19, 2.21
libraries

amplification, 2.87—2.89

construction, 2.20, 11.51—11.6l

expression libraries, screening, 144—1413,
1447—1449

bacteriophage recovery from filters, 14.1 1

chemiluminescent screening, 1411—1412
chromogenic screening, 149—1411

for DNA—binding proteins, 1431—1436
duplicate filter preparation, 14.8

eukaryotic, 11.72—11.73, 11.76—11.78

expression induction on filters, 14.7—14.8
fusion pmtein production, 1437-1446
materials for, 144—146
pIating bacteriophage, 14.7

protein—expressing plaques, 14.8—14.12
radiochemical screening, 14.9
troubleshooting, 14.13
validation of clones, 14.12

ligation of 7. arms to insert fragments,
284—286

partial digestion of DNA for, 2.76—283
screening by PCR, 2.33, 8.76

markers for selection or screening, table of, 2.21
overview, 2.18—2.23

packaging, 2.63, 2.65, 2.67, 284—286,
2. 1 1 0—2. 1 1 1

amplification of genomic libraries, 2.87—2.89
cosmids, 4.21—4.22
direct screening, 2.87

efficiency, 267—268, 2.1 10
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7. wdnn11.11111/1111'11)

prcpdmlmn mclhndx, 2 1 11
p.11'11.11 (llgcslmn 01 DNA for

1‘1101 1‘u.111iu|1,2 76—279

p1cp.|r.111\'c rc.1111011,2.81)—2.83

pl ”nun 1m cluning111,8.116

pmpagdlmn, 1. (11/1 strains for, 228-229
lt’umlbmdnh

1).\.'.\ 111iniprcparation from liquid cultures,
21116421117

1).\"\ 1111111prcp.1r.11ion 1mm plate lysates,

21111—2104
1’(‘R .111.11\'si.s,2.105

rcpldunncnl \cc1m\,2.19~2.22, 264—265

11g.1111m 111 arms 10 gcnomic 1)NAfr.1gmcnts,
2.84~2.86

xrucning by hyhndimtion
1).\.\ transfer 111 11110rs,2.90~2.95
h\hr1d|/.1tu)n pmmcol, 2.96~2.100

xl/t‘ 01 DNA inserted, 2.85
“113110111111: YAC I)1\',\s 11110. 4.64

1.11110 01, >\3.5

lcmpmcx Mr DNA sequencing, 12.29

7.1 1-8 \Ck[(11\,4.xj
2,/.\1’ wglur, 2.1111,11.22

amplnkalion 111 librarlcs constructed in, 11.65—
1 1 66

111N.\ lihrdrv mnxlruclinn 111, 11.59
1 111I1 \11«111'I for amphfimtmn ufcl)NA11brar|es,

1 1.66

mprcwiun librarwx. 1147—1448

111x166 pmtcm cxpmssmn in, 14.37, 14.47
11111111111616giu11 screening of 1111rurics 111, 14.2
plaque 1111'manon wnh, 11.62

7_/.\1’~1I.\1\ vvcmr
m unnmcrcm kits 1111’ cDNA wnthcsls, 11.108
nprcxxmn (Inning, 1 1.72

),/. \1’ 1-\p1‘cxs vector, 11.22—1 1.25, A33

1 11111 strum 10r amplification ofc1)NA1ibraries,
1 1.66

nprcmon clnning, 1 1.72

C\prC\\10n libraries. 1447—1448
1111111111111111gic.11 srrccning 01' libraries in, 14.2

)./.\1’11 wcmr, 11.22, 11.23

1 .611 strain tor amplification ofcI)NA 1ibraries.
1 1.66

mprcmnn 11111.1r|cx.1nd, 1447—1448
11111111111010111111 sgrccning of Ilbrarics in, 14.2
p1.1quc formalion “11h. 11.62

)./.1pI m \u161,2.101,4.83,11.25711.26,A3.3
.\111p|11‘|4..1111)n 61' lilsmrm constructed in, 11.65—

1 1.66

11).\.\lil\1.1r) mnslrmtmn 111, 1 1.59
m mmmcrcid] kits 1nr (DNA synthesis, 11.108
1 11111 xlmin 1171 mnplifimliun111‘11)NAlibraries,

1 1.66

mprcmun cloning, 11,72
L‘\1'I’L’\\10|1 Iihrurlcx, 1147—14-18
111mm protein cxprcsxmn in, 14.37, 14.47

plaque tornmlinn “11h, 11.62

1Jngm111r~1wnding model, 18.1 12~18.1 13

1 Jnllmnum nxyhmmide intensifying screens, A911
1 .1rgc 11N.\ nmlcculcs.51’1'11151)Chromosomal DNA;

(ycnmmc DNA
1 1111 gclx, 579—582
xlmnng products and sen ices, 4.86
mnwntmlinn 1»ydi.11ysis on sucrose bed, 6.15
mnwntmlinn mmsumncnl 01", 6.1 1, 6.15

1r.|gmcnl.11|0nhyh)dmdyn.1mic shearing, 2.76,
6.3

gcl c1u11mpl1nrcsis,111111cu11ycntcringlhc gel
1111111114, 6.15

mlalmn 1mm 1111111111111111111 cells
1“ xpooling, 6.16—618

mung161‘111.11ni11c,6 13—615

mm; pmlclndsc K and phenol, 6.4—6.11

minimizing damage to, 2.110

partial digestion for genomic libraries
checking, 2.79
methods, 2.76
pilot reactlons, 276—279
preparatlve reactinns, 280—283

pulsedfwld gel electrophoresis

recovery from gels, 583—588

separation by, 5.2, 555—556, 5.59A5.60
recovery

1mm lowfmelting po1ntagarose,5.33—5.35

from pulsed-field gel electrophoresis gels,
583—588

sperminc/spermidine use, 5.86

sucrose gradients, size fractionation through,
282—283

transfection ofeukaryotlc cells, calcium-phos-
phate-medmlcd, 16.21—1624

Nflauroylsarcosine

for solubilization of glutathione S-tramferasc
fusion protein§,15,38—15.39

for so1ubilization of inclusion bodies, 15.54
LB freezing buffer, A1.20, A26

[E medium recipe, A22
L buffer, 5.61, 5.64, 5.66—5.67

Lck, 18.7

LE392 E. [011 51min, A75

genotype, A18
2» vector propagation, 2.28

LEU2,18.35,18.37

Leucinc

codon usage, A73
nomenclature, A7.7
properties,t.1ble of, A79

Leucinc zipper, 11.33
Leupeptin, 17.25, 18.67, A5.1
Levan sucrase, 4.37
LexA, 18.14

bait~chA fusmn protein, 18.17—18.29
fusion 171451111115, 18.18

Ieonp-ImA reporter gene, 18.17

lchop-IaLZ reporter, 18.30, 18.32, 18.36
chAop—LEUZ, 18.17, 18.22, 18.36
LFASTA program,A11.4

LG90 E. [0/1 strain genotype, A38

I-histi(111101,17.61,17.63—1767, 17.69

Libraries. See 0150 cDNA libraries; Expression
libraries, screening; Genomic libraries; 71
vectors, 11braries

arrayed libraries, 4.8, 4.39, 4.50, 4.61, 9.90

screening for related genes using MOPAC, 8.68
Li(31.SeeLithium chloride
L1(Z-PCR.See Ligation-indepcndent cloning
11g gene, 1.159
Ligasc, 1)NA,A4.30—A4.34. See also Ligatlon reac—

tions

bacteriophage T4, 1.15771.158,3.37,A4.31—
A432, A434

actwity 01, A4.31
blum—end ligation, A432

cohesive termini/nick 11gati0n,A4.32
linkcr/adaptor attachment to cDNA, 11.54
uses, 1ist of, A4.31

E. 5011, 1.158—1.159, A433

in cDNA second strand synthesis, 11.43,
1 1.45—1 1.46

k, 2.3

overview, 1,157

table of properties, 1.158
thermostable, 1.158, A434
units of activit), 1.159

Ligase, T4 RNA ligase, 1.157

ngase amplification reaction, 1.157, 1.159
Ligation buffer with polyethylene glycol, 5.71
Liganon reactions

adaptor attachment to protruding termmi, 1.89

 

in BAL 31 mutagenesis protocol, 13.66

CDNA

into 21 vectors, 11.61

linker/adaptor attachment to, 1 1.51—1 1.55
into plasmid vectors, 1 1.63

in circular mutagenesis protocol, 13.24
condensing and crowding agents, 1234.24,

1.152, 1.157—1.159

in cosmid vectors, 4.15, 4.21—4.22
dephosphorylation of plasm1d DNA and, 1.93

in directional cloning procedures, 1.8471 85,
1.87

DNA fragments with blunt ends, 1.22—1.24,
1907192

DNA fragments with protruding ends, 1.20-1.21
in exonuclease 111 mulagencsis protocol, 13.61

fragment ratios, 1.21
inhibition

by agarose, 5.18, 5.29
by dATP, 1.85
by TBE buffer, 5.30

in inverse PCR protocol, 8.84

71 arms to insert genomic DNA, 2,844.86
linker addition to blunt-ended DNA, 1.99—1.102
in low-melting—tempemture dgdmsc, 1.10.3—

1.104, 5.2

M13 vectors, 3,364.37

oligonucleotide ligation assay {OLA}, 13.96
PCR product cloning

blunt—end cloning, 833—834
controls, inclusion of, 8.41
directional cloning, 8.40
T vector cloning, 8.36

ratio of components, 1.90—191

restriction enzyme inc1usion into, 1.100
in shotgun sequencing protocol, 12.15, 12.18—

12.19, 12.25

in USE mutagenesis, 13.28
Ligation—independent cloning, 11.121—11.124
LighICycler, 8.95
Lightning Plus intensifying screens, .-\9.1 1
Line elements, 11.95

LINE (long interspersed nuclear clcmcnu
sequences, 4.75

Linear amplification DNA sequencing. Sec Cycle
DNA sequencing

Linear polyacrylamide as carrier in ethanol precipi-
tation of DNA, A813

Linker kindse buffer, A1.11
Linkers. See also Adaptors

addition 10 blunt-cndtd DNA, 198—1102
CDNA cloning,11.20—11.21,1151—1155
checking reaction products, 1.102

in direct selection 01'c1)NAs protocol, 1 1.102
ligation, 1.99—1.102
phosphorylation of, 1.99, 1.101

sequences, table of, 1.99

Linker—scanning mutagenesis, 1375—1377
LipofectAce, 16.5, 16.11

Lipofectamine, 16,5, 16.11

Lipofeclin (N11»(2,3>d10150y10xy)propyl]-r1,n,n—

trimethlammonium chloride [DOTMA1),

16.5,16.7—16.8, 16.11—16.12

Lipofection, 11.85, 16.3, 16.7—16.13
chemistry of, 16.50
lipids used 111, 16.8, 16.11, 16.51
materials for, 167—16. 11
optimizmg, 16.51

overview of, 1650—1651
protocol, 1612—1613

Liposomes formation bv >0nication, 16.7
LipoTax1, 16.5

Liquid chromatography—tandcm MS 11.C-MS/MS),
18.66

Liquid Gold, 1.105
Liquid media for E. (011, A2.2~A2.4  



1 iquxd nitrogen
for tissue preparation in RNA purification pro—

mm1s, 7.10—7.11
in tissuc sample homogenization, 6.7—6.8

1.1111ium chloride (LiCl), 1.59, A127
111 column-Iuading buffers, 7.16
m ethanol precipltalion of nuclelc acids, A812
precipilanon of contaminating nucleic acid frag-

ments, 1.59, 1.82—1.83
precipitant)" oflarge RNAS w1th,A8.16

in transcriptional run-on assay protocol, 17.28
1..\1T elution buffer, 5.30

Loading buffers. Sec Gcl-loading buffers
Locus Link database. A10.15
1011, 2.7, 11.66, 14.6, 14.39, 14.47—14.48, 15.19,15.58

Long PCR buffer, 8.78, 13.21

an-melting-temperature agarose. See Agarose,
low-meltmg-temperature

[oxR Sec n/sn Cre—loxP recombination system
in BAC vectors, 4.3

in 71 vectors, 4.83
in P1 vectors, 44—45, 4.37, 4.82—4.83
sequence. 482—483

1m gene, 17.96

Luciferase, 1742—1747, 17.96
bacteria1.A9.23—A9.24

dual reporter assay system, 17.96
firefly, A9.21—A9.23

assays» for, A9.22—r\9.23
liquid scintillation spectroscopy, A922—
A923

1ummometry,A9.22
photographic/X—ray film, A923

properties of, A9.21—A9.22
as reporter molecule, A923

peroxisome targeting of, 17.96
reacnon catalyzed by. 17.96
as reporter gene, 1730—1731, 17.42—17.47

advantages of, 17.42
1uminometer measurements from 96-we11

plates, 17.47

materials for, 17.44

me‘hods. 1745—1747
optimizmg measurement, 17.45
pGL3 vectors, 17.43

scintillanon counting protoco1. 17.46
115 transfection—positive control, 16.4

Lucifemse assay buffer, 17.44
Ludgenin, structure of, A917
Lumi~(}a1, 17.50
Lumigen-PPI). 9.79
Luminol, 9.79, 1411.14.21

ln enzyme assays, A9.19—A9.20

horseradish peroxidase and, A9.35—A9.37
as immunoassay label, A918
structure of, A916

luminometers, 17.42. 17.45—17.47

bioluminescence and, A9,21—A9.22
chennlummescence and, A920

luxA gene, A9.23—A9.24
[uxB gene, A9.23—A9.24

IXI-Blue MRP' E. (011 strain, 71 vector propagation
in, 2.28

Lvsine

codon usage, A73
properties, table of, A79

1.1515 buffers

Alkaline lym solutions 1, 11 and 111, 1.32—1.33,

1.35~1.36,1.38,1.40, 3.24,12.31,A1.16

fur DNA isolatiun from mammalian cells grown
m muromer plates, 6.19

for DNase I hypersensitivity mapping, 17.19
extracuon/lysis buffers,A1.16

in gcnomig DNA 15012111011 from mouse tails,
624—626

for manmmlmn DNA isolation, 6.4, 66—67, 6.9

PCR lysis solution, 6.22

for rapid isolation of mammalian DNA, 6.28—
6.29

for rapid isolation of yeast DNA, 6.31—6.32

red blood cells, 628—629
in reporter assay protocols, 17.36, 17.38
in screening expression library protocol, 14.15—

14.18

SNET, 6,244.25
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ana1ysis of clones, 3.39—~3.41

screening by hybridization, 341

size analysis by electrophoresis, 3394.41
bacterial host for, 310—316

cloning problems, strain-dependent, 3.11,
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solution, A6.5

human genomic library, 4.39
deEGFP vectors, 17.88, A3.4

PDB (Protein Data Bank), A11.23

pDisplay, 18.120

pDisplay Expression Vector, 18.120
PEI buffer, 13.15
P152 buffer, 13.15
Pefabloc, 15.41,A5.1

PEG. See Polyethylene glycol
pEGZOZ, 18.19,18.24,A3.4
pEG2021, 18.19

pEGFP—F, 16.10
pEMBI, 342—343
1,10-Penanthroline—copper, l7.76—17.77
Penicilh'ns, 1.148, AZ]

Pepstatin, 15.19, 17.25, A5.1
Peptide aptamers, 18.8
Peptides

antibodies against, A9.30—A9.33
coupling to carriers, A932
libraries, 18116—18121

constrained, 18120—18121

construction 01, 18117—18119
random,18.116—18.117

phage display of,18,116—18.121
Peptidoglycan, 1.148

Peptostreptococcus magnus, A949

Perchloric acid, A1.6, A810

PerFect Lipid Transfection Kit, 16.5, 16.7
Perfect Match, 4.81, 8.9
PerfectPrep, 1.64, 12.27
Periodic Table of Elements, A129
Periplasmic space

export of foreign proteins to, 15.30, 1534—1535
export of maltose-binding Fusion proteins to,

15.40, 15.43

release of fusion proteins by osmotic shock,
15.40, 15.43

Peroxidase. See Horseradish peroxidase
Peroxisome, 17.96

pET vectors, 1.12, 15.3, 15.5, 1520—1524, A32

pET—3 vector, 1520—1521
pEX vectors

expression libraries, 14.14

for LacZ fusion protein expression, 15.59

Pfam program, A11.16—A11.17
PFGE. See Pulsed—fleld ge1 electrophoresis
pFliTrx, 18.120

PfScan (ProfileScan) program,A11.16
Pfu DNA polymerase, 8.7, 8.11, 8.30, 8.77—8.78,

8.85

35 exonuclease activity, 8.30, 8.35
in circular mutagenesis, 1320—1323
in overlap extension method of mutagenesis,

13,37
polishing cDNA termini, 11.43
properties, table of, A423

pGEM vectors, 1.11,A3.2
B—galactosidase gene, 1.27
for fusion protein construction, 15.5
pGEM-3Z,15.14,A3.2
pGEM-llZf(—), A923
pGEM_1uc, A9 .23
pGEM~T. 8.35, A32
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pGEMZ for LacZ fusion protem expression,
15.59

p(JhMZF, 3.42, 3.44, A3]

in ribonuclease protection assay pmmm], 7.69

P gene, 7», 2.6, 28—29, 2.11
pGEX vectors, 15.43, A32

for fusion protein constructlon, 15.5

pGEX—l, 15.15
pGEXZT, 15.8
pGEX3X, 15.8

pGilda,18.19—18.20, 18.27, A34

1561. vectors, 17.96
pGL2, 3.15
pGL3, 17.43, A34

pGNGl, 18.12
Phage display, 18.3

Phage Display System/Service, 18.120

Phagefinder 1mmunoscreening Kit, 14.25
Phagemid display system, 18115—18116
Phagemids, 1.11

advantages of, 3.43
DNA preparation, single—stranded, 3.42—3.49

growth time and, 3.49
materials, 345—346

protocol method, 346—348

yield estimation by gel electrophoresis, 3.48
he1per Viruses, 3.42—347

preparation of high-titer stock, 3.46
pr0t0c01 tor superlnfectlon, 3.47

MB, 3.3, 3.5

nested deletion mutant set creating, 13.57,
13.59—13.61

oligonucleotide-directed mutagenesis, 13.18
replication, 3.43

screening for site-directed mutagenesis by
hybridization to radiolabeled probes, 13.47

table of, 3.42

urac1l<substituted single-stranded DNA, prepa-
ration of,13.12-13.13

uses for, 3.43

Phagescript SK, A35
Phase-Lock Gel, 3.28
PhD. Phage DispIay Peptide Library Kits, 18,120
Phen01,A1.23

in DNA isolation from mammalian cel1s, 6.5,
6.9—610, 6.22

equi1ihration of, A123
inhibition of PCR by, 8.13

pH, 6.5

spectrophotometry of DNA contaminated with,
6.1 1, 6.15

Phenolxhloroform extracuon
of agarase, 5.85

in DEAE—cellulose membrane recovery of DNA,
5.22

in dephosphorylation procedures, 1.96

in DNA recovery from polyacrylamide gels,
5.53

of DNase contaminants, 1.42
in DNase I footprinting protocol, 17.10
in DNase I hypersensitivity mapping protocol.

17.21

ethidium bromide removal from DNA preps.
1.74, 1.77

in hydroxyl radical footprinting protocol, 17.12
in A DNA preparation, 2.58, 2.70
of ligated DNA, 1.102

Ml3 RF DNA purification, 3.25

ofnuc1ease Sl digestion reactions, 7.61
in oligonudeotide purification, 10.27
overview Of procedure, A8.9—A&10

in PCR products, purification protocol, 8.26
pIasmid DNA protocols

alkaline 1y51s with SDS, 1.34, 1.37, 1.42
boiling lysis, 1.46

lysis with SDS, 1.57  
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l’hcnulx1110mthrm cxtmcuon (mntinuvd)

111 pnhcthvlcnc glyml DNA purification proce-
durc, 1.59, 1.61

111 pnmcr extension assay protocol, 7.80

m RNA purificatim1,7.4
lnr RNdw rcn11)v.1l,9.33
m )c.15( DNA purification protoc015, 468—469

I’hcnu1:uhlorot'onnzisndnlyl alcohol extraction,

Al.23, A810

in genomic DNA iso1dt1on from mouse tails,

6.25. 6.27

111 lranscnptional run-on assay protocol, 17.28

Phenol extraction
in bacteriophage DNA isolation, 12.23

m 7. DNA preparation, 2.58

m .\1|31).\'A preparation, 3.28

xlliaonc 1ubr1cant for phase separation, 3.28
Phenylalanine

for affinity purification of fusion proteins, 15.6
codon usage, A7.3
nomenclature, A7.7
properties, table of, A7.9

Phenylmethylsu1fony1 fluoride (PMSF), 5.62, 5.78,

14.44,14.46,15.41—15.42, 15.52, Ail

m celI/tissue homogenization buffer, 17.4, 17.25
m cell/tissue resuspension buffer, 17.6
as protease inhibitor. 15.19

Phenyl-Superose, 15.6
PHl-BLASI (Posmon Hlt [mtiated BLAST) pro-

gram, A1 1.18

0X174 bactenophage. 1.12, 3.8, A3.3
011g0nuc1eotide-directed mutagenesis and, 13.6
sequencing of, 12.4

shotgun sequencing protocol, 12.10—1222
phaA. See Alkaline phosphatase promoter
phaR, 15.32
Phosphatase. See Alkaline phosphatase
Phosphate buffers, Al.5
Phosphate buffers, Gomori, A15
Phosphalc—buffercd saline (PBS), A1.7

Phosphate-SDS washmg solution, 6.51—6.52
Phosphatidylethanolannne (DOPE), 16.5, 16.7—

16.8, 16.50
Phosphonc acid, A1.6
Phosphorothioate analogs, 1386—1387

Phosphorvlation. See also Polynucleotide kinase,
bacteriophage T4

015 termini,10.17—10.19

blunt/recessed, 970—972

protruding, 9.66—9.67, 9.73—9.75
ofaddptors, 188—189, 1155

bv exchange reaction, 973—975
1maging protein phosphorylation with FLIM-

FRET, 18.78
1m1dazole buffers and, 9.73—9.74
01-1111kers, 1.99, 1.101, 11.55

of oligonucleotide probes, 7.78

polyethylene glycol enhancement of, 9.70—9.71
radiolabeling oligonucleotides, 1342—1343
111 shotgun sequencing protocol, 12.18

011-111-250, 18.78, 18.80, 18.88,18.93—18.94

ol’luosine, 14.2
Phosphotymsme residues, antibodies spec1fic for,

14.2
lermus pyralis, 17.96, A921
Photobiotln. 9.78, 11.116
Photobleaching, 18.73, 1892

Photography of DNA in gels, 5.16—5.17

CCD (charged couple device) imaging systems,
5.15—5.16

P01dro1d,5.15—5.17
polyacrylamide gels, 5.48

1’hotolabeling,9.78
Photolnhography, A108
pHL'B \ector>,15.4, 15.25
pHvaex/Zeo, 18.19

picoBlue Immunoscreening Kit, 14.25
Piezoelectric printing of microarrays, A10.16
P111, F, 4.49

PIMA (Patternvinduced Multiple Alignment) pro—
gram,A11.6—A11.7

pIND1S1’11/V5-His A,17.72,A3.4
Piperidine

in chemical sequencing protocols, 126171265.
12.67, 12.71

rapid methods, 12.71

remova10f, 12.62, 12.66
cleavage of CDI—modified bases, 13.95

PIPES (piperazine-l,4—bis[2—ethanesu1f0n1c acid] 1,
7.7.8

in nuclease S1 mapping of RNA, 7.56

in ribonuclease protection assay protocols, 7.67
Pipetting devices, automatic

in PCR protoco1s, 8.19
as RNase source, 7.82

p1B8, 4.13, A35
pIG—4, A3.4
P1G4-5, 18.20, 18.30,18.43

pIG4—SI, 18.20

P1K101,18.12,18.23,18.25, A35

pIK103, 18.12
pIK202, 18.19, 18.27
PK buffer,18.51,18.52
pKC30, 15.4, 15.25
pKK223-3,15.3,15.15

pKN402 replicon, 1.4

PLACE (plant cis-acting regulatory elements] data-
base,A11.20

Placental RNase inhibitor, 8.49
PLALIGN program, A11.4

PlantCARE (plant cis-acting regulatory elements)
database, A11.20

Plaques, viral

2. bactenophage
B-galactosidase screening, 2.30
macroplaques, 2.31

plating protocols, 2.25—2.31
size, 2.30
smearing, 2.30

M13 bacteriophage, 3.17
picking, 3.22

type, 3.2, 3.17
overview of, 2.25
purification, 13.45

Plasmid DNA

dephosphorylation, 1.93—1.97
electroporation of E. coli and, 1.119—1.122

ligation in low»me1ting-temperature agarose,
1.103—1.104

linker addition to blum-ended DNA, 1.98—1.102
preparation

alkaline lysis with SDS, 1.19
maxipreparation protocol, 1.38—1.41

midipreparanon protocol, 1.35—1.37
minipreparation protocol, 1.32—1.34
overview, 1.31

troubleshooting, 1.41, 1.42
yie1d, 1.41

boiling lysis

large-scale, 1.47—1.SO
overview, 1.43

small-scalc, 144-146
yield, 1.50

for DNA sequencing temp1ates, 12.26—12.31
denaturation, 1226—1230
PEG precipitation, 12.31

purification, 1.18-1.19

chromatography, 1.62—1.64

commercial resins,tab1e of, 1.64
Sephacryl 5-1000 columns, 1.80—1.81
size limitations, 1.63

CsCl removal, 1.73—1.75

 

CsCl-ethidium bromide gradients. 1.18

contamination by DNA/RNA fragments.
1.65

contmuous gradients, 1654.68
discontinuous gradients, 1.69—1.78
DNA collection from, 167—168, 1.71
rebandmg, 1.68

ethid1um brom1de removal
extraction with organic solvents, 1.72—1.74
ion-exchange chromatography, 1.75—1.77

kits, 1.19
low—melting—temperature agarose, 5.7

nucleic acid fragment removal
centrifugation through NaCl, 1,78—1.79
chromatography, 1.80—1.81

precipitation with LiCl, 1.82—1.83

precipitation with PEG, 1.19, 1.59—1.61,
1.152, 12.31

steps,1.16—1.19

growth of bacterial culture, 1.16
harvesting and lysis of culture, 1.16—1.18
purification, 1.18—1.19

receiving in the 1ab0ratory, 1.29
transfection of eukaryotic cells, calcium-phos-

phate»mediated, 16.14—1610

high efficiency, 16.20
materials for, 16.15—16.16
method, 16.16—16.19
variables affecting, 16.20

transformation. See Transformation

Plasmids. See also P1a5m1d DNA; Plasmid vectors
amplification, 1.4, 1.13, 1.39, 1.48, 1.56, 1.128,

1.131, 1.143

copy number, 1.3—1.4, 1.6—1.9

chloramphenicol amplification, 1.4, 1.39,
1.48,1.56,1.128,1.131,1.143

E. col: strains—related suppression, 1.15
low—copy—number vectors, 1.12—1.13

suppression by pan, 1.13
incompatibility, 1.7—1.8
mobilization, 1.146
overview, 1.2—1.3

partitioning, 1.146
replication, 1.4—1.7

diagram of, 1.5
incompatibility of plasmids, 1.7—1.8
initiation of DNA synthesis. 1.5—1.6

inverted repeat lethality, 1.15

regulation by RNAI, 1.6—1.7

relaxed, 1.4, 1.17
runaway, 1.13

stringent, 1.4, 1.17
replicons, 1.3—1.4, 1.17. See also Replicons
size, 1.9

stability regions, 1.146

Plasmid vectors
adaptor attachment to protruding termini, 1.88—

1.89
with bacteriophage origin of replication, 1.11

with bacteriophage promoters, 1.11—1.12
blunt—ended cloning, 1.90—1.92
CDNA library construction, 11.63
directional cloning, 1.84—1.87

eukaryotic expression libraries, 1 1.72—1 1.73,
11.76—11.77

expression libraries, sureening, 14.14—1422,
1447—1449

chemi1uminescent screening, 1421—1422
chromogenic screening, 1420—1421
master plate/filter preparation, 14.17

materials for, 14.15—14.17

processing filters, 14.18
protein expressing clones, 14.19—14.22
radiochemical screening, 14.19

replica filter preparation, 1417-1418
validation of clones, 14.22  
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11111111111010gical screening of libraries in, 14.2
in vitm nunagenesm, 13194325
for 111 vitm transcription, 929—931
lmwmpvnumber, 1.12413

nested deletion mutant set creatmg, 13.57,
13594361

positive selection, 1.12

runaway replication, 1.13
sclecmhk‘ markers, 1.84.9

table 01, A3.2—A3.3
USE. mutagenesis, 1326—1130

Plasmoon, 18.96

Plasticwarc, preparation of, A83
Platinum Tm] Polymerase, 8.110
pLeonp—lucU, 18.12

Plus and minus sequencing technique, 12.4
Plus/minus screening, 9.89—990
pLysE, 15.21, 15.24
pLysS,15.21,15.24

PMZ, bacteriophage, 13.71—1372
pMAL vectors, 15.15, A32

for fusion protein construction, 15.5

pMALZ, 15.7
pMAL-C2, 15.8. 15.40
pMAL-pZ, 15.8, 15.40

pMBl, A32

plasmid growth and replication, table of, 1.17
replicon, 1.34.4

pMC9,11.62,11.66,14.6,14.47
pMC128,1.15
Pmel

cleavage at end of DNA fragments, A6.4
fragment size created by, table of, A4.8
genomic DNA mapping, 568—569

site frequency in human genome. 4.16, A63
pMEX, 15.15
pMOB45, 1.1.4, A32

pMRlOO for LacZ fusion protem expression, 15.59
PMSF. See Phenylmethylsulfonyl fluoride
pM'W101—1()4, 1819—1820, 1823—1824

pMW1o7—110, 18.12
p.\1\N’111,18.12, A35
pMW112, 18.12, 1823—1825, 18.29, 18.44,A3.5
pNB42 series, 1820
pNLexA, 18.19

Point mutation detection by ligase amplification

reaction, 1.157, 1.159
Pnint-sink system of shearing DNA, A835
poIA gene, E. (oli, 9.82

P01 1. See DNA polymerase, E, coli DNA polymerase I
P013scan program,A11.14
Polishing ends

of amp1'1fied DNA, 830, 8.32—8.34

m DNA sequencing protocols, 12.17
with Klennw, 12.17
w1th T4 D\'A polymerase, 12.17

P01y(A) polymerase, 1.13, 9.56
P01y1A) RNA

cDNA library construction, 11.39
(DNA probe generation from, 9.38—9.40, 9.43,

9.48

in hybridization so1utions. 651—652
integrity, checking, 11.39, 11.42

in northern hybridization, 7.45
in primer extension assays, 7.76
selection

by bauh chromatography, 7.18—7.19

by oligo1dT1~ce11ulose chromatography, 7.13—
7.17

on p01y( U)-c0ated filters, 7.20
by p01y1U)-Sepharose chromatography, 7.20
by streptavidin—coated beads, 7,20

m Southern hybridization, 6.56

Polyacrylamide
chemical <tr11cture of, A841
cross-linking, 5.41~5.42
structure of, 5.41

Polyacrylamide gel electrophoresis. See also SDS~
p01ydcry1amid€ gel electrophoresis of pro—
teins

agamSe gels compared, 52, 5.40
analysis of protein expression in nansfected

cells, 17.69
band—stab PCR of samples from gel, 8.71

edging, 17.13

in coimmunoprecipitation protocol, 18.61,
18.65, 18.68

denaturing, 5.40

DGGE (denaturing gradient gel electrophoresis),
13.914 392

DNA detection
autoradiography, 549—550
silver staining, 5,77
staining, 547-548

DNA fragment size resolution, percentage gel
for, 7.56

DNA recovery
by crush and soak method, 551—554
by electroelution into dialysis bags, 5.23—5.25

DNA sequencing, 1266—1269, 1274—1293

autoradiography, 1290—1293
compress1on of bands, troubleshooting,

12.83,12.109—12.110
loading, 12.88

base order, 12.88

loading devices, 12.88
marker dye migration rate, 12.89
preparation of, 12.74—1284

air bubbles, 12.79

electrolyte gradient gels, 1283—1284
formamide containing, 1281—1282
glass plates, 1276—1278
leaking gels, 12.80
materials for, 12.74—12.75
pouring gels, 12.78—1280

reading, 1290—1293

resolution of, 1285
running, 1285—1289

safety precautions, 12.86

temperature-monitoring Strips, 12.86

troubleshooting band pattern aberrations,
12.67—12.69, 12.82

wedge gels, 12.83
in DNase I footprmting protocol, 17.5, 17.10

DNA size selection in shotgun sequencing proto—
col, 12.18

drying gels, 5.50, 12.92
far western analysis of protein—protein mterac-

tions, 18.49—1850
fixing gels, 549—550, 1290—1292
formamide in sequencing gels, 6.59

gel retardation assays, 17.13—17.17, 17.80
gel-loading buffers, 5.42

glass plates for, 12.76
in GST fusion protein pulldown technique,

18.55, 18.56,18.59
glycerol and, 13.90
IEF and,18.61
markers

migration rate of dyes, 7.57, 12.89
radiolabeled Size, 9.54

method, nondenaturing, 5.44, S 46
apparatus assembly, 5.44
bubbles, removal of, 5.45
casting gel, 5.45
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de—acration of acrylamide solution, 5.44

1oading mnples, 5,46

storage of gels. 5.45

nondemturing, 5,405.46

in nuclease Sl mappmg 01RNA,7.56—7.59
oligonuclmtide purifiLdtion, 1011—1016, 10.48

detection in gels, 10.16
eluting DNA, 10.15

materials for, 1012—1013
protocol, 10.1340.16

in primer extension assay protocol, 7.77.
780—781

for protein separation, 15.17, 15.24, 15.29, 13.33
resolution, 5.40, 5.42

in ribonuclease protection assay
analysis of RNase-resistant hybrids, 773—774
purification of riboprobes, 7.7177.72
size standards, 7.73—7.74

RNA purification, 9.35

silver staining DNA, A9.6—A9.7
singIe-strand conformation polymorphism and,

13.51,13.54—13.55
spacers for, 12.76

1ape,gel-sea1ing, 12.76, 12.78

temperature-monitoring smps, 5,43, 5.46
western blotting and, A928

polyadq program, A11.14

Polybrene, DNA transfection using, 16.3, 16.43—
16.46

Polycloning sites, 1.10
Poly<d1-dC), 1714-1715
Polyethylene glycol (PEG)

DNA purification, 12.31

2, particles, precipitation of, 243—244
in ligation reactions, 1.152, 1.154
for M13 concentratlon, 326—328
PEG 8000,A1.28

as crowding agent, 1.23
phosphorylation reaction enhancement,

9.70—9.71

in shotgun sequencing protocol, 12.18
in virus particle precipitation, 12.23

PEG—MgClZ solution, A1.21

plasmid DNA purificafion by PEG precipuation,
1.19,1.152,1.159—1.161

in protoplast fusion, 1.154
structure of, 1.154, 3.49

uses of, overview, 1.154, 3.49

Polyethylene imine for facilitation of DEAE trans-
fection, 16.28

Polyhedral inclusion bodies (PlBs), 17.81
Polyhistidine—tagged proteins. See Histidine-tagged

proteins

Polylinkers in vectors. See Linkers; specific vectors
Poly—L-lysine, 18.85, A105

Polymerase, DNA. See DNA polymerase

Polymerase chain reaction [PCR)
amplification of specific alleles, 1348
analysis of

X recombinants, 2.33, 2.105
products, 8.44, 8.52, 8.58, 8.60, 8.65, 8.70—

8.71, 8.75, 8.80, 8.85, 892—893

yeast colonies, 472—473
Band—stab, 8.71
cDNA amplification

of3' ends, 8.61—865
amplification, 8.64—865
materials for, 861—863
reverse transcription, 8.64

of 5' ends, 854—860

amplification, 859—860

full—length clones, yield of, 8.59
materials for, 8.56—857

reverse transcription, 857—858

tailing reaction, 858—859

mixed oligonucleotide-primed, 866—871
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1’n1\mcr.nc dmm rcaumn lmnfinucd)

Andlvxix. 8.70—8.71
hdnd-xmh HR and, 8.71
1).\'»\ lcmplalc. 868—870
guessmcrs, 866—867

nmlcrmls for, 8.69

method, 8.70A8.71
pruncr design rules, 867—868
\Jridli()115 in protoc01.8.67

RTfPCR, 8.46485}

(DNA chamclcrimlinn, rapid, 8.72~8.76

xcrcemng individual colonies or plaques,
874—875

method, 874-875

troubleshooting. 8.75
veast colonies, 8.75

screening 71 libraries, 8 76
clomng products

blunt cnd. 830—834

dlfficulty of, 8.30
cud modlfimnon. 842—845

genetic cngmecring with PCR, 842—845
m'crwmv, 830—831
pohshing tcrmim, 8.30, 8.32—8.34
rcsmcnon site addition and, 8.31, 8.37—8.41
damp scqucmcs and, 838—839

diagram of procedure, 8.38
prlmcr design tips, 837—838
problems, 8.37

pr010c01.8.39~8.~11
troubleshooting, 8.41

mm T vectors, 8.31, 8.35—8.36

codon usage, changing. 15.12
mmponents of

cssenli.11,8.4—8.6
upll()|1.11,8.9

contamination in, 816—817

(vclm. number required, 8.9, 8.12
dcrccliun ofdcfincd mutants, 13.48
diagram of amplification sequence, 8.19
dlt’tcrential display, 896—8. 106

advantages of, 8.96
kits, 8.102

materials for, 8.101~8. 102
method, 8102—8105
primers", 8.96

anchored, 8.9948100

.1rbitrdry,8.100

problems with. 896—899

schematic representation of, 8.97
Ups for success, 8.106

dignxygemn 1chling of nucleic acids, A938—
A939

111 dll’L’Cl selection ochNA protocol, 11.98—
1 1.100

1).\'.\ polvmerase, thermostable. 8.4, 86-88

3 -5 exonudedse activity, 8.30
mcklail mixtures 01,87, 8.77
inucnvation, 8.25. 8.29
nhxtructiom to, 8.7

propernes and dppliCdtIOn5,Idb1€ of. 8.10—
8.1 1

terminal lmmfemse activity, 8.30
DNA preparation for

n1.1n1n1a|1411,6.3, 6.16, 6.19—6.23, 6.27~6.28
mm. 6.31

m DNA sequencing

\\ nh cnd-Iaheled primers. 1251—1255
\\ith mterml labeling, 12.60

efficwnq' calculations, 8.12

m end~1dbcling for chemical sequencing of
DNA. 12.73

LiC-Mclt. 4.81
hlstofl‘ of, 82—84
1101 mm. 4.81. 8.110

mh1bitinnof,8.13

by SYBR Gold dye, A98
inosine use in, 8.113

interaction trap posnives, rapid screen fur.
18.4648 47

inverse PCR. 1157, 474—475, 8.81A8.85
materials for, 8827883
method, 884—885
overview of, 8.81
restriction enzyme choice for, 8.81, 884-885

schematic representatlon of, 8.82
use of, 8.81

Klenow use in, A4. 16
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denaturing double-stranded, 2.98, 6.54
DNase I footprinting protocol, 1715, 17.7

in DNase I hypersensitivity mapping protocol,
17.21

in dot/slot hybridization, 7.48, 7.50
end-labeled, 7.54

in gel retardation assays, 17,13—17.16
northern hybridization, 7.43—7.44

low stringency, 7.43
stripping probes, 7.44

oligonucleotide purification by

precipitation with CPB, 10.22—10.24
precipitation with ethanol, 10.20—10.21
Sep»Pak Cm chromatography, 10.28—10.29
size-exclusion chromatography, 10.25—10.27

phosphorylation of 5’ termini of oligonucleo-
tides, 10.17—10.19

purification, 6.56, 7.45
purity, 2.98

reuse of, 1.141
RNA probes, 6.58, 7.54

ribonuclease protection assays, 7.63—7.74
51 protection assays, 7.51—7.62

screening bacterial DNA on filters, 1.138—1.142
screening clones for site—directed mutagenesis,

1340—1347

screening expression libraries, 14.3, 14.31—1436
screening M13 plaques with, 3.41

single—stranded DNA probes, 6.58
Southern hybridization

low-stringency hybridization, 6.58
nonradioactive probes, 6.50
overview, 6.50
protocol, 6.51—6.55

hybridization, 6.54

prehybridization, 653—654
washing, 6.54—6.55

sensitivity, 6.50

stripping from membranes, 6.57

Radiolabeling. See also Radiolabeled probe prepara-
tion

antibody, A930

IgG, radioiodination of, 14.5, 14.16
for screening expression libraries, 14.3, 14.5,

14.16

CAT reporter assay, 17.36, 17.38—17.41
in coimmunoprecipitation protocol, 18.62

for DNA sequencing, 12.36, 12.43, 12.49-12.54,
12.60

asymmetric labeling, 12.72
chemical, 12.64

end—iabeling by PCR, 12.73
in DNase I footprinting protocol, 17.5, 17.7
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end labeling, 4.33, 12.73

for far western analysis of protein—protein inter—
actions, 18.49, 18.52

in gel retardation assays, 17.13—17.15

with Klenow fragment, 12101—12102, A4.15
of oligonucleotides by phosphorylation, 13.42—

13.43

pulse-chase experiments, 1518—15. 19
m restriction enzyme digestion efficiency m0ni~

toring, 2.66

RNA by RNA ligase, A430

with T4 DNA polymerase, A4.18—A4.19
with T4 DNA polynucleotide kinase, A435
with terminal transferase, A427

for transcriptional run-on assays, 1723-1724,
17.27—17.28

RAGI/RAGZ (recombination activating genes),
17.56

RainX, 12.75

Random priming buffer, 9.6, 9.47

Random priming in digoxygenin labeling of nucleic
acids, A9.38—A9.39

Rapid amplification of cDNA ends (RACE), 18.14
3'—RACE, 8.61—8.65

5'—RACE, 854—860

Ras recruitment system (RRS), 18125—18126

Rat, genomic resources for microarrays, A10.6
RB791 E. coli strain, A39
rBst DNA polymerase, A423

Real time PCR, 889, 894—895
advantages/disadvantages, 8.95
fluorometric detection, 8.94
instruments for, 8.95
TaqMan method, 8.95

Reassociation kinetics, 765—766
REBASE (restriction enzyme database), 1.16, 13.88,

A4.3—A4.4, A4.9

recA gene, 1.15, 2.28—2.29

RecA protein

chi site and, 2.13

2» C1 protein cleavage, 2.8, 2.18

recAI, M13 vectors and, 3.11—3.13
recB, 1.15, 2.11, 2.13, 2.28
recC, 2.11, 2.28

recD, 2.11, 2.13, 2.28
ReCF. 1.15
Rec], 1.15

RecO, 1.15

Recombinant phage antibody system, 18.120
Recombination

Chi sites and, 2.13

Cre-loxP recombination system, 482—485,
11.254 1.26

in k-infected cells, 2.1 1—2.13
M13 vectors and, 3.11—3.13, 3.16

Recombination activating genes (RAGI/RAGZ),
17.56

RecQ, 1.15

red, X, 2.11, 2.20, 2.22
Red blood cell lysis buffer, 5.62, 6.28—6.29
REF select program, 13.94
Regulatory elements of genes. See also Promoters

detection by transcriptional run—on assays, 17,23

gel retardation assays for DNA-binding proteins,
17. 13—17.17

identification by linker-scanning mutagenesis,
1375—1377

mapping by DNase I footprinting, 17.18~17.22
mapping by DNase I hypersensitivity sites,

17.1 55-1 7.22

mapping by hydroxyl radical footprintmg, 17.12
reporter assays, 17.30—17.51

B-galacmsidase. 17.48—17.51
CAT,17.33—17.41

luciferase, 1742—1747
overview, 17.30—1732
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Rmm’ld murm‘mh. 17.89, 17.96, .—\9.22
chm, 15.8
1177.4 gene in runaway plasmid vectors, 1.13

chA prntcm, 1.4, 1.8

mph in hautcridl Artificml chromosome, 4.2, 4.48
chclmtc. 12.75
chcmnc DNA sequences, amplification of, 8.106
Replmcmcm vectors, 2, 2.19, 2.22, 2.64—2.65

Repllnalion,1)NA
chmnmsomdL chlurmnphenicol blockage of,

1.143

p1dsn11d,1.4~1.7

diagram of, 1.5
incompatibility of plasmlds, 1.7—1,8

initiatlon of DNA synthesis, 1.5—1.6
im crtcd repeat lethality, 1.15

regulation by RNAI, 1.64.7
relaxed, 1.4, 1.17

runaway, 1.13
strmgvnt, 1.4,1.17

RCplltdlinn, .\1I3, 3.2, 3.5—3 7
chliutive form (R13), .\113, 3.2, 35—36, 323—325
Repliwns

ARS. 12—43, 4.60

chloramphenicnl amplification and, 1.143—1.144
colEl, 1.3-14, 1.13, 1.15, 1.17, 1.143, 4.2, 4.5,

11.11—11.24, 15.3

1,424.3
11.11.2271124

m high—capdcny vectors, 4.4

incumpdtihillty of phsmids. 1.74.8

Ion -mpy-numhcr plasmid vectors, 1.12
1’1.-1.-1.4.37

P1JN1nld copy number and, 1.3—1.4, 1.12
5\'4(1, 45

table nr, 14
Reporter assays, 17.30—1751

B-gdidctmidnsc, 1748—1751

(1.-\'1‘,17.33—17.41, 1' 95

(11-1’, 17.85—1787

lucifcrdxc, 17.42—1747, 17.96, A921, A923

own law, 1730—1733
chmlmn, 5 2, 5.56, 12.114
Rcuuc buffer, 18.39

Rcwqucncing, A10.17

Rmns. 1.62464.ch111mChromatography
for DNA purification, 1.63—1.64, 5.26
mn—cxghangc, formdmidc deionizatlon, 6.59
ollgonuclcotldc purification, 10.49

mblc 017 uunmcrcialh available, 1.64
Rmolmscx, 13.91, 13.94
Resolvcr program, A10.15

chtngnon digestion 01 DNA for Southern analysis,
63943411, 6.42

Rmtriutmn cndonudcmc fingerprinting (REF),

13.91, 13.94

Rmtrklmn cn/ymcs. Sou 11151) Resrrlcnon sites; spu-
(lfit‘ vnzynu’s

m adaptor uac, 1,89

.ldemnc methylauon .md, 1387—1388
agamsc plugs, DNA digestion, 5,686.70, 5.78

hmlmg 1)’.\1.\ plasmid DNA preparations and,
1.18, 1.43

ulcamgc near ends 01 DNA fragmcms, 1.86, 8.31,
837—838, A1»!

(\(11C cmlcd DNA resistance (0 cleavage, 1.40,
1.45, 1.49

111gcsnun cr‘ficlcncy, nmmtorlng, 266—267
1).\' \ resistance 10c1mvage

.llkalmc lye,“ preparations, 1.33, 1,36, 1.42

1m11cd 11's1sprt‘pdml10n5, 1.45, 1.49

m cmnudmsc 111 mutagenesis protocol, 13.57—
13.59

tx.|gmcnt wc u‘cdlcd 1»), 1.11716 of, A48
gcnnnm 1).\'/\ mdppmg, 568—569
lnhlhnmn hy.1g.1rmc,5.18,5.29

inhibitmn bv ce11 wall components, 1.33, 1.36,

1.42, 3.24

inverse PCR and, 881—883
ligatmn reactions, inclusion into, 1.100

linker sequences for, 1.99
partial digestion of eukaryotic DNA for genomic

libraries, 276—283

pulsed-field gel electrophoresis, use wnh, 5.60,

5687570

use in BAL 31 mutagenesis protocol, 13.63, 13.66

Restriction enzyme buffers, effect on DNA migra—

tion in agarose, 5.10
Restriction mapping

BAL 31 nuclease use for, 13.68

of cosmid/genomic DNA recombinants, 4.33

YAC genomlc inserts, 4.63

Restriction mutations, Ml3, 310—313
Restriction sites

addition to 5 termini of PCR primers, 8.31,

8.37—8.39
clamp sequences, 838—839

enzyme choice, 837—838

frequency in human genome, 4.16, A63
in linkers/adaptors, 1.98~1.100, 11.20—1 1.21,

1148—1152, 1164

methylation of, A4.5—A4.9

dam methyltransferase, A43

isoschizomer pairs, table of, A46
mutagenems to create/remove, 13.83
removal by USE mutagenesis, 1326—1330, 13.85

Restriction/modification systems, A4.4. See also
Methylation

Retinoid X receptor (RXR), 17.71, 17.73
Rev response element (RRE), 18.11

Reverse transcriptase, 8.48, 8.51—8.52, A4.24—A4.26
in 3'-RACE protocol, 8.61~8.62, 8.64

5/3 polymerase actlvity, A4.24
in SCRACE protocol, 854—858, 8.60

ALV, 1 1.1 1

AM\’, 8 48,11.38,11.109

L‘DNA first strand synthesis, 1138—1142
in CDNA probe construct1on,9.3949.40,

942—943, 9.47—948
controls for activity variation, 9.40, 9.43, 9.48

In differential display-PCR, 8.97, 8.101, 8.103
digoxygcnm labeling of nucleic acids, A939

in exon trapping/amplification protocol,
11.89—1 1.91

11TdCI1Vat10ll, 8.52, 8.103

Mo—MLV, 8.48, 9.39, 9.42, 9.47, 11.11,11.38,
11.40 11.41,11.109~11.110

in primer extension assays, 7.75, 7.77, 7.79
properties,tab1€ Ofcompared,A4.11

in quantitame RT-PCR, 8.91
RNase activity, 11.11—11.12,A4.24—A4.25

Tth DNA polymerase, 8.48

typesof,11.11—11.12
uses, 1istof,A4.25—A4.26

Reverse transcriprase buffer, A1.11
Reverse transcriptase-PCR. See RT-PCR

Reversed—phase chromatography, 10.11, 10.15—

10.16

for DNA purification, 5.26

oligonucleotide purification, 10.49
n’xA gene, ;\., 2.3, 2.17
rch gene, 1, 2.3, 2.17
RF6333, E. mli, 15.19
RFY206, 18.22

R gene, 71, 215—216
Rhodamine, 12.96v12.98,A9.33
Rhodium, 17.77

Ribonuclease. See RNase

Ribonuclease protection assays, 7.63—7.74
diagram of, 7.64

northern hybridlzdtion compared, 7,634.65
protocol

 

analysis by gel electrophorefls, "7347.74
digestion of hybrids, 7.73
dissolving nucleic acid 19611615, 7.72

hybridization, 7.72—7.73

materials for, 767—768
probe preparation, 7.7[)—7.72

quantification of RNA in samples, 7.63, 7.65—
7.66

51 protection assay compared, 7.65
sensitivity of, 7,634.65

Riboprobe Geminl Systems, 9.32
Ribosomal protein 510, 2.7

Ribosomal RNA mutation databases, A1 1.21
Ribosome-bindingsite,1511—1512, 15.18
Rifampicin

inhibition ot'bacteriophage T7 RNA polymerase,
15.20

modes of action, A27

RNA

5’ cap, 9.88
concentrating. Sec Concentraling nucleic acids
concentration determination by spectrophotom-

etry, 7.8, 7.16

CsCl densny gradients, 1.155
databases, bloinformatics,A11.21—A11.22

denaturation

with formamide, 6.59

by heat, 8.51
dephosphorylation, 9.65

electrophoresis, agarose gel, 721—723, 7.27~7.34
equalizing RNA amounts in, 722—723

formaldehyde—c0ntaining gels, 731—734
glyoxylated RNA, 727—730
integrity of RNA, checking methods, 7.30

markers for, 7.23, 7.29
end—labeling

3' termini, 9.56
5’termm1,9.55

hybridization
dot and slot, 7.46—7.50

northern protocol. See Northern hybridimA
tion

LiCL precipitation of, 1.59
mapping

mung bean nuclease, 7.55
nuclease 51, 7.517762

primer extemion, 7.75~7.81

ribonuclease protectlon assays, 7.63—7.74

p01ymerase (see RNA polymerase)

precipitation with LiCI, 1.59, 1.82—183
probes, 7.54

for in situ hybridization, 9.35
purification of, 7.54

ribonucleasc protection assays, 7,635.74
screening expression libraries, 14.2

synthesis of single-stranded probes by m vitro
transcription, 9.29—937

protein interaction, studying with bait and hook
strategy, 1810—1811

purification

acid phenol-guanidinium thiocyanate—chlonr
form extraction, 7.4—7.8

DNA contamination, 7.8, 7.12

ethanol precipitation, 9.34~9.35

gel electrophoresis, 9.35
isopropanol precipitation, 7.7, 7.12

poly(AV RNA selection by batch chromatog—
raphy, 7.18—7.19

poly(A)’ RNA selection by olig()(dT)—ce1111—
lose chromatography, 7.13—7.17

simultaneous preparation wilh DNA and
protein, 7.9—7. 1 2

spun~c01umn chromatography, 9.35
quantitation. See Quantitation of nucleic acids
RNAI

decay due to pan gene, 1.13



degradation, 1.7
regulation of replication, 1.(v1.8

Rom bindmg, 1.7
RNA11,1.4-1 7

mutation in pL'C plasmid family, 1.6
pruning 01'I)1\'A synthesis at colEl origins,

1.54.6
RNAI interaction, 1.6—1.7
RNase H transcript processingof, 1.6
Rom binding, 1.7

software, bioinformancs, A1 1,147.41 1.15

stdming
ethidium bromide bmding, 1.151
01" glyoxylaled RNA, 727—728
wilh methylene blue, 7.39, A94

with SYBR dves, A9.7—A9.8
glandards, 7.23
storage 01, 7.8

typos, 7.2

mm carrier tRNA. 5.20
RNA dcnatumtion solutinn, 7.48
RNA gcl-loadmg buffer, 7.68, A149
RNA ligdse,b.1cteriophage T4, 1.157, 9.56, A434

RNA modification database, A11.21
RNA polymerase, A4.28—A4.29

bacteriophage T3, .-\4.28—A4.29
bacteriophage T7, A4.28—A4.29

mhibitmn by Iysmyme, 15.21, 15.24
1nhibit10n by rifamplcin, 15.20

digoxygenin labeling of nucleic ac1ds,
A9.38~/\9.39

DNA-depcndcnl, 1.4
E (011. 9.87

in }.,2.10—2.11

.\113 replication, 3.5

H] mm transcription. 930—932, 9.34, 9.36—9.37,
9.87v9.88

k, 2.6, 2.7, 2.8

nuclear run-on assays, 17.23

promoter addition to DNA fragment by PCR,
9.3()~9.37

amphfiution conditions, 9.36
primer design, 9.36

promoter sequences recognized by bacterio—
phagc-encoded, 7.87

in ribonunlcasc protection assay protocol, 7.68,

7.71

RNA polymerase 111 in two—hybrid system for
protcin-protein interaction study, 18.15

transcription terminator signal
nvcrcomlng, 9.36

rcmgmllon, 9.36
RNA pl'CC1plIdtlon solution, 710

RNA sCCUl‘Iddr) structures database, A1 1.21
RNA\\'or1d dmabase,A11.21
RNdsc, 7.2, A18

111 131.0440, 1.139

111-Jugs 01" mlsmatches in RNAzRNA heterodu-
plcxcs, 13.93

mnmmindlmn
prcventiw umasurcs, 7.82

sources of, 7.82

in \itm transuiption, 9.36
in (jstCIhldium bromide gradients, 1.67
tornmmidu protection 01 RNA, 7.
IILlLliVJliUIl 01. 7.4
inhibimrs 61"

1)11’(:, 7827784

pl.1cc11l.11.8 49
pr()tci|1,7.68, 7.71, 7.77, 7.79, 7.83,11.39

RNdsin, 17.25

umadyl rllmnuclcoside complexes, 7.83
in 1y»|sbu11cr,6.4—6.5
mldclc acid contaminant removal, 1.79

rcmmul b) phcnolzthlomfbrm €X11‘dt11011,9.33
rcmmnl by proteumse K, 9.33

in yeast DNA purification protocols, 4.69, 4.71

RNase A, 1.59, A4.39

in alkaline lysis with SDS protocols, 1.34—1.35,

1.38

cleavage of mismatches in RNAzRNA heterodu-
plexes, 13.93

cleavage preferences, 7.67
DNase free, preparation of, A439

in nbonuclease protection assays, 7.66—7.68
in transcriptional run~on assay protocol, 17.29

RNase digestion mixture, 7.68, 7.73
RNase E, 1.7
RNase H, 1.4, 7.77, 8.48,11.43

activity of exonuclease 111, 13.73
in ALV reverse transcriptase, 1 1.11

buffer,A1.11
in cDNA second—strand synthesis, 1144—1 1.17,

1 1.43~11.46

in DNA polymerase I,A4.12
functions of,8.111
overview of, A438

in reverse transcriptases, 1141—1 112,
11.109—11.110,A4.24—A4.25

RNAII transcript processing, 1.6
RNase I, 7.67, 13.93

RNase 111. E. coli, 2.6
RNase ONE, 7.67
RNase P (po1ymerase 111) promoter, 18.11
RNase T1, A439

cleavage of mismatches m RNAzRNA heterodu-
plexes, 13.93

cleavage preferences, 7.67

in ribonuclease protection assays, 7.66—7.68

in transcriptional runAon assay protocol, 17.29

RNase T2, 7.67
RNaseOUT, 9.38

RNasin, 7.68, 7.77, 7.83, 9.38, 17.25
RNA—Stat-60, 7.10
Robbins Hydra Work Station, A10.5
Robotlcs tor hlgh-throughput processing, A10.5
Roller bottle hybridization chamber, 6.51, 6.53—6.54

Rolling circle rep1icati0n
k, 2.1 1~242
in phagemids, 3.43

Rom (RNAI m0du1dt0r), 1.5, 1.7
Rop (repressor of primer), 1.5, 1.7

Rotors, table of commonly used, A839
RPC1‘11 Human BAC Library, 4.9
R-phycoerythrin, A933
RRl E. (011 strain, A39
rRNA database, A1 1.21

R511], A49

Rsrl site frequency in human genome, 4.16, A63
Rsr11

fragment size created by, table of, A48

genomic DNA mapping, 5.69
methylation, A4.7

RT»PCR (reverse transcriptasePCR), 846—853
advantages/disadvantages, 11.15

controls/standards, 848—849, 851—852
differential display—PCR, 8.97
enz; mes, reverse transcriptase

inactivation of, 8.52

types used, 8.48
in exon trapping/amplification protocol,

1 1.894 1.94

full-length clones, low-yield of, 8.60
materials for, 849—851

measuring multiple gene products by, 8.89
method, 8514.53

primers for, 8.46~8.48
quantitating RNA by, 7.66
quantitative, 8.88—8 91

reference templates, 888—889
troubleshooting, 8.53, 8.60

thh DNA polymerase

Index 1.37

in circular mutagenesis, 13.20
in overlap extension method of mutagenesis,

13.37

properties,tab1e of, A423

Runaway plasmid replication, 1.13
R: gene, 2», 2454.46

155

decay data, A9. 15
particle spectra, A9.9—A9. 10
sensitivity of autoradiogmphic methods for

detection, A9. 13
SS rRNA data bank,A11.21
Sl nuclease. See Nuclease Sl
sacB gene, 44-45, 4.37

Saccharomyces cerevisim’, 458—460. See also Yeast
artificial chromosomes

chromosome separation by pulsed—field gel e1ec-

trophoresis, 5.56

chromosome sizes, 5.60, 5.65
expression m, 15.55
FLP recombinase, 4.85
genome size, 4.64
protein interactions in, mapping, 18.123—

18.124

protein—protein interactions, studying, 18.4, 18.6
505 recruitment system (SRS), 18425-18426

5nd
c1eavage at end of DNA fr.1gments,A6.4
fragment size created by, table of, A48
linker sequences, 1.99

site frequency in human genome, 4.16, A6 3

Sac11
fragment size created by, table 01", A48

site frequency in human genome, 4.16, A63
S—adenosylmethioninc (SAM 1, 1.99, 1148—1149,

A43

SAGA |Sequence A1ignment by Genetic Algorithm)
program, A1 1.7-A118

SaH

7-deaza—dGTP modified DNA, cleavage of, 8.60

cDNA linkers and adaptors and, 11.20, 11.51,
1 1.64

in (DNA synthesis klts, 11.71

cleavage at end of DNA fragments, A64
fragment siLe created by, table of, A48
genomic DNA mappmg, 5.69

in homopolymeric tailing protocol», 11.1 11
linker sequences, 1.99

methylation, A4.7
Site frequency in human genome, 4.16, A63

terminal/subterminal site cleavage, inefficient,
8.38

Salmon sperm DNA

in chemical sequencing protocols, 12.64

in hybridization/prehybridization solutions,

652—653, 6.56, 7.45, 10.35, 10.38

as transfection control, 16.4

SAM. See S-adenosylmethiomne 15AM)

SAM (Sequence Alignment and Modeling System!
progrdm,A11.7

SAP. Sue Shrimp alkaline phosphulaw

Sarkosyl for lysis of ce11s in agarose plugs, 5.62, 5.64,
5.67

Satellite colonies,1.110,1.115,1.118, 1.148
Saturation mulagenesis, 133—133
51111341

7-dcaza-dGTP modified DNA, clemagc of, 8.60
dam methyhtion and, 13.87, A43
genomic DNA digestion,4.11,4.36

in site-dirccted mutagenesis protocol, 13 84
sbcA, 2.13, 2.28
sb1‘B,1.15,2.13
Sbfl site frequency in human genome, 4.16, A63
ScanAlyze image analysis program,A10,5,A10.13
ScanArray 5000, A104 1  
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S(anmng mutagenesis, 13.3
Smnpmslte program, A] 1.17
31’1'1, 17.83

Schlff hmcs and formJldehyde, 7.31
Mluzusmchurmnyces pombe, chromosome sizes of,

3.60. 5.65

Schhersn Ime, 12.79

Sumilldnon Counting. 7.47, A825
CAT reporter assay, 17.39~17.41
comadcnce circuit, 17.46, A922

lucltkrase assay. 17.46, A9.22—A9.23

SCOP ’Structural Chasiflcation of Proteins) data—
base, A1 1.22

Screening. 53011150 Expression libraries, screening;

thridization; Immunological screening
bacterial colonies

a-complementation, l.l23—1.125
hv hybridization]

filter types, choosing, 1.126
intermediate numbers, 1.129—1.131
large numbers. l.l32—1.134
small numbers, 1.126—1.128

using X~gal and IPTG, 1,123-1.125

(DNA libraries, 1126—1134, 11.74—11.78
). recombinants, 2.21
by PCR

bacterial colonies, 8.74~8.75
7.11braries,8.76

2. plaques, 874—875

was! colonies, 8.75

for recombinant plasmids, 1.26—1.28
a-complementation, 1.27, 1.150
bv hybridization, 1.27—1.28

overview, 1.26-1 27

tmnsformams by insertional inactivation, 1.10
YAC recombinants. 4.60

Screening buffer, 14.33

Sculptor IVM Mutagenesis kit, 13.89
5115, A123

111 acrylamidc gel elution buffer, 5.52

alkaline phosphatase inactivation, 1.96
hm inc serum albumin absorption of, 6.25
in 1101/5101 hybridization, 7.48, 7.50
m clutlon butters, 7.14

for inactivation of d1kaline phosphatase, 9.64
in 2. DNA extraction, 2.58
m mousc—tail lysis buffers, 6.26
in northern hybridization protocols, 7,424.44

m phosphate-SDS washmg solution, 6,514.52
plaxmld DNA protocols

alkaline lysis, 1.31~1.42

gentle method, 155—158

in rihonucleasc protection assay protocol, 7.73
in SSCP protocol, 13.56
m SNET lysis buffer, 624-625

(or mlublllzation 01’GST fusion proteins, 15.38—
15.39

for xolubilizauon ot‘lnclusion bodies, 15.54
m Southern hybridization wash solutions, 6.55
m 153.151 DNA preparation protocols, 468—471

5115 buffer, 17.20

5118 gcl-loading buffer, 15.15, 15.22,15.26,15.31,
15.35,15.41.1550,18.17,Al.20,A8.42

EDS-EDTA dye mix, A120

511S-pulmcrylamide gel electrophorems Of proteins,
.~\8.40—A8,5 1. See also Polyacrylamide gel
electrophoresis

di>mntmuous buffer system, A8.4O
drnng gels. A8.50—A8.51
m CH 1c“, A&40

prolocol

materials, A8.42—.~\8.~14
pouring gels, A8.44—A8.45

resolving, gel components, table of, A8.43
running gels, A845

ample preparation, A845

stacking gel components, table of, A8.43
reagents, A8.414A8.42
separation range, table of, A842
staining gels, A8.46—A8.49

with Coomassie Brilliant Blue, A8.46—A8.47

during immunoblotting, A8,54
with silver salts, A8.46—A8.49

transfer of proteins from gel to filters for
immunoblotting, A8.52—A8.53

Sea1-A~Meal bags, 1.139, 2.97, 6.51, 6534654
Searching databases, 1.14

Secreted foreign proteins, expression of, 15.30-
15.35

Selectable markers

inactivation as screening tool, 1.10
for 7. recombinants, 2.21

uses of, 1.8—1.9
Selection. See also Antibiotics; specific protocols

conditionally lethaI genes, 1.12

direct selectlon of cDNAs, 11.98—11.106
of mutants in vitro

DpnI destruction of parentals, 1319—1325,
13.84

phosphorothioate analog incorporanon,
1386—1387

unique restriction site elimination, 13.26—
13.30, 13.85

uracil—DNA glycosylate destruction of
parentals, 1384-1385

of mutants in vivo, 13.87
positive selection vectors, 1.12

Sephacryl equilibration buffer, A1.21
Sephacry] 5—400 in DNA purification for DNA

sequencing, 12.106

Sephacryl 5—1000, nucleic acid fragment contami-
nants, removal of, 1.80—1.81

Sephadex

G—15 for oligonucleotide purification, 10.26

G-25 in IgG radioiodinatlon protocol, 14.5,
14.16

G-SO, A8.29—A8.30

in cDNA probe production, 944—945, 9.49—
9.50

in cDNA synthesis protocols, 11.44, 11.47,
1 1.54

for radiolabeled probe purification, 9.69,
9.71, 9.75

RNA purification, 9.35
poly(U), 7.15, 7.20
preparation of, A829

Sepharose

4B for antisera purification, 14.30, 14.51

affinity purification of fusion proteins, 15.6
CL—4B, A831, A926

cDNA size fractionation, 11.55—11.58

in dephosphorylated DNA purification, 9.65
CL—6B for DNA purification for DNA sequenc-

ing, 12.106

Sep~Pak Clg chromatography, 10.11,10,13, 10.15~
10.16,10.28—10.29

Sequenase, 12.9

activity of, 12.104
DNA sequencing

annealing primers to templates, 12.29
automated, 12.98
dyefprimer sequencing, 12.96
materials for, 1233—1235
protoco1, 12.35—12.36

pyrophosphatase use w1th, 1234—1236,
12.39

reaction mixtures, table of, 12.33

sequencing range, modifying, 12.37
steps involved, 12.32
troubleshooting, 123841239

inosine and, 12.110
Klenow compared, 12.32

 

in oligonucleotide—directed mutagenesis of sin-
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Sequenase dilution buffer, 12.33, A19
Sequenase reaction buffer, 1233—1234
Sequencing. See DNA sequencing

Sequencing by hybridizanon (SBH), A10.17
Sequencing gels, resolving compressions in, 6.59
Sequin program, A11.3
SequiTherm, 12.46
Serine

codon usage, A7.3

nomenclature, A7.7
properties, table of, A79

Serum separation tubes (SST) for isolation of DNA
from mouse tails, 6.26

71118 E. coll strain
genotype, A3.6

M13 vectors and, 3.13
phagemids and, 3.42

Sex pili, M13 adsorption to, 3.5
SfiI

fragment size created by, table of, A48

genomic DNA mapping, 568—569

site frequency in human genome, 4.16, A63
5 gene, 2, 2.15—2.16
SgrAI

fragment size created by, table of, A48

site frequency in human genome, 4.16, A6.3
Shine-Dalgarno sequence

fortuitous, formation of, 15.12
lacZ, 15.57
in plasmid expression vectors, 1.13
translation efficiency and, 1511—1512. 15.18

Shotgun sequencing, 1210—1225

diagram of strategy, 12.12
DNA purification, 1221—1224

DNA repair, phosphorylation, and Size selection,
12.17—12. 18

enzymatic cleavage, 12.10—12.11

fragmentation of target DNA, 12.10—12.1 1,
12.15—12.17

growth of recombinants in 96-tube format,
12.19—12.21

hydrodynamic shearing, 12.10
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materials for, 12.13
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self—ligation of target DNA, 12.15
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Shrimp alkaline phosphatase (SAP), 1.95—1.96,
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inactivation of, 1.96, 9.62, 9.64, 9.93
properties of, 9.93

RNA dephosphorylation, 9.65
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Sigmacote, 5.44, 1275

Signal peptidase, 15.30
Silanizing solution, 12.75, 12.77, 12.112

Silica resins fnr DNA purification, 1.63, 5.26
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A83

Silver emulsions, A99

Silver nitrate, 5.77, A8.48»A8.49
Silver staining, A9.5—A9.7

PFGE gels, 5.77
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SilverSequence DNA Sequencing Kit, A9.6
SIM program, A115
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Single—strand—binding proteins in automated DNA
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for protein expression optimization, 15.19
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iodide solution, 5.32
metabisulfite, 14.5, 14.16
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fixation ()f1)NA to membranes, 6.45~6.46
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for restriction mapping of recombinant cosmlds,

4.33
TAFE gels, 577—578
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protein A See Protein A
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STET, r\1.16
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gcl‘loading buffer. 277—278, 2.81, 641—642
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SYBR dyes, overview, A9.7—A9,8
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promoter, 1.11, 1.13
addition to DNA fragments by PCR, 937
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for eukaryotic expression vectors. 1 1.72
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RNA polymerase, 987—988
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automated, 12.98
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Tailing reaction
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A9.38—A9.39

homopolymeric, 11.110—11.111
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TEACI. See Tetraethylammonium chloride
Team GENESIS sample processor, A105
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nomenclature, A7.7
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osmium tetroxide modification of, 13.95
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structure, A69
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Tissue miCroarrays, A10.18

Tissue plasminogen activators, 18.1 16
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TMACI. See Tetramethylammonium chloride
TMB. See 3,3', 5,5'-tetramethy1benzidine
tmRNA database, A11.22
TM-TPS, 16.11
Tthransposon, 13.88
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glassware cleanliness and efficiency of,

1.105—1.106

Hanahan method, 1.105—1.110
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Tris EDTA (TE) buffer, A1.7

Tris magnesium buffer (TM), A18
Tris—acetate—EDTA (TAE) electrophoresis buffer,

5.8, 5.76,A1.17
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Tris-buffered saline 1TBS1, A1.8
Tris—buffered saline With dextrose (TBS—1)), 16.29—

16.31

Tris—glycine, A1.17

Tris—glycine electrophoresis buffer, A8.42—A8.43
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Databasel,A11.20

trx gene, E. coll, 12.104
Trypan blue dye, 17.20

Trypanosomes, 1.150, 149.3
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Vectors. See (1150 (Iosmids; Expression vectors; 71
vectors; Ml3 vectors; Plasmid vectors;
Vectors, high—capacity; specific vectors

phagemids, 342—349
posime selectlon, 1.12
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Xanthine—guanine phosphoribusyhransferase, 16.47
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controls, experimental, 1 1.70

vector systems for, 1 1.72

X-gal, 1.27, 17.97, 17.99
a—complcmentation and, 1.150
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15.2 Chapter 15: Expression of‘Cloned Genes in Escherichia coli

BECAUSE OF me VAST FUND OF KNOWLEDGE ABOUT ITS GENETICS, biochemistry, and molecular
biology, Esc‘ht’ridzizz foli is the system of ti rst choice for expression of many heterologous proteins:
Genetic manipulations are straightfoward, cultures of E. Coli are easily and inexpensively grown,
and many foreign proteins are well-tolerated and may be expressed at high levels. During the past
20 years, several hundred recombinant proteins have been expressed in E. coli using one or anoth-
er of the vector systems described in this chapter. However, E (011' is not always the host of choice.
For example, proteins whose full biological activity requires posttranslatitmal modification (e.g.,
glycosylation or cleavage at specific sites) may best be expressed in a eukaryotic host. It is there‘
fore important before embarking on an expression project to assess the final gnu] and to deter—
mine which host-vector system may be most appropriate. These systems are reviewed in the
information panel on EXPRESSION OF CLONED GENES at the end of this chapter.

 
CHOOSING AN EXPRESSION SYSTEM
 

Factors that influence the choice of a system for expression of a particular protein in E. mli are
listed below.

0 The size oftheprotein. Small cytosolic proteins and polypeptides (< l 00 residues in length) are
best expressed in E. (Oli as fusion proteins composed of carrier sequences linked by a standard
peptide bond to the target protein (please see section on Fusion Proteins, p. 15.4 ). The carrier
often stabilizes the protein of interest against intracellular degradation and provides a ligand—
binding site that can be used for affinity purification. The target protein may frequently be
recovered in an active form by including a proteolytic cleavage site at an appropriate location
in the fusion protein.

Cytosolic proteins >100 residues in length are the most problematic proteins to express in
either system. ln E. coli, these proteins are often unstable or form insoluble inclusion bodies,
In mammalian cells, problems can arise in distinguishing the foreign protein from its endoge~
nous homolog.

o The amount ofprotein needed. If only small quantities of the target protein are required N
for example, when screening a series of site—directed mutants for enzymatic activity - there is
little point in trying to Optimize production. Most of the standard expression plasmids can be
used successfully if the enzyme can be assayed in crude extracts of E. coli. However, if purifi—
cation of an active protein is necessary and/or if the protein is required in large quantities, it
is usually necessary to explore several different host-vector systems and purification schemes
before finding one that is workable on a large scale.

0 Whether activeprotein is required. If the purpose ofexpressing the target protein is simply to
obtain material for raising antibodies, there is no point in trying to obtain active protein.
Instead, expression systems can be used that facilitate purification of the target protein, irre—
spective of its state of biological activity or denaturation. Here, the formation of inclusion
bodies is a great advantage for isolating insoluble protein, as are tags that can be used during
affinity purification of the target protein.

If the target protein is to be used in biochemical or cell biological studies, then maintaining
or restoring protein function is important and ease ofpurification matters less‘ In some cases,
direct expression vectors may be used to produce soluble, active proteins. In most cases, how—
ever, the expressed protein will be insoluble and must be purified from inclusion bodies, sol-
ubilized, and refolded into an active form.  
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When the expressed protein is to be used in structural studies, it is best to express the tar—

get as a soluble protein. It may be necessary to test expression in several different strains of E.

coli to establish conditions that minimize misfolding in vivo, and to take great care to mini-

mize denaturation in vitro to maintain the proper configuration of the protein (please see the

panel on ADDlTlONAL PROTOCOL: REFOLDlNG SOLUBIUZED PROTEINS RECOVERED FROM

INCLUSION BODIES in Protocol 8).

CHOOSING A PROMOTER AND VECTOR SYSTEM
 

The following categories of expression vectors, based on the type of promoter, are described in

detail in the first series of protocols in this chapter (please also see the information panel on E.

COIJ EXPRESSION SYSTEMS).

Expression Vectors Containing an lPTG-inducible Promoter (Protocol 1)

Several different vectors based on the lac operon are used for high—ievel expression of foreign pro—

teins in E. coli, including:

o The trp-lac (tac) promoter. tac is a hybrid trp-lac promoter containing the —35 region of the

trp promoter fused to the —10 region of the IacUVS promoter; it is regulated by the lac repres-

sor and is independent of CAMP regulation mediated by the crp gene product (Amann et al.

1983; de Boer et al. 1983). A useful tac promoter expression plasmid (pKK223-3 [Brosius and

Holy 19841) is available from Pharmacia.

o The trp—lac (trc) promoter. trc is another version of the lac repressor-regulated hybrid trp—lac

promoter containing the —35 region of the trp promoter fused to the 40 region of the lanVS

promoter (Amann and Brosius 1985). The only difference between the trc and tac promoters

is the distance separating the —35 and —10 regions of the promoter. In the trc promoter, these

two elements are separated by a consensus distance (17 bp), whereas in the tac promoter, they

are separated by 16 bp. This difference has little or no effect on the expression levels of foreign

proteins (Amann and Brosius 1985). The expression plasmid pTrc 99A, available from

Pharmacia, carries the trc promoter.

o The lac promoter. Any general—purpose vector (pUC, pTZ, pSK, pBluescript, pGEM, etc.)

designed for blue/white screening for clones containing inserts of foreign DNA can be used to

express a foreign protein, usually as a fusion protein with amino acids encoded by the amino

terminus of the lacZ gene and/or the polylinker sequence (for further details, please see the

information panel on LACZ FUSIONS). Although the lac promoter is not as strong as the me or

trc promoters, the high copy number of most general—purpose vectors allows expression of for-

eign proteins at respectable levels. Maximum induction of the lac promoter requires the action

of the CAMP activator protein (CAP, the crp gene product), which is most active when cells are

grown in medium lacking glucose. Media that contain glucose as a carbon source should not

be used to express genes cloned into these vectors.

Expression Vectors Containing the Bacteriophage T7 Promoter (Protocol 2)

The pET series of vectors, originally developed by Studier et al. (1990) and since expanded, allow

regulated expression of foreign genes by bacteriophage T7 RNA polymerase. These vectors typi—

cally carry the colicin E1 (colEl) replicon of pBR322 and confer resistance to ampicillin or

kanamycin. Their multiple cloning sites allow an inserted coding sequence to be placed under
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15.4 Chapter 15: Expression ofCloned Genes in Escherichia coli

control of the “natural” promoter for T7 RNA polymerase (the $11) promoter), or under the eon~

trol of the so-called “T7lac” promoter, a derivative of the natural promoter that has the lac oper—

ator (lacO) placed 50 that binding of the lac repressor blocks transcription initiation.

Expression Vectors Containing the Bacteriophage X pL Promoter (Protocol 3)

In vectors of this class, the bacteriophage A pl] promoter is regulated by a temperature—sensitive

repressor, clts857, which represses pI —driven transcription at low temperatures but not at elevat—

ed lemperaturea. P1 vectors are particularly useful if the expressed gene product is toxic to E. coli.

Several pI vectors are commercially available including the pHUB series (Bernard and Helinski

1979), pPLe series (Remaut et al. 1981), pKC30 (Rao 1984), pASl (Rosenberg et ‘di. 1983),

pRMl/pRM9 (Miesehendahl et al. 1986), and pTerus (LaVallie et a]. 1993). E. coli strains (e.g.,

M5219) harboring the cIt5857 mutation must be used as hosts for expression vectors carrying the
bacteriophage K pI promoter.

FUSION PROTEINS
 

Gene fusions are created byjoining together two or more open reading frames in a desired order.

Expression of fused reading frames generates hybrid proteins in which the protein of interest is

attached to the amino terminus or the carboxyl terminus ofzi carrier protein (Itakura et 111. 1977;

Goeddel et al. 1979; for review, please see Uhlén and Moks 1990; LaVallie and Mdon 1995).

Fusion proteins have a vast array of potential uses.

0 Attaching target proteins to a domain of known enzymatic function and/or antigenic com—

position may provide a convenient method to “tag” and isolate the target protein sequences.

0 Joining the target protein to topogenic signals may allow the fusion protein to be directed to

specific cellular compartments.

0 Adding “carrier” sequences may protect the target protein from proteolysis in prokaryotie

hosts.

0 Adding carrier sequences may improve the solubility of the target protein and may prevent the

formation of insoluble inclusion bodies (please see the following section on Dealing with

Insoluble Proteins).

Table 15—1 contains a summary of vectors widely used for creation and expression offiisi011

proteins.

Purification of Fusion Proteins

By fusing the polypeptide of interest to a carrier that has high affinity for a specific ligand, almost

any fusion protein can be purified by affinity chromatography, often in a single step. More than

20 different fusion systems have been designed for, or adapted to, affinity purification. The pri-

mary features of a vector used for constructing a fusion protein are shown in Figure 15—1. Many

of these fusion vectors are based on LacZ, but other carrier proteins that have been used success-

fully include malE, glutathione—S—transferase, and staphylococcal protein A. Recently, identificw

tion tags derived from well—characterized ligand—binding proteins have been partially supplanted

by artificial tags that have no counterpart in the natural world. The best known of these are 1 1) a

polyhistidine sequence that binds to columns carrying Zn2+ or Ni2+ (Smith et al. 1988) and (2)

FLAG, a designer heptapeptide that is both hydrophilie and immunoreactive. The five carboxy

 



 

    
  

TABLE 15-1 Vectors for Construction of Fusion Proteins
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VECTOR SYSTEM FUSION PARTNERal COMMENTS REFERENCE/SOURCE
 

pUC, pSK,

pBluescript, pGEM

fi—galactosidase

pTA1529 or pBAce alkaline phosphatase

pGEX series GST

pIVIAL series MBP

pTrx, pTerus Trx

pET series poly—His tag, selected

vectors also carry tags

for GST, Trx, DsbA,

and Dst, CBD

Expression under control of the lac

promoter—operator system (please see the

information panel on LACZ FUSIONS).

PhoA signal sequence facilitates

transport to periplasm.

IPTG—inducible promoter; available

with cleavage sequences.

lPTG—inducible promoter; MBP signal

sequence facilitates export to periplasm.

IPTG—inducible promoter; available

with enterokinase cleavage sequence.

T7 promoter (IPTG—inducible); avail—

with sites for chemical, enzymatic

cleavage.

Stratagcnc (www.stratagenc.com)

Life Technologies (www.lifetech.com)

Oka et al. (1985)

Smith and Johnson (1988)

Pharmacia

di Guan et al. (1988); Maina et al. (1988)

New England Biolabs (www.neb.c0m)

LaVallie et al. (1993)

Invitrogen (www.invitrogen.com)

Studier et al. (1990)

Novagen (www.novagen.c0m)

Promega (www.promegaxom)

 

“(GST) Glutathione S—transferase; (MBP) maltosebinding protein; (Trx) thioredoxin; (DsbA and Dst) disulfide bond formation (periplflsmic local—
ization); (CBD) cellulose-binding domain.

terminal amino acids of FLAG constitute a recognition site for the protease enterokinase, which

can be used to remove the peptide from the target protein (Dykes et al. 1988; Hopp et al. 1988).

Table 15-2 lists a number of fusion systems, each of which has been used successfully in several

laboratories for affinity purification of different fusion proteins.

multiple cloning
sequencecarrier sequence

 

promoter

derived from

fusion partner

consensus sequence

for protease cleavage

ATG

 

FIGURE 15-1 Schematic of 3 Generic Fusion Vector
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TABLE 15-2 Affinity Purification of Fusion Proteins
 

CARRIER PROTEIN AFFINITY LIGAND" METHOD or ELUTION
 
B-galactosidase

Protein A

GlutathionefS—transferase

Maltose—binding protein

(Ihloramphenicol

acetyhransfcrase

Carbonic anhydmse 11

(Iellul()se~binding domain

1’01y(histidine)

FLAG

Poly(arginine)

P01y(cysteine)

APTG

TPEG

IgG

glutathionc

erossJinked amylose

p—aminochlomlw

phenicolrSepharose

sulfonumide afflmty

resin

cellulose

immobilized an‘ or
Nil»

antibody specific for

FLAG

S—Sephamse

thiopropyl—Sepharose

phenyl—Superose

sodium borate (pH 10)

0.5 M acetic acid

reduced glutathione (5 m.\1)

maltose ( 10 mM)

chloramphenicol (5 mM)

TrisfSO4 (pH 6.8)

H20

acid gradient (pH 6.0 to pH 4.0)

imidazolc (up to 0.5 M)

ED'I‘A at neutral pH or

glycine buffer at pH 3.0

gradient of NaCl

mercaptoethanol or dithiothreitol

REFERENCES
 

(‘xermino et al. (1983); Ullmann (1984)

Nilsson et al. (198511); Moks et al.

(1981117); Nilsson and Ahmhmsén (1990)

Smith and Johnson (1988)

di (hum et a]. (1988); Maind et a]. (1988)

Knotl et atl. (1988)

Van Heckc ct a]. (1993)

Ong et (11. (1989a,h)

Smith at 211. ( 1988)

Hopp et al. (1988!

Brewer and Sassenfeld ( 1985)

Persson et al. (1988)

Pcrswn et al. (1988)Poly(phenylalanine) ethylene glycol

“TPFG and AP'I‘G arc atmnyms for the same compound: p-dmmophenylfB—IJ—thio—gdldctustde, which wan first used tor purifimlmn mt (i—galdctmr
ddbL‘ by Steers at Al. (1971).

Fusion proteins produced in E. coli are often excellent immunogens that can be used to raise
antisera against the target sequences. However, in many cases, the penalty for attaching a ligand

binding domain to the target sequences is loss of biological activity.

Cleavage of Fusion Proteins

To obtain the polypeptide of interest in a native and biologically active form, it must be cleaved

from the remainder ofthe fusion protein.A1though both chemical and enzymatic methods have

been developed to cleave peptide bonds at the joint between the sequences of the target protein
and the carrier protein, efficient removal of the tag or carrier protein remains a major problem.
Chemical methods are specific to a particular amino acid or small group of amino acids. For
example, cyanogen bromide cleaves only at methionine residues, whereas formic acid cleaves only
at proline residues that are preceded by aspartic acid residues (please see Tab1e 15—3). If these
potential sites are present in the joint region of the fusion protein and are absent from the target
sequences, chemical cleavage can be used to release intact target sequences from fusion proteins.

Cyanogen bromide, for example, has been used in the production of somatostatin (Itakura
et al. 1977) and in the processing of B—galactosidase—insulin A chain fusion and B-galactosidase—
insulin B chain fusion (Goeddel et al. 1979)‘ In addition, the polylinker sequences of many
expression plasmids contain a BamHI site, 5'-NGGATCCN-3'. If this sequence of tw0 codons
( 3AT and CCN), which encode the dipeptide AspPro, is in-frame with the fusion protein, then
formic acid can be used to cleave the polypeptide (Table 15—3). In practice, however, chemica1
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cleavage is of limited use since most target proteins contain one or more potential cleavage sites.

In addition, chemical cleavage is rarely as specific as it should be and is generally carried out

under harsh reaction conditions that tend to denature the target protein. In most cases, therefore,

the target protein is obtained in poor yield and in an inactive state.

Target proteins can sometimes be separated from the carrier sequences by enzymatic cleav-

age. This requires planning because the fusion protein must be designed so that it contains a spe—

cific proteolytic cleavage site at the joint between the target sequences and the carrier protein.

This problem has been greatly ameliorated by the development of commercially available vectors

containing a polycloning site downstream from the sequences coding for the carrier protein and

a proteolytic cleavage site. For example, in the pMAL2 family of vectors, the coding sequence of

interest is fused in—frame to the 3’ end of a synthetic sequence encoding the four-amino-acid

recognition site for Factor Xa (IIe—Asp/Glu—Gly—Arg) (Nagai and Thogerson 1984; Nambiar et al.

1987). Upstream of this sequence is a segment of DNA encoding the E. coli MalE protein. Factor

Xa cleaves the peptide bond that is carboxy—terminal to the arginine residue in the recognition

site (see Figure 15—2).

By carefully choosing the restriction sites that will be used to insert the target sequences into

the vector, it is possible to arrange that few, if any, foreign amino acids remain attached to the

amino terminus of the target protein after cleavage. Similar strategies can be used with many of

the other enzymatic cleavage systems listed in Table 15—3.

Although this method of purifying the sequences of the protein of interest from the fusion

protein looks great on paper, it works cleanly only ~50% of the time. With many enzymes, the

efficiency of the proteolytic cleavage reaction is poor unless the fusion protein has been denatured

with 6 M guanidine hydrochloride or 8 M urea or after a “spacer” has been inserted on one or both

sides of the cleavage site. In other cases, because the specificity of the protease is not absolute or

because the enzyme used for cleavage is contaminated by other proteases, the protein of interest

is cleaved internally at sites that are related to the recognition site (Nagai and Thogerson 1984,

1987; Dykes et al. 1988; Lauritzen et al. 1991). Problems of this type can sometimes, but not

always, be solved by changing proteases or by using vectors (eg, those coding for glutathione

reductase or thioredoxin fusions) that typically express fusion proteins in a soluble form rather
than in an inclusion body.

Factor Xa

 

H2N| MaIE— | ~IIe—GIu-GIy—Arg—l targetprotein —| COOH

i
H2N— -IIe-GIu—GI -Ar-- COOH

HZN COOH

remove by affinity and/or purify by

chromatography conventional

on amylose columns or affinity

chromatography

FIGURE 15-2 Cleavage of Fusion Proteins by Factor Xa

Factor Xa cleaves the peptide bond that is carboxy-terminal to the arginine residue in the recognition site.
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Because few direct comparisons of the efficiency Of cleavage of specific proteins by different

proteases have been published, it is impossible to recommend one system over another with cono

fidence. However; in one comparative study, the TEV (tobacco etch virus) protease was far more

efficient at cleaving glutathione—S-transferase— and maltose—binding protein fusions than Factor

Xa. TEV protease also has advantages over other proteases: Cleavage at cryptic sites occurs rarely

if at all; the enzyme is fully active in the presence of common inhibitors of proteases and works

at 10W temperatures (4—300C) (Polayes et al. 1994). Finally, the TEV protease is itself available

(from Life Technologies) as a fusion protein carrying a polyhistidine tag. This simplifies removal

of the protease after cleavage of the fusion protein. The chemical and enzymatic reactions that

have been used to achieve specific cleavage of peptide bonds in fusion proteins are shown in Table

3.

TABLE 15-3 Cleavage of Fusion Proteins

METHOD OF CLEAVAGE

SEQUENCE AT

CLEAVAGE SITE NAME or VECTOR(S) REFERENCES
 

Chemical

Cyanogen bromide and

700A» formic acid

Formic acid (7()%) and

heat

Hydroxylamine at pH 9

and heat

Iodosohenzoic acid

2-(2—nitrophcnyl)—3—
methyl —3—1>mmoindole—

nine in 5()% acetic acid

(BNPSskatole)

Enzymatic

A1a1—64 subtilisin‘1

Clostripain

(iollagcnase

Enterokinase

FdLlOl Xa

Renin

a~T11 rombi n "

Trypsin

TEV protease)

(tobacco etch V11'L18
protease)

—Met1

Aspil’ro-

~ ASI]V(1I‘V‘

—'1‘rpl

-(11y—A1‘iins—Argl

—Arg~1 and Iys—Argi

—Pr0»VallG1y—Pm-

fAsp—Asp-Asp-Asp Lysi

—11e—Glu (or Asp)—Gly—Arg1 pMal-c2 (cytosolic)

pMal—p2 (pcriplasmic)

p(1EX3X (Pharmacia)

—ProvPhc—Hib—IeuJ/Lew

—Leu—Val—1’1‘0—Arg1Gly—80r»

—Argl 01“ 71351

p(i1iX2'1‘ (Pharmacia)

—(111kAsmLeu—Tyr—Phe—

(11anly—
pPROEX—l (Life

’1'echnol()gies)

ltakum et al. (1977); Sxokactal. 11986)

Nilsson et 211. (19851)); SZOkd ct 211.11986);B()111L‘11C

et al. (1990)

Moks ct al. (198713); Forsherg et 111. 11990); (Zunovm

Davis et al. (1992); Edalji ei 111. (1992): King, et a].

(1992)

Dykes et a], (1988); Knott ct 211. ( 1988); Villa et (11.
(1988)

Forsbcrg et al. (1991, 1992)

Bennett Ct 111. (1984)

Germino and Bastia (1984); Lee and Ullrich (1984);

Hiraoku et a]. (1991 ); Chinery ct (11. (1993)

Dykes ct al. (1988); Hopp ct i11. (1988); Su ct 111.

(1992); Van Heekc Ct at]. (1993)

Nagai and ”l‘hogcrson (1984, 1987); l,iiuritzcn ct 111.

(1991); Ohashi Ct 111. 1 1991)

Haffey et al. (1987)

Gearing ct 111. (1989)

Shine ct £11. (1980); O'Hara et (11. (199());W;1ng cl til;

(1989)

Parks et 111. (1994); Polayes ct 211. (1994)

 

“A111764 subti1isin 15 J51IC*(_111'CC‘C(1 mutant of suhtilisin in V\111L11 lhc Liitdlytie His—64 ix ICPIdLCd hy alanine (1104A). The mutant CHIVIHC Is very spe-

cific for substrates containing .1 histidinc (Carter and Wells 1987).

h1116 optimum cleavage sites for (x—thromhin are (1) P4-P3—Pro—Arg— 1)1’-1’2'; where P3 and P4 are hydrophobic amino acids And 1’1 and 1’2 are
nomddic 211111110 11C1(15;t\1"1d (2 ) P2-Al‘g-1’1 ,wlierc P2 01‘1’1'is(}1y((ihdng 1985).

"l'he Glu, Tyr, (1111, 41nd (ily residues' are required for Cleavage ((Igirrington and Daugherty 1988; Daugherty et al. 1988; Doughert) and Parks 1989).
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DEALING WITH INSOLUBLE PROTEINS
 

Overexpression of foreign proteins from cloned genes in heterologous hosts, such as E. coli, often

leads to the formation of insoluble intracellular aggregates of the expressed protein (Williams et

al. 1982; Schoner et al. 1985; for reviews, please see Marston 1986; Kane and Hartley 1988; Mitraki

and King 1989; Schein 1989, 1991; Marston and Hartley 1990; Georgiou and Valax 1996). These

so-called inclusion bodies are readily isolated by low—speed centrifugation and usually consist of

almost pure accretions of denatured forms of the foreign protein. Inclusion bodies appear as

amorphous granules in electron micrographs and as bright refractile particles in cells examined

under phase-contrast illumination. No surrounding membranes are visible. Morphologically

similar structures are observed in bacteria that have incorporated amino acid analogs into their

proteins (Prouty and Goldberg 1972; Prouty et al. 1975) or are expressing high levels of endoge-

nous genes (Marston 1986; Schein 1989).

Whether a foreign protein expressed to high levels in E. coli remains soluble or will accu—

mulate in inclusion bodies is unpredictable. “Global” properties of proteins such as size, overall

hydrophobicity, and charge are poor prognostic indicators. The quaternary structure of the native

protein is also an unreliable guide since both monomeric proteins and subunits from oligomeric

proteins can readily form inclusion bodies. The available evidence suggests that inclusion bodies

arise by the inappropriate aggregation of partially folded or malfolded polypeptides, rather than

as a consequence of the insolubility or instability of the native protein (Mitraki and King 1989;
Schein 1989; Iaenicke 1991; Chrunyk et al. 1993). Thus, formation of inclusion bodies is (1)
enhanced when mutant genes encoding thermolabile folding intermediates are expressed in E.
coli (Haase-Pettingell and King 1988) and (2) partially suppressed when E. coli producing large
quantities of foreign proteins is grown at low temperature (Lin et al. 1987; Schein and Noteborn
1988; Pan et al. 1991; Derbyshire et al. 1993). Several groups have used site-directed mutagenesis
in an attempt to identify regions, domains, or motifs that are involved in inclusion body forma-
tion by particular proteins (Wetzel et al. 1991; Chrunyk et al. 1993). Mutations affecting the for-
mation of inclusion bodies map in all areas of the proteins and are found in (x helices, in both
dynamically and statically disordered regions, in strands of [3 sheets, and in loops and turns. From
these results, it seems that no single structural motif is responsible for the accumulation of fold-
ing intermediates and their aggregation into inclusion bodies. However, in one case —— the poly-
merase domain of the Klenow fragment — problems of solubility were solved by two strategies:
(1) reengineering the protein so as to remove both a solvent-exposed hydrophobic patch and a
potentially unstructured region at the amino terminus of the protein (Derbyshire et al. 1993) and
(2) changing the expression vector from one containing the k pL promoter to one containing the
T7 promoter. Although the results of reengineering the protein are gratifyingly logical, it is
impossible to understand why the expression system should dramatically influence the solubility
of the protein product. As Derbyshire et al. (1993) point out, this result “emphasises the ignorance
of the factors that influence protein overproduction and the need, in difficult cases...t0 test a
range of expression systems, induction protocols and purification strategies.”

As discussed earlier, a common strategy to avoid some of the problems associated with
inclusion bodies and protein refolding is to express the protein of interest in a fusion system. In
some cases, proteins that form inclusion bodies when expressed alone in E. coli are soluble when
expressed as fusion proteins. The fusion partners of choice for production of soluble proteins are
Schistosoma glutathione—S-transferase (Smith and Johnson 1988), E. coli maltose—binding protein
(MalE) (Maina et al. 1988), and E. coli thioredoxin (trxA) (LaVallie et al. 1993; Sachdev and
Chirgwin 1998). These systems have an additional advantage in that the fusion partner endows
the foreign protein with specific biochemical properties that greatly simplify purification. For
example, fusion proteins containing E. coli thioredoxin accumulate at zones of adhesion between
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Chapter 15: Expression ofCloned Genes in Escherichia coli

TABLE 15-4 Lysis of Bacteria Containing Inclusion Bodies
 

Sonication Saito et a]. (1987);Be1der et 111.11988)

French Press (joeddel et al. (1979); Schumaehcr et 211. (1986)

Freezefl‘hztw Schein and Noteborn (1988)

Lysozyme (inliger and Roberts (1987)
 

the inner and outer membranes of the bacterial envelope, from where they can he released by

osmotic shock or freezing and thawing.
An alternative method to circumvent formation of inclusion bodies is to express the protein

from a vector that contains a prokaryotic signal sequence. The newly synthesized protein is then

delivered to the periplasmic space, where it may be soluble. This method works best with proteins

that are normally translocated into the secretory pathway of eukaryotic cells. For example, BiP,

the major chaperone of the eukaryotic endoplasmic reticulum, is completely insoluble when

expressed in the cytoplasm of bacteria, but it can be recovered in a biologically active form when

expressed from a prokaryotic secretion vector (Blond—Elguindi et a]. 1993).

Despite their complex structure, inclusion bodies sometimes offer opportunities to extract

foreign proteins in an active and pure form. The basic steps in this procedure are outlined in

Figure 15-3 and in Protocol 8. The difficult steps in this scheme are clearly the efficient solubi—

lization of partially denatured aggregates and subsequent folding ofthe polypeptide into a native

form. Because every protein is unique, no universal set of conditions exists to accomplish these

goals. However, during the past 20 years, successful protocols have been devised to retold a large

number of individual proteins, and from these, a set of basic guidelines of the methods most like

ly to succeed has emerged. For excellent sources of general advice on all stages of purification and

recovery of proteins from inclusion bodies, please see the review articles by Marston ( 1986) and

Marston and Hartley (1990).

Disruption of Bacteria Containing Inclusion Bodies

Lysis ofbacteria containing inclusion bodies can generally be accomplished by standard methods.

presented in Table 15—4. The choice among these methods is usually dictated by the range of

equipment that is available and the previous experience of the investigator, rather than the prop

erties of the protein under study. Whichever lysis method is chosen, it is very important to work

quickly and to ensure that the temperature of the preparation does not exceed 4°C.

Centrifugation and Washing

In most cases, inclusion bodies can be recovered from the bacterial lysate by lowespeed centrifu—

gation (10,000—20,000g at 4°C). Contaminating proteins and nucleic acids can be removed by

washing the pellet with solutions containing EDTA, detergents, and/or DNase. After washing, the

inclusion bodies should be suspended in refolding buffer lacking the solubilization agent.

Typically, these buffers contain Tris—Cl (pH 7.2), NaCl (50 mM), EDTA (1—5 mM ), and a cocktail

of protease inhibitors (see Table 155). If the native protein contains no disulfide bonds, dithio—

threitol (2 mM) should also be included.

TABLE 15-5 Components of Washing Solutions for Inclusion Bodies
 

Lysozyme Marston (1986)

EDTA Belder et al. ( 1988)

Deoxycholate or Triton X—1()() Promega Booklet on Proteins

DNase
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Optimize production of inclusion bodies in a protease-deficient strain of E. coli.

1

Isolate and purify inclusion bodies.

l
Compare efficiencies of different solubilization and refolding strategies,

screening for solubility, activity, and state of oligomerization.

   

 

   
 

   
 

Devise and test purification schemes.

1
   
 

Characterize purified protein.

   
FIGURE 15-3 Flowchart: Purification of Protein from Inclusion Bodies
 

Solubilization and Refolding

Solubilization of the protein from the pellet generally requires exposure to strong chaotropic

agents, such as urea (678 M) or guanidinium chloride (5—8 M), to detergents, such as SDS, and

sometimes nonphysiological pH (Marston 1986; Marston and Hartley 1990). For further details

on these agents, please see the information panel on CHAOTROPIC AGENTS. Usually, the aggre—

gated protein isolated from washed inclusion bodies is ~50—750/o pure and consists of denatured

monomeric and oligomeric forms held together by disulfide bonds (Light 1985). The solubilized

protein is almost always devoid of biological activity, which can be restored only if the protein can

adopt a native or near-native configuration in vitro. Methods for solubilizing and refolding aggre-

gated proteins isolated from inclusion bodies are described in Protocol 8.

 
OPTIMIZATION OF EXPRESSION OF FOREIGN PROTEINS IN E. COLI
 

Optimization of Translation Efficiency: Initiation

Efficient initiation of translation requires a ribosome-binding site upstream of the initiation

codon (Huttenhofer and Noller 1994). During translation initiation, the Shine-Dalgarno
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Codon Usage

sequence, 5—9 nucleotides in length, interacts with the 3’ end of 168 RNA (Shine and Dalgarno

1974; Steitz and Jakes 1975; Steitz 1979). The distance between the Shine—Dalgamo sequence and

the initiating ATG codon affects the translation efficiency. In vectors in which an open reading

frame is inserted downstream from an initiating ATG, the distance between the Shine—Dalgarno

sequence and the initiating codon will already have been optimized. However, if translation of

the cloned open reading frame is initiated at its own ATG, then the initiating codon should be

positioned 5—7 nucleotides downstream from the Shine—Da1garn0 sequence (Ringquist et 111.

1992).

The secondary structure of the translation initiation region also affects the efficiency of

gene expression (de Smit and van Duin 1994a,b). In several cases. changing the sequences

upstream and downstream from the Shine-Dalgamo sequence to reduce secondary structure has

increased gene expression (e.g., please see Chen et al. 1994). Similarly, translational coupling,

which involves placing the coding region of the gene of interest downstream from a translated

sequence, has led to high—level expression of a number of genes (Makoff and Smallwood 1990;

Rangwala et al. 1992).

The genetic code is redundant, using 61 codons to specify 20 amino acids. Only two amino acids

(Met and Trp) are specified by a single codon, whereas the remaining 18 are each specified by

multiple codons. The synonymous codons that specify a single amino acid are not used with

equal frequency (Grantham et al. 1980a,b, 1981).

If the coding region contains a high 1eve1 or a cluster of rare codons, removal of the rare

codons by resynthesis of the gene or by mutagenesis can increase expression (Rangwala et al.

1992). Particular problems have been observed when the target sequence contains the rare eodons

AGA and AGG, since they also can form fortuitous Shine-Dalgarno sequences within the coding

region (Ivanov et a]. 1992).

The DNA sequence encoding the amino terminus of the foreign protein can dramatically

influence expression levels (Barnes et al. 1991). For this reason, it is sometimes necessary to use

the polymerase chain reaction (PCR) or site—directed mutagenesis (Chapter 13, Protocols 4—6) to

change the DNA sequences of the first seven or eight codons ofthe expressed gene to those most

frequently used in E. coli (Bennetzen and Hall 1982). Wherever possible, the (G+C) content of the

5' end Of the target gene should be reduced to <40% by these procedures.

Optimization of Growth Conditions

Irrespective ofthe expression system used. dramatic differences in expression levels are often real—

ized in different media (Weickert et a]. 1996). A standard medium such as LB can be used to estab-

lish the general parameters of expression, but optimum expression, however, is usually achieved

only after modification of the growth conditions, which may include using a minimal salts medi~

um such as M9 (please see Appendix 2), defined sa1ts medium such as induction medium

(Protocol 4), or rich media such as Terrific Broth,YT, or NZCYM (Appendix 2). For further inf0r~

mation, please see the panel on TROUBLESHOOTING AND OPTIMIZATION OF PROTEIN EXPRES-

SION FROM AN INDUCIBLE PROMOTER at the end of Protocol 1.

 

 



SUMMARY
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This chapter describes methods for constructing and producing fusion proteins and intact non—
fusion proteins in bacteria using a variety of different vectors. Nonfusion proteins can be pro-
duced in bacteria by placing a strong regulated promoter and an efficient ribosome-binding site

upstream of the cloned gene. Fusion proteins can be made in large amounts, are easy to purify,

and can be used to elicit a response in immunologic or biological assays.

Eukaryotic proteins expressed in bacterial systems may lack important processing or mod—

ification required for proper function. Expression systems based on the use of baculovirus vectors

have proven to be tremendously useful for the faithful production of foreign proteins, fusion pro-

teins, and simultaneous expression of two or more (up to four) proteins. For further details,
please see the information panel on BACULOVIRUSES AND BACULOVIRUS EXPRESSION SYSTEMS in
Chapter 17. Protocols for the use of the baculovirus expression system may be found in Spector

et al. (1998; Chapter 66 of Cells: A Laboratory Manual).

 

 

Almost everything that distinguishes the modern world from earlier centuries is attributable to
science, which achieved its most spectacular triumphs in the seventeenth century.

Bertrand Russell, History of Western Philosophy
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Protocol 1
 

Expression of Cloned Genes in E. coli Using
IPTG-inducible Promoters

PLASMIDS CARRYING ISOPROPYL-B-D-THIOGALACTOSIDE (IPTG)-inducible promoters are capable of

expressing proteins at levels that exceed 3()% oftotal mass of bacterial proteint These plasmids are

well—suitcd for small-scale laboratory experiments, but the high cost of IPTG prevents their use

for large-scale production offereign proteins. Variables that influence the efficiency of expression

Of foreign proteins from these and other expression plasmids are discussed in the panel on TROU-

BLESHOOTING AND OPTIMIZATION OF PROTEIN EXPRESSION FROM AN INDUCIBLE PROMOTER

at the end of this protocol.

 
Sspl +

T7
Xm'” Aatll  

Scal EcoRl
Sacl

Ndel Kpnl

NarI Aval

Smal

Barn HI
pGEM—SZ Xbal
2743 bp Sa/I
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Hincll
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Sphl

andlll

spat
    

FIGURE 15-4 pGEM-3Z Vector

The pGEM-3Z vector may be used for in vitro transcription and protein expression. The vector encodes
the LacZ (x peptide preceded by lac operon sequences, the T7 and SP6 polymerase transcription initiation
sequences flanking the multiple cloning site, and the B-Iactamase~coding sequence that confers ampicillin
resistance. (Modified, with permission, from Promega Corporation.)
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MATERlALS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions
Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Coomassie Brilliant Blue stain or Silver stain
Please see Appendix 8.

IPTG (7 M)

7x SDS gel-Ioading buffer
Store 1x SDS gel—loading buffer lacking dithiothreitol at room temperature. Add dithiothreitol from a l
M stock just before the buffer is used in Step 10.

Gels

Polyacrylamide gel (10%) containing SDS <!>
For the preparation of SDS—polyacrylamide gels used in the separation of proteins, please see Appendix 8.

Nucleic Acids and Oligonucleotides

Gene or CDNA fragment of interest

Media

LB agar plates containing 50 pg/ml ampicillin
LB medium containing 50 ug/ml ampici/Iin

Centrifuges and Rotors

Sorvall GSA rotor or equivalent

Special Equipment

Boiling water bath

Shaking incubator

Additional Reagents

Step 1 of this protocol requires the reagents listed in Chapter 8, Protocol 7.
Step 2 of this protocol requires the reagents listed in Chapter 1, Protocol 17 or 79.
Step 3 of this protocol requires the reagents listed in Chapter 1, Protocols 23—26.

Step 4 of this protocol requires the reagents listed in Chapter 12/ Protocol 3.

Vectors and Bacterial Strains

E. coli strain suitable for transformation and carrying either the Iaclq or Iacl‘” allele
Some IPTG—inducible expression vectors carry the lacI’f allele on the expression plasmid (e.g., pMAL and

pGEX). These can be used in any laboratory strain of E. coli (e.g., IMIOI, DHSF’, and T(‘il ). For details,

please see the panel on TROUBLESHOOTING AND OPTIMIZATION OF PROTEIN EXPRESSION
FROM AN INDUCIBLE PROMOTER at the end of this protocol.

IPTC-inducible expression vector
Other examples include pGEM—SZ (Promega; please see Figure 15—4), pGEX—l (Pharmacia), pKK223—3

(Pharmacia), pMEX (U.S. Biochemicals), pTrc 99A (Pharmacia), and pMAL (New England Biolabs).

Positive control plasmid (e.g., an IPTC-inducible vector known to express a LacZ fusion
protein of defined size)
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METHOD
 

Construction of a Strain of E. coli Containing the Recombinant Expression Vector

1.

2.

Modify by PCR (Chapter 8, Protocol 7), or isolate by restriction enzyme digestion‘ a fragment

of DNA carrying 5'— and 3'—restricti0n enzyme sites compatible with sites in an IPTG-

inducible expression vector.

Most lI’TG—induable expression vectors contain all of the controlling elements i'eqtiired for
expression of Foreign proteins. Use P(IR to modify the ends of the eDNA/gene to he expressed so
that no extraneous flanking sequences are included in the construct. Depending on the vector and
preliminary results, other regulatory sequences can be added to the ends to facilitate expression
(please see the panel on TROUBLESHOOTING AND OPTIMIZATION OF PROTEIN EXPRES-
SION FROM AN INDUCIBLE PROMOTER at the end ofthie protocol 1.

Constructs generated by PCR should be sequenced to ensure that no spurious leldIlOIh were
introduced during the amplification reactions.

Ligate the DNA fragment containing the cDNA/gene of interest into the expression vector
(Chapter 1, Protocol 17 or 19).

. Transform an E. coli strain containing the lac” allele with the recombinant plasmid. If the
plasmid vector itself carries the lac] gene, then any appropriate strain of E. mli can be used.
Plate aliquots of the transformation reaction on LB agar containing 50 pg/ml ampicillin.
Incubate the cultures overnight at 37°C.

As controls, transform the same strain of Ii (OH with a plasmid such as p(iEX—l (positive (ontml)
and an empty expression plasmid (negative control).

Screen transformants by colony hybridization and/or restriction emyme analysis, oligonu—
cleotide hybridization, or direct DNA sequence analysis (please see Chapter 12, Protocol 3)
of plasmid minipreparations.

Optimization of the Induction of Target Protein Expression

Many studies point to the importance ofthe rate of cell growth on foreign protein expression. For
this reason, it is important to monitor the number of bacteria inoculated into the growth inedi-
um, the length oftime cells are grown before induction, and the density to which cells are grown
after induction. Overgrowth or too rapid growth can overload the bacterial synthetic apparatus
and promote the formation of inclusion bodies.

5. Inoculate l-ml cultures (LB medium containing 50 tig/ml ampicillin) with l or 2 colonies
containing the empty expression vector, the positive control plasmid (p(iEX—l), and the
recombinant expression plasmid. Incubate the cultures overnight at the appropriate temper
ature (20—5706).

Became 15. (oh grows about four times more slowly at room temperature than at 57“( I, the cultures

may not reach saturation during overnight (~16 hours) incubation at ~2()“(]. However, the slower
rate ofbacterial metabolism at lower temperature may prevent formation of inclusion bodiex. Please

see the discussion on Dealing with Insoluble Proteins in the chapter introduction.

Inoculate 5 ml of LB medium containing 50 pg/ml ampicillin with 50 pl 01" each overnight
culture. Incubate the cultures for >2 hours at 20—37"C in a shaking incubator until cells reach
mid—log growth (A of 0.5—1.0).550

Transfer 1 ml of each uninduced culture (zero-time aliquot) to microfuge tubes. Immediately
process the zero-time aliquots as described in Steps 9 and 10.

 



 

 

8.

9.

10.

11.

12.

13.
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Induce the remainder of each culture by adding IPTG to a final concentration of 1 mM and

continue incubation at 20—370C with aeration (but please see the notes below concerning

optimization of the IPTG concentration and the induction temperature).

The concentration of IPTG used to induce lac repressorregulated promoters can dramatically
influence expression. The suggested concentration of 1 mM IPTG is a starting point and is at the
higher range of the scale. Establish the optimum concentration empirically by varying the IPTG
concentration between 0.01 and 5.0 mM. With some proteins, it is important to induce transcrip—

tion of the expression plasmid slowly (with low IPTG concentrations) so as not to overload the
biosynthetic machinery of the bacterium.

Perhaps the most important variable in obtaining high—level expression in E. coli is the tempera—
ture at which the bacteria are grown before and during induction. [t is crucial to carry out trial
studies to determine the optimum temperature for expression of a foreign protein. The tempera-
ture range over which successfu1 expression has been obtained is 15—420C. The optimum temper—
ature for expression can be quite narrow, spanning 2—40C. The reason for the sometimes all or

none effect of different temperatures on expression levels is not known, but it could be due to a
large number of factors, singly or in combination. These factors include: the growth rate of the

cells, intracellular folding of the expressed protein, availability of prosthetic groups (heme, flavin

adenine dinucleotide, biotin, etc.), thermal denaturation of the foreign protein, overloading of the

secretory or folding machinery of the cell, the activity of endogenous proteases or other lytic

enzymes, activation of the SOS response system Of the bacterium, or other variables. Because of

these uncertainties, gedanken experiments concerning optimum growth temperatures are of little
use. Trial and error must be used,

At various time points during the induction period (eg, 1, 2, 4, and 6 hours), transfer 1 ml

of each culture to a microfuge tube, measure the A550 in a spectrophotometer, and centrifuge

the tubes at maximum speed for 1 minute at room temperature in a microfuge. Remove the

supernatants by aspiration.

Resuspend each pellet in 100 111 of 1x SDS gel-loading buffer, and heat the samples to 100°C

for 3 minutes. Centrifuge the tubes at maximum speed for 1 minute at room temperature in

a microfuge, and store them on ice until all of the samples are collected and ready to load on

a gel.

Warm the samples to room temperature and load 0.15 ODSS“ units (oforiginal culture) or 40

pg of each suspension on a 10% SDS-polyacrylamide gel.

Run the gel at 8—15 V/cm until the bromophenol blue reaches the bottom of the resolving gel.

Stain the gel with Coomassie Brilliant Blue or silver, or carry out an immunoblot to visualize

the induced protein (please see Appendix 8).

In extracts of cells expressing the positive control protein, glutathione S—transferase (CST) (i.e.,

pGEX»1—containing cells), a 26—kD protein should be visib1e ~30 minutes after induction at 37°C.
The amount of GST should increase throughout the induction period. In extracts of cells express—

ing the recombinant gene, a protein of the predicted molecular weight should be visible at some
time point after induction. The kinetics of induction and the stability of the foreign protein may
differ from those of the GST control.

Large-scale Expression of the Target Protein

14.

15.

For large—scale expression and purification of the target protein, inoculate 50 ml of LB con—

taining 50 ug/ml ampicillin in a 250-ml flask with a colony of E. 6011 containing the recom-

binant construct. Incubate the culture overnight at 20—3700

Inoculate 450—500 ml of LB containing 50 pg/ml ampicillin in a 2-1iter flask with 5—50 m1 of

overnight culture of E. coli. Incubate with shaking at 20—370C until the culture has reached

the mid-log phase of growth (A550 2 05—10).
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16.

17.

Induce expression of the target protein based on the optimal values of IPTG concentration.

incubation time, and incubation temperature determined in the previous section.

After the induced cells have grown for the proper length of time, harvest the cells by cen—

trifugation at 500037 (5500 rpm in a Sorvall GSA rotor) for 15 minutes at 4°C and proceed

with a purification protocol:

0 Protocol 5 ifthe expressed protein is a fusion with glutathione S—trziitstei‘;1se

0 Protocol 6 if the expressed protein is a fusion with maltose—binding protein

0 Protocol 7 if the expressed protein contains a polyhistidine tag

 

 

TROUBLESHOOTING AND OPTIMIZATION OF PROTEIN EXPRESSION FROM AN
INDUCIBLE PROMOTER

In addition to a strong bacterial promoter, an efficient ribosome-binding site is important for the expression
of cloned DNA in E. COIL The ribosome-binding site includes an initiation codon (ATG) and a sequence 5—9 .
nucleotides in length located 3—11 nucleotides upstream of the initiation codon. This sequence, called the
Shine-Dalgamo sequence, is complementary to the 3 ' terminus of E. call 165 rRNA. Binding of the ribo-
some to mRNA is thought to be promoted by base pairing between the Shine-Dalgarno sequence in the ‘
mRNA and the sequence at the 3 ' terminus of the 165 rRNA (Shine and Dalgarno 1974; Steitz and lakes l

1975; Steitz 1979). Other sequences in the immediate 5 '-untranslated region of the expressed gene may
also contribute to expression levels (Gold 1988). (See also discussion on p. 15.12.)

Placing sequences downstream from the inserted DNA that may stabilize the mRNA or improve the effi-
ciency of translation (i.e., transcription terminators or RNase 111 sites) can also enhance expression
(Panayotatos and Truong 1981; Studier and Moffatt 1986; Rosenberg et al. 1987).

Use of an IPTGinducible expression vector requires transformation of an E. coli strain that overexpresses the
lac repressor. The lac repressor prevents transcription of foreign gene sequences in the absence of inducer.
Since most IPTG-inducible expression plasmids are present at high copy number (30—600), exness repres-
sor is needed to prevent titration of the protein and subsequent basal level (leaky) expression. The lac!“ allele,
which overproduces the lac repressor by tenfold when present in single copy (Calos 1978), is most com-
monly used to overexpress this protein. However, it' the foreign protein is especially toxic to E. coli and very
low basal expression levels cannot be tolerated, or if a very high-copy-number plasmid vector is used (e.g.,
pUC‘based plasmids), then a laC/q gene should be cloned into the expression plasmid to ensure tight regu-
Iation. This precaution should also be considered when E. coli strains (e.g., JM101 and JM105) harboring the

laclq allele on an F ’ sex factor are used. The F’ sex factor is frequently lost (cured) from the bacterium with
growth in rich medium, resulting in a gradual titration of the lac repressor and loss of regulation.

Over and above the lacl requirement, the choice of which E. coli strain to use for the expression of a for‘
eign protein must be made empirically. We strongly recommend transforming multiple common laborato-
ry strains as well as a few more exotic strains to deduce the best E. coli host for a particular foreign protein.
Although the known genotypes of some strains make them logical host choices (e.g., protease-deficient
strains; please see below), there is usually no Clear-cut reason why one strain fosters high-level expression
of the protein of interest and another does not.

The level of expression of the cloned gene may be low due to RNA instability, premature termination, ineffi‘

cient initiation of translation, or protein instability. Protein instability is distinguished from the other potential
problems by pulse-chase experiments. A culture of cells carrying the expression plasmid is grown to mid-Iog
phase in M9 minimal media supplemented with 19 L-amino acids (minus methionine or cysteine) at 20 iig/ml,
induced, and labeled for 10 minutes with 15 pCi/ml of [fiSimethionine or [~*‘Sicysteine (or Tran ”S-Label [ICN

Biochemicals], which contains both radiolabeled amino acids), followed by the addition of excess (1 mM)

(Continued on next page.)
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unlabeled methionine or cysteine. Samples taken every 10 minutes from immediately before induction to
1 hour after induction are analyzed by electrophoresis through an SDS-polyacrylamide gel. The gel is dried
and subjected to autoradiography to determine whether the protein is unstable. The genetics and bio-
chemistry of protein turnover in E. coli are quite well understood (Colberg 1992 ; Maurizi 1992), and a num-
ber of protease-deficient strains are available (Gottesman 1 990). The most commonly used strains are those
that harbor mutations in the Ion gene, which encodes the Lon (or La) protease, an ATP-dependent endo-
protease. This protease, working in conjunction with several heat shock proteins, degrades unfolded and
abnormal (foreign) proteins in E. coli (Gottesman and Maurizi 1992). Representative Alon strains (Y1089
and Y1090) are available from The American Type Culture Collection (37196 and 37197, respectively) or
from several commercial suppliers. A protease-deficient strain that has proven useful for both secreted and
soluble proteins is E. coli RF6333, available from The American Type Culture Collection (ATCC # 55101 ).

The RF6333 strain harbors degP and ompT mutations, which inactivate a periplasmic and an outer-mem-
brane-Iocalized protease, respectively. Increased yields of foreign protein in protease-deficient strains are a
result of both decreased intracellular turnover and decreased proteolysis after cell lysis. Protease inhibitors
(1 mM phenylmethylsulfonyl fluoride [PMSF], 15 mM EDTA, 1—5 mM EGTA, 1—20 mM benzamidine, 1—1 0
ug/ml leupeptin/ 5 11ng pepstatin A, 1—10 ug/ml aprotinin, 1—20 mM tosyl-|ysine-ch|0r0methyl ketone,
etc.) in the growth medium and harvest buffers may increase yie|ds.

The use of mutant strains defective in termination of transcription (rho) or altered in RNA metabolism (pnp,
ma) may increase the amount of functional RNA transcribed from a foreign gene.

Dramatic differences in expression levels are often realized in different media. LB medium can be used to
establish the general parameters of expression as described above; however, for optimum expression, or
in cases where no or very low expression is obtained in LB medium, other media should be tried. These
include minimal salts medium such as M9, defined salts medium such as induction medium (Protocol 4),

and other rich media such as Terrific Broth, YT, or NZCYM.

As mentioned above, supplements to established media may enhance the expression of a given foreign pro-
tein. These supplements include NaCI at concentrations between 011 and 045 M (Jespers et ai. 1991 ), non-
metabolizable sugars such as sucrose (02—06 M) (Bowden and Georgiou 1990), cofactors (heme), and
antibiotics. The use of antibiotics such as chloramphenicol (1 pg/ml medium) and tetracycline (0.1 ug/mi)
at sublethal concentrations is based on observations by Lee and Beckwith (1986), who noted that many
suppressors of secretory pathway defects (sec mutants) mapped in genes encoding protein synthesis com-
ponents. The net effect of these suppressor mutations was to decrease the overall rate of protein synthe-
sis; in addition, low concentrations of antibiotics could mimic these effects in E. coli. When expressing a

foreign protein, especially one destined for the membrane compartment of the cell, the decreased rate of
protein synthesis in the presence of the antibiotic may prevent overloading of the secretion pathway. By the
same token, soluble proteins may have greater access to chaperones and other molecules involved in for-
mation of the native protein. Finally, the pH of the medium can affect expression of foreign proteins
(Kopetzki et al. 1989). These authors noted a substantial increase in expression of the soluble protein (x-glu~
cosidase when the pH of the LB medium was decreased below pH 5.5. Extremes in pH probably act to
slow overall cell growth and thereby prevent overloading of bacterial expression/processing systems.
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Protocol 2
 

Expression of Cloned Genes in E. coli Using
the Bacteriophage T7 Promoter

15.20

EXPRESSION SYSTEMS usmc THE BACTERIOPHAGE T7 PROMOTER, first developed by Tabor and

Richardson (1985) and Studier and Moffatt (1986), employ transcription signals derived from the

bacteriophage T7 genome. These systems have the following advantages.

0 Bacteriophage T7 RNA polymerase, unlike E. coli RNA polymerase, is not inhibited by

rifampicin. The antibiotic can therefore be used to extinguish transcription of host cell genes.

0 The bacteriophage—encoded enzyme recognizes only bacteriophage T7 promoters, which are

not present in the E. coli chromosomal DNA.

0 Bacteriophage T7 RNA polymerase is a processive enzyme that will transcribe around a circu—

lar plasmid several times and may therefore transcribe genes that are not efficiently transcribed

by E. coli RNA polymerase.

Two components are required for the bacteriophage T7 expression system (please see Figure

15—5). The first component is bacteriophage T7 RNA polymerase, which is the product of bacte—

riophage T7 gene 1. The polymerase can be provided by a cloned copy of the gene carried on an

infecting bacteriophage A vector, on a plasmid, or from a copy of the gene inserted into the E. coli

chromosome (Tabor and Richardson 1985; Studier and Moffatt 1986). If the foreign protein is

toxic to E. coli, the expression of bacteriophage T7 RNA polymerase must be curtailed during cell

growth. This can be accomplished using the X lysogen BL21(DE3), in which the bacteriophage T7

gene 1 is expressed under the control of the IPTG—inducible lacUVS promoter. Alternatively, gene
1 can be placed under control 013 temperature—inducibie promoter such as the bacteriophage 7x
pL sequence. In this situation, induction of the bacteriophage T7 RNA polymerase is accom-

plished by heat as described in Protocol 3. When attempting to express certain exquisitely toxic
foreign gene products. it is necessary to use cells in which no bacteriophage T7 RNA polymerase

is present until expression is induced. This goal is achieved by infecting the host cells (e.g.,

HMSI74) harboring the expression plasmid with bacteriophage CE6 (91515857 Sam7) carrying

bacteriophage T7 gene 1 (Studier and Moffatt 1986).

The second component of the system is a plasmid vector equipped with a bacteriophage T7
promoter upstream of the gene to be expressed. The vector pET—3 is a derivative of pBR322 that
carries the bacteriophage T7 gene 10 promoter (me), a BamHI cloning site, and the bacterio-

phage T7 transcription terminator (Tf) (Studier et al. 1990). Derivatives of pETv3 (e.g., pET-3a)

have been constructed that include a bacteriophage T7 gene 10 translation start (Sm) through
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Illustrated here are the host and vector elements that are available for control of T7 RNA polymerase |ev-
els and subsequent transcription of a target gene cloned in a pET vector. In A DE3 Iysogens, the T7 RNA
polymerase gene is under control of the IacUV5 promoter, which allows low levels of transcription in the
uninduced state. For more stringent control of expression, hosts carrying either pLysS or pLysE are avail-
able. The pLys plasmids encode T7 Iysozyme, a natural inhibitor of T7 RNA polymerase, and thus reduces
its ability to transcribe target genes in uninduced cells. (Redrawn, with permission, from Novagen, Inc.)

codon 11. DNA can be inserted in each of the three translation reading frames at this codon to

express fusion proteins. Commercially available antibodies (Novagen) directed against the gene

10 portion of the fusion protein can then be used to detect the expressed protein by immunoblot-

ting. Other frequently used vectors:

0 Allowfusion to longer amino-terminal protein sequences, which can stabilize shorter foreign

polypeptides in E. coli (e.g., pET—3xa-c from Novagen).

0 Produce intact and secreted native proteins by inserting sequences coding for foreign

polypeptides at the NdeI site immediately preceding the ATG of gene 10 or by fusion to an

amino-terminal periplasmic localization signal (pET-lZa-c).

0 Generate proteins carrying a hexa—histidine sequence that can be purified by affinity chro—

matagraphy Ni2+ columns (e.g., pET—14b from Novagen).

In a lucid article describing the bacteriophage T7 promoter expression system, Studier et al.

(1990) outline potential problems and solutions associated with the bacteriophage T7 system, dis-

cuss pros and cons of various bacterial strains, and describe the pET series of expression vectors.

Because the T7 system expresses very high levels of the foreign gene/CDNA, the bacterial synthet-

ic and processing apparatus can easily become overloaded. For this reason, methods that result in

a slow induction or growth of cells often yield higher levels of foreign protein expression. The

troubleshooting panel at the end of Protocol 1 provides further advice on these problems.  
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MATERlALS
 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Coomassie Brilliant Blue stain or Silver stain
Please see Appendix 8.

IPTG (7 M)

1x SDS gei-Ioading buffer
Store 1X SDS gcl—loading buffer lacking dithiothreitol at room temperature. Add ditliiolhrcitol from A

1 M stock just before the buffer is used.

Gels

Polyacrylamide gel (70%) containing SDS <!>
For the preparation of SDS-polyacrylamidc gels used in the separation of proteins, please see Appendix 8

Nucleic Acids and Oligonucleotides

Gene or CDNA fragment of interest

Media

NZCYM agar plates containing 50 tig/m/ ampicillin

NZCYM medium containing 50 tig/ml ampicillin

Centrifuges and Rotors

Sorvall GSA rotor or equivalent

Special Equipment

Boiling water bath

Additional Reagents

Step 7 of this protocol requires the reagents listed in Chapter 8, Protocol 7.
Step 2 of this protocol requires the reagents listed in Chapter 7/ Protocol 77 or 79.

Step 3 of this protocol requires the reagents listed in Chapter 1, Protocols 23—26.

Step 4 of this protocol requires the reagents listed in Chapter 72, Protocol 3.

Vectors and Bacterial Strains

E. coli strains HMS? 74(DE3) or BL27 (DE3)

pET vector or equivalent
For the many variations of this plasmid series‘ please refer to the Novagen catalog (or Web Site at
www.novagen.c0m ).

Positive control plasmid (e.g., carrying a bacteriophage T7 promoter that controls expression
of a fusion protein of defined size)
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Preparation of Bacteria Containing the Recombinant Expression Vector

1.

 

 10.

Modify by PCR (Chapter 8, Protocol 7), or isolate by restriction enzyme digestion, a fragment

of DNA carrying 5’— and 3'—restriction enzyme sites compatible with sites in a bacteriophage

T7 promoter expression plasmid (e.g., pET vectors; Studier et al. 1990).

Constructs generated by PCR should be sequenced to ensure that no spurious mutations were

introduced during the amplification reactions.

If necessary, position a strong ribosome—binding site upstream of the ATG of the cDNA/gene.

Ligate the DNA fragment containing the cDNA/gene of interest into the expression vector

(Chapter 1, Protocol 17 or 19).

. Transform E. coli strain BL21(DE3) or HM5174(DE3) with aliquots of the ligation reaction.

Select for ampicillin—resistant transformants by plating aliquots of the transformation reaction

on NZCYM agar plates containing 50 ug/ml ampicillin. Incubate the plates overnight at 37°C.

As a negative control, transform additional cells of the same strain of E. coli with an empty expres~

SlOn vector.

Screen the transformants by colony hybridization and/or restriction enzyme analysis,

oligonucleotide hybridization, or direct DNA sequence analysis (please see Chapter 12,

Protocol 3) of plasmid minipreparations.

Optimization of the Induction of Target Protein Expression

Many studies point to the importance of the rate of cell growth on foreign protein expression. For

this reason, it is important to monitor the number of bacteria inoculated into the growth medi—

um, the length of time cells are grown before induction, and the density to which cells are grown

after induction. Overgrowth or too rapid growth can overload the bacterial synthetic apparatus

and promote formation of inclusion bodies.

5. Inoculate 1-m1 cultures (NZCYM medium containing 50 ug/ml ampicillin) with a trans—

formed colony containing positive control vectors, negative control vectors, and one con—

taining the recombinant vector. Incubate the cultures overnight at 37°C to obtain a saturat—

ed culture.

. Inoculate 5 ml of NZCYM medium containing 50 pg/m1 ampicillin in a 50-ml flask with 50

u] of a saturated culture. Incubate the cultures for 2 hours at 37°C.

. Transfer 1 m1 of each culture (zero-time aliquot) to a microfuge tube. Immediately process

the zero-time aliquots as described in Steps 9 and 10.

Induce the remainder of each culture by adding IPTG to a final concentration of 1.0 mM and

continue incubation at 20—370C with aeration.
Some vector systems express the bacteriophage T7 RNA polymerase from a heat—inducible pro—
moter rather than from an IPTG—inducible promoter. For a discussion of factors that affect induc—

tion of protein expression, please see the note to Step 8 in Protocol 1.

At 0.5, 1, 2, and 3 hours after induction, transfer 1 m1 of each culture to a microfuge tube,

measure the A550 in a spectrophotometer, and centrifuge the tubes at maximum speed for 1

minute at room temperature in a microfuge. Remove the supernatants by aspiration.

Resuspend each pellet in 100 pl of 1x SDS gel—loading buffer, and heat the samples to 100°C for

3 minutes. Centrifuge the tubes at maximum speed for 1 minute at room temperature in a

microfuge, and store them on ice until all of the samples are collected and ready to load on a gel.
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11. Warm the samples to room temperature and load 0.15 ()L)55”L1nits(ofm'iginal culture) or 40

pg of each suspension on a 10% SDS-polyaerylamide gel.

12. Run the gel at 8—15 V/cm until the bromophenol blue reaches the bottom ofthe resolving gel.

13. Stain the gel with Coomassie Brilliant Blue or silver, or carry out an immunoblot to visualize

the induced protein (please see Appendix 8).

For cells expressing the vector alone, no difference in the protein pattern should he noted between

untransformed E. coli cells and cells carrying the empty expression vector. For cells expressing the
recombinant gene, a protein ofthe predicted molecular weight should be visible at some time point
after induction.

Large-scale Expression of the Target Protein

14. For large-scale expression and purification of the target protein, inoculate 50 ml of NZCYM

containing 50 pg/ml ampicillin in a 250—ml flask with individual colonies of E. mli contain—

ing the recombinant and control plasmids. Incubate the cultures overnight at 37°C.

J. Inoculate 450—500 ml of NZCYM containing 50 pg/ml ampicillin in a Z—liter flask with 5—50

ml of overnight culture of E. (oli containing the recombinant plasmid. Incubate the culture

with shaking at 37°C until the culture has reached the mid—log phase of growth (Am :
0.54.0).

16. Induce expression of the target protein based on the optimal values of IPTG concentration,

incubation time, and incubation temperature determined in the previous section.

17. After the induced cells have grown for the proper length of time, harvest the cells by cen—

trifugation at 5000g (5500 rpm in a Sorvall GSA rotor) for 15 minutes at 4°C and proceed

with a purification protocol:

0 Protocol 5 if the expressed protein is a fusion with glutathione S—transferase

0 Protocol 6 if the expressed protein is a fusion with maltose—binding protein

0 Protocol 7 if the expressed protein contains a polyhistidine tag

 

ACTIVITY

of RNA polymerase activity present in the uninduced State and therefore to stabilize plasmids that encode 0th-
erwise toxic foreign proteins.

foreign gene can be transcribed.

can be exploited to facilitate lysis of cells at the time of han/est (please see Figure 15-5). Treatments that allow the gcomplished by resuspending the cells in wash buffer containing 0.1% (v/v) Triton X-100.

USING pLysS AND pLysE TO REGULATE BACTERIOPHAGE T7 RNA POLYMERASE

Lysozyme encoded by bacteriophage T7, in addition to digesting peptidoglycan cell walls, has the ability to
inhibit the virally encoded RNA polymerase. The former activity is not normally manifest in baeterial cells
because the enzyme does not gain access to the cell wall. The latter activity can be used to inhibit the low level

The gene encoding bacteriophage T7 lysozyme is carried on two different plasmids termed pLysS and
pLysE, which are compatible with the pET vectors and are commercially available (Novagen; please see Figure
15-5). Both plasmids encode resistance to chloramphenicol and are easily maintained by growth in the pres—
ence of 25 pg/ml of the antibiotic. Because of the arrangement of promoters on the plasmids, expression of
lysozyme is low in cells carrying plasmid pLysS and high in cells carrying pLysE (Studier et al. 1990). Foreign
genes encoding moderately toxic proteins are stable in the presence of pLySS, whereas genes encoding high-
ly toxic proteins require pLysE for stability. Lysozyme expressed from these two plasmids increases the lag time
between induction of the RNA polymerase and maximum expression of the foreign protein. This situation aris—
es because enough RNA polymerase must be expressed to overcome inhibition by the lysozyme before the

The presence Of the plysS or pLySE plasmids and hence of viral Iysozyme within an expressing E. coli cell

intracellular lysozyme access to the cell wall lead to rapid cell lysis. Cells with these plasmids Iyse spontaneous-
ly after resuspension in cell wash buffer and several (ycles of freezing and thawing. Alternatively, lysis (‘an be  
 55,54

 



 

 

Protocol 3
 

Expression of Cloned Genes in E. coli Using
the Bacteriophage 7t pL Promoter

THE POWERFUL BACTERlOPHAGE x PL PROMOTER 15 REGULATED by a temperature-sensitive repres—

sor, cIt5857, which represses transcription at low, but not at elevated, temperatures. E. coli strains

harboring the dt5857 gene must therefore be used as hosts with vectors carrying the A pl pro—

moter. The repressor gene is usually present on a defective A prophage, which also encodes the A

N protein, an antagonist of transcription termination. The antitermination function of the N

gene product can enhance expression by facilitating RNA polymerase readthrough of spurious

termination sites within the foreign cDNA/gene. The pL vectors therefore have two useful prop—

erties: They are efficiently repressed at low temperatures and they are floridly induced at high

temperatures.

A potential drawback opr vectors is that the temperature shift induces not only the pl pro—

moter, but also the cellular heat shock genes, some of which encode proteases (Buell et al. 1985).

A related problem is that heat induction may cause thermal denaturation of the expressed pro—

tein and subsequent formation of aggregates or inclusion bodies. These problems can be alleviat-

ed by using a lysogenic host carrying a bacteriophage ?t (1+ lysogen that can be induced with mit—

omycin C or nalidixic acid (Shatzman and Rosenberg 1987). Alternatively, problems can be avoid-

ed by using a CI gene whose expression is controlled by the tryptophan promoter/operator

(Mieschendahl et al. 1986; LaVallie et al. 1993). The use of tryptophan-inducible systems, includ—

ing a vector system that employs thioredoxin fusion proteins, is discussed in more detail in the

panel on TRYPTOPHAN-INDUCIBLE EXPRESSION SYSTEMS on the following page.

Several different pL vectors are available, including the pHUB series (Bernard and Helinski

1979), pPLc series (Remaut et al. 1981), pKC30 (Rao 1984), pASl (Rosenberg et al. 1983),

pRMl/pRM9 (Mieschendahl et al. 1986), and pTerus (LaVallie et al. 1993). The

transcription/translation signals in these vectors vary considerably, and the primers used during

PCR to modify the cDNA/gene to be expressed must therefore be designed appropriately. Other

vector systems that rely on the cIt5857 repressor to regulate expression from the bacteriophage A

pR promoter and carry the repressor gene on the expression plasmid itself have been described

previously (e.g., pCQV2; Queen 1983). These vectors are useful when complete shut off of the

uninduced bacteriophage promoter is required. For a description of variables that affect the

expression of foreign proteins in E. coli, please see the troubleshooting panel at the end of
Protocol 1.
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MATERIALS

TRYPTOPHAN-INDUCIBLE EXPRESSION SYSTEMS f

Mieschendahl et al. (1986) described a binary expression system consisting of a plasmid vector carrying a bac—

teriophage 7L pL promoter and an integrated copy of a wild—type Ci gene whose expression is inducible by tryp-
tophan. When cells carrying the plasmid vector are propagated in medium containing low concentrations of
tryptophan, the wild-type bacteriophage repressor is efficiently expressed, and foreign genes controlled by the
pL promoter are repressed. Addition of tryptophan to the medium suppresses synthesis of the Ci gene prod-
uct and leads to an induction of the powerful pl promoter and efficient expression of the foreign protein.

Tryptophan-inducible systems have several advantages over temperature-inducible systems, First, growth \
and induction are carried out at 37"C, a temperature at which synthesis of heat shock proteins is not marked- i
Iy induced. Second, induction with tryptophan is accomplished by supplementation of the medium, a simpler y
task than heat induction. Third, regulation is tighter because the wiid-type Cl repressor has a higher affinity for t
the pL operator than the clts85 7-enc0ded protein. Finally, E. coli strain 61724 contains the Ci gene linked to the i
Salmonella typhimurium trp promoter/operon integrated into the ampC locus of the batterial chromosome.
This genetic arrangement is more stable than other tryptophan-regulated Cl genes that are present on the F'
episome, and for this reason, GI724 is the host cell of choice.

LaVaIIie et al. (1993) have described a variation of the pL-cl bacterial expression system in which the for-
eign protein of interest is expressed as a fusion protein with E. coli thioredoxin, a small (11.7 kD) cytoplasmic

protein. This system combines a tryptophan-inducible Ci gene/ the bacteriophage 1 pl promoter, and fusion '

protein technology. All of the advantages associated with the expression of a foreign molecule as a fusion pro—
tein accrue in this system, including reduced formation of insoluble inclusion bodies containing the foreign
protein, enhanced stability of the product, the ability to purify the fusion protein by simple prot‘edures, and
proteolytic release of the foreign protein from the fusion partner. Other examples of tusion-protein-based
expression systems are the giutathione S-transferase system, the B—galactosidase system, and the maltose—
binding protein.

Purification of fusion proteins produced in this system takes advantage of two properties of thioredoxin:
(11 a unique subcellular association within the expressing cell (at adhesion zones) that usually allows release
of the fusion protein into the medium after osmotic shock or freeze/thawing and (2) an enhanced thermal sta-
bility that allows enrichment of the fusion protein by incubation of cell lysates at high temperature (LaVaIIie et
al. 1993). The components of the thioredoxin fusion protein expression system are available from Invitrogen
Corp.

 
 

 

 

CAUTION: Please see Appendix 12 for appropriate handling Of materials marked with <!>.

Buffers and Solutions

Gels

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Coomassie Brilliant Blue stain or Silver stain

Please see Appendix 8.

1x SDS gel-loading buffer
Store 1x SDS gel—loading buffer lacking dithiothreitol at room temperature. Add dithiothreitol from a
M stock just before the buffer is used.

L-Tryptophan (10 mg/ml)

Polyacrylamide gel (7()%) containing SDS <!>
For preparation of SDS-polyacryiamide gels used in the separation of proteins, please see Appendix 8.

Nucleic Acids and Oligonucleotides

Gene or CDNA fragment of interest
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Media

LB agar p/a tes

LB medium
Depending on the vector used, the LB medium and agar plates will require supplementation with vari-

ous antibiotics.

LB medium heated to 65°C

Optional, please see Step 13.

M9 minimal medium
After sterilization, supplement this medium with 0.5% (w/v) glucose, 0.200 (w/v) Lasumino acids, and

antibiotics as needed. This medium is used with tryptophan-inducible cI—genc—bascd pI expression vectors.

Centrifuges and Rotors

Sorvall GSA rotor or equivalent

Special Equipment

Boiling-water bath

Shaking incubators preset to 30°C and 40°C
These incubators are required only ifa temperature—sensitive allele ofthe bacteriophage A [l gene is used.

Additional Reagents

Step 1 of this protocol requires the reagents listed in Chapter 8, Protocol 7.

Step 2 of this protocol requires the reagents listed in Chapter 7, Protocol 17 or 19.
Step 3 of this protocol requires the reagents listed in Chapter 1, Protocols 23—26.
Step 4 of this protocol requires the reagents listed in Chapter 72, Protocol 3.

Vectors and Bacterial Strains

E. coli harboring either the ts857 allele or wild—type allele of the bacteriophage 1 cl gene
In strain M5219, the clt5857 allele is inducible by heat shock. Strain G1724 (ATCC 55151 (I gene) har~
bors a tryptophan—inducible wild-type cl gene.

pL Expression vector (e,g., pHUB, pPLc, pKC30, pAS7, pCQV2, pAL-787, and pTerus)

Positive control (e.g., a pL expression vector encoding a fusion protein of defined size)

METHOD
 

Preparation of Bacteria Containing the Recombinant Expression Vector

1. Modify by PCR (Chapter 8, Protocol 7), or isolate by restriction enzyme digestion, a fragment

of DNA carrying 5'— and 3'-restricti0n enzyme sites compatible with sites in a pL expression
vector.

If necessary, position a strong ribosome—binding site upstream of the initiating A'I‘G of the
cDNA/gene.

Constructs generated by PCR should be sequenced to ensure that no spurious mutations were
introduced during the amplification reactions.

2. Ligate the DNA fragment containing the cDNA/gene of interest into the expression vector
(Chapter 1, Protocol 17 or 19).

3. Transform an E. coli strain containing the cIt5857 allele or wild—type cl gene with aliquots of

the ligation reaction. Plate aliquots of the transformation reaction on LB medium containing

the appropriate selective antibiotic (usually ampicillin at 50 pg/ml), and incubate the cultures
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4.

overnight at 30°C (strains harboring the cit5857 allele) or at 370C (strains harboring a trypv

tophanainducible wiid-type Ci gene).

As a negative control, transform additional cells of the same strain of E. mli with the empty expres—

SlOn vector.

Screen the transformants by colony hybridization and/or restriction enzyme analysis,

oligonucleotide hybridization, or direct DNA sequence analysis of plasmid minipreparations

(please see Chapter 12, Protocol 3).

Optimization of the Induction of Target Protein Expression

Many studies point to the importance of the rate of cell growth on foreign protein expression. For

this reason, it is important to monitor the number of bacteria inoculated into the growth medi~

um, the length oftime cells are grown before induction, and the density to which cells are grown

after induction. Overgrowth or too rapid growth can overload the bacterial synthetic apparatus

and promote formation of inclusion bodies.

5. Determine the Optimum conditions for the induction of target protein expression, which is

driven by the down—regulation of the CI repressor protein, either by an increase in temperat—

ture or by the presence Of tryptophan.

For a discussion of factors that affect inductlon, please see the note to Step 8 in Protocol 1.

WHEN USING A TEMPERATURE-INDUCIBLE SYSTEM

21. inoculate l—ml cultures of LB medium containing the appropriate antibiotics with 1 or 2

colonies of E. coli (carrying the cIt5857 allele) containing the empty expression vect01yand

1 or 2 colonies containing the recombinant expression vector. Incubate the cultures

overnight at 30°C.

Include as positive control an expression vector encoding a protein of known xi/e.

b. Inoculate 1() ml of LB medium containing antibiotic in a 50—ml flask with 50 pl of an

overnight culture. Grow the culture to the mid-log phase of growth (Assn : 05—10) at 3()“C.

c. Transfer 1 mi of each uninduced culture (zero—time aliquot) to microthge tubes.

Immediately process the zero—time aliquots as described in Steps 6 and 7.

d. Induce the remainder of each culture by shifting the incubation temperature to 4()"C.

Proceed to Step 6.

Although 42-450C is used elsewhere in this manual to inactivate the hueterioplmgc ). (1/5857

gene product, 400C is used here to reduce the induction of heat shock proteins and to allow
growth of the cells to continue.

WHEN USING A TRYPTOPHAN-INDUCIBLE SYSTEM

21. Inoculate l—ml cultures of supplemented M9 medium with 1 or 2 colonies of E. coli (car;

rying the (I wild-type allele) containing the empty expression vector, and l 012 colonies

containing the recombinant expression vector. Incubate the cultures overnight at 37°C.

Include as positive control an expression vector encoding a protein of known sin.

b. Inoculate 10 ml of supplemented M9 medium in a 50—111] flask with 50 pl otithe overnight

cultures. Grow the cultures to the mid—log phase of growth (A550 : 0.5—l.()) at 37°C.

C. Transfer 1 m] of each uninduced culture (zeroftime aliquot) to microfuge tubes.

Immediately process the zero—time aliquots as described in Steps 6 and 7.
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d. Induce the remainder of each culture by adding tryptophan to a final concentration of

100 ug/ml and continue incubation at 37°C.

At various time points during the induction period (e.g., 1, 2, 4, and 6 hours), transfer 1 ml

of each culture to a microfuge tube, measure the A550 in a spectrophotometer, and centrifuge

the tubes at maximum speed for 1 minute at room temperature in a microfuge. Remove the

supernatants by aspiration.

. Resuspend each pellet in 100 pl of 1x SDS gel-loading buffer, and heat the samples to 100°C

for 3 minutes. Centrifuge the tubes at maximum speed for 1 minute at room temperature in

a microfuge and store them on ice until all of the samples are collected and ready to load on

a gel.

. Warm the samples to room temperature and load 0.15 OD550 units (of original culture) or 40

pg of each suspension on a 10% SDS—polyacryiamide gel.

9. Run the gel at 8—15 V/cm until the bromophenol blue reaches the bottom ofthe resolving gel.

. Stain the gel with Coomassie Brilliant Blue or silver, or carry out an immunoblot to visualize

the induced protein (please see Appendix 8).

For cells expressing the vector alone, no difference in the protein pattern should be noted between
untransformed E. coli cells and cells carrying the empty expression vector. For cells expressing the
recombinant gene, a protein ofthe predicted molecular weight should become visible at some time
point after induction.

Large-scale Expression of the Target Protein

11.

12.

13.

14.

15.

For large-scale expression and purification of the target protein, inoculate 50 ml of LB con-

taining antibiotic or supplemented M9 medium in a 250-ml flask with a colony of E coli con-

taining the recombinant construct. Incubate the cultures overnight at 30°C or at 37°C,
respectively.

Inoculate 450 mi of LB plus antibiotic or supplemented M9 medium in a 2-1iter flask with

50—ml overnight cultures of E. coli containing the recombinant plasmids. Incubate the cul-

tures with agitation at 30°C or 37°C, respectively, until the cultures have reached the mid-log

phase of growth (A550 2 0.54.0). Induce the culture according to either Step 13 or 14, as
approprlate.

Induce the E. coli culture carrying the cIt5857 allele by the addition of 500 ml of LB medium

heated to 65°C. Incubate the culture at 40°C for the optimum time period determined in the
previous section.

Alternatively, collect the bacterial cells by centrifugation at 12,000g (8600 rpm in a Sorvall GSA rotor)

for 5 minutes at room temperature. Then resuspcnd the pellet in 500 ml of LB medium warmed to

40°C, and incubate the culture at 40°C for the optimum time period determined in Step 5.

Induce the E. coli culture carrying the cI allele by the addition of tryptophan to 100 pg/mli

Incubate the culture at 37°C for the optimum time period determined in the previous section.

After the induced cells have grown for the proper length of time, harvest the cells by cen-
trifugation at 5000g (5500 rpm in a Sorvall GSA rotor) for 15 minutes at 4°C and proceed
with a purification protocol:

0 Protocol 5 if the expressed protein is a fusion with glutathione S-transferase

0 Protocol 6 if the expressed protein is a fusion with maltose-binding protein

0 Protocol 7 if the expressed protein contains a polyhistidine tag
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Protocol 4
 

Expression of Secreted Foreign Proteins
Using the Alkaline Phosphatase Promoter
(phoA) and Signal Sequence

15.30

FOR SOME PROTEINS, EXPORT TO THE PERIPLASMIC SPACE HAS ADVANTAGES over conventional

expression in the cytosol:

0 Some proteins that are degraded by intracellular proteases are stable in the periplasm

(Talmadge et al. 1980).

0 Some proteins that are inactive when produced intracellularly are active when exported; secre'

tion may allow them to be properly folded (Gray et al. 1985). The phoA system has been used

to export human epidermal growth factor (hEGF) into the periplasm of E. coli (Oka et al.

1985). The exported hEGF contained the correctly processed amino terminm and normal bio-

logical activity, indicating that the three disulfide bonds of hEGF were correctly formed.

0 Proteins are produced that do not have an amino-terminal methionine, since cleavage occurs

between the signal peptide and the coding sequence.

The two major problems encountered in the export of foreign proteins are that yields are

often low, and cleavage ofthe signal peptide may not occur or may occur at an inappropriate posi—

tion (Yuan et a]. 1990). These problems may sometimes be remedied by inserting spacer amino

acids between the signal sequence cleavage site and the foreign protein or by using E. coli strains

that overexpress one or more of the signal peptidase genes.

In this protocol, export is accomplished by fusing the coding sequence to DNA encoding the

phoA signal peptide, which is cleaved by the bacterial signal peptidase as the protein is exported into

the space between the inner and outer membranes of E. coli. The phoA gene encodes the alkaline

phosphatase component (the same enzyme used to dephosphorylate nucleic acids) of the phosphate

scavenging system of E. coli and is repressed under conditions of excess phosphate. However, as

phosphate becomes limiting in the medium (i.e., as the bacterial culture enters the lag phase of

growth), the genes in the pho operon are gradually induced to high levels. The consequences of this

regulation for phoA expression purposes are twofold. First, a gradual build up of the foreign protein

occurs in the cell, instead of the acute induction that occurs with other regulated promoter systems.

The slower build up decreases the chance of overloading components of the bacterial expression sys—

tem and the formation of inclusion bodies. Second, the gradual build up allows the expression of

foreign polypeptides that might be toxic if induced to high levels over a short period ot'time.
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MATERIALS
 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Coomassie Brilliant Blue stain or Silver stain
Please see Appendix 8.

Micronutrients (used in 10x MOPS salts)
37 mg (NHJ)GMo7OZ4-4HZO
84 mg CoCl2
158 mg MnC12'4H20

247 mg HEBOS
25 mg CuSO4

18 mg ZnSO4

Dissolve in a final volume of 10 ml and sterilize by filtration. Store at 4°C.

10x MOPS salts (used in induction medium)
400 mM 3-(N—morpholino)propanesulfonic acid (pH 7.4) (MOPS) <!>

40 mM Tricine (pH 7.4)

0.1 mM FeSO4-7HZO

95 mM NH4C1
2.8 mM KZSO4
5 HM CaC13~2H20

5.3 mM MgC12-6HZO
0.5 M NaCl

Dissolve in a final volume of 1 liter, and sterilize by filtration. Add 10 pl of micronutrients per liter before
use.

Neutral phosphate buffer (1 M) (used in induction medium)
An equimolar mix of] M NalHPO4 and 1 M NaHzPO4.

1x SDS geI-loading buffer
Store 1x SDS gel—loading buffer lacking dithiothreitol at room temperature. Add dithiothreitol from a 1
M stock just before the buffer is used in Step 8.

Gels

Polyacrylamide gel (70%) containing SDS <!>
For the preparation of SDS-polyacrylamide gels used in the separation of proteins, please see Appendix 8.

Nucleic Acids and Oligonucleotides

Gene or cDNA fragment of interest

Media

Induction medium
1x MOPS salts (for recipe, please see Buffers and Solutions above)
0.2% (w/v) glucose

0.2% (w/v) casamino acids (vitamin assay quality; DIFCO)
20 pg/ml adenine
0.5 ug/ml thiamine

0.1 M neutral phosphate buffer (for recipe, please see Buffers and Solutions above)

Combine the ingredients to a final volume of 1 liter in HZO. Sterilize by filtration and store at 4°C.
This low-phosphate medium, which is used to induce transcription of the phoA promoter, was original—
ly developed as a minimal salts medium for isotopic labeling (Neidhardt et al. 1974). Although difficult
to prepare, this medium consistently provides the highest level of induction.
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LB agar plates containing 50 pg/ml ampicillin

LB medium containing 50 ug/ml ampicillin

Centrifuges and Rotors

Sorvall GSA rotor or equivalent

Sorvall 55-34 rotor or equivalent

Special Equipment

Boiling water bath

Additional Reagents

Step 1 of this protocol requires the reagents listed in Chapter 8, Protocol 7.
Step 2 of this protocol requires the reagents listed in Chapter 7, Protocol I7 or 19.

Step 3 of this protocol requires the reagents listed in Chapter 7, Protocols 23—26.

Step 4 of this protocol requires the reagents listed in Chapter 12, Protocol 3.

Vectors and Bacterial Strains

E. coli strain
Essentially any strain of E. coli can be used to express genes cloned in phoA vectors. ()l<d Ct (11. (1985)
reported a fivefold higher yield ot" foreign protein in strain YK537 than strain (3600. Strain YK537 carries

the pho/M mutation, an internal deletion in the alkaline phosphatase gene. However, the difference in

expression between these two strains is probably not due to this mutation, as the expression of foreign
proteins in isogenic wild-type Or phoA8 strains does not differ (BL. Wanner, pers. comm.)

If the foreign protein is not toxic, then bacterial strains containing phoR mutations can he used. Because
wild-typc phoR genes encode the rcprc‘s‘sor ofthe pho operon, phoR mutant strains constitutivcly express
genes controlled by the phoA promoter (Wanner 1987). As With all bacterial expression systems, it may be

necessary to try more than one E. coli strain to optimize synthesis/cxport of a given foreign protein
(Weikcrt et al. 1998). The various strains should also be grown at different temperatures to maximize
expression levels and protein stability (please see Protuwl l).

pTA1529 or pBAce

Plasmid pTA1529 is described by Oka ct a]. (1985). pBAcc is available from (1.(I.Wang (Department of
Pharmaceutical Chemistry, University of California, San Francisco).

METHOD
 

Preparation of Bacteria Containing the Recombinant Expression Vector

1. Modify by PCR (Chapter 8, Protocol 7), or isolate by restriction enzyme digestion, a fragment

of DNA carrying 5'— and 3’—restricti0n enzyme sites compatible with the polycloning sites in

pTA1529 or pBAce.
Constructs generated by P(lR should be sequenced to ensure that no spurious mutations were

introduced during the amplification reactions.
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Ligate the DNA fragment containing the cDNA/gcnc of interest into the expression vector

(Chapter 1, Protocol 17 or 19).

. Transform an appropriate E. coli strain with aliquots of the ligation reaction. Plate aliquots of

the transformation reaction on LB agar containing 50 pg/ml ampicillin, and incubate the cul-

tures overnight at 37°C.

As a negative control, transform additional cells of the same strain ofE. coli with the empty expres-
sion vector.

. Screen the transformants by colony hybridization and/or restriction enzyme analysis,

oligonucleotide hybridization, or direct DNA sequence analysis (please see Chapter 12,

Protocol 3) of plasmid minipreparations.

Optimization of the Induction of Target Protein Expression

Numerous studies point to the importance of the rate of cell growth on foreign protein expres-

sion. For this reason, it is important to monitor the number of bacteria inoculated into the

growth medium, the length of time cells are grown before induction, and the density to which

cells are grown after induction. Overgrowth or too rapid growth can overload the bacterial syn-
thetic apparatus and promote formation of inclusion bodies.

5.

10.

11.

Inoculate 1—m1 cultures of LB medium containing 50 ug/ml ampicillin with one to two

colonies containing the empty expression vector, and one to two colonies containing the

recombinant and control plasmids. Incubate the cultures overnight at 37°C.

Inoculate 5 m1 of induction medium containing 50 ug/ml ampicillin in a 50-ml flask with 50

ul of an overnight culture. Incubate the cultures with shaking at 20—3700

For a discussion of factors that affect induction, please see the note to Step 8 in Protocol 1.

At various time points after inoculation (e.g., O, 6, 12, 18, and 24 hours), transfer 1 ml of each

culture to a microfuge tube, measure the A550 in a spectrophotometer, and centrifuge the

tubes at maximum speed for 1 minute at room temperature in a microfuge. Remove the
supernatants by aspiration.

The kinetics of induction from the phoA promoter are slower than those of other promoters,
because induction occurs with gradual depletion of phosphate from the medium. The optimum
growth temperature will vary with each foreign protein to be expressed and must be established
empirically.

Resuspend each pellet in 100 pl of 1X SDS gel-loading buffer, and heat the samples to 100°C

for 3 minutes. Centrifuge the tubes at maximum speed for 1 minute at room temperature in

a microfuge, and store them on ice until all of the samples are collected and ready to load on
a gel.

Warm the samples to room temperature and load 0.15 OD550 units (oforiginal culture) or 40

pg of each suspension on a 10% SDS—polyacrylamide gel.

Run the gel at 8—1 5 V/cm until the bromophenol blue reaches the bottom of the resolving gel.

Stain the gel with Coomassie Brilliant Blue or silver, or carry out an immunoblot to visualize
the induced protein (please see Appendix 8).

When using the signal sequence of the phoA gene to direct secretion of the foreign protein, per—
form the additional protocol on SUBCELLULAR LOCALIZATION OF PHOA FUSION PRO-
TEINS (5p. 15.35) to determine the subcellular location of the protein by cell fractionation.  
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Large—scale Expression of the Target Protein

12.

13.

14.

15.

For large—scale expression and purification ofthe target protein, inoculate 25 ml of LB medi—

um containing 50 pg/ml ampicillin in a 125—ml flask with a colony of E (UH containing the

recombinant phoA construct. Incubate the culture overnight with agitation at 37“C.

Collect the cells by centrifugation at 5000g (6500 rpm in a Sorvall 55—34 rotor) for 15 min—

utes. Resuspend the cell pellet in 25 ml of induction medium, and collect the cells again by

centrifugation.

Resuspend the washed cells in 2.5 ml of fresh induction medium, and inoculate the cells into

500 ml of induction medium in a 2—1iter flask. Incubate the large—scale culture at the opti—

mum temperature and for the optimum time determined in the previous section.

After the cells have grown for the proper length oftime, harvest the cells by centrifugation at

4000g (5000 rpm in a Sorvall GSA rotor) for 15 minutes at 4°C.

Ifa p/zoA expression vector with a signal sequence was used and if the results ofthe Addltiondl pro-

tocol indicate that the foreign protein is efficiently exported to the periplasm, then the expressed

protein can be purified by osmotic shock as described in the additional protocol. If a plum expres~
sion \ector without a signal sequence was used, then the foreign protein must be purified by con—
ventional ch romatography.
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ADDITIONAL PROTOCOL: SUBCELLULAR LOCALIZATION OF PHOA FUSION
PROTEINS

Accurate measurements of the distribution of PhoA fusion proteins among different cellular compartments
requires the use of marker enzymes to assay purification of each of the subcellular fractions (periplasmic space,
membrane, and cytoplasm) (Guzman-Verduzco and Kupersztoch 1990). This protocol, although not quantita-
tive, should provide preliminary information on the cellular location of PhoA fusion proteins.

Additional Materials

Cell lysis buffer
1 mg/ml Iysozyme
20% (w/v) sucrose
30 mM Tris-Cl (pH 8.0)

1 mM EDTA (pH 8.0)
2X SDS Gel-Ioading buffer

100 mM Tris-Cl (pH 6.8)
200 mM dithiothreitol
4°o SDS (w/v) (electrophoresis grade)
0.2% (w/v) bromophenol blue
20% (v/v) glycerol

Store 2x SDS geI-Ioading buffer lacking dithiothreitol at room temperature. Add dithiothreitol from a 1 M
stock just before the buffer is used.

Tris-Cl (0.1 M, pH 8.0)

Methods

1. Transfer 1 ml of the induced culture containing the highest quantity of the foreign protein to a microfuge
tube. Recover the cells by centrifugation at maximum speed for 1 minute at 4°C in a microfuge.

Check the supernatant medium for the presence of secreted protein. To do so, add an equal volume of ice-cold
20% (w/v) trichloroacetic acid to the supernatant. Incubate the acidified solution on ice for at least 20 minutes.
Centrifuge the solution at maximum speed for 20 minutes in a microfuge and discard the supernatant. Wash the
pellet with 1 ml of ethanol and recover the pellet by centrifugation at maximum speed for 5 minutes in a microfuge.
Repeat the ethanol wash and resuspend the pellet in 40 ul of 1x SDS geI-Ioading buffer. Analyze 20 u| of the sam-
ple on an SDS-polyacrylamide gel (Step 7).

2. Suspend the cell pellet in 100 pl of a freshly prepared solution of cell lysis buffer and store the suspension
on ice for 10 minutes.

The use of lysozyme to generate spheroplasts has two potential drawbacks. First, contaminating Iytic enzymes in
some commercial preparations of lysozyme can Iyse the bacterial cells. Second, if the foreign protein of interest has
a molecular weight similar to that of lysozyme (~15,000), the presence of lysozyme in the buffer can obscure visu-
alization of the expressed protein on stained polyacrylamide gels. Other methods for the preparation of sphero-
plasts can be tried, including those using reduced concentrations of lysozyme (Marvin and \Mtholt 1987), osmot-
ic shock, treatment with chloroform (Ames et al. 1984), and use of the peptide antibiotic polymyxin B (Cerny and
Teuber 1971 ). To release polypeptides into the periplasmic space by the latter method, resuspend the cells at Step 1
in 100 u| of 400 ug/ml polymyxin B and incubate on ice for 2 hours. Centrifuge the treated cells as in Step 1. The
supernatant contains the periplasmic proteins and the cell pellet contains the cytoplasmic and membrane proteins,
which can be further fractionated as described in Steps 4 and 5.

3. Recover the cells by centrifugation as in Step 1. The supernatant is the periplasmic fraction, which should
be stored on ice until Step 6.

4. Resuspend the cell pellet in 100 pl of 0.1 M Tris-Cl (pH 8.0) and Iyse the cells by freezing and thawing (i.e.,
place the cells on dry ice to freeze and then thaw them at 37°C; repeat this process twice more).

5. Centrifuge the suspension at maximum speed for 5 minutes at 4°C in a microfuge. The cytoplasmic pro-
teins are found mainly in the supernatant. Resuspend the pellet, which contains the membrane fraction and
insoluble inclusion bodies, in 100 ul of 0.1 M Tris-Cl (pH 8.0).

To release the PhoA fusion proteins from the periplasmic space, please see the panel on page 15.43.

6. Add an equal volume of 2x SDS geI-Ioading buffer to each of the subcellular fractions, mix the solutions
well, and then heat the samples to 100°C for 3 minutes. Centrifuge the boiled samples at maximum speed
for 1 minute at room temperature in a microfuge.

7. Load an equal volume from each of the fractions on a 10% SDS-polyacrylamide gel.

8. Run the gel at 8—1 5 V/cm until the bromophenol blue reaches the bottom of the resolving gel.

9. Stain the gel with Coomassie Brilliant Blue to determine the subcellular location of the foreign protein and
how effectively the protein is secreted into the periplasm.  
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Protocol 5
 

Purification of Fusion Proteins by Affinity
Chromatography on Glutathione Agarose

MATERIALS

FUSION PROTHNS EXPRESSED FROM PGEX VECTORS CONTAIN A GLUTATHIONE S—transferase (GST)

moiety and can therefore be purified to near homogeneity by affinity chromatography on glu-

tathione-agarose. GSTs are a class ofenzymes that utilize glutathione (y—glutamylcysteinylglycine)

as a substrate to inactivate toxic small molecules via formation of mercapturic acids (lakoby and

Ziegler 1990). Because the affinity of GST for its substrate is in the submillimolar range, immo—

bilization of glutathione on an agarose matrix makes a highly efficient affinity chromatography

resin. Bound GST fusion proteins are readily displaced from the column by elution with buffers

containing free glutathione. The glutathione—agarose resin can then be regenerated by treatment

with buffers containing 3 M NaCl.

The capacity of the glutathione—agarose for GST fusion proteins is high (8 mg of fusion pro—

tein per 1 ml of bed volume of resin). \Vith fusion protein production in the range <>f().1—1() mg/

liter of E. coli culture, this capacity means that lysate from 1 liter ofE. coli can be fractionated on
1 ml of resin.

This protocol uses a batch method to bind, wash, and release the fusion protein from the

affinity resin. Although the method is rapid, conventional chromatography using small disposable

columns is sometime preferable because it allows smaller amounts of elution buffer to be used,
resulting in a higher concentration of protein in the eluate.

 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

15.36

Please see Appendix I for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Dithiothreito/ (7 M)

Glutathione elution buffer
10 mM reduced glutathione

50 mM Tris~HCl (pH 8.0)

Phosphate—buffered saline (PBS) (40

Triton X-700 (0.2% v/v)
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Enzymes and Buffers

DNase (5 mg/ml)

Lysozyme

RNase (5 mg/ml)

Thrombin, Enterokinase, or Factor Xa solution

Follow the manufacturer’s instructions for the preparation and storage of these pretenses.

Gels

Polyacrylamide gel (70%) containing SDS <!>
For preparation of SDS-polyacrylamide gels used in the separation of proteins, please see Appendix 8.

Centrifuges and Rotors

Sorvall 55-34 rotor or equivalent

Special Equipment

GIutathione-agarose resin
If necessary, adjust the concentration of the resin with 20% ethanol to make a 50% (v/v) slurry.

Hypodermic needles (78-, 22-, and 25—gauge)

Vectors and Bacterial Strains

E. coli cells expressing a recombinant GST fusion protein (cell pellet generated in Step 17 of
Protocol 7 or 2)

METHOD

Preparation of the GIutathione-Agarose Resin

1. Gently invert the container of the glutathione-agarose resin to mix the slurry.

2. Transfer an aliquot of the slurry to a 15—ml polypropylene tube (2 ml of the slurry will be
needed for each 100 ml of the original bacterial culture).

3. Centrifuge the tube at 500g (2100 rpm in a Sorvall SS—34 rotor) for 5 minutes at 4°C.
Carefully remove and discard the supernatant.

4. Add 10 bed volumes of cold PBS to the resin, and mix the slurry by inverting the tube sever—
al times. Centrifuge the tube at 500g (2100 rpm in a Sorvall 88-34 rotor) for 5 minutes at 4°C.
Carefully remove and discard the supernatant.

5. Add 1 m1 of cold PBS per milliliter of resin to make a 50% slurry. Mix the slurry by inverting
the tube several times. Keep the suspension on ice until the cell extract has been prepared.

Preparation of Cell Extract

6. Resuspend the cell pellet (e.g., from Protocol 1, Step 17) in 4 ml of PBS per 100 ml of cell cul-
ture.
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7. Add lysozyme to a final concentration of 1 mg/ml and incubate the cell suspension on ice for

30 minutes.

Several protocols use sonication or a French press to 1yse cells before affinity purification 011110
(181 fusion protein. Lysozyme is more reproducible and avoids the cataclysmic lysis that can release

outer membrane proteins and other molecules that cause aggregation of the (181 fusitm protein or

copurify with it on glutathionefagamse chromatography.

Add 10 ml of 0.2% Triton X—1()0. Use a syringe to inject the solution forcibly into the vis—

cous cell lysate. Shake the tube vigorously several times to mix the solution ofdetergent and

cell lysate. Add DNase and RNase to the tube each to a final concentration 015 ug/ml, and

continue the incubation with rocking for 10 minutes at 4°C. Remove the insoluble debris by

centrifugation at 3000g (5000 rpm in a Sorvall SS-34 rotor) for 30 minutes at 4“C. Collect

the supernatant (cell lysate) in a fresh tube. Add dithiothreitol to a final concentration of

1 mM.

It may be necessary to pass the supernatant through at 0.43pm filter to prevent clogging 01 the

resin during purification of the (151 fusion protein.

Triton X— 100 is added to the slurry of lysed cells to prevent aggregation. Detergents that |L1\'C been

reported to solubilize GST fusion proteins and not interfere with the glutzithione-agtimse at‘iinity
purification step include 1% (v/v) Triton X—100, 19/0 (v/v) '1‘ween~20 plus 10 mM dithiothreitol,

0.03% (w/v) SDS, and 1.5% (w/v) N-1au1‘oylsarcosine (Smith and 1011113011 1988; Frankel et 411.

1991; Grieco et 111. 1992). '1‘\veen-20, SDS, and 1\'-laur0ylsurcos‘ine can be added in place of, or
simultaneously with, the Triton X—100. Please see the panel on TROUBLESHOOTING: INSOLU-
BLE PROTEINS‘

Purification of the Fusion Protein

9.

10.

11.

12.

13.

14.

Combine the cell lysate with an appropriate amount of the 50% slurry ofglutathione—agarose

resin in PBS. Use 2 m1 of slurry for each 100 ml ofbacterial culture used to make the protein

extract. Shake the mixture gently for 30 minutes at room temperature.

Centrifuge the mixture at 500g (2100 rpm in a Sorvall 58-34 rotor) for 5 minutes at 40C.

Carefully remove the supernatant. Save a small amount ofthe supernatant to zma1yze by SDS—
polyacrylamide gel electrophoresis.

Wash unbound proteins from the resin by adding 10 bed volumes of PBS to the pellet, and
mix by inverting the tube several times.

Centrifuge at 500g (2100 rpm in a Sorvall 85—34 rotor) for 5 minutes at 4”(j. Carefully remove
the supernatant. Save a small amount of the supernatant to analyze by SDS—polyacrylamide
gel electrophoresis.

Repeat Steps 11 and 12 two more times.

Bound GST fusion protein may be eluted from the resin using glutathione elution buffer.
Alternatively, GST fusion proteins may be cleaved while still bound to the gel with thrombin,
enterokinase. or Factor Xa, liberating the protein of interest from the GST moiety.

ELUTION OF THE FUSION PROTEIN USING GLUTATHIONE

a. Elute the bound protein from the resin by adding 1 bed volume of glutathione elution
buffer to the pellet. Incubate the tube with gentle agitation for 10 minutes at room tem‘
perature.

b. Centrifuge the tube as in Step 12. Transfer the supernatant (which contains the eluted
fusion protein) to a fresh tube.
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C. Repeat Steps a and b twice more, pooling all three supernatants.

15.39

Depending on the particular fusion protein being purified, a significant amount of protein
may remain bound to the gel following the elution steps. The volume of elution buffer and
the elution times may vary among fusion proteins. Additional elutions may be required.
Monitor the eluates for GST protein by SDS-polyacrylamide gel electrophoresis. Estimate the
yield of fusion protein by measuring the absorbance at 280 nm. As a general rule for proteins
containing 3 GST tag, 1 A280 : 0.5 mg/ml. The yield of protein may also be determined by
standard chromogenic methods (e.g., Lowry or Bradford). If the Lowry method is used, the
sample must first be dialyzed against 2000 volumes of 1x PBS to remove the glutathione,
which can interfere with protein measurement. The Bradford method can be performed in
the presence of glutathione.

PROTEOLYTIC CLEAVAGE OF THE TARGET PROTEIN FROM THE BOUND
CST MOIETY

a. Add thrombin, enterokinase or Factor Xa (as appropriate for the cleavage site within the
fusion protein) to the beads. Use 50 units of the appropriate protease in 1 ml of PBS for
each milliliter of resin volume. Mix the solution by inverting the tube several times, and
incubate the mixture with shaking for 2—16 hours at room temperature. The exact time
should be determined empirically using small-scale reactions.

b. Centrifuge the tube at 500g (2100 rpm in a Sorvall 55-34 rotor) for 5 minutes at 4°C.
Carefully transfer the supernatant to a fresh tube.

The GST should still be bound to the matrix and the protein of interest should be in the
supernatant. The thrombin or the Factor Xa will also be in the supernatant. The protein of
interest can be separated from the protease by conventional chromatography or by SDS—poly—
acrylamide gel electrophoresis.

15. Analyze the protein profile of each step (cell extract, washes, and elution) on a 10% SDS-
polyacrylamide gel.

 

TROUBLESHOOTING: INSOLUBLE PROTEINS

1988; Frankel et al. 1991; Grieco et al. 1992).

1. Follow the main protocol through Step 7.

mM EDTA (pH 8.0).

3. Mix the solution for 10 minutes at 4°C and then centrifuge as in Step 2 above.

4. Combine supernatants from the i nitial detergent—free cell lysate and the resolubilized cell pellet.
5. Proceed with the remainder of the protocol (from Step 9). 

Insoluble GST fusion proteins (detected by the presence of fusion protein in the preliminary induction exper-
iments and by the absence of the polypeptide after affinity chromatography, or in cell fractionation experi-
ments) can also be solubilized with the following detergents: 1% (v/v) Triton X-100, 1% (v/v) Tween-2O plus
10 mM dithiothreitol, 0.03% (w/v) SDS, and especially 1.5% (w/v) N-Iauroylsarcosine (Smith and Johnson

2. Centrifuge the cell lysate at 10,000g (7300 rpm in a Sorvall 55-34 rotor) for 10 minutes at 4"C, remove and
save the supernatant, and resuspend pellet in 8 ml of 1.5% N-Iauroylsarcosine, 25 mM triethanolamine, 1
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Protocol 6
 

Purification of Maltose-binding Fusion Proteins
by Affinity Chromatography on Amylose Resin

15.40

MALTOSE-BINDING PROTEIN (MBP) FUSIONS GENERATE RECOMBINANT l’ROTElNS in a form that

can be purified to near homogeneity by affinity chromatography (Hennig and Schater 1998).

MBP, a periplasmic protein encoded by the malE gene of E. coli, is a component of the maltose

transport system of the bacterium, MBP has an affinity in the micromolar range for maltose and

maltodextrins and can thus be purified on matrices consisting of sugars cross—linked to an agarose

matrix. The nzalE gene product tolerates a wide variety of fusions and is therefore a useful pack

horse in expression studies (Schatz and Beckwith 1990).

The pMAL-CZ or pMAL—p2 vectors (di Guam et al. 1988; Maina et al. 1988; New England

Biolabs) contain the IPTG—inducible tac promoter adjacent to an extensive polyeloning site and

an rrnB terminator. The polylinker spans the amino terminus of the u—complementation frag—

ment of B—galactosidase, allowing blue/white screening of bacterial colonies when cloning into

these vectors. Because the plasmids also contain the CI” allele ofthe lad gene, expression of MBP

fusion proteins can be induced by IPTG in most strains of E. coli. A spacer sequence of ten

asparugine residues separating the malE sequence from the polycloning site facilitates cleavage at

the fusion protein by Factor X protease and, in addition, may enhance the ability of the MBP

fusion protein to bind to the affinity resin. The Factor X protease cleavage site (lleiflu—(lly—Arg)

lies immediately adjacent to the first restriction enzyme site (EcoRl) in the polycloning site. The

Factor X protease cleavage site may be replaced as desired by a sequence encoding a cleavage site

for other proteases, such as thrombin or enterokinasc. pMAL—CZ lacks the MBP signal sequence,

whereas pMAL—pZ contains the MBP signal sequence that directs MBP fusion proteins to the

periplasmic space. Export into this compartment allows rapid isolation by osmotic shock,

decreases exposure of the fusion protein to proteases, and in some cases, allows the formation ot~

disulfide bonds in the foreign protein. Not all fusion proteins, however, are exported efficiently

into the periplasm. Thus, any advantage of targeting to the periplasmic space must be established

empirically.

MBP fusions have a potential advantage over GST fusions: the ma/E gene sequence is

derived from E. coli and should therefore contain the appropriate codons and elements of mRNA

secondary structure that are required for efficient expression in the bacterium. By contrast. the

effectiveness in E. coli of the analogous GST sequence, which is derived from a parasitic organism,

is unknown. However, no direct comparisons have been published of the efficiency with which

the two types of vectors express a series of fusion proteins.
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MATERIALS
 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for com ponents of stock solutions, buffers, and reagents.

Dilute stock solutions to the appropriate concentrations.

Cell lysis buffer (~750 ml)
30 mM Tris-Cl (pH 7.1)

0.1 mM EDTA

20% (w/v) sucrose

Cell wash buffer (~25O ml)
10 mM Tris—Cl (pH 7.1)

30 mM NaCl

Column elution buffer (~100 ml)
10 mM Tris—Cl (pH 7.5)
10 mM maltose

Column wash buffer (~250 ml)
10 mM Tris—Cl (pH 7.1)

1 M NaCl

MgCI2 (0.7 mM, ~250 m1)

PMSF (100 mM) <!>

Add 17.4 mg of PMSF per milliliter of isopropanol. Store at —20°C.

PMSF is inactivated in aqueous solutions. The rate of inactivation increases with increasing pH and is
faster at 25°C than at 4°C. The half—life ofa 20 mM aqueous solutinn of PMSF is ~35 minutes at pH 8.0
(James 1978). This short half»life means that aqueous solutions of PMSF can be safely discarded after
they have been rendered alkaline (pH >8.6) and stored for several hours at room temperature.
An alternative to PMSF (4—[2—aminoethyl]—benzenesulfonyiflu0ride, hydrochloride; Pefabioc SC) is
available from Boehringer Mannheim. Pefabloc is an irreversible serine protease inhibitor, is used at the
same concentration as PMSF, but is nontoxic and stable in aqueous buffer solutions.

1x SDS gel-Ioading buffer
Store 1x SDS gel—loading buffer lacking dithiothreitol at room temperature. Add dithiothreitol from a
1 M stock, just before the buffer is used.

Tris—Cl (10 mM, pH 7.7)

Enzymes and Buffers

DNase (5 mg/ml)
Lysozyme

RNase (5 mg/ml)

Thrombin, Enterokinase, or Factor Xa solution

Follow the manufacturer’s instructions for the preparation and Storage of these proteases.

Gels

Polyacrylamide gel (70%) containing SDS <!>
For preparation of SDS—polyacryiamide gels used in the separation of proteins, please see Appendix 8.

Centrifuges and Rotors

Beckman Ti60 rotor or equivalent

Sorval/ GSA rotor or equivalent

Sorvall 55-34 rotor or equivalent
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15.42 Chapter 15: Expression ofCloned Genes in Escherichia coli

Special Equipment

Amylose Agarose
'1‘his;1ft‘111ity chromatography matrix can be synthesized as described by Kellermnnn 11nd Ferenu ( 1982)

or purchased from New England Biolabs (binding capacity 2—4 mg MBP/ml bed volumL‘L

Boiling water bath
Equipment for sonication

Please see Appendix 8.

Disposable Nalgene filter (0.45-pm nitrocellulose)

Vectors and Bacterial Strains

E. coli cells expressing a recombinant MBP fusion protein (cell pellet generated in Step 77 of
Protocol 7 or 2)

METHOD

Preparation of Amylose Agarose

1. Pour a 3 x 6-cm column of amylose agarose. Equilibrate in 10 mM Tris—Cl (pH 7.1) at 4°C.

Preparation of the Cell Extract

2. Resuspend the cell pellet in 1/10 original culture volume (typically 50 ml) of ice-cold cell
wash buffer. Collect the cells by centrifugation at 500051 (5500 rpm in a Sorvall GSA rotor)
for 15 minutes at 40C and again resuspend the pellet in 1/10 original culture volume (tyin
cally 50 ml) of ice-cold cell wash buffer.

3. Prepare the cell lysate.

IF AN MBP VECTOR WITHOUT A SIGNAL SEQUENCE WAS USED (PMAL-C2)

a. Lyse cells by sonication with a microtip sonicator, using three bursts of 10 seconds each.
Use a power setting of ~30 W and keep the cells cold (0°C) during sonication.

b. Add PMSF to a final concentration of] mM and clarify the solution by centrifugation at
87,000g (35,000 rpm in a Beckman Ti60 rotor) for 30 minutes at 40C.

Proceed to purify the fusion protein an1 the supernatant by amylosc—agarosc chromatogrzr
phy as described in Step 4.

|F AN MBP VECTOR WITH A SIGNAL SEQUENCE WAS USED (PMAL-P2)

a. Collect the cells by centrifugation at 5000g (5500 rpm in a Sorvall GSA rotor) for 15 min—
utes at 4°C and resuspend the cell pellet in 1/20 original culture volume (typically 25 ml)
of ice—cold cell wash buffer.

b. Add PMSF to 1 mM. Stir the cell suspension for 15 minutes at room temperature Collect
the cells by centrifugation at 17,2002,7 (12,000 rpm in a Sorvall 85—34 rotor) for 10 min~
utes at 4°C.
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c. Spread the cell pellet around the sides of the centrifuge tube. Add ice-cold 0.1 mM MgCl2

solution (100 ml/liter original culture volume) and stir the suspension for 10 minutes at

4°C.

d. Centrifuge the shocked cells at 17,200g (12,000 rpm in a Sorvall 88—34 rotor) for 10 min-

utes at 4°C. Add 10 mM Tris-Cl (pH 7.1) until the pH of the supernatant is 7.1.

e. Filter the supernatant through a 100—ml disposable Nalgene filter (0.45—pm nitrocellulose

membrane), and dialyze the filtered solution against 100 volumes 10 mM Tris—Cl (pH 7.1)

at 4°C.

Proceed to purify the fusion protein from the supernatant by amylose—agarose chromatogra—

phy as described in Step 4.

4. Pour the supernatant from Step 3 over the column. Rinse the column with 100 ml of 10 mM

Tris—Cl (pH 7.1). Pass 100 m1 of column wash buffer through the column.

5. Elute the bound fusion protein with 50 m1 of column elution buffer and collect 1-m1 frac-

tions.

6. Analyze aliquots of the collected fractions by SDS-polyacrylamide gel electrophoresis to

determine the location of the fusion protein in the series of elution fractions. P001 the frac—

tions containing the fusion protein, and store them at —70°C.

7. Use the appropriate protease to cleave the fusion protein from the MBP moiety.

3. Add thrombin, enterokinase or Factor Xa (as appropriate for the cleavage site within the

fusion protein) to the beads. Use 50 units of the appropriate protease in 1 m1 of PBS for

each milliliter of resin volume. Mix the solution by inverting the tube several times, and

incubate the mixture with shaking for 2—16 hours at room temperature.

The time required to obtain maxiumum yield of the foreign protein should be determined
empirically using small-scale reactions.

b. Centrifuge the tube at 500g (2100 rpm in a Sorvall 88—34 rotor) for 5 minutes at 4°C.

Carefully transfer the supernatant to a fresh tube.

The protein of interest can be separated from the protease by conventional chromatography
or by SDS—polyacrylamide gel electrophoresis.

 

 

Proteins secreted into the periplasmic space of E. coli can be readily released from cells by osmotic shock as
described in Step 3. Treatment of bacteria with hypertonic solutions containing EDTA (i.e., cell lysis buffer)
changes membrane/cell wall permeability, and subsequent incubation in a hypotonic solution (i.e., 0.1 mM
MgCIZ) causes permeabilization of the cell wall and release of components from the periplasmic space (Nossal
and Heppel 1966). Cells harvested from exponentially growing cultures are more readily shocked than are sta-
tionary cells. Typically, ~4% of the total protein mass of E. coli is secreted into the periplasmic space. The pro-
teins secreted include a number of degradative enzymes such as alkaline phosphatase, acid phosphatase,
RNase, DNase, and nucleotide metabolizing enzymes. Because proteases are also secreted, the use of a pro-

tease-deficient E. coli strain or the addition of a protease inhibitor cocktail (please see Protocol 1 ), together with
the 10 mM Tris-Cl (pH 7.1) buffer after the shock treatment, may enhance the yield of intact MBP fusion pro-
teins.

Some foreign proteins are not translocated efficiently into the periplasmic space and, as a consequence,
are not isolated in high yield by the procedures described in this protocol. Because these fusion proteins gen-
erally remain attached to the cytoplasmic membrane, they cannot be efficiently isolated from cells lysed by son-
ication. For this reason, it is a good idea to determine the distribution of the MBP fusion protein among differ-
ent cellular fractions (periplasm, cytoplasm, or membrane) (please see Protocol 4). If an expressed protein is
found associated with the inner membrane, include 1% Triton X-100 in the cell wash buffer of Step 3a above.
The use of other detergents for solubilization of fusion proteins is discussed in Protocol 4.
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Protocol 7
 

Purification of Histidine-tagged Proteins by

Immobilized Ni2+ Absorption Chromatography

15.44

POLYHISTTDTNE TRACTS BIND TlGHTLY TO A NUMBER OF TRANSTTlON METALS and 1111118111011 metal

chelate complexes, such that a protein carrying an exposed His—6 region will bind to a resin

charged With divalent nickel ions. Contaminating proteins can be removed with appropriate

washing, and the protein of interest can then be eluted by a soluble competing chelator. Because

few natural proteins bind with significant affinities to such matrices, His-(n—labcled proteins gen?

erated by recombinant techniques can be purified substantially in a single step by metal chelate

affinity chromatography. Those natural proteins that do bind to these matrices can almost always

be removed in a second chromatography step. Metal chelate chromatography has become p(ipu-

lar because it is both highly effective and relatively insensitive to proper protein folding, ionic

strength, chaotropes, and detergents (Hochuli et al. 1988). Because of the high efficiency, high

capacity, concentrating power, and speed of this technique, it should be used as a first (and some—

times only) step in a purification protocol.

To perform metal chelate chromatography, the protein of interest must first be engineered

to contain a His—6 sequence in an exposed and relatively flexible site, frequently found at the

amino or carboxyl terminus (Van Reeth et al. 1998). It can be helpful to place one or two glycine

residues between the His-6 sequence and the rest of the protein. Unique protease cleavage sites

also can be inserted to allow removal of the His-6 sequence after purification (please see Table

15-3). Proteases may also be used to desorb proteins from the affinity matrix by cleavage at the

linker/His—6 insertion. Coexpression of an unmodified protein of interest together with a His—h—

tagged binding partner can allow isolation ofthe binary complex on the affinity matrix and selec»

tive elution of the native target protein {Kozasa and Gilman 1995). This method can be particu~

larly effective if the two proteins can be dissociated gently such that contaminating proteins that

bind to the matrix are not eluted (please see Chapter 18, Protocols 2 and 3).

Purification can be performed under both native and denaturing conditions (e.g., in buffers

containing 8 M urea or 6 M guanidine hydrochloride). Because any chelator can interfere with

metal chelate chromatography, buffers used for extraction and chromatography should be free of

EDTA or EGTA. Submillimolar concentrations of dithiothreitol may not interfere significantly.

Nevertheless, it is preferable to use buffers containing 1—5 mM ofa monothiol such as B—mercap—

methanol or flmercaptoacetic acid. The target protein is eluted by a chelator such as imidazole

or EDTA. Imidazole is the more selective eluant and should be used whenever possible. Efficient

elution is usually achieved with 50—100 mM imidazole at pH 7f8. The lowest effective concentrw  
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tion should be established using a linear gradient of 10—150 mM imidazole. EDTA is more effec—

tive, but it may strip Ni2+ from the NTA-agarose. In this case, the Ni2+ must then be removed for
many applications, either by dialysis or by a second chromatographic step.

The Ni2+ resin can be easily regenerated and reused many times (please see the additional

protocol at the end of this protocol). Because of its large binding capacity, as much as 20 mg of

recombinant protein may be purified on a 2.5-ml column. The following protocol is adapted from

methods contributed by Elliot Ross (University of Texas Southwestern Medical Center, Dallas)

and Tzu~Ching Meng in Nick Tonks’ group at Cold Spring Harbor Laboratory.

MATERIALS
 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions
Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Binding buffer (pH 7.8)
20 mM sodium phosphate

500 mM NaCl

Imidazole elution buffer (pH 6.0)
20 mM sodium phosphate

500 mM NaCl
Create a series of four elution buffers containing imidazolc at concentrations of 10 mM, 50 mM, 100 mM,
and 150 mM by adding the appropriate amount of3 M imidazole to wash buffer (pH 6.0).

Triton X-700 (70% v/v)
Wash buffer (pH 6.0)

20 mM sodium phosphate

500 mM NaCl

Enzymes and Buffers

DNase (7 mg/ml)

Lysozyme

RNase (7 mg/ml)

Gels

Polyacrylamide gel (70%) containing SDS <!>
For preparation of SDS—polyacry1amide gels used in the separation of proteins, please see Appendix 8.

Centrifuges and Rotors

Sorvall 55-34 rotor or equivalent

Special Equipment

Chromatography column (glass or polypropylene)
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Ni‘" {hanged chromatography resin (e.g., ProBond, Invitrogen; HisTrap, Pharmac‘ia; His-Bind
Resin, Novagen; NTA-t\/i~‘-agarose, Qiagen)

Currently, the most common metal chelatc affinity support is nitrilotriacctzttc (N'i‘A)-Ni3‘—.tgtimsc‘
available from the supplieis deatrihed above. Other matrices with different properties are also available.

A proprietary (303‘ chelate (Talon) is said to bind His»6—tagged proteins with higher affinity. and some—
what higher selectivity, but it cannot be conveniently regenerated in the laboratory and 15 consequently
much more expensive.

Rocking platform

Vectors and Bacterial Strains

E. coli cells expressing a polyhistidine-tagged protein (generated in Protocol 1, 2, 3, or 4)

METHOD
 

Preparation of the Ni2+ Affinity Column

1 . Gently invert the bottle of NiB-charged chromatography resin to mix the slurry, and trams-

fer 2 ml to a small polypropylene or glass column. Allow the resin to pack under gravity flow.

2. Wash the resin with 3 column volumes of sterile HZO.

One column volume is equivalent to the volume of the settled bed of resin.

3. Equilihrate the resin with 3 column volumes of binding buffer (pH 7.8). The column is now

ready for use in Step 9.

Preparation of Cell Extract

4. Resuspend the cell pellet (e.g., from Protocol 1, Step 17) in 4 ml ofbinding buffer (pH 7.8)

per 100 m1 of cell culture.

5. Add lysozyme to a final concentration 0f1 mg/ml and incubate the cell suspension on ice for

30 minutes.

Several protocols use sonication or a French press to lyse cells before affinity purification of thc
polyhistidinc—taggcd protein. The use of lysozymc, as described here, is somewhat more repro—
ducible and avoids the cataclysmic lysis that can release membrane proteins and other molcculcs
that cause aggregation of the polyhistidine-tagged protein.

A IMPORTANT Protease inhibitors may be added, but do not add EDTA or other chelators,

which will remove the Ni“ from the affinity resin, destroying its ability to bind histidine.

6. Incubate the mixture on a rocking platform for 10 minutes at 4°C.

7. Add Triton X-100, DNase, and RNase to the tube to final concentrations of 10/0, 5 ug/ml, and

5 pg/ml, respectively, and continue the incubation with rocking for another 10 minutes at 4“C.

8. Remove the insoluble debris by centrifugation at 3000g (5000 rpm in a Sorvall 88—34 rotor)

for 30 minutes at 4°C. Collect the supernatant (cell lysate) in a fresh tube.

It may be necessary to pass the supernatant through a 0.45-um filter to prevent clugging of" tho
resin during purification of the polyhistidine—tagged protein.
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Purification of the Polyhistidine-tagged Protein

9. Allow the binding buffer above the resin to drain to the top of the column.

10. Immediately load the cell lysate (Step 8) onto the column. Adjust the flow rate to 10 column
volumes per hour.

Ni2+ affinity resins will typically bind ~8—12 mg of protein per milliliter of resin. The amount of

polyhistidine-tagged protein produced in E. coli will vary depending on the target protein, but it is
typically in the range of 1—10 mg of protein per 100 ml of cell culture.

11. Wash the column with 6 column volumes of binding buffer (pH 7.8).

12. Wash the column with 4 volumes of wash buffer (pH 6.0). Continue washing the column
until the A280 of the flowthrough is <0.01.

13. Elute the bound protein with 6 volumes of 10 mM imidazole elution buffer. Collect l—ml frac-
tions from the column, and monitor the A280 of each fraction.

14. Repeat Step 13 using imidazole elution buffers containing increasing concentrations of imi-
dazole (i.e., 50 mM, 100 mM, and 150 mM imidazole).

Alternatively, elute the protein using a continuous gradient of increasing imidazoie concentration
from 10 mM to 100 mM. Most Hisftagged proteins will elute between 50 mM and 100 mM imida—
zole. Instead of using imidazole, the bound protein can be eluted using buffers of decreasing pH
(please see the panel on ALTERNATIVE PROTOCOL: ELUTION OF POLYHISTIDINE-TAGGED
PROTEINS FROM METAL AFFINITY COLUMNS USING DECREASING pH).

15. Assay the fractions of interest for the presence of the polyhistidine-tagged protein by analyz—
ing 20-01 aliquots by electrophoresis through a 10% SDS-polyacrylamide gel.

 

 

ALTERNATIVE PROTOCOL: ELUTION OF POLYHISTIDINE-TAGGED PROTEINS FROM
METAL AFFINITY COLUMNS USING DECREASING pH

As an alternative to imidazole, polyhistidine-tagged proteins may be eluted from the affinity column using a
series of buffers of decreasing pH.

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Additional Materials

Low pH elution buffer (pH 4.0)
20 mM sodium phosphate
500 mM NaCI
Use phosphoric acid <!> to lower the pH to 4.0.

Wash buffer II (pH 5.5)
20 mM sodium phosphate
500 mM NaCI

Method

1. Carry out the main protocol through Step 12.

2. Wash the column with 6 volumes of Wash buffer ll (pH 5.5).

3. Elute the bound protein with 6 volumes of low pH elution buffer (pH 4.0). Collect 1-ml fractions from the
column, and monitor the A280 of each fraction.

4. Assay the fractions of interest for the presence of the polyhistidine-tagged protein by analyzing ZO-ui
aliquots by electrophoresis through a 10°o SDS-polyacrylamide gel.  
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ADDITIONAL PROTOCOL: REGENERATION OF NTA-Nl“-AGAROSE

NTA-Ni2+-agarose can be reused almost indefinitely if it is washed well and regenerated. If the column has not
been oxidized or depleted (loss of light blue color or appearance of yellow/brown color), the manufacturer rec-
ommends washing with 0.2 M acetic acid in 30% glycerol. We routinely strip and regenerate the matrix after
every use according to the manufacturer’s recommendation (Qiagen in this case).

CAUTION: Please see Appendix 12 for appropriate hand|ing of materials marked with <!>.

Additional Materials

6 M guanidinium chloride/O.2 M acetic acid < ! >
2% (w/v) SDS
25%, 50%, and 75% ethanol (all v/v)

100 mM EDTA
0.1 MNiSO4 <!>

Method

1. Wash the column successively with

2 volumes of 6 M guanidinium chloride/O.2 M acetic acid (or other stripping agent)
5 volumes of H20

2 vo|umes of 2% SDS

1 volume each of 25%, 50%, and 75% ethanol

5 volumes of ethanol
1 volume each of 75%, 50%, and 25% ethanol

1 volume of H20
5 volumes of 100 mM EDTA

1 volume of H20

2. Regenerate the column with <2 volumes 0.1 M NiSOA, wash with H20, and equilibrate with the appropril
ate chromatographic buffer.

The column should be white after the EDTA wash (or after elution of protein with EDTA) and should return to a
pale blue color after regeneration.  
 

 



Protocol 8
 

Purification of Expressed Proteins from
Inclusion Bodies

THE EXPRESSION OF FOREIGN PROTEINS AT HIGH LEVELS IN E. COLI often results in the formation of
cytoplasmic granules or inclusion bodies composed of insoluble aggregates of the expressed pro-
tein. These inclusion bodies can be seen with a phase—contrast microscope and are readily sepa—
rated from most soluble and membrane—bound bacterial proteins as described in this protocol.
Briefly, cells expressing high levels of foreign protein are concentrated by centrifugation and lysed
by mechanical techniques, sonication, or lysozyme plus detergents. The inclusion bodies are
recovered by centrifugation and washed with Triton X—100 and EDTA (Marston et al. 1984) or
urea (Schoner et al. 1985). The purpose of the washing steps is to remove as much soluble, adher-
ent bacterial protein as possible from the aggregated foreign protein. In most cases, adjusting the
washing conditions allows the isolation of inclusion bodies that contain >90% pure foreign pro-
tein. The material extracted from the purified inclusion body can be used directly as an antigen
(Harlow and Lane 1988).

To obtain soluble, active protein, the washed inclusion bodies are solubilized and the dena—
tured target protein is then refolded. Various conditions (e.g., guanidine HCI [578 M], urea [6—8
M], SDS, alkaline pH, or acetonitrile/propanol) may be used to solubilize the inclusion bodies
(Marston 1987). Other methods such as passage of cell suspensions through a French Press or
sonication can also be used to lyse cells containing inclusion bodies. Proteins expressed from T7
RNA polymerase vectors in cells containing pLys plasmids can be lysed by methods described in
Protocol 2. With all of these procedures, it is crucial to obtain maximum cell lysis in order to
obtain inclusion bodies in high yields. Each protein may require a slightly different procedure,
which must be determined empirically (please see Mitraki and King 1989). The procedure given
below has been used to solubilize prorennin inclusion bodies and is adapted from Marston et al.
(1984). Various options for refolding solubilized proteins are outlined in the panel on ADD!-
TIONAL PROTOCOL: REFOLDING SOLUBILIZED PROTEINS RECOVERED FROM INCLUSION BODIES

at the end of this protocol.

15.49
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MATERIALS

 

 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Cell Iysis buffer I
50 mM Tris—Cl (pH 8.0)

1 mM EDTA (pH 8.0)

100 mM NaCl

Cell lysis buffer II, Ice cold
50 mM Tris—(Il (pH 8.0)
10 mM ED'IA (pH 80)

100 mM NaCl

0.5% (v/v) Triton X7100

Deoxycholic acid
Use a protein grade of this bile acid/detcrgent.

HCI (72 M) (concentrated HCI) <!>

lnc/usion-body solubilization buffer I
50 mM Tris—Cl (pH 8.0)

1 mM EDTA (pH 8.0)
100 mM NaCl

8 M urea

0.1 M PMSF

Prepare the buffer fresh just before use.

Inclusion-body solubilization buffer II
50 mM KHZPO4 (pH 10.7)

1 mM EDTA (pH 8.0)

50 mM NdCl

KOH (IO N) <!>

PMSF (700 mM) <!>

7x and 2x SDS gel-Ioading buffer
Store 1x and 2>< SDS geI-loading buffer lacking dithiothreitol at room temperature. Add dithiothreitol
from a 1 M stock just before the buffer is used.

Tris~CI (017 M, pH 8.5) With urea

For use in Method 2 only; please see Step 7. Prepare 0.1 M Tris~(3| (pH 8.5) with increasing concentrations
ofurea (c.g., 0.5, 1, 2, and 5 M). Make the solution fresh from solid urea and use immediately. Do not use
solutions containing urea that have been stored for any period of time, because the urea dccnmpmcs,

Enzymes and Buffers

Gels

DNase I (7 mg/ml)

Lysozyme (10 mg/ml)
Prepare the solution fresh in Tris—Cl (pH 8.0).

Polyacrylamide gels (10%) containing SDS <!>
For preparatlon ofSl)S—polyacrylamide gels used in the separation of proteins, please see Appendix 8.

Centrifuges and Rotors

Sorval/ GSA rotor or equivalent

Special Equipment

pH paper

Optional, please see- Step 10.

Polished glass rod
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Vectors and Bacterial Strains

E. coli cells expressing the protein of interest

METHOD

Grow 1 liter of E. coli cells that have been transformed by any of the methods in Protocols 1—4 and now
expresses the protein of interest as inclusion bodies.

 

Preparation of Cell Extract

1. Centrifuge 1 liter of the cell culture of E. coli expressing the protein of interest at 5000g (5500

rpm in a Sorvall GSA rotor) for 15 minutes at 4°C in preweighed centrifuge bottles.

A IMPORTANT Perform Steps 2—-4 at 4"C.

. Remove the supernatant and determine the weight of the E. coli pellet. For each gram (wet

weight) of E. coli, add 3 ml of Cell lysis buffer I. Resuspend the pellet by gentle vortexing or

by stirring with a polished glass rod.

. For each gram of E. coli, add 4 M] of 100 mM PMSF and then 80 pl of 10 mg/ml lysozyme. Stir
the suspension for 20 minutes.

Other cocktails of protease inhibitors may be added at this step (please see Protocol 1).

. Stirring continuously, add 4 mg of deoxycholic acid per gram of E. coli.

. Store the suspension at 37°C and stir it occasionally with a glass rod. When the lysate becomes

viscous, add 20 pl of 1 mg/ml DNase I per gram of E. coli.

Store the lysate at room temperature until it is no longer viscous (~30 minutes).

Purification and Washing of Inclusion Bodies

7. Purify and wash the inclusion bodies using one of the following two methods.

METHOD 1: RECOVER INCLUSION BODIES USING TRITON X-100

The following procedure is adapted from Marston et al. (1984).

a. Centrifuge the cell lysate at maximum speed for 15 minutes at 4°C in a microfuge.

b. Deeant the supernatant. Resuspend the pellet in 9 volumes of Cell lysis buffer II at 4°C.

C. Store the suspension for 5 minutes at room temperature.

d. Centrifuge the tube at maximum speed for 15 minutes at 4°C in a microfuge.

e. Decant the supernatant and set it aside for the next step. Resuspend the pellet in 100 ul
of H O.2

f. Remove lO—ul samples of the supernatant and of the resuspended pellet. Mix each

sample with 10 pl of 2x SDS gel-loading buffer and analyze the samples by SDS—poly—

acrylamide gel electrophoresis to determine which fraction contains the protein of
interest.

g. If necessary, proceed with Step 8 to solubilize the inclusion bodies.
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METHOD 2: RECOVER INCLUSION BODIES US|NG UREA

The following procedure, adapted from Schoner et a1. (1985), involves washing and solubi—

lization of inclusion bodies with buffers containing different concentrations of urea.

a. Centrifuge the cell lysate at maximum speed for 15 minutes at 4°C in a microfuge.

A IMPORTANT Perform Steps b, d, and f at 4°C.

b. Decant the supernatant. Resuspend the pellet in 1 ml of H20 per gram of E coli. Transfer

100-til aliquots to four microfuge tubes and store the remainder ofthe suspension at 40C.

c. Centrifuge the 100—1.11 aliquots at maximum speed for 15 minutes at 4°C in a microfuge.

d. Discard the supernatants. Resuspend each pellet in 100 pl of 0.1 M Tris—Cl (pH 8.5) con-

taining a different concentration of urea (e.g., 0.5, 1, 2, and 5 M).

e. Centrifuge the tubes at maximum speed for 15 minutes at 4°C in a microfuge.

f. Decant the supernatants and set them aside for the next step. Resuspend each pellet in

100 til of H20.

g. Remove lO—ul samples of each supernatant and each resuspended pellet. Mix each sam—

ple and resuspended pellet with 10 ul of 2x SDS gel—loading buffer and analyze by SDSA

polyacrylamide gel electrophoresis to determine which concentration of urea yields the

best recovery of the inclusion bodies.

h. Use the appropriate concentration of urea, determined in Step g, to wash the remaining

pellet (from Step b) as described in this method.

i. If necessary, proceed with Step 8 to solubilize the inclusion bodies.

Solubilization of Inclusion Bodies

8.

11.

12.

13.

14.

Centrifuge the appropriate resuspended pellets from Step 7 at maximum speed for 15 min—

utes at 4°C in a microfuge, and suspend them in 100 111 of Inclusion—body solubilization

buffer 1 containing 0.1 mM PMSF (freshly added).

Store the solution for 1 hour at room temperature.

Add this solution to 9 volumes of Inclusion—body solubilization buffer 11 and incubate the

mixture for 30 minutes at room temperature. Check that the pH is maintained at 10.7 by

spotting small aliquots onto pH paper. If necessary, readjust the pH to 10.7 with 10 N KOH.

Adjust the pH ofthe solution to 8.0 with 12 M HCl, and store the adjusted solution for at least

30 minutes at room temperature.

Centrifuge the solution at maximum speed for 15 minutes at room temperature in a
microfuge.

Decant the supernatant and set it aside for the next step. Resuspend the pellet in 100 pl of 1x

SDS gel—loading buffer.

Remove 10111 samples of the supernatant and resuspended pellet. Mix the supernatant sam-

ple with 10 ul of 2x SDS gel—loading buffer.Ana1y7.e both samples by SDS—polyacrylamide gel

electrophoresis to determine the degree of solubilization. Proceed with the additional proto—
col.
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ADDITIONAL PROTOCOL: REFOLDING SOLUBILIZED PROTEINS RECOVERED FROM

INCLUSION BODIES

Renaturation and refolding of solubilized protein occur during gradual removal of denaturing agents and/or
detergents. Of necessity, this involves exposure of hydrophobic regions of the protein to solvent, a process
which, unless conditions are carefully controlled, can lead to the formation of insoluble aggegates and/or sol-
uble but inactive multimers. In many cases, considerable work is required to suppress formation of these off-
pathway aggregates and thereby allow protein monomers to fold into a fully native conformation. The yield of
active protein or of protein with the native structure depends on many factors including the size, number, and
distribution of hydrophobic amino acids; the number of repeat structures in the polypeptide; the concentra-
tion, purity, and size of the polypeptide; the pH and ionic strength of the solvent; the number of disulfide bonds
in the molecule; and, finally, the rate of refolding.

Few general guidelines are possible because the conditions that promote efficient refolding vary widely
from protein to protein. Common sense, however, suggests that it would be best to establish a basic set of
conditions that minimizes chemical modification of amino acid side chains, inhibits proteolysis, and, in the case

of cytosolic proteins, suppresses formation of intermolecular disulfide bonds during purification of the dena-
tured protein. The refolding process can then be optimized by gradually reducing the concentration of dena-
turing agents and, for secreted proteins, by shifting the balance between oxidizing and reducing conditions at
various stages during solubilization and renaturation (Wulfing and Pluckthun 1994). For details of several pro-
tocols that have been used successfully with different proteins, please see Marston (1987) and Burgess (1996).
The sequence of recovery, solubilization, and refolding of expressed protein from inclusion bodies is dia-
grammed in Figure 15-6.

Various commercial resources are available for determining the most appropriate refolding strategy for the
particular protein under study (e.g., please see the protocols and reagents provided with the Protein Refolding
Kit, available from Novagen at www.novagen.com). Although no refolding method is perfect, a technique that
yields even a few percent of the expressed protein in an active form will usually provide enough material for
subsequent biochemical experimentation. It is often possible to separate the refolded protein from the unfold-
ed and aggregated forms of the polypeptide by gel filtration chromatography (Lin et al. 1989).   
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Purified Inclusion Bodies

t
Solubihzation Options

   

 

6 M guanidine HCI

6—8 M urea

detergents: SDS

CTAC

CTAB

N—Iauroylsarcosme

extreme pH buffers

combination of above
(alt buffers +/-— reducing agent as required)

t
Refolding Strategies

t
dialysis or multtstep singIe-step gel immobilization detergent +

dialfiltration dialysis dialysis filtration assisted cyclodextrih

 

    
  

            
  

 

 

Mediators of Refolding

Mediators that promote the bond formation: Mediators that may enhance native

structure or inhibit aggregation:

1. Redox systems 1. Amino acids: L-arginine, glycine
oxidized/reduced glutathione 2. Sucrose or glycerol (10% w/v)

oxidized/reduced dithiothreitol 3. Detergents: N-lauroylsarcosine, CHAPS,
cystamine/cysteamine IauryI—maltoside. etc.

cysteme/cystine 4. Mixed micelles composed of detergents and

di—tS—hydroethyl disu!fide/Z—mercaptoethanol phospholipids

2. Cu2+ to catalyze air oxidatlon 5. Polyethylene glycol (PEG) 3500

3. S~su|fonation related chemicals 6. High-molarity Tris (0.4—1 M)

4. High hydrostatic pressure (St. John et al. 1999) 7. Prosthetic groups: metal ions and ligands

8. Ethylene glycol

9. Nondetergent sulfobetaines (NDSBsfl 2)   
FIGURE 15-6 Methods for Protein Refolding

A number of strategies are presented that are used to optimize the recovery of functional target protein.
Inclusion bodies may be solubilized by exposure to high molarity denaturants, detergents, acidic or alka-
|i buffers, or a combination of reagents. Following solubilization, the target protein may be subjected to
any of various strategies for refolding that result in the removal of (he solubilizing agent. The most effec-
tive strategy for a particular protein must be determined empirically. In general, the presence of cysteine
residues in the target protein, or specific requirements for proper formation of essential disulfides, will
dictate the use of a reducing agent in the solubilization and refolding buffers. (Reprinted, with permission,

from Novagen, Inc.)
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EXPRESSION OF CLONED GENES

Expression of cloned genes is perhaps the last area of molecular cloning that retains some vestige of the pio-

neering spirit. Because the routes for isolating genes and cDNAs are now so well—mapped and because

enzymes and reagents of high quality are available at almost every step of the way, cloners can usually trav—

el from protein to gene in comfort and with reasonable confidence. However, there is one region of moles»

ular cloning -— expression of cloned genes -— ofwhich travellers must beware. It is a maze of mirages where

success depends on chance and experience may be of little benefit. It is the one area in molecular cloning

where investigators can do everything perfectly and still see the experiments fail.

The reasons for this are clear. Too little is known about the mechanism of folding of proteins in differ-

ent organisms to predict which host—vector system might be best for a given protein, and few methods are

available to increase the efficiency of folding or to prevent the aggregation, denaturation, and/or degrada-

tion of foreign proteins expressed in environments that are unnatural to them. In the absence of any useful

guiding principles, the expression of every cDNA or gene presents a unique set of problems, which must be

solved empirically.

Selection of an Expression System

Five major expression systems have been developed to a point where they are reasonably portable from one

laboratory to another, where the necessary components and vectors are readily available from commercial

sources or public repositories, and where success can be documented with more than a handful of proteins.

The host cells for these systems are E. coli, Bacillus subtilis, Saccharomyces cerevisiae, cultured insect cells, and

cultured mammalian cells. Very few, if any, laboratories have all five of these systems running and most

investigators will have to choose among the various options.

0 Expression in E. coli. Please see Chapter 15.

o Expression in mammalian systems. Please see Chapter 17.

0 Expression in Saccharomyces cerevisiae. Although the range of available expression vectors is extensive

(Emr 1990), few foreign proteins have been produced in yeast at levels that are more than modest. S. cere-

visiae is generally a fairly inefficient factory for recombinant proteins. However, the extremely powerful

genetic systems of the organism have been exploited in two important ways, neither of which requires

massive overproduction of foreign proteins: First, because many mutants of S. cerevisiae can be comple—

mented by expression of the homologous mammalian proteins, yeasts may be used as hosts for the iso—

lation of mammalian cDNAs by complementation. Second, the powerful genetics of yeast have been ele—

gantly exploited to develop selective systems for the isolation of genes that encode pairs of interacting
proteins (please see Chapter 18, Protocol 1).

0 Expression in Bacillus subtilis. B. subtilis has a well—developed secretory system, and recombinant pro-

teins can often be delivered to the medium in high yield in a soluble and active form. However, this is

not necessarily a great advantage since B. subtilis also secretes a number of proteases with powerful

degradative activities. In addition, the range of vectors is rather limited, and there are few examples of

proteins that can be expressed more efficiently in B. subtilis than in E. coli.

0 Expression in cultured insect cells. The baculovirus expression system is used to generate large quanti—

ties of recombinant proteins in cultured insect cells. A potential advantage of the system is that proteins

secreted from insect cells undergo a form of complex glycosylation. However, a major disadvantage is

that expression of the foreign protein occurs during acute lytic infection of cells with a recombinant bac—

ulovirus stock. Protein production therefore occurs for only a short period of time and results in cell

death. Consequently, there is a constant need to generate new virus stocks and new cells for infection.

Please see the information panel on BACULOVIRUSES AND BACULOVIRUS EXPRESSION SYSTEMS in
Chapter 17.
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E. COLI EXPRESSION SYSTEMS

Expression of foreign genes in bacteria has always been the Grail of molecular cloning. The early cloners

were remarkably confident that E. coli could be reprogrammed to elaborate any desired protein in quanti—

ties sufficient for any desired purpose. During the Great Recombinant DNA debate of the early 19705, the

idea that there might be problems in constructing strains of E. coli that would make proteins to order was

hardly questioned. In fact, much of the discussion centered around the degrees of physical and biological

containment that would be required to protect the world from bacteria that expressed this or that foreign

gene. Synthesis of foreign proteins in prokaryotes was feared as the approaching apocalypse by the Luddite

fringe and was simultaneously peddled to Wall Street as an apotheosis by the more entrepreneurial of the

molecular biologists.

As it turned out, neither the dark paranoia nor the day—glo optimism of those times was justified. The

doomsayers were spectacularly wrong, as they since have been about other perceived dangers in molecular

cloning. In the 20 years since the Asilomar conference, many thousands of strains of E. cali have been con-

structed that express foreign proteins, without untoward consequences. In recognition of this fact, most of

the regulations that restricted expression work in E. coli were dropped in the United States a few years after

Asilomar. with only token opposition from the hard—core pessimists. As for the entrepreneurs, only a few of

them became rich from proteins that were synthesized in E. coli. For the most part, these proteins were small

cytokines and growth factors whose secretion into medium could be easily engineered. Larger secreted pro-

teins and cytosolic proteins of all sizes proved to be far more difficult to produce. After several years of effort

to solve problems of prokaryotic expression, most genetic engineering companies abandoned E. coli in favor

of eukaryotic cells as the means to produce larger secreted proteins.

Although the solutions remain elusive, the reasons for these problems are clear enough. Too little is

known about the mechanism of folding of proteins in E. coli, and few infallible methods are available either
to increase the efficiency of folding or to prevent the aggregation, denaturation. and/or degradation of for»

eign proteins expressed at high levels in an environment that is unnatural to them. In some cases, the use of

mutants of E. coli (e.g., Ion mutants) that are defective in degradation has proven helpful; in many other

cases, solubility problems have been alleviated by expressing the polypeptide of interest as part of a hybrid

protein. However, most nonsecreted proteins synthesized in E. coli accumulate as denatured aggregates,

called inclusion bodies, which can be purified by differential centrifugation (for review, please see Marston

1986; Cousens et al. 1987). These aggregates are insoluble in aqueous buffers at neutral pH, but they usual-

ly can be dissolved in buffers that are markedly acidic or alkaline or contain high concentrations of deter‘

gents, organic solvents, or denaturants. In a few cases, it has then been possible to fold the solubilized pro-

tein in vitro into an active or native state (for reviews, please see Marston 1986; Kohno et al. 1990).

Most success with E. coli expression systems has been achieved with small secretory proteins (Goeddel

1990), which can be translocated into the periplasmic space of E. coli, from where they can be recovered and

purified, sometimes in an active form. To achieve maximum efficiency, however, it is usually necessary to

replace the eukaryotic hydrophobic signal sequences with a bacterial signal sequence and cleavage site. It is

unreasonable to expect secretory proteins that depend on glycosylation or specific proteolytic cleavage to be

recovered in an active state.

As indicated above, small cytosolic proteins and polypeptides (<100 residues in length) are best

expressed in E. coli as fusion proteins. The carrier sequences often stabilize the protein of interest against

intracellular degradation and provide a binding site that can be used for affinity purification. The protein
of interest can sometimes be recovered in an active form by including a proteolytic cleavage site at an

appropriate location in the fusion protein.

During the last 20 years, many different carrier sequences have been used in hybrid proteins. Any one

of them may work well in a specific construct or in a particular bacterial strain, but none of them is a uni-

versal panacea. However, newly developed expression systems that utilize E. coli protein thioredoxin as a car-

rier appear to be a significant improvement over more traditional fusion partners, such as B-galactosidase.

The following are the two most problematic groups of proteins.

0 Cytosolic proteins >100 residues are sometimes toxic, often unstable, and frequently form insoluble

inclusion bodies.
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. Large celI-surface proteins and secretory proteins are translocated inefficiently across the inner mem-

brane of E. coli, and only a small fraction of the molecules that reach the periplasmic space are able to

fold into an active configuration. Perhaps this is not surprising in view of the fact that in mammalian

cells, transport, folding, and biological activity of cell surface and large secretory proteins are often

dependent on the correct constellation of chaperone proteins, as well as glycosylation and/or other forms

of posttranslational modification.

In the absence of any informing principles that would help to find a general solution to the problems

of intracellular protein folding, the expression of every cDNA encoding “difficult” proteins in E. coli pre-

sents a unique set of problems, which must be solved empirically.

 

LACZ FUSIONS 

Gene fusions are created by joining together two pieces of DNA that were not previously connected. Often,

the regulatory sequences of the gene of interest are placed upstream of sequences coding for a reporter mol-

ecule whose level of expression can be easily measured, for example, [3 galactosidase. This type of gene fusion

allows rapid experimental analysis of the physiological conditions affecting the expression of the gene of

interest; and it facilitates mutational analysis of the upstream regulatory region. Gene fusions are also used

to create hybrid proteins in which the protein of interest is attached to the amino terminus or the carboxyl

terminus of a carrier protein. Many vector systems have been developed for the expression of lacZ fusion

genes. Some of these are listed in Table 15—6. LacZ fusion proteins have several advantages:

. Their expression is placed under the dominion of a well—characterized promoter whose activity can be

increased by several orders of magnitude by simple manipulation of the bacterial culture. Transcription

of LacZ is subject to both negative and positive regulation. Negative regulation is exerted by the Lac

repressor, which binds to the operator (LacO) and prevents synthesis of lac mRNA. The lac repressor, a

tetrameric protein of 150 kD, is encoded by the lac] gene. Normally, there are about ten molecules of

repressor per cell, sufficient to smother, but not completely strangle, transcription of the Lac operon. In

the absence of inducer, basal expression generates ~60 molecules of the monomer of B—galactosidase per

cell when lacZ is carried as a chromosomal F' gene, and higher levels when the gene is carried on a mul—

ticopy plasmid. Because this level of basal expression may lead to problems if a LacZ fusion protein is

expressed that is toxic to E. coli, many LacZ fusion systems make use of a mutant lac] gene (lacI‘l; Muller-

Hill et al. 1968) that synthesizes about tenfold more repressor than wild type. This overproduction of

repressor suppresses the basal level of transcription of the Lac operon in the absence of inducer.

Repression of the LacZ operon is relieved by inducers, such as IPTG, which bind to the repressor and

cause a conformational change that lowers the affinity of the repressor for the lac operator. A fully

induced culture of E. coli contains ~60,000 molecules of lacZ B—galactosidase per cell.

In addition to an inducer such as IPTG, the efficient expression of lacZ requires CAMP and an acti—

vator protein, CAP. The cAMP-bound form of CAP binds with high affinity to a site in the lac promot~

er (Majors 1975) and facilitates binding of RNA polymerase. Because CAP acts in a positive fashion, this

type of regulation is called positive control. In the absence of CAP, the levels of Inc gene products are
reduced up to SO—fold (Beckwith et al. 1972). The activity of CAP is controlled by the intracellular level

of CAMP, which is, in turn, regulated by the concentration of glucose. Growth of cells on glucose reduces

the intracellular concentration of CAMP and inhibits induction of the lac operon.

o The fusion protein inherits a ribosome-binding site and initiation sequence whose efficiency is proven.

lacZ does not have a particularly good Shine-Dalgamo sequence, and the sequences immediately sur-

rounding the start codon are not optimal for initiation of translation (Hui et al. 1984). Nevertheless, ini—
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tiation of protein synthesis occurs efficiently enough that it is not normally a limiting factor in expres—

sion of LacZ fusion proteins.

0 The lacZ segment of the fusion protein serves as an identification tag that can be used for affinity purifi—

cation on Sepharose columns containing the immobilized inhibitor of fi-galactosidase, p-aminophenyl—

B-D—thio—galactoside (also known as TPEG or APTG) (Steers et al. 1971; Germino et al. 1983; Ullmann

1984).
0 Fusion to lacZ offers some protection against the intracellular proteolysis that lays waste to many foreign

proteins expressed in E. coli. Produced on their own, these proteins evidently fold into conformations

that are susceptible to degradation by ATP~dependent proteases such as Ian and clp (Gottesman 1989).

This fate is particularly true of small polypeptides such as somatostatin (Itakura et al. 1977), insulin

(Goeddel et al. 1979), and B—endorphin (Shine et al. 1980). When attached to lacZ or another carrier,

these proteins are stabilized to the point where the fusion protein can comprise 2094) of the total cell pro—

tein (for review, please see Marston 1986).

0 Finally, the high levels of expression that can be achieved with LacZ fusion proteins promote the forma—

tion of insoluble aggregates or inclusion bodies, which can be isolated easily (Marston 1987). However,

to obtain active fusion protein, the inclusion bodies must be dissolved in strongly denaturing buffers,

and the fusion protein must then be purified and refolded. These steps are not trivial, and conditions for

each of them must be developed empirically. For reasons that are not understood, foreign proteins

attached to the carboxyl terminus of lacZ are usually sequestered into inclusion bodies; amino—terminal

fusion proteins are generally soluble and can be directly purified from cell lysates by affinity chromatog—
raphy.

Like other expression systems, LacZ fusions have some disadvantages. First, only a small fraction of the

amino acid residues of the fusion proteins may belong to a foreign protein. Second, to obtain biologically

active material, the foreign protein usually must be cleaved, either enzymatically or chemically, from its

LacZ carrier. This cleavage can be accomplished by building a unique cleavage site between B-galactosidase

and the fusion protein. However, ifthe fusion protein is insoluble, cleavage may be possible only after denat—

uration or in the presence of denaturant. This feature places restrictions on the types of enzymatic cleavage

that can be used. Third, B—galactosidase is not a secreted protein and cannot be translocated across the

membrane of E. coli even if it is equipped with a signal sequence. Typically, LacZ fusion proteins that carry

functional signal sequences become jammed in the membrane and are toxic to the cell (Bassford et al. 1979;

Moreno et al. 1980).

Despite these disadvantages, lacZ fusions were used successfully in the 19805 to express more than 50

proteins in E. coli. Nowadays, however, IacZ would probably not be the system of choice. Vectors containing

promoters for bacteriophage T7 RNA polymerase have tighter transcription control and can drive higher

levels of expression (Studier et al. 1990). Polyhistidine tracts (Smith et al. 1988) may now be the first choice

for protein tags since they generally do not destroy protein function and allow affinity purification to be car?

ried out under gentle conditions.
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PLASMID VECTOR

SITE or |NSERTION

OF FOREIGN DNA PROMOTER COMMENTS REFERENCES
 

pUR series

pUK series

pEX series

pMRlOO

pAX series

pUC series, pGEMZ

series, Bluescript

series, and many

others

carboxyl terminus

of lacZ

amino terminus

of lacZ

carboxyl terminus

of lacZ

carboxyl terminus

of lacZ

amino terminus

of a—fragment of

B-galactosidase

UVSlac

UVSlac

bacteriophage kpR

UVSIac (2 copies)

lac

lac

Contains multiple cloning sites

in all three reading frames.

Contains cloning sites in all three

reading frames.

Contains a cloning site in all three

reading frames.

When foreign DNA is inserted

into the polycloning site,

a fusion protein is

synthesized that has the

amino terminus of the

bacteriophage A cl gene, a

central segment of foreign

protein, and B-galactosidase

at the carboxyl terminus‘

At the end of the lacZ gene,

PAX vectors contain (1) a

hinge region of 187 bp

encoding a fragment of

collagen, (2) an endoprotein—

ase Xa recognition site followed

by (3) a multiple cloning site

and (4) the bacteriophage k

transcriptional terminator.

Contains multiple cloning

sites in all three reading

frames; insertion of foreign

DNA in any frame abolishes

a—complementation: inser-

tion in the correct reading

frame generates a LacZ—

a—fragment fusion protein.

Rather and Muller-Hill

(1983)

Koenen et al. (1985)

Stanley and Luzio (1984)

Gray et al. (1982)

Germino and Bastia

( 1984)

Messing (1983); Nor-

rander et al. (1983);

Yanisch—Perron et al.

(1985)

Product literature from

Stratagene and Promega

 

UVSlac is a double mutant of the lac promoter in which a G to A transition lies adjacent to a T to A transversion in the RNA polymerase-binding site.
UVSIac is an “up" promoter that allows transcription of the lac operon in the absence of the CAP—AMP complex (Dickson et al. 1975).
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CHAOTROPIC AGENTS
 

In molecular cloning, chaotropic agents are used chiefly to destroy the three—dimensional structure of pro-

teins. The most powerful of the commonly used protein denaturants are guanidinium isothiocyanate and

guanidinium chloride, which convert most proteins to a randomly coiled state (Tanford 1968; Gordon

1972). The mechanism of this conversion is unclear, although it seems to involve binding of progressively

greater amounts of the guanidinium salt to the protein as denaturation proceeds (Gordon 1972).

The first guanidinium salt to be used as a deproteinization agent during isolation of RNA was chloride
(Cox 1968). Although it is a strong inhibitor of ribonuclease, guanidinium chloride (also known as guani—
dine chloride or aminoformamidine hydrochloride) is not a powerful enough denaturant to allow extrac—
tion of intact RNA from tissues that are rich in RNase, such as the pancreas. Guanidinium isothiocyanate
(also known as guanidinium rhodanide or guanidine thiocyanate) is a stronger chaotropic agent because it
contains a reductant to break protein disulfide bonds and potent cationic and anionic groups that form
strong hydrogen bonds. The procedure of Chirgwin et al. (1979), which involves lysis of cells by guanidini»
um isothiocyanate and ultracentrifugation of the cell lysates through CsCl gradients (Glisin et al. 1973), has
become a standard method for isolation of undegraded RNA. More recently, procedures have been devel-
oped that combine guanidinium thiocyanate and extraction with phenol/chloroform (Chomczynski and
Sacchi 1987; Puissant and Houdebine 1990; please see Chapter 7, Protocol 1). Because the ultracentrifuga-
tion step is eliminated, many samples can be processed simultaneously at modest cost.

In a perverse fashion, chaotropic agents, such as guanidine hydrochloride, can also be used to enhance
the renaturation of a denatured protein. This use finds two major applications in molecular biology. First,
the overexpression of foreign proteins in heterologous hosts, such as E. coli, often leads to the formation of
aggregates of the expressed protein. These so—called inclusion bodies are readily isolated by low—speed cen-
trifugation and usually consist of almost pure accretions of denatured forms of the foreign protein. The
inclusion bodies can sometimes be solubilized with 6 M solutions of guanidine hydrochloride, which acts
by dissociating the aggregates and completely denaturing the protein. The unfolded foreign protein will
often refold into its native conformation if the chaotropic agent is slowly removed from the solution by dial-
ysis against buffer. This renaturation procedure has been used to refold hundreds of recombinant proteins
(Marston 1987).

Second, a similar denaturation/renaturation protocol is useful when screening bacteriophage A expres-
sion libraries with antibody or DNA-binding—site probes (Vinson et al. 1988). In this case, intact or fusion
proteins expressed from cDNA inserts are transferred to nitrocellulose filters (Young and Davis 1983). The
filters are then incubated in a series of buffers containing 6 M, 3 M, and 0 M guanidinium hydrochloride to
denature and renature the expressed proteins. Finally, the filters are probed with an antibody spccific for the
protein of interest or with a concatenated DNA probe made up of repeats of a DNA sequence specifically
recognized by the target protein (e.g., a DNA—binding transcription factor). Vinson et al. (1988) found that
the inclusion of a denaturation/renaturation step in the screening procedure could make all or no differ-
ence in the identification of a particular cDNA.
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Chapter 16: bitroducing Cloned Genes into Cultured Mammalian Cells

A VARIETY OF sTRATEGiEs ARE AVAILABLE FOR THE DELIVERY of genes into eukaryotic cells. These

techniques fall into three categories: transfection by biochemical methods, transt‘eetitm by phys—

ical methods, and virus—mediated transduction. This chapter deals with the first two categories;

the third approach is covered extensively in Section 8 of Cells: A Laboratory Manual (Specter et

al. 1998b). The choice ofa particular transfection method is determined by the experimental goal

(e.g., the type of assay to be used for screening, the ability ofthe cell line to survive the stress of

transfection, and the efficiency required of the system).

Biochemical methods of ti‘ansfection, including calcium-phosphate—mediated and diethy»

laminoethyl (DEAE )—dextran-mediated transfection, have been used for nearly 30 years to deliv—

er nucleic acids into cultured cells. The work of Graham and van dCl‘ Eb (1973) on tmnstbrma-

tion of mammalian cells by viral DNAs in the presence of calcium phosphate laid the foundation

for the biochemical transformation ofgenetically marked mouse cells by cloned DNAs (Muitland

and McDougall 1977; Wigler et al. 1977), for the transient expression of cloned genes in a variety

of mammalian cells (e.g., please see German et al. 1983b), and for the isolation and identificatinn

of cellular oncogenes, tumor—suppressing genes, and other single—copy mammalian genes (e.g.,

please see Wigler et ill. 1978; Perucho and Wigler 1981; Weinberg 1985; Friend et all. 1988). More

recently, a wllection of cationic lipid (liposome) reagents has been used successfully for gene

delivery into a wider range of cell types. In all three of these chemical methods (calcium phos—

phate DEAE—dextran, and cationic lipids), the chemical agent forms a complex with the DNA

that facilitates its uptake into cells.

Two physical methods of transfection are in common use: Biolistie particle delivery and

direct microinjection work by perforation of the cell membrane and subsequent delivery of the

DNA into the cell; electroporation uses brief electrical pulses to create transient pores in the plas—

mid membrane through which nucleic acids enter.

TRANSIENT VS. STABLE TRANSFECTION
 

Two different approaches are used to transfer DNA into eukaryotie cells: transient transfection

and stable transfection. In transient transfection, recombinant DNA is introduced into a recipi-

ent cell line in order to obtain a temporary but high level of expression of the target gene. The

transfected DNA does not necessarily become integrated into the host chromosome. 'li'ansient

transfection is the method of choice when a large number Of samples are to be analyyed within a

short period of time. Typically, the cells are harvested between 1 and 4 days after translection, and

the resulting lysates are assayed for expression of the target gene.

Stable or permanent ti‘ansfection is used to establish clonal cell lines in which the trains-

fected target gene is integrated into chromosomal DNA, from where it directs the synthesis of-

moderate amounts of the target protein. In general (depending on the cell types), the tbrmation

of stably transfected cells occurs with an efficiency that is one to two orders of magnitude lower

than the efficiency Of transient transfection. Isolation of the rare stable ti'ansthrnieint from a

background of nontransfected cells is facilitated by the use of a selectable genetic marker. The

marker may be present on the recombinant plasmid carrying the target gene, or it may be carried

on a separate vector and introduced with the recombinant plasmid into the desired cell line by

cotransfection (for further details, please see the information panels on COTRANSFORMATION

and SELECTIVE AGENTS FOR STABLE TRANSFORMATION ). In general, all of the methods described

below are suitable for use in transient transfection assays, and all, with the exception of DEAl—k

dextran, may be used for stable transfection.

, - “hmeun,.
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TRANSFECTION METHODS
 

Until recently, cloned DNA has been introduced into cultured eukaryotic cells chiefly by biochem—

ical methods. During the past 10 years, the range of cell types that can be transfected efficiently has

been extended with the development of liposome methods, which work well with suspension cul—

tures, and with the use of physical methods such as electroporation and biolistic particle delivery,

which may be used successfully with many cell lines that are resistant to transfection by other

means. A brief summary of transfection methods is given in Table 16—1.

TABLE 16-1 Transfection Methods
 

CElL

TOXICITY

EXPRESSION

METHOD TRANSIENT STABLE CELL TYPES COMMENTS
 

LipidAmediated
Protocol 1

yes yes

Calcium-phosphate— yes yes

mediated

Protocols 2 and 3

DEAE—dextranv

mediated
Protocol 4

Electroporation
Protocol 5

Biolistics
Protocol 6

Polybrene
Protocol 7

yes no

yes yes

yes yes

yes YES

varies

no

yes

110

I’ll)

varies

adherent cells,

primary cell lines,

SUSPCHSTOD Cultul'CS

adherent cells (CHO,

293); suspension

cultures

BSC-lt (IV-l, and
(308

many

primary cell lin es;

tissues, organs, plant

cells

CH0 and keratinocyte

Cationic lipids are used to create artificial mem-

brane vesicles (liposomes) that bind DNA mole-
cules. The resulting stable cationit complexes

adhere to and fuse with the negatively charged cell

membrane (Felgner et (11. 1987; Felgner ct AT. 1994).

Calcium phosphate forms am insoluble enpreeipi-
tate with DNA, which attaches to the cell surface
and is absorbed by cndocytosis (Graham and van
dcr Eb 1973).

Positively charged DEAli—dextmn binds to negatively
charged phosphate groups 01‘1)NA, forming aggre-

gates that bind to the negatively charged plasma
membrane. Uptake into the cell is believed to be
mediated by endocytosis, which is potentiated by

osmotic shock (Vziheri and l’agzmo 1965).

Application ofbrief high—voltdge electric pulses to a

variety of mammalian and plant cells leads to the

formation of nanometer—sized pores in the plasma

membrane (Ncumann et al. 1982; Zimmernmnn

1982) DNA is taken directly into the cell cytoplasm

either through these pores or 115 11 consequence of
the redistribution of membrane components that

accompanies the closure of the pores. Electmpom—

tion cam be extremely efficient and may be used for
both transient and stable transfection.

Small particles of tungsten or gold are used to bind

DNA, in preparation for delivery into cells, tissuem

or organelles by a particle (TCCCILl'dtOT' system (Sdn—
ford et 1111 1993). This procex‘s has been variously

called the microprojectile bombardment method,
the gene gun method, and the particle acceleration
method. Biolisties is used chiefly to transform cell
types that are impossible or very difficult to tinny

form by other methods.

The polycation Polybrenc allows the efficient and

stable introduction oflow—molecular—wcight DNAS
(e.g., plasmid DNAs) into cell lines that are relatively
resistant to transfection by other methods (Kdmii

21nd Nishimwu 1984; Chaney et 41. 1986; Aubin et til.
1997). The uptake of DNA is enhanced by osmotic
shock and dimethylsulfoxide (DMSO), which may
permeabilize the cell membrane.
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TRANSFECTION CONTROLS
 

All transfection experiments should include controls to test individual reagents and plasmid DNA

preparations, and to test for toxicity of the gene or construct being introduced.

Controls for Transient Expression

Negative Controls

In transient transfection experiments, one or two dishes of cells should be transfected with the

carrier DNA and/or buffer used to dilute the test plasmid or gene. Typically, salmon sperm DNA

or another inert carrier such as the vector used to construct the recombinant is transfected into

adherent cells in the absence of the test gene. After transfection, the cultured cells should not

detach from the dish nor become rounded and glassy in appearance.

Positive Controls

One or two dishes of cells are transfected with a plasmid encoding a readily assayed gene product

such as chloramphenicol acetyl transferase, iuciferase, Escherichia coli B—gaiactosidase, or green

fluorescent protein, whose expression is driven by a pan-specific promoter such as the human

cytomegalovirus immediate early gene region promoter and enhancer. Tracer plasmids of this

kind are available from many different commercial suppliers who sell kits containing the enzymes

and reagents needed for detection of the encoded protein. Because the endogenous levels of these

reporter activities are typically low, the increase in enzyme activity provides a direct indication of

the efficiency of the transfection and the quality of the reagents used for a particular experiment.
This control is especially important when comparing results of transfection experiments carried
out at different times. Cotransfecting the reporter plasmid with the test plasmid or genomic DNA
also provides a control for nonspecific toxicity in the overall transfection process.

Controls for Stable Expression

Negative Controls

One or two dishes should be transfected with an inert nucleic acid such as salmon sperm DNA,
in the absence of the selectable marker. After culturing for 2—3 weeks in the presence of the select—
ed agent (G418, hygromycin, mycophenolic acid), no colonies should be visible.

Positive Controls

One or two dishes of cells should be transfected with the plasmid encoding the selectable mark—
er in the absence of any other DNA. The number of viable colonies present at the end of the 2—3—
week selection period is a measure of the efficiency of the transfection/selection process. A simi—
lar number of colonies should be present on dishes into which both the selectable marker and the
test plasmid or gene were introduced. A marked discrepancy in the number of colonies on these
two sets ofdishes can be an indication of a toxic gene product (or in rare instances of a gene prod-
uct that enhances survival of the transfected cells). If a particular cDNA or gene proves toxic to
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recipient cells, consider the use ofa regulated promoter such as metallothionein (a Zn“ — or Cd“—
responsive DNA), the mouse mammary tumor Virus long terminal repeat promoter (a glucocor—
ticoid-responsive DNA), a tetracycline—regulated promoter (Gossen and Bujard 1992; Gossen et
al. 1995; Shockett et al. 1995), or an ecdysone-regulated system (No et a]. 1996). Alternatively,
conditional alleles of some genes can be constructed (Picard et al. 1988).

OPTIMIZATION AND SPECIAL CONSIDERATIONS
 

Irrespective of the method used to introduce DNA into cells, the efficiency of transient or stable
transfection is determined largely by the cell type that is used (please see Table 16-1). Different
lines of cultured cells vary by several orders of magnitude in their ability to take up and express
exogenously added DNA. Furthermore, a method that works well for one type of cultured cell

TABLE 16-2 Commercial Kits and Reagents for Transfection

MANUFACTURER

Amersham-Pharmacist Biotech

Bi0~Rad

CLONTECH

5 Prime—>3 Prime

Invit rogen

Life Technologies

MB] Fermentas

Novagcn

Promega

QIAGEN

Quantum Biotechnologies

Sigma Aldrich

Stratagene

Wako Chemicals U SA

WEBSITE ADDRESS

www.apbiotech.c0m

www.biorad,com

www.clontech.c0m

www.Sprime.com

www.invitrogen.c0m

www.lifetech.com

www.fermentas.c0m

www.novagen.c0m

WW\V. promega.c0m

www.qiagen.c0m

www.quantumbiotech.com

www.sigma—aldrich.com

www.stratagene.c0m

www.wakousa.com

KlT/PRODUCT

CellPhect '1ransfecti0n Kit

CytoFectenc Reagent

CLONfectin Reagent

CalPhos Mammalian Kit

Calcium Phosphate
Transfectlon Kit

Perfect Lipid

Lipofectamine, Lipofectin,
LipofectAce, Cellfectin

Calcium Phosphate Transfection
System

ExGen 500

Transfast Transfection

fo Reagents
Transfectam

ProFection

SuperFect

Effectcne

Transfection Reagent
Selector Kit

GeneSHUTTLE 20 and 40

DEAE Dextran Kit

Calcium Phosphate Transfection

Escort, DOTAP, DOPE

LipoTaxi

MES Mammalian

Transfection Kit

Mammalian Transfection Kit
Primary EN} [ANGER Reagent

GeneTransfer HMGJ, -2 Mixture

METHOD OR REAGENTS

(faPOl or DEAE—lkxtmn

(Iationic lipid

(Iationic lipid
(faPOl

(IaPQl

DEAE—Dextmn

Cationic lipid

Cationic lipid (pl'Opl‘iCldU)

(LtPOl

(Iallionic polymcr

(Iationic lipid

(Iationic lipid
(Zationic lipid

(IaPO‘ or DEAEADcxtran

Activated dcndrimcr
Nonliposmna) lipid and DNA

condensing agent
Enhancer

Both reagents

Cationic lipid

I)EAE—l)extran
(IaPQ‘

(Intionic lipid kits

Liposomevmediatcd
Modified CaPO4

CaP04 and/or DEAE—lkxtrdn
Supplemented with lipid,(idPO4

liposome—mediated  
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may be useless for another. Many of the protocols described in this chapter have been optimized

for the standard lines of cultured cells. When using more exotic lines of cells, it is important to

compare the efficiencies of several different methods. The protocols in this chapter present com—

monly used transfection techniques as well as methods that have proven successful with cell lines

that are resistant to transfection by standard techniques. Commercial kits are available that pro—

vide collections of reagents for many types of transfectionb (please see Table 16—2).

Many techniques used in eukaryotic cell culture are not discussed in detail in this manual

(for specific information on cell culture, please see Volume 1 of Cells: A Laboratory Manual

[Spector et al. 19983] ). In particular, it is assumed that the conditions for optimal growth and pas-

sage of the cell lines to be used in this protocol have already been established.

 

The students study molecules now, spinning models across their computer screens and splicing the
genes ofone creature into those ofanother. The science ofgenetics is utterly changed... . Sometimes
I wonder where we have misplaced our lives.

Andrea Barrett

“The Behavior ofthc Hawkwccds."
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Protocol 1
 

DNA Transfection Mediated by Lipofection

MATERIALS

BECAUSE A LARGE NUMBER OF VARIABLES AFFECT THE EFFICIENCY of lipofection, we suggest that the

conditions outlined in the following protocol be used as a starting point for systematic optimiza—

tion of the system (for further details, please see the information panel on LIPOFECTION at the

end of this chapter). Alternatively, a protocol recommended by a commercial manufacturer of a

particular lipofectant can be used to begin the optimization process. Once a positive signal has

been obtained with a plasmid carrying a standard reporter gene, each ofthe parameters discussed

in the information panel on LIPOFECTION may be changed systematically to obtain the maximal

ratio of signal to background and to minimize variability between replicate assays. From these

results, optimal protocols can be developed to assay the expression of the genes of interest.

To explore the suitability ofa wide variety oflipids for the task at hand, we recommend pur—

chasing an optimization kit containing a series of individual lipids or combinations of lipids.

Examples of such kits include the fo Reagents Transfection Trio (Promega), PerFect Lipid

Transfection Kit (Invitrogen), and the Transfection Reagent Optimization System (Life

Technologies).

The following protocol is a modification of a method provided by Mark Evans (Alexion

Pharmaceuticals, New Haven, Connecticut).

 

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Lipofection reagent

As illustrated in Table 16-4 and described in the information panel on LIPOFECTION, several type» of
lipofection reagents are available. This protocol describes the use of two common lipids:

o Lipofectin (N—[1—(2,3—diole0yloxy)propyl]—N,N,N~trimethylammonium chloride '[)()TMA|)
(Figure 16-1). This monocationic lipid mixed with a helper lipid is usually purchased at a concew
tration of 1 mg/ml. DOTMA can also be synthesized with the help ofzm organic chemist (Felgner et
al, 1987). If synthesized in—house, dissolve 10 mg each of dried DOTMA and the helper lipid dioleoyl

phosphatidylethanolamine (DOPE, purchased from Sigma) in 2 ml of sterile deionized H30 in a

polystyrene tube (do not use polypropylene tubes). Sonicate the turbid solution to form Iiposomes
before diluting to a final concentration of] mg/ml. Store the solution at 4°C.
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FIGURE 16-1 Structures of Lipids Used in Lipofection

For further descriptions of each of these lipids, please see Table 16-4.
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TABLE 16-3 Dimensions of Dishes Used for Cell Culture
 

 

SIZE OF PLATE GROWTH AREA (cmz) RELATIVE AREAa RECOMMENDED VOLUME

96—wcli 0.32 0.04x 200 pl

24—well 1.88 0.25x 500 pl

12—we11 3.83 0.5x 1.0 ml

6-well 9.4 1.2x 2.0 ml

35—mm 8.0 1.0>< 2.0 mi

60—mm 21 2.6x 5.0 ml

10-cm 55 7x 10.0 ml

Flasks 25 3x 5.0 ml

75 9x 120 ml
 

“Relative area is expressed As a factor nfthe growth tired Ufa SS-mm tulturc plate.

0 Transfectam (Spermine—5—carboxy—glycinedioctadecyl—amide |1)OGS]) (Figure 16-1). Polycationic

lipids such as DOGS may be substituted for Lipofectin in the protocol. DOGS can be purchased and

reconstituted as directed (Promega) or the lipid may be synthesized in—house to save money (Loeffler
and Behr 1993). If synthesized in the laboratory, prepare a stock solution as follows: Dissolve 1 mg of
polyamine in 40 pl of 9696 (v/v) ethanol for 5 minutes at room temperature with frequent vortexing.
Add 360 pi of sterile 110 and store the solution at 4°C. Vortex the solution just before use.

Polyamines, such as DOGS, do not require the use of polystyrene tubes; polypropylene tubes (i.e.,
standard microfuge tubes) can be safely used with these reagents. Polystyrene tubes must be used
with DOTMA7 because the lipid can bind nonspecifically to polypropylene.

NaCl (5 M) (optional)
Use as the diluent for DOGS.

Sodium citrate (pH 5.5, 20 mM) containing 750 mM NaCl (optional)
Use instead of sterile HZO as the diluent for the plasmid DNA if DOGS is the lipofection reagent (Kichlcr
et a1. 1998).

Nucleic Acids and Oligonucleotides

Plasmid DNA
if carrying out lipofection for the first time or if using an unfamiliar cell line, obtain an expression pias~

mid encoding E. coli B—galactosidase or green fluorescent protein (please see the information panel on
GREEN FLUORESCENT PROTEIN in Chapter 17). These can be purchased from several commercial

manufacturers (e.g., pCMV—SPORT—B—gal, Life Technologies, or pEGFP—F, CLONTECH; please see
Figures 16—2 and 16—3).

Purify closed circular plasmid DNAs by column chromatography or ethidium bromideACsCI gradient

centrifugation as described in Chapter 1. Dissolve the DNAs in HZO at 1 pg/p].

Media

Cell culture growth medium (complete, serum-free, and [optional] selective)

Special Equipment

Test tubes, polystyrene or polypropylene
Polystyrene tubes must be used with DOTMA, because the lipid can bind nonspecifically to polypropy-
lent:

Tissue culture dishes (60 mm)

This protocol is designed for cells grown in 60—mm culture dishes. 11. multiweil plates, flasks, or dishes 0le
different diameter are used, scale the cell density and reagent volumes accordingly. Please see Table 16—3.

Additional Reagents

Step 9 of this protocol may require the reagents listed in Chapter 17, Protocol 7.

Cells and Tissues

Exponentially growing cultures of mammalian cells  
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FIGURE 16-2 pCMV-SPORT-B-gal

pCMV-SPORT—B-gal is a reporter vector that may be used to monitor transfection efficiency. It carries the
E, coli gene encoding B-galactosidase preceded by the CMV (cytomegalovirus) promoter that drives high
levels of transcription in mammalian cells. The SV40 polyadenylation signal downstream from the B-galac-
tosidase sequence directs proper processing of the mRNA in eukaryotic cells. (Reproduced, with permis-
sion, from Life Technologies, Inc.)
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FIGURE 16-3 pEGFP-F
pEGFP—F is a reporter vector that may be used both to monitor transfection efficiency and as a cotransfec-
tion marker. The vector encodes a modified form of the green fluoreccent protein, a farnesylated enhanced
GFP (EGFP—F) that remains bound to the plasma membrane in both living and in fixed cells. The EGFP—F»
coding sequence is preceded by the CMV (cytomegalovirus) promoter that drives high levels of transcrip-
tion and is followed by the SV40 polyadenylation signal to direct proper processing of the mRNA in eukary-
otic cells. The plasmid carries sequences that allow replication in prokaryotic (pUC ori) as well as eukary-
otic (SV40 ori) cells and markers that facilitate selection for the plasmid in prokaryotic (kanamycin) cells as
well as eukaryotic (neomycin) cells. The presence of EGFP—F can be detected by fluores‘cence microscopy.
(Adapted, with permission, from CLONTECH.)
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TABLE 16-4 Some Lipids Used in Lipofection
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ABBREVIATION IUPAC NAME TYPE PRODUCT NAME

CELL LINES

COMMONLY USED

FOR TRANSFECTION
 

DOTMA

DOTAP

DMRIE

DDAB

Amidine

I)(I»Cholesterol

DOSPER

DULID

DOSPA

TM<TPS

N—I1—(2,3—dioleoyloxy)propyl]‘N,N,NA

trimcthylammonium chloride

N— [ l—(2,3—dioleoyloxy)propyl]—N,N,N—

trimethylammonium methyl sulfate

1‘Z—dimyristyloxypropylfidimethyl-

hydroxycthylammonium bromide

dimethyl dioctadecylammonium bromide

N- t-butyl-N’-tetradecyl—3~tetradecyl-

aminopropionamidc

3B [N-(NZNCdimethylaminoethane)

carbamoyl]-cholcster0]

1,3»diole0yloxy-2-(6—carb0xyspermyl)

propylamide

spermine~5~carb0xy—glycine

dioctadecyl-flmide

2,3—dioleoyloxy—N—[2(sperminecarboxv

amidokthyl I —N,N—dimethyL 1 -propan-

aminium trifluoroacetatc

N,N',N”,N”'—tetram€thyl—N, N/,N”,N“'—

tetrapalmitylspermine

monocationic

monocationic

monocationic

monocationic

monocationic

monocationic

dicationic

polycationiw

polycationi

polycationic

Lipofecti n

DOTAP

DMRIE—(Z

LipofectACE

CLONfectin

DQCholesterol

fo

Transfectmn

LipofectAMINE

CellFECTIN

A552

H l 87

mouse L cells

NIHJTS

Hclld

Hch

llll‘kdl

(IHO—Kl

(305—7

BH K—Zl

(305—7

(lHO—KI

BHK—Z]

mouse L cells

A431

HEK293

BHK»21

Hch

116

(?\’—l

(ZHO

Hclta

NIHJT}

293

HcI a

HCpGZ

HCI 1

NIH73'I‘3

HT~29

BH K—21

keratinocytcs

MIXIK

NI H -5“l'j

(ZHO-Kl

(?OSV

BHK—Z]

lurkut   
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METHOD
 

. Twenty—four hours before Iipofection, harvest exponentially growing mammalian cells by

trypsinization and replate them on 60—mm tissue culture dishes at a density of 10S eells/dish

(or at 5 x 104 cells/35~mm dish). Add 5 ml (or 3 ml for 35—mm dish) of growth medium, and

incubate the cultures for 20—24 hours at 37°C in a humidified incubator with (in atmosphere

Of 5—7% COW.

The ceils should be ~75% confluent at the time of lipot'ection. it" the cells all“ grown tbr fewer than
12 hours before trunsfection, they will not be well anchored to the substratum Jlld dI'L‘ likely to

detach during exposure to lipid.

. For each 60—mm dish of cultured cells to be transfected, dilute 1—10 pg of plasmid DNA into

100 pl of sterile deionized Hzo (if using Lipofeetin) or 20 mM sodium citrate containing 150

mM NaCl (pH 55) (if using Transfectam) in a polystyrene or polypropylene test tube. In a

separate tube, dilute 2—50 ul of the lipid solution to a final volume of 100 ul with sterile

deionized HZO or 300 mM NaCl.

A IMPORTANT When transfecting with Lipofectin, use polystyrene test tubes; do not use polypropy-

lene tubes, because the cationic lipid DOTMA can bind nonspecifically to polypropylene. For other
cationic lipids, use the tubes recommended by the manufacturer.

3. Incubate the tubes for 10 minutes at room temperature.

. Add the lipid solution to the DNA, and mix the solution by pipetting up and down several

times. Incubate the mixture for 10 minutes at room temperature.

. While the DNA—lipid solution is incubating, wash the cells to be transfected three times with

serum—t'ree medium. After the third rinse, add 0.5 m1 of serum-free medium to each 60-mm

dish and return the washed cells to a 37°C humidified incubator with an atmosphere of 5~7%

CO,.

It is very important to rinse the cells free Ofserum before the addition ofthe 1ipid—1)NA 1ipusomes.

In some cases, serum is a very effective inhibitor of the transfection process (Felgner and Holm

1989). Similarly, extracellular matrix components such as sulfated proteoglyezms can also inhibit
lipofeetion, presumably by binding the DNA—Iipid complexes and preventing their interdetmn with
the plasma membranes of the recipient cells.

. After the DNA—lipid solution has incubated for 10 minutes, add 900 u] of serum-t‘ree medi—
um to each tube. Mix the solution by pipetting up and down severa1times.1neulmte the tubes
for 10 minutes at room temperature.

. Transfer each tube of DNA~1ipid—medium solution to a 60-mm dish of cells. Incubate the
cells for 1—24 hours at 37°C in a humidified incubator with an atmosphere of 5—700 (103.

. After the cells have been exposed to the DNA for the appropriate time, wash them three times
with serum—free medium. Feed the cells with complete medium and return them to the incu-
bator.

. If the objective is stable transformation of the cells, proceed to Step 10. Examine the cells
24—96 hours after lipofection using one of the following assays.

0 If a plasmid DNA expressing E. coli B—galactosidase was used, follow the steps outlined in

Chapter 17, Protocol 7 to measure enzyme activity in cell lysates. Alternatively, carry out

a histochemical staining assay as detailed in the panel on ADDITlONAL PROTOCOL: HIS-

TOCHEMlCAL STAINING OF CELL MONOLAYERS FOR [5-CALACTOSIDASE.

0 If a green fluorescence protein expression vector was used, examine the cells with a

microscope under 450—490—nm illumination.  
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0 For other gene products, newly synthesized protein may be analyzed by radioimmmwas—

say, by immunoblotting, by immunoprecipitation following in vivo metabolic labeling, or

by assays of enzymatic activity in cell extracts.

To minimize dish—to»dish variation in transfection efficiency. it is best to (i) transfect several dish—
es “ith each construct, (ii) trypsinize the cells after 24 hours of incubation, (iii) pm] the cells, and

(iv) replate them on several dishes.

10. To isolate stable transfectants: After the cells have incubated for 48—72 hours in complete

medium, trypsinize the cells and replate them in the appropriate selective medium. Change

this medium every 2—4 days for 2—3 weeks to remove the debris of dead cells and to allow

colonies of resistant cells to grow. Thereafter, individual colonies may be cloned and propa—

gated for assay (for methods, please see Iakoby and Pastan 1979 or Spector ct al. 1998b

[Chapter 86 in Cells: A Laboratory Manual] ).

A permanent record of the numbers of colonies may be obtained by fixing the rcnmining cells with
ice-cold methanol for 15 minutes followed by staining with 10% Giemsu for 15 minutes at room
temperature before rinsing in tap water. The Giemsa stain should be freshly prepared in phosphate—

buffered saline or H0 and filtered through Whatman N0. 1 filter paper before use.

 

ADDITIONAl PROTOCOL: HISTOCHEMICAL STAINING OF CELL MONOLAYERS FOR
B-GALACTOSIDASE

This method, designed for cells growing in 60-mm culture dishes, was adapted from Sanes et al. (1986). Kits
that contain all of the necessary reagents for immunohistochemical detection of B-galactosidase are available
from several manufacturers.

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Additional Materials

Cell fixative
2% (WV) formaldehyde < ! >
0.2% (v/v) glutaraldehyde < ! >
1x phosphate-buffered saline

A WARNING Prepare the cell fixative solution in a chemical fume hood and store at room temperature.

Histochemical stain
5 mM potassium ferricyanide (Ker{CN]b) <!>

5 mM potassium ferrocyanide (K4Fe[CN]6) < ! >

2 mM MgCl_,
1x phosphate—buffered saline
1 mg/ml X-gal (5-br0m0-4-chIoro-3-indonI-B-galactoside) <!>

Store the staining solution in the dark at 4°C.

A IMPORTANT Add the X-gal immediately before applying the stain to the cell monolayer.

Phosphate—buffered saline

Method

. Wash the transfected cells twice with 2—3 ml of phosphate-buffered saline at room temperature.

. Add 5 ml of cell fixative to the cells.

. Wash the cells once with phosphate-buffered saline.

. Add 3—5 ml of histochemical stain to the cells.

. Incubate the cells for 14—24 hours at 37°C.

. Wash the cell monolayer several times with phosphate-buffered saline.

u
a
m
p
w
w
—
x

. Cover the cell monolayer with a small amount of phosphate-buffered saline and examine under a light
microscope.

Cells that have expresssed the fi-galactosidase expression vector should be a brilliant blue. The transfecuon frequen-
cy can be estimated by counting the relative numbers of stained and unstained cells. 
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Calcium-phosphate-mediated
Transfection of Eukaryotic Cells
with Plasmid DNAS

16.14

THE UPTAKE OF DNA BY CELLS IN CULTURE IS MARKEDLY ENHANCED when the nucleic acid is pre-

sented as a coprecipitate of calcium phosphate and DNA. Graham and van der Eb (1973) initialw

1)! described this method, and their work laid the foundation for the introduction of cloned DNAS

into mammalian cells and led directly to reliable methods for both stable trunsfmmution of cells

and transient expression of cloned DNAS. For further details on the procedure, please see the

information panel on TRANSFECTION OF MAMMALIAN CELLS WITH CALCIUM PHOSPHATE—DNA

COPRECIPITATES at the end of this chapter.

Since the publication of the original method, increases in the efficiency of the procedure

have been achieved by incorporating additional steps, such as a glycerol shock (Parker and Stark

1979) and/or a chloroquine treatment (Luthman and Magnusson 1983) in the transfection prtr

tocol. Treatment with sodium butyrate has been shown to enhance the expression of plasmids

that contain the SV40 early promoter/enhancer in simian and human cells (Gm‘mzm et at].

1983a,b). Transfection kits, which frequently include these and other modifications to the origi-

nal protocol, are available from a number of companies (please see Table 16—2).

This protocol, which describes a calcium—phosphate‘mediated transfection method for use

with plasmid DNAS and adherent cells, was modified from Jordan et al. (1996), who rigorously

optimized calcium—phosphate—based transfection methods for Chinese hamster ovary cells and

human embryonic kidney 293 cells. Following this protocol are variations on this basic method:

0 For high—efficiency generation of stable transfectants, please see the alternative method at the

end of this protocol.

0 For use with high—molecular—weight genomic DNAs (Protocol 3) and for use with adherent

cells that have been released from the substratum with trypsin, please see the alternative

method at the end of Protocol 3.

o For use with nonadherent cells, please see the alternative method at the end of Protocol 3.
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MATERIALS
 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.

Dilute stock solutions to the appropriate concentrations.

CaCIZ (2.5 M)

Chloroquine (700 mM) (optional)
Dissolve 52 mg of chloroquine diphosphate in 1 ml of deionized distilled HZO‘ Stcrili'lt: the solution by

passing it through at 022—0111 filter; store the filtrate in foil—wrappcd tubes at ~20”(I. Please see Step 5.

Giemsa stain (10% w/v)
The Giemsa stain should be freshly prepared in phosphatc—buffercd saline or Hit) and filtered through
Whatmam N0. 1 filter paper before use,

Glycerol (75% v/v) in 1x HEPES-buffered saline (optional)
Add 15% (v/v) autoclaved glycerol to filter—sterihzed HFPES-butfercd saline solution itlst before use.
Please see Step 5.

2x HEPES-buffered saline
140 mM NaCl

1.5 mM NazHPO4'2HIO

50 mM HEPES

Dissolve 0.8 g of NaCl, 0.027 g of NaQHPO4-2H30, and 1.2 g of HEPES in a total volume 0t’90 ml ofdis/
tilled HJO. Adjust the pH to 7.05 with 015 N NaOH <1>, and then adjust the volume to 100 ml with

distilled HJO. Sterilize the solution by passing it through at 02211111 filter; store the filtrate in 5—ml
aliquots at ~ZO°C for periods of up to 1 year.

Methanol <!>
Phosphate-buffered saline

The solution should be sterilized by filtration before use and stored at room temperature.

Sodium butyrate (500 mM) (optional)
In a chemical fume hood, bring an aliquot ofstock butyric acid solution to a pH ot‘7.0 with 10 N NaOH.
Sterilize the solution by passing it through a 0.22~ttm filter; store in l—ml aliquots at «20 (1. Please see
Step 5.

0.1x TE (pH 7.6)
1 mM Tris—Cl (pH 7.6)

0.1 mM EDTA (pH 7.6)

Sterilize the solution by passing it through a 0.22—pm filter; store the filtrate in aliqtmts at 4 (I.

Nucleic Acids and Oligonucleotides

Plasmid DNA
Dissolve the DNA in 0.1x TE (pH 7.6) at a concentration of 25 ug/ml; 50 pl of plasmid solution is
required per milliliter of medium.

To obtain the highest transformation efficiencies, plasmid DNAS should be purified by column chro-

matography (please see Chapter 1, Protocol 9) or by equilibrium centrifugation in (?s(3l~cthidium bro»
mide density gradients (please see Chapter 1, Protocol 10). IF the starting amount of phtsmtd DNA is

limiting, then add carrier DNA to adjust the final concentration to 25 ug/ml. Huknryotic carrier DNA
prepared in the laboratory usually gives higher transfection efficiencies than commercially available

DNA such as calf thymus or salmon sperm DNA. Sterilize the carrier DNA before use by ethanol prc/
cipitation or extraction with chloroform.

Media

Cell culture growth medium (complete and [optional] selective)  
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Special Equipment

Tissue culture dishes (60-mm) or 12-weil plates
This protocol is designed for cells grown in 60mm culture dishes or 12—well plates. 11‘ other muitiwell

plates, flasks, or dishes of a different diameter are used. scale the cell density and reagent volumes accord—
ingly. Please see Table 16—3.

Additional Reagents

Step 6 of this protocol requires the reagents listed in Chapter 6, Protocol 70, and Chapter 7,
Protocol 8.

Cells and Tissues

Exponentially growing cultures of mammalian cells

METHOD
 

1. Twenty-four hours before transfection, harvest exponentially growing cells by trypsinization

and replate them at a density of 1 x 105 to 4 x 105 cells/cm2 in 60-mm tissue culture dishes or
12—well plates in the appropriate complete medium. Incubate the cultures for 20—24 hours at

371C in a humidified incubator with an atmosphere of 5—7% COZ. Change the medium 1

hour before transfection.

To obtain optimum transfection frequencies, it is important to use exponentially growing, cells. (Iell
lines used for transfection should never be allowed to grow to >80% eonfluency.

2. Prepare the calcium phosphate—DNA coprecipitate as follows: Combine 100 pl of 2.5 M Ca(ll3
with 25 pg of plasmid DNA in a sterile 5—mlp1astictube and, if necessary, bring the final vol-
ume to 1 ml with ().1>< TE (pH 7.6). Mix 1 volume of this 2x caicium—I)NA solution with an
equal volume of 2x HEPES-buffered saline at room temperature. Quickly tap the side of the
tube to mix the ingredients and allow the solution to stand for 1 minute.

The precipitation reaction mixture can be doubled or quadrupled in volume if a larger number 01
cells are to be transfected. Normally, 0.1 mi ofthe calcium phosphate—DNA coprecipitatc is Added
per 1 ml of medium in the cuiture dish,we1|, ()rflask.

3. Immediately transfer the calcium phosphate—DNA suspension into the medium above the
cell monolayer. Use 0.1 ml of suspension for each 1 ml of medium in a well or 60—mm dish.
Rock the plate gently to mix the medium, which will become yellow-orange and turbid. Carry
out this step as quickly as possible because the efficiency of transfection declines rapidly once
the DNA precipitate is formed. If the cells will be treated with chloroquine, g]ycer01,and/0r
sodium butyrate, proceed directly to Step 5.

In some instances, higher transfection frequencies are achieved by first removing the medium and
then directly adding the calcium phosphate—DNA suspension to the exposed cells. '1‘hereufter,
incubate the cells for 15 minutes at room temperature, and then add medium to the dish.

4. Transfected cells that will not be treated with transfection facilitators should be incubated at
37°C in a humidified incubator with an atmosphere of 5—7% COZ. After 2—6 hours incuba—
tion, remove the medium and DNA precipitate by aspiration. Add 5 ml of warmed (37C)
complete growth medium and return the cells to the incubator for 1—6 days. Proceed to Step
6 to assay for transient expression of the transfected DNA, or proceed directly to Step 7 ifthe
objective is stable transformation of the cells.

. _._—-—__.......m_.,w.....i.,. W ;  
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5. The uptake of DNA can be increased by treatment of the cells with chloroquine in the pres-

ence of the calcium phosphate—DNA coprecipitate or exposure to glycerol and sodium

butyrate following removal of the coprecipitate solution from the medium.

TREATMENT OF CELLS WITH CHLOROQUINE

Chloroquine is a weak base that is postulated to act by inhibiting the intracellular degrada-

tion of the DNA by lysosomal hydrolases (Luthman and Magnusson 1983). The concentra—

tion of chloroquine added to the growth medium and the time of treatment are limited by

the sensitivity of the cells to the toxic effect of the drug. The optimal concentration of chloro—

quine for the cell type used should be determined empirically (please see the information

panel on CHLOROQUINE DIPHOSPHATE).

a. Dilute 100 mM chloroquine diphosphate 111000 directly into the medium either before

or after the addition of the calcium phosphate—DNA coprecipitate to the cells.

b. Incubate the cells for 3—5 hours at 37°C in a humidified incubator with an atmosphere of

5—7% CO2.
Most cells can survive in the presence of chloroquine for 3—5 hours. (Iells often develop a
vesicularized appearance during treatment with chloroquine.

c. After the treatment with DNA and chloroquine, remove the medium, wash the cells with

phosphate—buffered saline, and add 5 m1 of warmed complete growth medium. Return

the cells to the incubator for 1—6 days. Proceed to Step 6 to assay for transient expression

of the transfected DNA, or proceed directly to Step 7 if the objective is stable transfor—

mation of the cells.

TREATMENT OF CELLS WITH GLYCEROL

This procedure may be used following treatment with chloroquine. Because cells vary wide~

ly in their sensitivity to the toxic effects of glycerol, each cell type must be tested in advance

to determine the optimum time (30 seconds to 3 minutes) of treatment.

3. After cells have been exposed for 2—6 hours to the calcium phosphate—DNA coprecipitate

in growth medium (i chloroquine), remove the medium by aspiration and wash the

monolayer once with phosphate—buffered saline.

b. Add 1.5 m1 of 15% glycerol in 1x HEPES-buffered saline to each monolayer, and incubate

the cells for the predetermined optimum length of time at 370C.

C. Remove the glycerol by aspiration, and wash the monolayers once with phosphate—

buffered saline.

d. Add 5 ml of warmed complete growth medium, and incubate the cells for 1~6 days.

Proceed to Step 6 to assay for transient expression of the transfected DNA, or proceed

directly to Step 7 if the objective is stable transformation of the cells.  TREATMENT OF CELLS WITH SODIUM BUTYRATE

The mechanism through which sodium butyrate acts is not known with certainty; however,

the compound is an inhibitor of histone deacetylation (Lea and Randolph 1998), which sug—

gests that treatment may lead to histone hyperacetylation and a chromatin structure on the

incoming plasmid DNA that is predisposed to transcription (Workman and Kingston 1998).  
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a. Following the glycerol shock, dilute 500 mM sodium butyrate directly into the growth

medium (Step d, treatment of cells with glycerol). Different concentrations of sodium

butyrate are used depending on the cell type. For example:

CV—l 10 mM

N1H—3T3 7 mM

HeLa 5 mM

CH0 2 mM

The correct amount for other cell lines that may be transfected should be determined empir-
ically.

b. Incubate the cells for 1—6 days. Proceed to Step 6 to assay for transient expression of the

transfected DNA, or proceed directly to Step 7 if the objective is stable transfortmltion of

the cells.

6. T0 assay the transfected cells for transient expression ofthe introduced 1)NA,harvest the cells

1~6 days after transfection. Analyze RNA or DNA using hybridization. Analyze newly syn—

thesized protein by radioimmunoassay, by immunoblotting, by immunoprecipitation fol—

lowing in vivo metabolic labeling, or by assays of enzymatic activity in cell extracts.

To minimize dish—to—dish variation in transfection efficiency, it is best to (i) transfect several dish-

es with each construct, (ii) trypsinize the cells after 24 hours ofincubation, (iii) pool the cells‘ and

(iv) replate them on several dishes.

7. To isolate stable transfectantsz

a. Incubate the cells for 24—48 hours in nonselective medium to allow time for expression

of the transferred gene(s).

b. Either trypsinize and replate the cells in the appropriate selective medium or add the

selective medium directly to the cells without further manipulation.

c. Change the selective medium with care every 2—4 days for 2—3 weeks to remove the debris

of dead cells and to allow colonies of resistant cells to grow.

d. Clone individual colonies and propagate for assay (for methods, please see lakoby and

Pastan 1979 or Spector et al. 1998b [Chapter 86 0ch115: A Laboratory Manual] 1.

e. Obtain a permanent record of the numbers of colonies by fixing the remaining cells with

ice-cold methanol for 15 minutes followed by staining with 10% Giemsa for 15 minutes

at room temperature before rinsing in tap water.

The dilution at which the transfected cells should be replated to yield well—sepamted colonies

is determined by the efficiency of stable transformation, which can vary over several orders of

magnitude (e.g., please see Spandidos and Wilkie 1984). The efficiency is dependent on the

recipient cell type (significant differences have been observed even between different clones

or different passage numbers ofthe same cell line iCorsaro and Pearson 1981; Van l’el et 111.

1985] ), the nature of the introduced gene and the efficacy of the transcriptional control sig

nals associated with it, and the amount of1)NA used in the transfection.
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ALTERNATIVE PROTOCOL: HIGH-EFHCIENCY CALCIUM-PHOSPHATE-MEDIATED

TRANSFECTION OF EUKARYOTIC CELLS WITH PLASMID DNAS

A modification of the classical calcium phosphate transfection method that greatly enhances the efficiency of
the procedure was deve|oped by Hiroto Okayama and colleagues (Chen and Okayama 1987, 1988). Their
method works particularly well when stable transfectants are to be isolated using supercoiled plasmid DNAs
and differs from the classical procedure in that the calcium phosphate—DNA coprecipitate is allowed to form
in the tissue culture medium during prolonged incubation (15—24 hours) under controlled conditions of pH
(6.96) and reduced CO2 tension (2—4%).

Variables Affecting the Efficiency of Transfection

Variables that affect transfection include the purity, form, and amount of the DNA; the pH of the 2x BES buffer;

and the concentration of CO2 in the incubator.

o Impure plasmid DNAs transfect poorly because of the inhibitory effects of bacterial contaminants. For this
reason, the best results are obtained with scrupulously clean DNA, preferably purified through specialized
chromatography resins or two rounds of CsCl centrifugation (please see Chapter 1, Protocols 9 and 10). If
necessary, the plasmid can be further purified by phenolzchloroform extraction in the presence of 1% (w/v)
SDS.

0 Linear DNAs yield very low transformation frequencies, perhaps because the slow formation of the calci-
um phosphate—DNA coprecipitate leaves the DNA exposed for long periods of time to cell nucleases.

- The nature of the precipitate is affected by the amount of DNA used. A transition (visible under the micro-
scope) from a coarse precipitate to a fine precipitate occurs at the optimal DNA concentration (usually 2—3
ttg/ml in the growth medium). The optimum DNA concentration encompasses a narrow range and should
be determined empirically for individual cell lines.

o The slow formation of the calcium phosphate—DNA coprecipitate requires a slightly acidic pH and incuba-
tion in an atmosphere containing low concentrations of C02. The pH curve is very sharp with a clearly
defined optimum at 6.96, whereas the CO2 concentration is optimal between 2% and 4%.

Chen and Okayama (1987) reported that this method could be used for transient analysis of gene expres-
sion and that the simultaneous introduction of two or more plasmids reduced the overall efficiency of trans-
fection. The overall frequency was still much higher than that obtained with other calcium phosphate meth-
ods. When cotransfecting with a selectable marker, it is usually necessary to optimize the system using mix-
tures containing different ratios of plasmids carrying the selectable marker of the gene of interest (e.g., 1 :2, 1 :5,
and 1 :10).

Additional Materials

2x BES-buffered saline (BBS)
50 mM BES (N,N-bis[2-hydroxyethyl]-2-aminoethanesulfonic acid)
280 mM NaCi

1.5 mM NazHPO4-2HZO
Dissolve 1.07 g of BES, 1.6 g of NaCl, and 0.027 g of r\la2HPO4 in a total volume of 90 ml of distilled HZO. Adjust the
pH of the solution to 6.96 with HCI at room temperature, and then adjust the volume to 100 ml with distilled H,O.

Sterilize the solution by passing it through a 0.22-pm filter; store the filtrate in aliquots at —20°C. _

CaCI2 (0.25 M)
Dissolve1.1 g of CaC|2~6HZO in 20 ml of distilled H20. Sterilize the solution by passing it through a 0.22-pm fiiten Store
the flitrate in 1-ml aliquots at —20°C.

Superhelical plasmid at 1 ug/ul in 0. 7x TE (pH 7.6)
fissue culture dishes (90-mm)

This protocol is designed for cells grown in 90-mm culture dishes. If other multiweII plates, flasks, or dishes of a differ—
ent diameter are used, scale the cell density and reagent volumes accordingly. Please see Table 16-3.

Method

1. Twenty-four hours before transfection, harvest exponentially growing cells by trypsinization and replate
aliquots of 5 x 105 cells onto 90—mm tissue culture dishes. Add 10 ml of complete growth medium, and
incubate the cultures overnight at 37°C in a humidified incubator with an atmosphere of 5—7% C02.
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2. Mix 20—30 pg of superhelical plasmid DNA with 0.5 ml of 0.25 M CaCIl. Add 0.5 ml of 2x BES-buffered
saline (BBS) and incubate the mixture for 10—20 minutes at room temperature. Do not exped a visible pre—
cipitate to form during this time.

3. Add the CaCIZ-DNA-BBS solution dropwise to the dishes of ce||s, swirling gently to mix we||. Incubate the
cultures for 15—24 hours at 37°C in a humidified incubator in an atmosphere of 2—4% C02.

4. Remove the medium by aspiration, and rinse the cells twice with medium. Add 10 mi of nonselective medi-
um, and incubate the cultures for 18—24 hours at 37°C in a humidified incubator in an atmosphere of 5%

C02.
5. Following 18—24 hours of incubation in nonselective medium, to allow expression of the transfected gene(s)

to occur, trypsinize and replate the cells in the appropriate selective medium. Change the selective medi-
um with care every 2—4 days for 2—3 weeks to remove the debris of dead cells and to allow colonies of
resistant cells to grow.

The dilution at which the transfected cells should be replated to yield weII-separated colonies is determined by the
efficiency of stable transformation, whirh can vary over several orders Of magnitude (e.g., please see Spandidos and
Wilkie 1984). The efficiency is dependent on the recipient cell type (significant differences have been observed even
between different clones or different passage numbers of the same cell line [Corsaro and Pearson 1981; Van Pet et
al. 1985]), the nature of the introduced gene and the efficacy of the transcriptional control signals associated with it,
and the amount of donor DNA used in the transfection.

6. Thereafter, clone individual colonies and propagate for assay (for methods, please see Jakoby and Pastan
1979 or Specter et al. 1998b [Chapter 86 in Cells: A Laboratory Manual]).

A permanent record of the number of colonies may be obtained by fixing the remaining cells with ice-cold methanol
for 1 5 minutes followed by staining with 10% Giemsa for 15 minutes at room temperature before rinsing in tap water.
The Giemea stain should be freshly prepared in phosphate-buffered saline or H_,O and filtered through Whatman N0.
1 filter paper before use.

  
 

  



 

Protocol 3
 

Calcium-phosphate-mediated
Transfection of Cells with
High-molecular-weight
Genomic DNA

MATERIALS

MAMMALIAN GENES HAVE BEEN SUCCESSFULLY ISOLATED by transfecting cultured mammalian

cells with genomic DNA, followed by selection for the gene of interest. This includes dominant

cellular oncogenes, genes that encode cell surface molecules, and, as selection/identification

strategies and techniques have improved, genes that encode intracellular proteins. Target genes

are recovered from the chromosomal DNA of stably transfected cells by virtue of their species-

specific repetitive DNA elements or by linkage to cotransfected plasmid DNAs.

The method outlined below is a modification of the calcium phosphate procedure described

by Graham and Van der Eb (1973), using highfmolecular—wcight genomic DNA instead of plas-

mid DNA. The procedure works especially well to generate stable lines of cells carrying transfect—

ed genes that complement mutations in the hosts’ chromosomal genes (Sege et al. 1984; Kingsley

et al. 1986). This protocol was supplied by P. Reddy and M. Krieger (Massachusetts Institute of

Technology).

 

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

CaCIZ (2 M)

Sterilize by filtration, and store frozen as S—ml aliquots.

Glycerol (75% v/v) in 7x HEPES—buffered saline

Add 15% (v/v) autoclaved glycerol to filtcr—sterilized HEPES~buffered saline solution just before use.

16.21   
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HEPES-buffered saline

2] mM HEPES

0.7 mM NalHPO4

137 mM NdCl

5 mM KC]

6 mM dextrose

Adjust the pH of the solution to 7.10. Sterilize the solution by filtration and store frozen in 25—50—1111

aliquots. Thaw a fresh aliquot before each transfection and check the pH ofa small volume. Readmst pH
if necessary to 7.10.

lsopropano/
NaCl (3 M)

Sterilize by filtration. and store at room temperature.

Nucleic Acids and Oligonucleotides

Genomic DNA

Prepare high-molecular—weight DNA in TE from appropriate cells as described in Chapter (w, Protocol 3.

Dilute the DNA to 100 pg/ml in TE (pH 7.6). Approximately 20—25 “g of genomic DNA is required to

transfect each 90—mm plate ofeullured cells.

The genomic DNA must be sheared to a size range of 45—60 kb before using it to transt‘ect cells (please
see Steps 2 and 3). The appropriate conditions for shearing the genomic DNA are best determined in
preliminary experiments as follows: Shear 2—ml aliquots of high—molecular—weight DNA by pushing each

aliquot through a 22Agauge needle for a different number of times (e.g., three, four, five. or six timesl.
Examine the DNA by electrophoresis on a 0.6% (w/v) agarose gel followed by staining with either ethide
ium bromide or SYBR Gold. As markers. use monomeric and dimeric forms of linear bacteriophage K

DNA. To optimize the remaining steps, sheared DNA of the proper size should then be taken through
Step 9 ot‘the protocol using dishes without cells.

Plasmid with selectable marker

Optional, please see notes to Steps 3 and 12.

Media

Cell culture growth medium (complete and selective)

Special Equipment

Polyethylene tubes (12-ml)
Shepherd’s crook

Siliconized glass Pasteur pipette containing a hook at the end.

Tissue culture dishes (90-mm)

Cells and Tissues

Exponentially growing cultures of mammalian cells

METHOD

1- On day 1 of the experiment, plate exponentially growing cells (e.g., (IHO cells) at a density
of 5 x 105 cells per 90—mm culture dish in appropriate growth medium containing serum.
Incubate the cultures for ~16 hours at 370C in a humidified incubator with an atmosphere
of 50/0 C03.

2. On day 2, shear an appropriate amount of high—molecular—weight DNA into fragments rang—
ing in size from 45 kb to 60 kb, by passing it through a 22—gauge needle for the predetermined
number oftimes (please see the note to the Genomic DNA entry above in Materials).

Cells should be transfected with 20-25 pg of genomic DNA per 90—mm dish.

’WWWMW .  
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10.

. Precipitate the sheared DNA by adding 0.1 volume of 3 M NaCl and 1 volume of isopropanul.

Collect the DNA on a Shepherd’s crook. Drain the precipitate briefly against the side of the

tube and transfer it to a second tube containing HEPES—buffered saline (1 ml per 12—15 pg

of DNA). Redissolve the DNA by gentle rotation for 2 hours at 37°C. Make sure that all of the

DNA has dissolved before proceeding.

When eotranst‘ecting with a selectable marker (please see the note below Step 12), add to the

genomic DNA a sterile solution ofthe appropriate plasmid to a final concentration of 0.5 ttg/m].

. Transfer 3-ml aliquots of sheared genomic DNA into 12—ml polyethylene tubes (one aliquot

per two dishes to be transfected).
The number of dishes required and transfectants obtained will vary from one cell line to another
and on the efficiency of the selection method. As a guide, ~15-20 dishes of (HO cells must he
transfected to obtain 3—1 0 stable transformants.

. To form the calcium phosphate—DNA coprecipitate, gently vortex an aliquot of sheared

genomic DNA, and add 120 til of 2 M CaCl2 in a dropwise fashion. Incubate the tube for

15—20 minutes at room temperature.

The solution should turn hazy, but it should not form visible clumps of precipitate.

Aspirate the medium from two dishes of cells (from Step 1) and gently add 1.5 ml of the cal—

cium phosphate—DNA coprecipitate to each dish. Carefully rotate the dishes to swirl the

medium and spread the precipitate over the monolayer of cells. Incubate the cells for 20 min-

utes at room temperature, rotating the dishes once during the incubation.

. Gently add 10 ml of warmed (37°C) growth medium to each dish and incubate for 6 hours

at 37°C in a humidified incubator with an atmosphere of 5% C02.

Repeat Steps 5—7 until all of the dishes of cells contain the calcium phosphate~DNA precip-

itate.

After 6 hours of incubation, examine each dish under a light microscope. A “peppery“ pre~

cipitate should be seen adhering to the cells. The precipitate should be neither too tine nor
clumpy.

Experience will dictate how a “peppery" precipitate looks under the microscope. lermimle the
experiment with cells if a very fine or clumpy precipitate is visualized at this step. The failure to

form a peppery precipitate at this step or a hazy solution at Step 5 could be due to the use of a

HEPES—buffered saline solution of improper pH7 an overly long incubation at Step 5. or a subop~
timal concentration of Ca(ll2 or DNA.

In most cases, treatment with glycerol at this step will enhance the transfection frequency. T0

shock the cells with glycerol:

a. Aspirate the medium containing the calcium phosphate—DNA copreeipitate.

b. To each dish of cells, add 3 mlof15% glycerol in 1x HEPES—buffered saline that has been

warmed to 37°C. Incubate for no longer than 3 minutes at room temperature.

It is important that the glycerol in the HEPES—buffél’cd saline not be left in contact with the
cells for too long. 'lhe optimum time period usually spans a narrow range and varies from one

cell line to another and from one laboratory to the next. For these reasons, treat only a ten
dishes at a time and take into account the length oftime to aspirate the gheeml in the HEPl—S-
buffered saline. Do not to exceed the optimum incubation period. Seconds can count!

c. Aspirate the glycerol in the HEPES-buffered saline and rapidly wash the dishes twice with

10 ml of warmed growth medium.

d. Add 10 ml warmed growth medium and incubate the cultures for 12—1 5 hours at 37C in

a humidified incubator with an atmosphere of 5% C03.  
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11. Replace the medium with 10 ml of fresh growth medium. Continue the incubation overnight

at 370C in a humidified incubator with an atmosphere of 5% CO}.

12. Microscopic examination of cells at this point (day 4) should reveal a normal morphology.

Cells can be trypsinized and replated in selective medium on day 4. Continue the incubation

for 2—3 weeks to allow growth Ofcomplemented and/or resistant colonies. Change the medi—

um every 2—3 days.

The length of the selection period, the cell density of replating, and the selection conditions all

depend on the mutation or gene being complemented or selected. Optimum cell density for replat»
ing at Step 12 usually varies between 2.5 x 105 and 1 x 10“ cells per 90mm dish. Determine this
parameter empirically by plating different numbers of cells without transfection and applying the
setection procedure. For logistical reasons, use the highest density that still allows efficient cell

killing.

(Iotmnsfection (e.g., with a plasmid conferring (1418 resistance) can he used to distinguish
between transfectants and revertams. Because the reversion frequency for some mutant cell lines
cam be as high as 10" (i.e., 1 per 1 million cells p1ated),false positives can he a prohlem.’1'he trams-

fection frequency is usually 2 x 10”, and the eotransfection frequency is ~10’“. The use 01:11 seleef
tion (e.g., G418 resistance) in conjunction with the mutation/gene selection should eliminate false

positives. For further details, please see the information panel on COTRANSFORMATION.

13. Thereafter, clone individua1 colonies and propagate them for assay (for methods, please see

Jakoby and Pastan 1979 and Step 7d‘ p. 16.18).

A permanent record ofthe numbers of colonies may be obtained by fixing the remaining cells with
ice—cold methanol for 15 minutes followed by staining with 1()% (iiemsa for 15 minutex tit mom
temperature before rinsing in tap water. The (hemsa stain should he freshly prepared in PBS or

H20 and filtered through \\'hatman N0. 1 filter paper before use.
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Additional Materials

Exponentially growing adherent mammalian cells
Somali H1000B rotor or equivalent

Method

. Resuspend each aliquot of 106 cells in 0.5 ml of the calcium phosphatfiDNA suspension, and incubate for

ALTERNATIVE PROTOCOL: CALCIUM-PHOSPHATE-MEDIATED TRANSFECTION OF

ADHERENT CELLS

This protocol can be used with all types of adherent cells, but is particularly useful for polarized epithelial cells, 3
which do not efficiently take up material by endocytosis through the apical plasma membrane.

Harvest exponentially growing ad herent cells by trypsinization. Resuspend the cells in growth medium con-
taining serum, and centrifuge aliquots containing ~10“ cells at 800g (2000 rpm in a Sorvall H1000B rotor)
for 5 minutes at 4°C. Discard the supernatants.

Form the calcium phosphate—DNA coprecipitate as described in Protocol 2/ Step 2 if plasmid DNA is used
or as described in Protocol 3, Step 5 if genomic DNA is used.

Note that the coprecipitate with plasmid DNA takes only ~5 minutes to prepare, whereas the coprecipitate con-
taining genomic DNA takes ~25 minutes to prepare. Execute the initial two steps of this protocol so that cells and
coprecipitate are ready at the same time.

15 minutes at room temperature.

This protocol can be easily modified to accommodate greater numbers of cells. For example, Chu and Sharp (1981)
used 108 cells in 2 mi of calcium phosphate—DNA suspension containing 25 ug of DNA. In this case, after 15 min-
utes, dilute the mixture with 40 ml of complete growth medium supplemented with 0.05x HEPES—buffered saline and
6.25 mM CaCIZ, Plate the cells at a density of 5 x 107 cells per 150-mm dish.

To each aliquot, add 4.5 ml of warmed growth medium (with or without chloroquine; please see Protocol
2, Step 5), and plate the entire suspension (~5 ml) in a single 90-mm tissue culture dish. Incu bate the cells

for up to 24 hours at 37°C in a humidified incubator with an atmosphere of 5—7% C02.

Some types of cells may be further treated with glycerol and sodium butyrate to facilitate transfection.
Please follow the procedures in Protocol 2, Step 5.

Thereafter, assay the cells for transient expression or place in the appropriate selective medium for the iso-
lation of stable transformants (please see Protocol 2, Steps 6 and 7).  
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ALTERNATIVE PROTOCOL: CALCIUM-PHOSPHATE-MEDIATED TRANSFECTION OF

CELLS GROWING IN SUSPENSION

Afew cell lines grown as suspension cultures (e.g., HeLa cells) can be transfected using the modified calcium
phosphate procedure described in this protocol. However, most lines of cells grown in suspension are resis-
tant to calcium-phosphate-mediated transfection methods. Intransigent cell lines are best transfected using
electroporation (Protocol 5) or lipofection (Protocol 1).

Additional Materials

Exponentially growing mammalian suspension cells
Phosphate—buffered saline (PBS)
Sorvall H10008 rotor or equivalent

Method

1 . Collect cells from an exponentially growing suspension culture by centrifugation at 800g (2000 rpm in a
Sorvall H1000B rotor) for 5 minutes at 4°C. Discard the supernatant, and resuspend the cell pellet in 20
volumes of ice-cold PBS. Divide the suspension into aliquots containing 1 x 107 cells each. Recover the
washed cells by centrifugation as before, and again discard the supernatant.

2. Form the calcium phosphate—DNA coprecipitate as described in Protocol 2, Step 2 if plasmid DNA is used
for transfection or as described in Protocol 3, Step 5 if genomic DNA is used.

Note that preparation of the coprecipitate with plasmid DNA takes only ~5 minutes to prepare, whereas the copre-
cipitate containing genomic DNA takes ~25 minutes to prepare. Execute the initial two steps of this protocol so that
cells and coprecipitate are ready at the same time.

3. Gently resuspend 1 x 107 cells in 1 ml of calcium phosphate—DNA suspension (containing ~20 pg of DNA),
and allow the suspension to stand for 20 minutes at room temperature.

4. Add 10 ml of complete growth medium (with or without chloroquine; please see Protocol 2, Step 5) to a
tube of cells, and plate the entire suspension in a single 90-mm tissue culture dish. Incubate the cells for
6—24 hours at 37°C in a humidified incubator with an atmosphere of 5—7% C02.

5. (Optional for cells known to survive a glycerol shock) At 4—6 hours after beginning Step 4, carry out the fol-
lowing (otherwise, proceed to Step 6):

a. Coliect the cells by centrifugation at 800g (2000 rpm in a Sorvall H10008 rotor) for 5 minutes at room
temperature, and wash them once with PBS.

b. Resuspend the washed cells in 1 ml of15% glycerol in 1x HEPES-buffered saline, and incubate the cells
for 30 seconds to 3 minutes at 37°C.

Please see the note to Step 10b in the main protocol.

c. Dilute the suspension with 10 ml of PBS, and recover the cells by centrifugation as described in Step
a. Wash the cells once in PBS.

d. Resuspend the washed cells in 10 mi of complete growth medium, and plate them in a 90-mm tissue
Culture dish. Incubate the culture for 48 hours at 37°C in a humidified incubator with an atmosphere
Of 5—7%1 C02.

6. Recover the cells by centrifugation at 800g (2000 rpm in a Sorvall H1000B rotor) for 5 minutes at room
temperature, and wash them once with PBS.

7. Resuspend the cells in 10 ml of complete growth medium warmed to 37°C. Return the cells to the incu-
bator for 48 hours before assaying for transient expression of transfected genes (Protocol 2, Step 6) or
replating the cells in selective medium for isolation of stable transformants (Protocol 2, Step 7).

 
  



 

Protocol 4
 

Transfection Mediated by DEAE-Dextran:
High-efficiency Method

THE FIRST TRANSFECTION METHODS, DEVELOPED IN THE LATE 19505, used hyperosmotic and poly—

cationic proteins to promote entry of DNA into cells (for review, please see Felgner 1990). The

results were erratic, and the efficiency of transfection was, at best, very poor. The situation

improved dramatically in the mid 19605 when DEAE—dextran (diethylaminoethyl—dextran) was

used to introduce poliovirus RNA (Pagano and Vaheri 1965) and SV40 and polyomavirus DNAs

(McCutchan and Pagano 1968; Warden and Thorne 1968) into cells. The procedure, with slight

modifications, continues to be widely used for transfection of cultured cells with viral genomes

and recombinant plasmids. Although the mechanism of action of DEAE—dextran is not under-

stood in detail, it seems likely that the high-molecular—weight positively charged polymer serves

as a bridge between the negatively charged nucleic acid and the negatively charged surface of the

ce11 (Lieber et a1. 1987; Holter et 31. 1989). After the DEAE—dextran/DNA complexes have been

internalized by endocytosis (Ryser 1967; Yang and Yang 1997), the DNA somehow escapes from

the increasingly acidic endosomes and is transported by unknown mechanisms across the cyto-

plasm and into the nucleus.

Transfection mediated by DEAE—dextran differs from calcium phosphate coprecipitation in

three important respects. First, it is used for transient expression of cloned genes and not for sta-

ble transformation of cells (Gluzman 1981). Second, it works very efficiently with lines of cells

such as 8801, CV—l, and C05 but is unsatisfactory with many other types of ce1ls. Third, small-

er amounts of DNA are used for transfection with DEAE—dextran than with calcium phosPhate

coprecipitation. Maximal transfection efficiency of 105 simian cells is achieved with 0.1—1.0 11g of

supercoiled plasmid DNA; larger amounts of DNA (>2—3 pg) can be inhibitory. By contrast to

transfection mediated by calcium phosphate, where high concentrations of DNA are required to

promote the formation of a coprecipitate, carrier DNA is rarely used with the DEAE—dextran
transfection method.

Since the method was introduced more than 20 years ago, many variants of DEAE-dextran

transfection have been described. In most cases, the cells are exposed to a preformed mixture of

DNA and high—molecular-weight DEAE—dextran (m.w. >500,000). However, a modified proce—

dure has been described in which the cells are exposed first to DEAE-dextran and then to DNA

(al-Moslih and Dubes 1973; Holter et al. 1989). All of these methods seek to maximize the uptake

of DNA and to minimize the cytotoxic effects of DEAE-dextran. The following are among the
variables that influence the efficiency of transfection.

0 Concentration ofDEAE—dextran used and length of time cells are exposed to it. It is possible

to use either a relatively high concentration Of DEAE—dextran (1 mg/ml) for short periods (30

minutes to 1.5 hours) or a lower concentration (250 pg/ml) for longer periods oftime (up to
16.27
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8 hours). The first of these transfection procedures is the more efficient, but it involves moni—

toring the cells for early signs of distress when they are exposed to the DNA/DEAE—dextran

mixture. The second technique is less demanding and more reliable, but slightly less efficient.

However, it can be combined with shock treatments (see below) that can raise the efficiency of

transfection to very high levels.

0 Use offacilitators such as DMSO, chloroquine, or glycerol. The efficiency of transient expres—

sion of genes introduced by DEAE transfection is increased ~50—fold if cells are exposed to

DMSO, glycerol, polyethyleneimine, or other substances such as Starburst dendrimers that

perturb osmosis and increase the efficiency of endocytosis (Lopata et al. 1984; Sussman and

Milman 1984; Kukowska—Latello et al. 1996; Zauner et al. 1996; Godbey et al. 1999). A similar

increase in efficiency of transfection of some lines of cultured cells may be obtained by expos—

ing the transfected cells to chloroquine, which prevents acidification of endosomes and pro-

motes early release of DNA into the cytoplasm (Luthman and Magnusson 1983). In the best

cases, 80% of the cells in a transfected population can express foreign genes when DEAE—dex—

tran and facilitators are used in combination (e.g., please see Kluxen and Lubbert 1993).

However, the efficiency of DNA transfection using DEAE—dextran with a facilitator varies

greatly from cell line to cell line. Conditions that are optimal for one cell line may not work at

all for another. To obtain consistently high efficiencies of transformation with a particular cell

line, the following factors should be standardized:

Density of cells and their state of growth.

Amount of transfecting DNA.

Concentration and molecular weight of DFAE—dextran.

Length of time cells are exposed to DNA.

Whether the DEAE—dextran and DNA are added to the cells simultaneously or sequentially

(al—Moslih and Dubes 1973; Holter et al. 1989).

Length and temperature of the posttransfection facilitation and the concentration of the

facilitating agent.

Whether the cells are transfected while growing on a solid support or are first removed from

the solid support and transfected in suspension (Golub et al. 1989).

For publications that analyze the effects of some or all of these conditions on transfection

efficiency, please see Holter et al. (1989), Fregeau and Bleackley (1991), Kluxen and Lubbert

(1993), and Luo and Saltzman (1999).

In addition to its use as a primary agent for transfection, DEAE-dextran can also be used as

an adjuvant to enhance the efficiency of electroporation. Although the effects appear to vary from

one cell line to another, the combination of electroporation and DEAE-dextran in some cases can

improve the efficiency of transfection by a factor of 10—100 (Gauss and Leiber 1992).

DNA transfected into cells by the DEAE—dextran method is prone to mutation. This is par—

ticularly true of sequences cloned in vectors that can replicate in transfected mammalian cells. For

example, when the E. coli lac] gene, cloned in a plasmid containing an SV40 origin of replication.

was introduced into COS—7 cells, allowed to replicate for several generations, and then returned

to E. coli, mutations occurred at a frequency of one to several percent (Calos et al. 1983). Stunning

in their variety, mutations induced during replication in mammalian cells include deletions,

insertions, and base substitutions (Razzaque et al. 1983; Lebkowski et al. 1984; Ashman and

Davidson 1985). These mutations are thought to arise as a consequence ot‘damage caused by the

action of degradative enzymes and low pH in the lysosomes and also pelhaps by the lack of a

complete chromatin structure after the transfecting DNA enters the nucleus (Miller et al. 1984;

Reeves et al. 1985).
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Here, we describe two variations on the classical DEAE-dextran transfection procedure. The

first (main protocol) involves a brief exposure of cells to a high concentration of DEAE—dextran

and yields higher transfection frequencies but elevated cellular toxicity. The second (please see the

panel on ALTERNATIVE PROTOCOL: TRANSFECTION MEDIATED BY DEAE-DEXTRAN: INCREASED

CELL VIABILITY at the end of this protocol) involves a longer exposure of cells to a lower concen—

tration of DEAE—dextran, which produces lower transfection frequencies but increased cell sur-

vival.

 

TRANSFECTION OF COS CELLS fl

The DFAE-dex’tran procedure is most often used to transfect simian COS cells. These cetls were developed by
Gluzman (1981) and express the SV40 large T antigen (please see the information panel on COS CELLS in
Chapter 11). Introduction of the SV40 origin of replication, typically by use of the SV40 early region promoter-
enhancer/origin to express the gene or CDNA of interest, results in the amplification of the origin-containing
plasmid to very high copy number (Gluzmdn 1981 ). This amplification in turn produces a high level of expres-
sion of the transfected cDNA or gene, but severely stresses and eventually kills cells that take up the plasmid.
COS cells are thus usually used as transient transfection hosts and analyzed 48—72 hours posttransfection.

The efficiency of DEAE-dextran-mediated transfection of C05 cells is very high, often approaching 50%
of the cells on a dish. For this reason, COS cells are frequently used in expression cloning (please see Chapter
11, Protocol 2). The high efficiency of transfection also allows multiple plasmids to be introduced simultane-
ously into the cells. For example) entire intermediary metabolism pathways can be reconstituted in COS cells

by introducing expreSSion plasmids encoding individual enzymes in the pathway (Zuber et at. 1988). 
 

MATERIALS
 

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.

Dilute stock solutions to the appropriate concentrations.

Chloroquine diphosphate (100 mM)
Dissolve 60 mg of chloroquine diphosphate in 1 ml of deionized distilled HZO. Sterilize the solution by
passing it through a 0.22-t1m filter. Store the filtrate in foit—wrapped tubes at —2()°C.
Please see the information panel on CHLOROQUINE DISPHOSPHATE.

DEAE-dextran (50 mg/ml)

Dissolve 100 mg of DEAE-dextran (MI 2 500,000; Pharmacia) in 2 ml of distilled H 7(). Sterilixe the soluf

tion by autoclaving for 20 minutes at 15 psi (1.05 kg/cmz) on liquid cycle. Autoclavhtg also assists disso—
lution of the polymer.

The molecular weight of the DEAE—dextran originally used for transfection was >2 x 10“ (McCutchan
and Pagano 1968). Although this material is no longer available commercially, it is still occasionally
found in chemical storerooms. The older batches of higher-molecutar—weight DEAE—dextrun are more
efficient for transfection than the lower—molecular—weight polymers currently available.

Phosphate-buffered saline (PBS)
Sterilize the solution by filtration before use and store it at room temperature.

Tris—buffered saline With dextrose (TBS-D)
Immediately before use, add 20% (w/v) dextrose (prepared in H10 and sterilized by autoclaving or fi|~

tration) to the TBS solution. The final dextrose concentration should be 0.100 (v/v).

Nucleic Acids and Oligonucleotides

Plasmid DNA
To obtain the highest transformation efficiencies, purify the plasmid DNAs by column chromatography
(please see Chapter 1, Protocol 9) or by equilibrium centrifugation in CsCl—ethidium bromide density

gradients (please see Chapter 1, Protocol 10).

Media

Cell culture growth medium (complete and serum-free)
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16.30 Chapter 16: Introducing Cloned Genes into Cultured Mammalian Cells

Special Equipment

Tissue culture dishes (60-mm or 35-mm)
This protocol is designed for cells grown in (10—mm or 35mm culture dishes. lf multiwell plates, flasks,
or dishes of a different diameter are used, scale the cell density and reagent volumes accordingly. Please
see Table 163.

Additional Reagents

Step 8 of this protocol requires the reagents listed in Chapter 6, Protocol 1, and Chapter 7,

Protocol 8.

Cells and Tissues

Exponentially growing cultures of mammalian cells

 

DEAE-DEXTRAN TRANSFECTION KITS

Several manufacturers sell kits that provide all of the materials listed in this protocol (tag, ProFection l

Mammalian Transfection System from Promega). These kits are somewhat expensive (reagent cost is about l
$1 per 60-mm dish), but they serve as a useful source of control reagents when performing DEAE-dextran l
transfection experiments for the first time. l
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METHOD
 

1. Twenty—four hours before transfection, harvest exponentially growing cells by trypsinization

and transfer them to 60-mm tissue culture dishes at a density of 105 cells/dish (or 35—mm

dishes at a density of S x 104 cells/dishl Add 5 ml (or 3 ml for 35—mm dish) of complete

growth medium, and incubate the cultures for 20—24 hours at 37°C in a humidified incuba~
tor with an atmosphere of 5—7% C02.

The cells should be ~75% confluent at the time otltrunsfection. lfthe cells are grown for < I 2 hours
before transfection, they will not be well anchored to the substratum and are more likely to detach
during exposure to DEAE—dextran.

2- Prepare the DNA/DEAE—dextran/TBS—D solution by mixing 0.174 pg of supercoiled or Cir?
cular plasmid DNA into 1 mg/ml DEAE—dextran in TBS—D.

0.25 ml of the solution is required for each 60—mm dish; 0.15 ml is required for each 354mm dish.
The amount of DNA required to achieve maximal levels of transient expression depends on the
exact nature of the construct and should be determined in preliminary experimentx It" the cone
struct carries a replicon that will function in the transfected cells (e.g., the SV4() early regitm pm-
moter/origin of replication), IOOAZOO ng of DNA per 105 cella should be sufficient; if no replicon
is present, larger amounts of DNA may be required (up to 1 pg per 10" cells)

 
3- Remove the medium from the cell culture dishes by aspiration, and wash the monolayers

twice with warmed (37°C) PBS and once with warmed TBS—D.

4. Add the DNA/DEAE—dextran/TBS—D solution (250 141 per bO—mm dish, 150 til per 354mm
dish). Rock the dishes gently to spread the solution evenly across the monolayer of cells.
Return the cultures to the incubator for 30—90 minutes (the time will depend on the sensi—
tivity of each batch of cells to the DNA/DEAE—dextran/TBS—D solution). At 15—20-minute
intervals, remove the dishes from the incubator, swirl them gently, and check the appearance
of the cells under the microscope. If the cells are still firmly attached to the substratum, con-
tinue the incubation. Stop the incubation when the cells begin to shrink and round up.  
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. Remove the DNA/DEAE—dextran/TBS—D solution by aspiration. Gently wash the monolayers

once with warmed TBS—D and then once with warmed PBS, taking care not to dislodge the

transfected cells.

. Add 5 ml (per 60-mm dish) or 3 ml (per 35—mm dish) of warmed medium supplemented

with serum and chloroquine (100 “M final concentration), and incubate the cultures for 3—5

hours at 37°C in a humidified incubator with an atmosphere of 5—7% (103.

The efficiency of transfection is increased severalfold by treatment with chloroquine, which may
act by inhibiting the degradation of the DNA by lysosomal hydrolziscs (Luthman and Magnusson
1983). Note, however, that the cytotoxic effects Of a combination of DEAEvdextrun and chlam—

quine can be severe. It is therefore important to carry out preliminary experiments to determine
the maximum permissible length of exposure to chloroquine after treatment 01 cells with DEAF}

dextran (for further details, please see the information panel on CHOROQUINE DIPHOS-
PHATE).

Remove the medium by aspiration, and wash the monolayers three times with serum—free

medium. Add to the cells 5 ml (per 60—mm dish) or 3 ml (per 35—mm dish) of medium sup—

plemented with serum, and incubate the cultures for 36—60 hours at 373C in a humidified

incubator with an atmosphere of 5—7% CO, before assaying for transient expression of the

transfected DNA. _

The time ofincubation should be optimized for the particular cell line and construct under study.

To assay the transfected cells for transient expression of the introduced DNA, harvest the cells

36—60 hours after transfection. Analyze RNA or DNA using hybridization. Analyze newly

synthesized protein by radioimmunoassay, by immunoblotting, by immunoprecipitation fol—

lowing in vivo metabolic labeling, or by assays of enzymatic activity in cell extracts.

To minimize dish—to—dish variation in transfection efficiency, it is best to (i) trainst‘ect several dish—
es with each construct, (ii) trypsinize the cells for 24 hours of incubation, (iii) pool the cells, and
(iv) replate them on several dishes.
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ALTERNATIVE PROTOCOL: TRANSFECTION MEDIATED BY DEAE-DEXTRAN:

INCREASED CELL VIABILITY

By contrast to the DEAE-dextran method described in the main protocol, this alternative protocol uses a lower
concentration of DEAE-dextran (250 ug/ml) that remains in contact with the cells for longer periods of time (up
to 8 hours). Although transfection frequencies are not as high as those obtained in the presence of elevated
DEAE-dextran concentrations, the use of reduced levels of DEAE-dextran is associated with less cell toxicity.

Additional Materials

Dulbecco’s modified Eagle’s medium
This is standard DMEM buffered with NaHCO3 and supplemented with serum.

Dulbecco’s modified Eagle’s medium, buffered with HEPES (HEPES—buffered DMEM)
This is DMEM lacking NaHCOg but containing 10 mM HEPES (pH 7415). N0 serum should be added to this reagent,

Method

1. Twenty-four hours before transfection, harvest exponentially growing cells by trypsinization and transfer
them to 60-mm tissue culture dishes with 103 celIs/dish (or 35—mm dishes with 5 x 104 cells/dish). Add 5
ml (or 3 ml for 35-mm dish) of complete growth medium, and incubate the cultures for 20—24 hours at
37°C in a humidified incubator with an atmosphere of 5—7% C02.

The cells should be ~75% confluent at the time of transfection. If the cells are grown for <12 hours before transfec-
tion, they will not be well anchored to the substratum and are more likely to detach during exposure to DEAE-dextran.

2. Mix 0.1—1 pg of supercoiled or circular plasmid DNA and 250 Hg of DEAE-dextran per 1 ml of HEPES-
buffered DMEM. The resulting solution will be used at 500 pl per 60-mm dish or 250 pl per 35-mm dish.

The amount of DNA required to achieve maximal levels of transient expression depends on the exact nature of the
construct and should be determined in preliminary experiments. If the construct carries a replicon that will function
in the transfected cells (e.g., the SV40 early region promoter/origin of replication), 100—200 ng of DNA per10" LeliS
should be sufficient; if no replicon is present, larger amounts of DNA may be required (up to 1 pg per 10“ cells).

3. Remove the medium from the cell culture dishes by aspiration, and wash the monolayers twice with
warmed (37°C) HEPES—buffered DMEM.

4. Add the DNA/DEAE-dextran/DMEM solution to the cells (500 u| per 60-mm dish, 250 Hi per 35-mm dish),
and return the cells to the incubator for up to 8 hours. Gently rock the dishes every 2 hours to ensure even
exposure to the DNA/DEAE—dextran/DMEM solution.

The efficiency of transfection is increased severalfold by concurrent treatment of the cells with chloroquine diphos-
phate. If used, add the drug (100 pM final concentration) to the DNA/DEAE-dextran solution just before it is applied
to the cells. Because chloroquine is toxic to the cells, the time of incubation must then be limited to 3—5 hours

A simple variation on this step is reported to double the transfection frequency obtained with C05 tells (Gonzales and
Joly 1995): Plate the cells in small culture flasks with screw caps at the beginning of the experiment and tightly screw
the cap after addition of the DNA/DEAE-dextran/DMEM solution in Step 4. Continue the incubation for 8 hours, during
which time the medium alkalinizes slowly, due to the metabolism of the small amount of CO2 remaining in the flask.
This change, which is marked by the gradual deepening in color from crimson to burgundy of the phenol red indicator
in the medium, may stimulate transfection in a manner similar to the use of a reduced CO1 atmosphere within the intu-
bator (please see the ALTERNATIVE PROTOCOL: HIGH-EFFICIENCY CALCIUM-PHOSPHATE—MEDIATED TRANS-

FECI'ION OF EUKARYOTIC CELLS WITH PIASMID DNAs in Protocol 2).

5. Remove the DNA/DEAE-dextran/DMEM solution from the cells by aspiration, and gently wash the cell mono-
layers twice with warmed (3 7°C) HEPES-buffered DMEM. Take care not to dislodge the transfected cells.

6. Wash the cells once with warmed DMEM (buffered with NaHCoj, not HEPES) supplemented with serum.
Add to the cells 5 ml (per 60-mm dish) or 3 ml (per 35-mm dish) of complete growth medium, and incu-
bate the cultures for 36—60 hours at 37°C in a humidified incubator with an atmosphere of 5— % C02
before assaying for transient expression of the transfected DNA.

7. To assay the transfected cells for transient expression of the introduced DNA, harvest the cells 36—60 hours

after transfection. Analyze RNA or DNA using hybridization. Analyze newly synthesized protein by radioim-

munoassay, by immunoblotting, by immunoprecipitation following in vivo metabolic labeling, or by assays
of enzymatic activity in cell extracts.

To minimize dish~to-dish variation in transfection efficiency, it is best to (i) transfect several dishes with each con-

struct, (ii) trypsinize the cells after 24 hours of incubation, (iii) pool them, and (iv) replate them on several dishes.

 
 



Protocol 5
 

DNA Transfection by Electroporation

PULSED ELECTRICAL FIELDS CAN BE USED TO INTRODUCE DNA into a variety of animal cells

(Neumann et al. 1982; Wong and Neumann 1982; Potter et al. 1984; Sugden et al. 1985; Toneguzzo

et al. 1986; Tur—Kaspa et al. 1986), plant cells (Fromm et al. 1985, 1986; Ecker and Davis 1986),

and bacteria. Electroporation works well with cell lines that are refractive to other techniques,

such as calcium phosphate—DNA coprecipitation. But, as with other transfection methods‘ the

optimal conditions for electroporating DNA into untested cell lines must be determined empiri-

cally.

The efficiency of transfection by electroporation is influenced by a number of factors as

described below.

0 Strength of the applied electricfield. At low voltage, the plasma membranes of cultured cells

are not sufficiently altered to allow passage of DNA molecules; at higher voltage, the cells are

irreversibly damaged. For most lines of mammalian cells, the maximal level of transient

expression is reached when voltages between 250 V/cm and 750 V/cm are applied. Typically,

between 20% and 50% ofthe cells survive this treatment (as measured by exclusion of trypan

blue [Patterson 1979; Baum et al. 1994]).

0 Length of the electric pulse. Usually, a single electric pulse is passed through the cells. The

length, field shape, and strength of the pulse are determined by the capacitance of the power

supply and the dimensions of the cuvette. Some electroporation devices grant the investigator

control over the characteristics of the pulse; others do not. The optimal length of the electric

pulse required for electroporation is 20—100 msec.

0 Temperature. Some investigators report that maximal levels of transient expression are

obtained when the cells are maintained at room temperature during electroporation (Chu et

a1. 1987); others have obtained better results when the cells are maintained at DCC (Reiss et al.

1986). These discrepancies may result from differences in the responses of various types of

mammalian cells to the passage of electric current or in the amount of heat generated during

electroporation when large electrical voltages (>1000 V/cm) and/or extended electric pulses

(>100 insec) are used. The efficiency of transient expression is increased if the cells are incu—

bated for 1—2 minutes in the electroporation chamber after exposure to the electric pulse

(Rabussay et a1. 1987).

16.33
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0 Conformation and concentration ofDNA. Although both linear and circular DNAs can be

transfected by electroporation, higher levels of both transient expression and stable transfor

mation are obtained when linear DNA is used (Neumann et a]. 1982; Potter et al. 1984:

Toneguzzo et al. 1986). Effective transfection has been obtained with concentrations of DNA

ranging from 1 pg/ml to 40 ug/ml.

o Ionic composition ofthe medium. The efficiency of transfection is manyfold higher when the

cells are suspended in buffered salt solutions (e.g., HEPES-buffered saline) rather than in

buffered solutions of nonionic substances such as mannitol or sucrose (Rabussay et al. 1987).

A number of different electroporation instruments are available commercially, and the

mamlfacturers supply detailed protocols for their use. The following method is adapted from a

protocol provided by Jennifer Cuthbert and Rhonda Bassel—Duby (University of Texas

Southwestern Medical Center, Dallas) and from Baum et al. (1994).

For a review of methods for the introduction of DNA molecules into eukaryotic cells by

electroporation, please see Andreason and Evans (1988); for a discussion of the use of electropo-

ration to introduce DNA into bacterial cells, please see Chapter 1, Protocol 26; and for further

information on the mechanism of electroporation and optimization, please see the infornmtion

panel on ELECTROPORATION.

MATERIALS
 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions 10 the appropriate concentrations.

Giemsa stain (70°13 w/v)
The (iiemsa stain should be freshly prepared in phosphate—buftered saline or H20 and filtered through
Whatan No. 1 filter paper before use.

Methanol <!>

Phosphate-buffered saline (PBS)

Stcrilize the solution by filtration before use and store it at room temperature.

Sodium butyrate (500 mM) (optional)
111 a chemical Fume hood, bring an aliquot ofstock butyric acid solution to a pH 017.0 with 1() N NaOH.
Sterilize the solution by passing it through a 0.22—um filter; store the filtrate at —2()“(1.

Nucleic Acids and Oligonucleotides

Carrier DNA (70 mg/ml; e.g., sonicated salmon sperm DNA) (optional)
Linearized or circular plasmid DNA (7 pg/ul in sterile deionized HJO)

Media

Cell culture growth medium (complete and [optional] selective)

Centrifuges and Rotors

Sorva/I H7000B rotor or equivalent

tm.mm4..~u t ,,,_ 5
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Electroporation device and cuvettes
Gene Pulser II (Bi0~Rad Cat. no. 165—2105 for 110-\’ US. Systems and (int. no. 16371106 for 2204’

European Systems).

Tissue culture dishes (35-mm)

This protocol is designed for cells grown in 35»mrn culture dishes. [t multiwell plates, flasks, m“ dishes of a

different diameter are used, scale the cell density and reagent volumes accordingly. Please see Table 16-1

Additional Reagents

Step 70 of this protocol may require the reagents listed in Chapter 77, Protocol 7, or in the
additional protocol in Protocol 7A

Cells and Tissues

METHOD

Exponentially growing cultures of mammalian cells

 

. Harvest the cells to be transfected from cultures in the mid- to late—logarithmic phase of

growth. Use either a rubber policeman or trypsin to release adherent cells. Centrifuge at 500g

(1500 rpm in a Sorvall HIOOOB rotor) for 5 minutes at 4"C.

Resuspend the cell pellet in O.5>< volume of the original growth medium and measure the cell

number using a hemocytometer (please see Appendix 8).

Collect the cells by centrifugation as described in Step 1, and resuspcnd them in growth

medium or phosphate-buffered saline at room temperature at a concentration of 2.5 x 10“ to
2.5 x 107 cells/ml.

Transfer 400—11] aliquots of the cell suspension (106 to 107 cells) into as many labeled electro-

poration cuvettes as needed. Place the loaded cuvettes on ice.

Set the parameters on the electroporation device. A typical capacitance value is 1050 “F.

Voltages range from 200 to 350 V, depending on the cell line, but generally average 260 V. Use

an infinite internal resistance value. Discharge a blank cuvette containing phosphate—buffered

saline at least twice before beginning electroporation of cells.

Add 10—30 pg of plasmid DNA in a volume of up to 40 ml to each cuvette containing cells.
(Some investigators add carrier DNA Ie.g., salmon sperm DNA] to bring the total amount of
DNA to 120 pg.) Gently mix the cells and DNA by pipetting the solution up and down.
Proceed to Step 7 without delay.

A IMPORTANT Do not introduce air bubbles into the suspension during the mixing step.

Immediately transfer the cuvette to the electroporator and discharge the device. After 1—2

minutes, remove the cuvette, place it on ice, and proceed immediately to the next step.

, _A*,._. __ __ ____,_._,..._.M .
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8.

10.

11.

'1‘rz111sfer the electroporated cells to a 35—111111 culture dish using a 111icropipett01' equipped

with a sterile tip. Rinse out the cuvette with a fresh aliquot of growth medium, and add the

washings to the culture dish. Transfer the dish to a humidified incubator at 37 (I with 1111

atmosplmre of 5—7% (301.

10 incorporate 11 sodium hutyrttle shock (please see Protocol 2, Step 5), rinse the emette with
growth medium containing 1111 dppropridte amount of sodium butyrate, and combine the rime

with the eleetmporated cells 111 the dish before its transfer to 1111 i11cuhdt0r./\1ter 24 huurx‘ remme

hutymte-eonmining medium and replace with normal growth mediunL

Repeat Steps (1—8 until all of the DNA cell samples in cuvettes are shocked. Record the actual

pulse time for each cuvette to facilitate con1parisons between experiments.

Ifthe obiective is stable t1‘z111sf01'11111t1011 of the cells, proceed directly to Step 1 1. For transient

expressimm examine the cells 24~96 hours after electroporation using one 01 the following,Y

assays:

0 [fa plasmid DNA expressing E. coli B—galaetosidase was used, follow the steps outlined in

Chapter 17, Protocol 7 to measure enzyme activity in cell lysates. Alternatively, carry out

a histochemieal staining assay as detailed in the additional protocol in Protoenl 1.

0 If a green fluorescence protein expression vector was used, examine the cells with a

microscope under 450419041111 i11u111i11atit111.

o For other gene products, analyze the newly synthesized protein by rad1011111111111011551131, by

i111111ut1o1110tting, hy immunopreeipitation following in vivo metabolic labeling, or by

assays of appropriate enzymatic activity in cell extracts.

10 minimize dislvto—ditsh variation in transfection el‘fitieney, it is best to (i) tranxtbet several

dishes with each construct, (ii) trypsinize the cells after 24 hours ofineuhation, (iii) pool the
cells, 111111 (iv! replate them on several dishes.

To isolate stable transfectants: After incubation for 48—72 hours in complete medium

trypsini7e the cells and replate them in the appropriate selective 111ediul11f1‘he selective medi—

um should be changed every 2—4 days for 2—3 weeks to remove the debris of dead cells and

to allow colonies of resistant cells to grow. Thereafter, clone individual colonies and propa—

gate for assay (for methods, please see Iakohy and Pastan 1979 or Specter et al. 199811

[Chapter 86 in Cells: A Laboratory Manual] ).

A permanent record<1fthenumbersofeolonies111111'11e0htztinedhyfixingtheremdinmg cells with
iee—eold methanol for 15 minutes, followed by staining with 1()”/<1 Giemsn 101 15 minutes At room

temperature before rinsing, in tap water. The (Qiemsd Stain should he freshly prepared in phosphate-

huft‘ered saline or HIO and filtered through \\'hdtman N0. 1 filter paper before use.



 

Protocol 6
 

DNA Transfection by Biolistics

DESPITE THE MYRIAD AND INGENIOUS METHODS developed to introduce cloned DNAs into cells,

some cell types, tissues, and intracellular organelles remain impermeable to foreign DNA. This

problem, which is particularly acute with plant cells, was solved to a large degree with the inven-

tion of the “gene gun” by John Sanford, Ed Wolf, and their colleagues at Cornell University. The

gene gun was Of greatest interest to plant geneticists, whose attempts to introduce DNA into plant
cells by conventional methods had been frustratingly inefficient. The gun sob ed the problem by

the crude but efficient strategy of drilling holes through the thick cell walls with DNA-coated

metal particles. Despite the initial enormous sketicism of other scientists, Sanford and Wolf pub-

lished papers on the subject (Klein et a]. 1987; Shark et al. 1991; Smith et d]. 1992; Sanford et a].

1993), obtained patents on the gene gun and its uses as an instrument to deliver 1)NAt0ce115,and

formed a company with the apt name of Bioiistics, Inc. This method has revolutiunimd plant

genetics: Most of the world‘s transgenic crops have been produced using biolistic technology. The

travails of Sanford and Wolf and the scientific and commercial rewards of their work are beauti—

fully described by Sanford in a publication available from his philanthropic organization (Feed

My Sheep Foundation, Waterloo, New York).

The efficiency with which foreign DNA is introduced into cells by biolistic transformation

depends on a large number of variables, including:

a Cell type. Cells ranging from bacteria to plants to hepatocytes within the livers of 1i\ ing

rodents have been successfully shot with DNA—coated microprojectiles. In each case, the con—

ditions that produced a successful experiment were different.

0 Cell growth. The density at which cultured cells are bombarded affects the transfection fre~

quencyw with greater efficiency realized at low cell density in some cases (ergm when introduc—

ing DNA into intracellular organelles) and at high cell density in others (etgn when cells of

Bacillus megaterium are the target). Some cells are best transfected while in the early log phase

of their growth cycle, whereas others succumb after being grown to saturation.

0 Culture medium. The efficiencies with which many bacterial and plant cells can he transfect—

ed by biolistic methods can be increased considerably by bombarding the cells in a medium of

high osmolarity. Agents such as sorbitol and/or mannitol in concentrations ranging from (1.05

to 1.5 M are used, with the optimum osmoticum and concentration differing between species

and cell type.

0 Gene gun settings. Important parameters include the amount of vacuum applied to the shoot—

ing chamber, the helium pressure used to drive the DNA-coated particles, and the distance

between the gun and the target cells.
16.37
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0 Type ofammunition. Blasting subcellular organelles with inappropriately 1a1rge~didmeter gold

or tungsten particles produces only a mess. The optimum particle size for each application dif-

fers between ce11 types and ranges from 0.6 pm for subcellular organelles to 1.6 nm for cultured

mammalian cells. Particles made of tungsten or gold are used to deliver the DNA to cells and

each metal has its idiosyncrasies. Tungsten particles are irregular in size and some cells are sen—

sitive to the toxic effects of this transition metal. Tungsten is also susceptible to oxidation,

which promotes the degradation of DNA. Gold is less toxic and more malleable and conse—

quently can be shaped into particles that are more uniform in diameter. However. gold binds

DNA less efficiently and is more expensive than tungsten.

 
As with many other methods of transfection, the bewildering array of variab1es that affect

the efficiency of biolistic transformation requires that the optimum conditions for gene delivery

be determined empirically in each laboratory and for each cell type. Optimization is best achieved

by applying a matrix of variab1es in the initial series of experiments as described by Sanford et 111.

( 1993). From these results, a reproducible method of biolistic transformation can be established

for experimental purposes. The following protocol is an amalgam derived from Horch et al.

(1999), Sanford et a1. (1993), publications from the principal gene gun manufacturer (US/EG

Bulletins 1688 and 2087; Bio-Rad), and a method contributed by Steve Finkbeiner (University of

California, San Francisco).

MATERIALS
 

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

CaCIZ (2.5 M)

Ethanol

Use a fresh bottle of absolute ethanol that has not been opened prwlously. Ethanol is hygroscopic and

with exposure to air picks up small amounts of water. In the method described below, the presence of
water in the ethanol washes of Steps 1, 2, and 3 can interfere with effective bomlmrdment of cells and
tissues.

Glycerol (5000 in HZO)
Steri|i7e the solution by autoclaving.

Spermidine (0.7 M)
Dissolve an appropriate amount of spermidine (h‘ee—base form J in deionized HJO and sterilize the solw
tion by passing it through a 0.22-pm filter. Store the solution in smali aliquots at —2(1"(?. Make a tircsh
stock solution of this reagent every month.

Nucleic Acids and Oligonucleotides

Plasmid DNA
When carrying out a gene gun experiment for the first time or 11.81 new cell line or tissue is to be trans-

fected, obtain an expression plasmid encoding an appropriate marker gene for use in optimizing deliv—
ery. Examples include vectors that express E. roli B-galactosidase, green fluorescent protein, and [S—glu—
curonidase (for plants) or selectable markers such as neomycin resistance. Plasmids expressing a gene or
CDNA of interest can be used after the process has been optimized.

Investigators debate whether plasmid DNAS purified on various Chrmnatographic resins (please see
Chapter 1, Protocol 9), which contain varying amounts of lipopolysaccharidc, can be used in biolistie
gene delivery. Apparently, even minor contamination of the plasmid DNA with endotoxin/ lipnpolysac—
charide reduces the frequency of transfection. We thus recommend purification of plasmid DNAs by

Cs(]|~ethidium bromide centrifugation (Chapter 1, Protocol 10). Dissolve the purified plasmid DNA in

HZO at a concentration of] ugly].  



Media
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Cell culture growth medium (complete and [optional] selective)

Special Equipment

Gene gun

A popular model is the Biolistic PDS—lOOO/He Particle Delivery System‘ sold by BiO~Rdd, which inciudcs

a bombardment chamber with separate connections for vacuum and helium lines. A pump capable of
pulling a vacuum of 5 inches of mercury is required. In general, house vacuum lines are unsuitable for

this task. A high—pressure (24004600 psi) tank Of helium gas (>99.999% pure) that is safely anchored
to the bench or wall should be connected to the device.

Gold or tungsten particles (microcarriers)
The DNA to be transfected is dehvered to cells on tungsten or gold particles that vary in diameter from
0.6 to 5 pm. The optimum pellet diameter for a given cell or tissue type must be determined empiricale
ly. The beads are purchased from commercial sources (e.g., Bio—Rad and Sylvania) and prepared for DNA
coating as described in Step 1.

Lens paper

Microfuge tubes (7.5 ml)

Use high—quality microfuge tubes. Some brands or batches of microt'uge tubes hind cuessivc amounts

of the colloidal particles used as ammunition for gene gun experiments.

Additional Reagents

Step 8 of this protocol may require the reagents listed in Chapter 77, Protocol 7.

Cells and Tissues

METHOD

Cells or tissue to be transfected

Adherent cultured cells from various species should be bombarded at 50—80% confluency. (Iollecl plant
cells grown in suspension by sterile filtration onto Whatmun N0. 1 filter papers (77cm diameter) using
a Buchner funnel, and place them on sterile filter papers soaked with culture medium of high osmolar-
ity before bombardment (for details, please see Sanford et al. 1993).

Freshly dissect the mammalian tissue, section at ~400 pm, and maintain the slices in culture dishes as

described by McAllister et al. (1995)

Culture bacteria and yeast to mid» to late—logarithmic growth depending on the species and strain, eole
lect by centrifugationt resuspend in a small volume of culture medium of high osmolarity, and plate (1

x 10” to 2 x 10" cells) on a thin layer of agar atop a piece of filter paper in a Petri dish before being shot.

1. Prepare tungsten or gold particles.

a. Weigh 60 mg of gold or tungsten particles into 21 15—1111 microfuge tube.

b. Add 1 m10f700/o ethanol to the particles and vortex the tube continuously for 5 minutes

at room temperature. Store the tube on the bench top for 15 minutes.

C. Collect the particles by centrifugation at maximum speed for 5 seconds in a microfuge.

d. Gently remove the supernatant. Resuspend the metal particles in 1—111] of sterile H_,() and

vortex the suspension for 1 minute. Store the tube on the bench top for 1 minute.

9. Collect the metal particles by centrifugation at maximum speed for 5 seconds in a

microfuge.
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f. Repeat the 1110 wash (Steps (1 and e) three more times.

g. Remove the supernatant after the fourth H,O wash. Resuspend the particles in 1 ml of

sterile 50% glycerol.

The washed particles are assumed to have 4 concentration of (70 mg/ml and may he stored at

room temperature for 172 weeks. Longer storage can result in oxidation of the metal beads
And a decline in ti'ansfeetion efficiency.

2. For every six dishes of cells or Slices of tissue to be shot, prepare an aliquot of DNA—cmted

particles as follows:

a. While continuously vortexing the stock solution of microcarrier particles‘ remove a 50—

pl aliquot (~3 mg).

b. Transfer the aliquot to a fresh microfuge tube, and while vortexing, add the following to

the tube:

plasmid DNA (~2.5 pg) 2.5 ul

2.5 xi (idcll 50 pl

0.1 .\l spermidine 20 pl

After all ingredients are added, continue vortexing the tube for an additional 3 minutes“

It is very important that the microfuge tuhe be continuously vortexed during this procedure

to ensure uniform coating ofthe particles with plasmid DNA.

c. Stand the tube on the bench for 1 minute to allow the particles to settle, and then collect

them by centrifugation at maximum speed for 2 seconds in a microfuge.

Longer eentrit‘tigatmn times‘ can cause agglomeration ofthe metal particles, reducing trans-

fection efficiency.

(1- Remove the supernatant and carefully layer 140 pl of 7()% ethanol over the pelleted par-

ticles. Remove the 70% ethanol, and add 140 pl of 100% ethanol, again without disturb—

ing the particles. Remove the supernatant and replace with 50 ul of ethanol.

6. Resuspend the particle pellet by tapping the side Of the tube, followed by gentle vortex»

ing for 2—3 seconds.

3. Place a macrocarrier in the metal holder of the gene gun apparatus using the seating device

supplied by the manufacturer. Wash the sheet twice with 6—pl aliquots of ethanol. Between

washes, blot the sheet dry with lens paper.

4. Vortex the pellet sample from Step 26 for 1 minute. While vortexing, withdraw (7 ttl ol‘the pel—

let slurry (~500t1g ofparticles) and, as quickly as possible, spread the aliquot around the cen—
tral 1 cm of the macrocarrier.

5“ Repeat Steps 3 and 4 until the desired number of loaded macmcurriers has been prepared,

Allow the ethanol solution containing the DNA-coated particles to dry on the macmcari‘ier.

6. Load a macrocarrier into the gene gun, and following the manufacturer’s directions, shoot a
plate of cells or tissue slice.

7. After the vacuum has returned to atmospheric pressure, remove the wounded cells or tissue

and place in appropriate culture conditions. Remove the ruptured meicmcnrrier and repeat

Steps 6 and 7 until all plates are shot.  
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8. If the objective is stable transformation of the cells, proceed directly to Step 9. For tmmicnt

expression, examine the cells 24—96 hours after shooting, using one of the following assays.

If a plasmid DNA expressing E. coli B-galactosidase was used, follow the steps outlined in

Chapter 17, Protocol 7, to measure enzyme activity in cell lysates, Alternatively, carry out

a histochemical staining assay as detailed in the additional protocol in Protocol 1 of this

chapter.

If a green fluorescence protein expression vector was used, examine the cells with a

microscope under 450—490—nm illumination.

If a plasmid DNA expressing B-glucuronidase was used, assay For B—glumronidase activ-

ity as detailed in the panel on ADDITIONAL PROTOCOL: HISTOCHEMICAL STAINING OF

CELL MONOLAYERS OR TISSUE FOR [S-GLUCURONIDASE.

For other gene products, analyze the newly synthesized protein by radioiImmunoassay, by

immunoblotting, by immunoprecipitation following in vivo metabolic labeling, or by

assays of appropriate enzymatic activity in cell extracts.

To minimize dish—to—dish variation in tl'ansfection efficiency, it is best to ti) tmnst‘ect several

dishes with each construct, (ii) trypsinize the cells after 24 hours of incubation, (ii) pool the
cells, and (iv) replate them on several dishes.

9. To isolate stable transfectants: After the cells have incubated for 48—72 hours in complete

medium, transfer the bombarded cells to selective medium. The concentration of selective

agent and the culture conditions will vary depending on the cell type.
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ADDITIONAL PROTOCOL: HISTOCHEMICAL STAINING OF CELL MONOLAYERS OR
TISSUE FOR B-GLUCURONIDASE

B-glucuronidase is often used as a reporter gene in transfected plant cells because the endogenous levels of
this hydro|ase are very low. The enzyme cleaves many B-glucuronide linkages with high efficiency, including
those B-glucuronidases conjugated with fluorescent and histochemical tags that are readily visualized within
cells or lysates. This protocol was adapted from Jefferson et al. (1987).

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Additional Materials

Formaldehyde (0.3% v/v) < ! >
X-G/04 solution

10 mM EDTA (pH 8.0)
100 mM sodium phosphate
0.5 mM potassium ferrmyanide <! >
0.1% (v/v) Triton X-100
05 mg/ml X-GICA (5-bromo-4-chloro-3-indolyl-B-D—glucuronide)

Dissolve an appropriate amount of X—GkA (Sigma) in a small volume of DMSO before adding it to the buffer.

Mannitol (0.3 M)
MES (70 mM, pH 5.6)

NaHZPO4 (50 mM)

Method

1. Remove the medium in which the plant cells or tissue are maintained and replace with just enough X-GkA
solution to cover the biological material.

With some plant tissues, the intensity of fi-glucuronidase staining can be enhanced by fixing the tissue before addi-
tion of the X-GICA solution. Incubate the section in 0.3% (v/v) formaldehyde/1O mM MES (pH 5.6)/0.3 M mannitoi for

30—60 minutes, rinse the section several times with 50 mM NaH2PO4, and then cover it with X-GIcA staining solu-

tion.

2. incubate the plates for 12-24 hours at 377C.

3. Examine the bombarded cells under a light microscope and count the number of blue cells or blue clusters
of cells Cells that have taken up the B—glucuronidase expression plasmid and are synthesizing the enzyme
should be a dark blue.

The number of blue spots per dish can be considered to be at best a semiqualitative estimate of transfection effi-
ciency. This number is most usefui in determining the optimum conditions for gene bombardment experiments and
should not be taken as a quantitative readout of gene expression. If a quantitative measurement of gene expression
is needed, then it is best to establish an in vitro biochemical assay using a fluorescent B-glucuronidase substrate and
cell lysates prepared from transfected cells or tissue slices. For a detailed description of this type of assay, please see
Jefferson et al. (1987).

 

 

  
 



 

 

Protocol 7

DNA Transfection Using
Polybrene

 

SEVERAL POLYCATIONS, INCLUDING POLYBRENE (1,5-dimethyl-1,5—diazaundecamethylene poly-

methobromide) (Kawai and Nishizawa 1984; Chaney et al. 1986) and poly-l -0rnithine (Bond and

Wold 1987; Dong et al. 1993; Nead and McCance 1995), have been used in the presence of DMSO

to facilitate DNA transfection of cells that are insensitive to transfection by other methods.

 

Variables that influence the efficiency of lransfection by Polybrene are the concentrations of DMSO and poly-
cation, the amount of DNA, the temperature of incubation with DMSO, and the length of time the cells are
left in contact with the polycation-DNA mixture (Bond and Wold 1987; Aubin et al. 1988; Nead and McCance

1995). The original protocol, which was devetoped using chicken embryo fibroblasts, had optimal levels of
transfection with 30% DMSO and 30 pg of Polybrene. Optimal transfection into other cell lines requires dif—
ferent amounts of these reagents.

0 Permanent transfection of human epidermal keratinocytes using Polybrene was found to be optimal after
a 27% DMSO shock (Jiang et al. 1991).

o Murine NIH-3T3 cells required 15% DMSO (Aubin et al. 1988, 1997) for stable transfection, but 25%

DMSO for optimal transient transfection.

- Human keratinocytes were transfected using 12 pg/ml poly-L-ornithine during a (a-hour incubation fol-
lowed by a 4-minute shock with 25% DMSO (Nead and McCance 1995).   0—1—1

The mechanism by which DMSO enhances the uptake of DNA is not known, but may

involve a combination of permeabilization ofthe cell membrane and the osmotic shock. In some

experiments using Polybrene (e.g., please see Ogawa et al. 1988), DMSO has been replaced by

solutions containing 5—7% NaCl. DNAtoxicity is generally not a problem in the Polybrene

method of transfection. However, the linear relationship between DNA concentration and trans—

formation efficiency breaks down when using very high concentrations of DNA (Kawai and

Nishizawa 1984).

The method outlined below using Polybrene and DMSO was adapted from Aubin et al.

(1997). This procedure works efficiently for stable transformation of Chinese hamster ovary and

keratinocyte cells by plasmid DNA, yielding ~15-f01d more transformants than calcium phos—

phate—DNA coprecipitation. However, there is no difference between the two methods in the effi—

ciency of transformation of cells by high-molecular—weight DNA.

1 6.43   
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MATERlALS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

DMSO (30%) in serum-containing medium <!>

Dilute high—performance liquid chromatography (HPLCJ—grade or tissue-culture—grade DMSO to a

final concentration of 30% (v/v) in the cell growth medium containing serum just before use in Step 3.

Giemsa stain (70% w/v)
The Giemsa stain should be freshly prepared in phosphate—buffered saline or H20 and filtered through
Whatman No. 1 filter paper before use.

Methanol < ! >
Polybrene (10 mg/ml)

Dissolve Polybrene (Aldrich) at a concentration of 10 mg/ml in H20 and sterilize the solution by pass—
ing it through a 0.22-um filter. Store the solution as small aliquots (0.25-ml) at —20‘C until needed.
Discard aliquots after use.

Sodium butyrate (500 mM) (optional)
In a chemical fume hood, bring an aliquot of stock butyric acid solution to a pH of 7.0 with 10 N NaOH.
Sterilize the solution by passing it through a 0.22—pm filter. Store the filtrate in 1-ml aliquots at —20°C.

Nucleic Acids and Oligonucleotides

DNA to be transformed, e.g., p/asmid DNA (7 pg/ul) in HQO

Media

Minimum essential medium (MEM)-oc (containing 70% fetal calf serum, serum-free, and
[optional] selective agents)

Special Equipment

Tissue culture dishes (90-mm)
This protocol is designed for cells grown in 90—mm culture dishes. Ifmultiwell plates, flasks, or dishes of a
different diameter are used, scale the cell density and reagent volumes accordingly. Please see Table 16—3.

Additional Reagents

Step 6 of this protocol may require the reagents listed in Chapter 77, Protocol 7, or in the
additional protocol in Protocol 1.

Cells and Tissues

Exponentially growing cultures of mammalian cells

METHOD
 

1. Harvest exponentially growing cells (e.g., CHO cells) by trypsinization, and rcplate them at a
density of 5 x 105 cells per 90—mm tissue culture dish in 10 m1 of MEM-a containing 100/0
fetal calf serum. Incubate the cultures for 18—20 hours at 37°C in a humidified incubator in
an atmosphere of 5—7% C02.
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. Replace the medium with 3 ml of warmed (37°C) medium containing serum, DNA (5 mg to

40 ug; no carrier DNA), and 30 ug of Polybrene. Mix the DNA with the medium before

adding the 10 mg/ml Polybrene. Return the cells to the incubator for 6—16 hours. Gently rock

the dishes every 90 minutes during the early stages of this incubation to ensure even expo-

sure of the cells to the DNA-Polybrene mixture.

. Remove the medium containing the DNA and Polybrene by aspiration. Add 5 ml of 300/0

DMSO in serum-containing medium. Gently swirl the DMSO medium around the dish to

ensure even exposure of the cells to the solvent and place the dishes in the incubator.

. After 4 minutes of incubation, remove the dishes from the incubator and immediately aspi-

rate the DMSO solution. Wash the cells once or twice with warmed (37°C) serum-free medi~

um, and add 10 m1 of complete medium containing lO°/o fetal calf serum. If a sodium
butyrate boost is to be included, then proceed to Step 5. If not, incubate the cultures for 48

hours at 37°C in a humidified incubator with an atmosphere of 5-7% C02. Then proceed
directly to either Step 6 (to assay for transient expression) or Step 7 (to establish stable trans-
formants).

Cells treated with DMSO are prone to detach from the dish, For this reason, the washing steps to
remove the solvent-containing medium and the additions of fresh medium should be done as

gently as possible, e.g., by slowly pipetting the medium against the side of the dish with each
change.

. (Optional) To facilitate the transfection of cells treated with DMSO and Polybrene:

a. Add 500 mM sodium butyrate directly to the growth medium to a final concentration of
25—10 mM.

The exact concentration of sodium butyrate added depends on the cell type and must be
determined empirically.

b. Incubate the cells for 20—24 hours at 37°C in a humidified incubator with an atmosphere
of 5-7% coz.

C. Remove the medium containing sodium butyrate, and replace it with butyrate-free medi-

um containing 10% fetal bovine serum. Return the cells to the incubator.

Sodium butyrate treatment of DMSO~permeabilized cells can enhance the transient (but not
permanent) expression from certain recombinant plasmids (Aubin et al. 1997), especially
those carrying the SV40 early promoter/enhancer, in simian and human cells (German et al.
198321).

. If the objective is stable transformation of the cells, proceed directly to Step 7. For transient
expression, examine the cells 1—2 days after transfection using one of the following assays:

0 If a plasmid DNA expressing E. coli B-galactosidase was used, follow the steps outlined in
Chapter 17, Protocol 7, to measure enzyme activity in cell lysates. Alternatively, carry out
a histochemical staining assay as detailed in the additional protocol in Protocol 1.

0 If a green fluorescence protein expression vector was used, examine the cells with a

microscope under 450—490-nm illumination.

o For other gene products, analyze the newly synthesized protein by radioimmunoassay, by

immunoblotting, by immunoprecipitation following in vivo metabolic labeling, or by

assays of enzymatic activity in cell extracts.

To minimize dish-to-dish variation in transfection efficiency, it is best to (i) transfect several
dishes with each construct, (ii) trypsinize the cells after 24 hours of incubation, (iii) pool the
cells, and (iv) replate them on several dishes.  
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7. To isolate stable lransfeclants: After the cells have incubated for 48 hours in mmselective

medium (to allow expression of the transferred gene[s] to occur [Step 4] ), either trypsinize

or replate the cells in the appropriate selective medium or add the selective medium directly

to the cells without further manipulation. Change this medium every 2—4 days for 2—3 weeks

to remove the debris of dead cells and to allow colonies of resistant cells to grow.

Thereafter, clone individual colonies and propagate for assay (for methods, please see Jakohy

and Pastan 1979 or Spector et al. 1998b [Chapter 86 of Cells: A Laboratory Manual] ).

A permanent record Ofthe numbers of colonies may be obtained by fixing the remaining tells with

iceecold methanol for 15 minutes, followed by staining with 1()% Giemsa for 15 minutes at room
temperature before rinsing in tap water. The Giemsa stain should be freshly prepared in phosphate—
but‘fered saline or H10 and filtered through Whatman N0. 1 filter paper before use.
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COTRANSFORMATION
 

Analysis of function and expression of transfected genes may require the stable integration of the trans-

fected DNA into the host chromosome. After entering the cell, some of the transfected nucleic acid is trans—

ferred from the cytoplasm to the nucleus. Depending on the cell type, up to 80% of a population of cells

will then express the transfected gene in a transient fashion. At some point within the first few hours after

transfection, the incoming DNA undergoes a series of nonhomologous intermolecular recombination and

ligation events to form a large concatemeric structure that eventually integrates into the cellular chromo-
some. Each transformed cell usually contains only one of these packages, which can exceed 2 Mb in size

(Perucho et al. 1980). Stable cell lines can then be isolated that carry integrated copies of the transfected

DNA. Transformation rates vary widely from cell type tohcell type. In the best cases, ~1 cell in 103 in the

original transfected population stably expresses a gene(s) carried by the transfected DNA.

Because the uptake, integration, and expression of DNA are relatively rare events, stable transformants

are usually isolated by selection of cells that have acquired a new phenotype. Typically, this phenotype is

conferred by the presence in the transfection mixture of a gene encoding antibiotic resistance. Cells trans—

formed for a genetic marker present on one piece of DNA frequently express another genetic marker that

was originally carried on a separate DNA molecule. Therefore, cells that stably express selectable (e.g.,

antibiotic—resistant) markers are also likely to have incorporated other DNA sequences present among the

carrier DNA. This phenomenon, in which physically unlinked genes are assembled into a single integrated

array and expressed in the same transformed cell, is known as cotransformation.

The first gene to be used extensively for selection in mammalian cells was a viral (herpes simplex) gene

encoding thymidine kinase (TK; Wigler et al. 1977). Although many mammalian cell lines express thymi-

dine kinase, several TK‘ lines were created by selection for growth in the presence of S—bromodeoxyuridine

(BrdU). When transfected and stably integrated into the host genome of cell lines lacking thymidine kinase,

the Viral gene confers the TK+ phenotype, thereby allowing growth in the presence of aminopterin (for a

discussion of the basis for selection, please see the information panel on SELECTIVE AGENTS FOR STABLE

TRANSFORMATION). Thereafter, this strategy was used to introduce foreign DNA in mammalian cells by

cotransfection with a plasmid encoding the tk gene (Perucho et al. 1980; Robins et al. 1981). The difficul—

ties or additional efforts involved in creating tk_ mutants promoted the search for other selection schemes.

Therefore, other possibilities for selection in cotransformation studies were explored, leading to the devel-

opment of vectors that express bacterial proteins which confer drug resistance in mammalian cell lines.

These selectable markers include, for example, aminoglycoside phosphotransferase (resistance to G418 or

neomycin), hygromycin-B phosphotransferase (resistance to hygromycin—B), xanthine-guanine phosphori—

bosyltransferase (resistance to mycophenolic acid and aminopterin), and puromycin-N—acetyl transferase

(resistance to puromycin). All have been used with considerable success to establish stably transformed lines

of mammalian cells,

In addition to providing a means to introduce exogenous genes into mammalian cells in a stable man—

ner, it is often desirable to increase the stringency of the selective conditions in order to obtain higher lev-

els of expression of the transfected genes. This enhancement in expression can be achieved as a result of

increase in copy number, or coamplification, of the target gene and the gene conferring the resistance. A tar-

get gene that has been cotransfected with (and become integrated near) a particular marker gene is highly

likely to undergo amplification with the marker under selection. Thus, the amplification of the dihydrofo-
late reductase (dhfr) gene resulting from exposure to increasing levels of methotrexate has been used suc-

cessfully to overexpress cotransfected foreign genes (Schimke 1984). Similarly, the gene encoding adenosine

deaminase (ADA) can be amplified through the stepwise increase in concentrations of 2’-deoxycoformycin

(dCF; Kaufman et al. 1986) (for further details on gene amplification, please see Stark and Wahl 1984).

For further details on the basis for selection as well as selective conditions required for these systems,

please see the information panel on SELECTIVE AGENTS FOR STABLE TRANSFORMATION.
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SELECTIVE AGENTS FOR STABLE TRANSFORMATION
 

Aminopterin

G418

Resistance to antibiotics has proven to be effective in selecting cotransformants and, in some cases, as a dri—
ver for gene amplification.

0 Mode of action. Thymidine kinase catalyzes a reaction in an alternative pathway for the synthesis of
dTTP from thymidine, The enzyme is not required under normal conditions of growth, as cells typical-
ly synthesize dTTP from dCDP. However, cells grown in the presence of aminopterin (an analog of dihy-
drofolate) are unable to utiiilize the usual pathway for synthesizing dTTP, and thus require thymidine
kinase to make use of the alternative pathway.

0 Selective conditions. Cell lines lacking endogenous thymidine kinase activity are grown in a complete
medium supplemented with 100 uM hypoxanthine, 0.4 uM aminopterin, 16 uM thymidine, and 3 uM
glycine (HAT medium).

0 Mode of action. This aminoglycoside antibiotic, similar in structure to neomycin, gentamycin, and
kanamycin, is the most commonly used selective agent in permanent transfection experiments. G418
and its relatives block protein synthesis through interference with ribosomal functions. The bacterial
enzyme aminoglycoside phosphotransferase, carried on the transposon sequence Tn5, converts G418 to
a nontoxic form.

0 Selective conditions. Because each eukaryotic cell line demonstrates a different sensitivity to this antibi-
otic (and some are completely resistant to it), the optimum amount required to kill nontransfected cells
must be established empirically for each new cell line or strain used for permanent transfection. This
optimum is established by determining a killing curve for the cell line of interest. In this type of experi-
ment, a plasmid conferring resistance to G418 (e.g., pSVZnea or pSV3neo; Southern and Berg 1982) is
transfected into the cells, and plates of transfected cells are subjected to different concentrations of G418.
After a 2—3-week selection period, the concentration of G418 giving rise to the largest number of viable
colonies is determined by visual inspection, or better by actual counting of the colonies after staining
with Giemsa or gentian violet.

Commercial preparations of G418 vary in their concentration of active antibiotic, with the average
purity being ~50%. For this reason, each batch of G418 should be titrated before use in tissue culture.
Despite this variation, the amount of G418 used to obtain optimal numbers of transfected colonies is
constant for weIi-characterized cell lines. Table 16-5 gives the optimum G418 concentration ranges for
use with several commonly used cell lines.

TABLE 16-5 Selective G418 Concentration Ranges
 

 

CELL LINE on ORGANISMS G418 CONCENTRATION (pg/ml)

Chinese hamster ovary cells 700—800
Madin-Darby canine kidney cells 500
Human epidermoid A431 cells 400
Simian CV-l cells 500
Dictyostelium 10—35
Plant 10
Yeast 125-500
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TABLE 16-6 Selective Concentrations of Hygromycin B
 

INHIBITORY CONCENTRATION

 

ORGANISM or HYGROMYCIN 8 REFERENCES

Escherichia coli 200 ug/ml Grill and Davies (1983)

Saccharomyces cerevisiae 200 ug/ml Gritz and Davies (1983)

Mammalian cells 12—400 pg/ml, Sugden et al. (1985);

depending on the cell line Palmer et al. (1987)
 

Hygromycin B <!>

Mode of action. Hygromycin B is an aminocyclitol antibiotic produced by Streptomyces hygroscopicus

(Pittenger et al. 1953). Hygromycin B inhibits protein synthesis in both prokaryotes and eukaryotes by

interfering with translocation (Cabafias et al. 1978; Gonzalez et al. 1978) and causing mistranslation in

vivo and in vitro (Singh et al. 1979).

A bacterial plasmid-borne gene has been identified and sequenced (Gritz and Davies 1983), which

encodes a 341-amino—acid hygromycin-B phosphotransferase (Rao et al. 1983) that inactivates the

antibiotic. This gene has been used as a selectable marker in E. cali, and chimeric genes constructed with

the appropriate promoters act as dominant selectable markers in Saccharomyces cerevisiae (Gritz and

Davies 1983; Kaster et al. 1984), mammalian cells (Santerre et al. 1984; Sugden et al. 1985), and plants

(van den Elzen 1985; Waldron et al. 1985).

Selective conditions. The concentrations of antibiotic required to inhibit growth of various organisms

are presented in Table 16—6.

Methotrexate (MTX) < ! >

O

Mycophenolic Acid

Puromycin

Mode of action. An analog of dihydrofolate, methotrexate is a powerful inhibitor of dihydrofolate reduc-

tase (DHFR), an enzyme required for purine biosynthesis. Increasing levels of methotrexate can result in

amplification of the gene encoding DHFR with concomitant increase in its levels of expression. The system

is therefore extremely effective for amplification of cotransfected genes (Simonsen and Levinson 1983).

Selective conditions. The medium is typically supplemented with 0.01—300 uM methotrexate.

Mode of action. Mycophenolic acid, a weak dibasic acid with antibiotic properties, specifically inhibits

inosinate (IMP) dehydrogenase, an enzyme of mammalian cells that converts IMP to xanthine

monophosphate (XMP). This block to synthesis of guanosine monophosphate (GMP) can be relieved by

supplying cells with xanthine and a functional E. coli gpt gene, which encodes an enzyme, xanthine-gua-

nine phosphoribosyltransferase, that converts xanthine to XMP. E. coli gpt can therefore be used in the

presence of mycophenolic acid as a dominant selectable marker for cotransformation of mammalian cells

of any type (Mulligan and Berg 1981a,b). The selection can be made more efficient by the addition of

aminopterin, which blocks the endogenous pathway of purine biosynthesis (for further details, please see
Gorman et al. 1983b).

Selective conditions. The concentration of antibiotic required to inhibit growth in mammalian cells is

~25 pg/m1.

Mode ofaction. Puromycin, acting as an analog of aminoacyl tRNA, inhibits protein synthesis by caus-

ing premature chain termination, The antibiotic becomes acetylated, and thereby inactivated, by the

action of puromycin-N—actyl transferase (de la Luna et al. 1988).

Selective conditions. The concentrations of antibiotic required to inhibit growth of mammalian cell

lines is typically in the range of 0.5-10 ug/ml; many transformed cell lines are effectively selected at 2
ug/ml.
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LIPOFECTION
 

Lipofection is the generic name of a set of techniques used to introduce exogenous DNAs into cultured

mammalian cells. Many variants of the basic method have been developed, but they all adhere to the same

general principle: The DNA to be transfected is coated by a lipid, which either interacts directly with the

plasma membrane of the cell (Bangham 1992) or is taken into the cell by nonreceptor—mediated endocyto—

sis (Zhou and Huang 1994; Zabner et al. 1995), presumably as a prelude to membrane fusion in endosomes

(Pinnaduwage et al. 1989; Leventis and Silvius 1990; Rose et al. 1991). However, as with other transfection

techniques, only a small percentage of liposomes deliver their cargo of DNA into the nucleus (Tseng et al.

1997). As judged from microscopy, most of the DNA remains associated with the membrane compartments

of the cell, where it is unavailable for transport into the cytoplasm and subsequent movement to the nucle—

us (Zabner et al. 1995). Nevertheless, when working at its best, lipofection can deliver DNA into cells more

efficiently than precipitation with polycations such as calcium phosphate and at lower cost than electropo—

ration.

Like Other transfection techniques, lipofection is not universally successful: The efficiency ofboth tran—

sient expression and stable transformation by exogenously added genes varies widely from cell line to cell

line. Different types of cells may show a range of quantitative responses to the same lipofection protocol.

Different protocols used on the same cell line may generate results that span an extensive range. However.

lipofection works very well in many situations where standard methods are notoriously inefficient, for

example, transfection of primary cultures or cultures of differentiated cells (e.g., please see Thompson et al.

1999) or introduction of very high—molecular-weight DNA into standard cell lines (e.g., please see Strauss

1996). Lipofection is therefore the method of choice for introducing genes into differentiated cells in vitro

and is the technique of first resort when older methods of transfection are inadequate.

The Chemistry of Lipofection

There are two general classes of liposomal transfection reagents: those that are anionic and those that are

cationic. Transfection with anionic liposomes, which was first used in the late 19705 to deliver DNA and

RNA to cells in a biologically active form, requires that the DNA be trapped in the internal aqueous space

of large artificial lamellar liposomes (for reviews of this early work, please see Fraley and Papahadjopoulos

1981, 1982; Fraley et al. 1981; Straubinger and Papahadjopoulos 1983). However, the technique in its basic

form never entered widespread use, perhaps because of its time-consuming nature and problems with

reproducibility by investigators who were not expert in lipid chemistry.

The lipofection techniques in common use today stem from a seminal discovery by Peter Felgner that

cationic lipids react spontaneously with DNA to form a unilamellar shell which can fuse with cell mem-

branes (Felgner et al. 1987; Felgner and Ringold 1989). The formation of DNA—lipid complexes is due to

ionic interactions between the head group of the lipid, which carries a strongly positive charge that neu—

tralizes the negatively charged phosphate groups on the DNA (please see Figure 16-1).

The first generation of cationic lipids were monocationic double—chain amphiphiles with a positively

charged quaternary amino head group (Duzgunes et al. 1989), linked to the lipid backbone by ether or ester

linkages. Such monocationic lipids suffer from two major problems: They are toxic to many types of mam-

malian and insect cells, and their ability to promote transfection is restricted to a small range of cell lines

(Felgner et al. 1987; Felgner and Ringold 1989). The later generations of cationic lipids are polycationic,

have a far wider host range, and are considerably less toxic than their predecessors (for review, please see

Gao and Huang 1993). In most cases, preparations of cationic lipids used for transfection consist of a mix-

ture of synthetic cationic lipid and a fusogenic lipid (phosphatidylethanolamine or DOPE). Several cation-

ic and polycationic lipids active in transfection are described in Table 16-4. Depending on the composition

of the lipid mixture, the DNA to be transfected becomes incorporated either into multilamellar structures

composed of alternating layers of lipid bilayer and hydrated DNA or into hexagonal columns arranged in a

honeycomb structure (Labat—Moleur et al. 1996; Koltover et al. 1998). Each column or tube in the honey~

comb consists of a central core of hydrated DNA molecules and a surrounding hexagonal shell of lipid

monolayers. Experiments with model systems suggest that honeycomb arrangements of this type deliver

DNA across lipid bilayers more efficiently than multilamellar structures.
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A Plethora of Lipofectants Is Available

The same properties of lipids that facilitate the formation of transfection-competent structures with DNA

1 also bring unwanted side effects. Chief among these are a generalized toxicity, which is manifested by cells

it rounding up and detaching from the dish. In addition, lipofection is vulnerable to interference by fats and

S 1ipoproteins in serum and by charged components of the extracellular matrix such as chondroitin sulfate

(Felgner and Holm 1989). Systematic modifications of the cationic and neutral lipids have been made in an

effort to overcome these drawbacks (e.g.,p1ease see Behr et al. 1989; Felgner et al. 1994), resulting in a wealth

of effective lipofection reagents. Unfortunately, these reagents, many of which are commercially available,

work with varying efficiencies with different types of cells.A1th0ugh few head—to—head comparisons of effi-

ciency are available, the companies that market these reagents for lipofection provide useful bibliographies

and lists of cell lines that can be efficiently transfected with the help of their particular products. The toxi-

city of these compounds varies from cell line to cell line, as does inter alia, the optimal ratio of cationic

lipidszDNA and the amount of cationic lipid that can be added to a given number of cells (e.g., please see

Felgner et al. 1987; Ho et al. 1991; Ponder et al. 1991; Farhood et al. 1992; Harrison et al. 1995).
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In addition to the properties and chemical composition of the cationic and neutral lipids, several other vari-
ables affect the efficiency of lipofection, including:

0 Initial density of the cell culture. Cell monolayers should be in mid-log phase and should be between
40% and 75% confluent.

0 Amount ofDNA added per dish. Depending on the concentration of the sequences of interest, as little
as 50 ng and as much as 40 pg of DNA might be required to obtain maximum signal from a reporter
gene.

, 0 Medium and serum used to grow the cells.

0 Time ofexposure of cells to the cationic Iipid-DNA complex, which varies from 0.1 to 24 hours.
1 o Purity of the DNA preparation. Wherever possible, the DNA should be dissolved in HZO rather than
i buffers containing EDTA. Plasmid preparations used for lipofection should be free of bacterial
i lipopolysaccharides and should preferably be purified by chromatography on anion exchange resins or

by CsCl—ethidium bromide equilibrium density centrifugation.

3 All of these variables must be optimized in order to establish optimum transfection frequencies for a
target cell line.

, W _ .__. , .,__.____,..___._....-.....



16.52 Chapter 16: Introducing Cloned Genes into Cultured Mammalian Cells

 

TRANSFECTION OF MAMMALIAN CELLS WITH CALCIUM PHOSPHATE—DNA COPRECIPITATES

DNA can be introduced into many lines of cultured mammalian cells as a coprecipitate with calcium phos-
phate. After entering the cell by endocytosis, some of the coprecipitate escapes from endosomes or lyso-
somes and enters the cytoplasm, from where it is transferred to the nucleus. Depending on the cell type, up

to 50% of a population of cells then express transfected genes in a transient fashion. Transformed cell lines

that carry integrated copies of the transfected DNA can also be selected, although at a much lower fre—
quency. Transformation rates vary widely from cell type to cell type. In the best cases, ~1 cell in 103 perma—
nently expresses a selectable marker(s) carried by the transfected DNA.

Calcium—phosphate-mediated DNA transfection was developed by Frank Graham and Alex van der Eb

(1973) as a method to introduce adenovirus and SV40 DNA into adherent cultured cells. Graham and van

der Eb worked out optimal conditions for the formation of calcium phosphate—DNA coprecipitates and for

subsequent exposure of cells to the coprecipitate. Their work laid the foundation for the biochemical trans-

formation of genetically marked mouse cells by cloned DNAs (Maitland and McDougall 1977; Wigler et al.
1977); for the transient expression of cloned genes in a variety of mammalian cells (e.g., please see Gorman
1985); and for the isolation and identification of cellular oncogenes, tumor-suppressing genes, and other
single—copy mammalian genes (e.g., please see Wigler et al. 1978; Perucho and Wigler 1981; Weinberg 1985;
Friend et al. 1988). However, Graham and van der Eb never profited financially from their discovery. That
was left to Wigler, Axel, and their colleagues who in 1983 were awarded a lucrative patent for cotransfor—
mation of unlinked segments of DNA by the calcium phosphate method (please see the information panel
on COTRANSFORMATION).

Published procedures differ widely in the manner in which calcium phosphate—DNA coprecipitates are
formed prior to their addition to cells. Some methods advise against anything but the gentlest agitation and
suggest, for example, that air bubbled gently from an electric pipetting device should be used to mix the
DNA and the buffered solution of calcium phosphate. Other methods advocate slow mixing during addi—
tion of the DNA solution, followed by gentle vortexing. Whatever technique is chosen, the aim should be to
avoid creation of coarse precipitates that are endocytosed and processed inefficiently by cells. In addition to
the speed of mixing, the following are other factors that affect the efficiency of transfection:

a Size and concentration of the DNA. The inclusion of high‘molecular—weight genomic DNA in the
coprecipitate increases the efficiency of transformation by small DNAs (e.g., plasmids) (e.g., please see
Chen and Okayama 1987). Soon after transfection, the small DNAs integrate in the carrier DNA, often
forming an array of head-to-tail tandems. This assemblage subsequently integrates into the chromosome
of the transfected cell (Perucho and Wigler 1981).

o ExactpH ofthe buffer and the concentration ofcalcium and phosphate ions (Jordan et al. 1996). Some
investigators make up several batches of HEPES—buffered saline over the pH range 6.90—7.15 and test
each batch for the quality of the calcium phosphate—DNA precipitates and for the efficiency of transfor-
mation.

0 Use offacilitators. Increases in the efficiency of transient expression and transformation can be achieved
by exposing cells to glycerol (Parker and Stark 1979), chloroquine (Luthman and Magnusson 1983),
commercially available “transfection maximizers” (e.g., please see Zhang and Kain 1996), or certain
inhibitors of cysteine proteases (Coonrod et al. 1997). In general, these agents are toxic to cells, and their
effects on viability and transfection efficiently vary from one type of cell to another. For example, chloro—
quine, an amine that prevents acidification of endosomes and lysosomes and inhibits Iysosomal protease
cathepsin B (Wibo and Poole 1974), improves the transfection efficiency of some types of cells and
decreases the efficiency of others (Chang 1994). The optimal time, length, and intensity of treatment
with facilitators must therefore be determined empirically for each cell line.

The level of transient expression is determined chiefly by the intensity of transcription from the pro—
moter and its associated cis-acting control elements. In specific cases, it may be possible to increase the level
of expression by exposing the transfected cells to hormones, heavy metals, or other substances that activate
the appropriate cellular transcription factors. In addition, expression of genes carried on plasmids that con-
tain the SV40 enhancer can be enhanced by treating transfected simian and human cells with sodium
butyrate (Gorman et al. 1983a,b). Transfection kits, which frequently include these and other modifications
to the original protocol, are available from a number of companies (please see Table 16-2).
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DNA transfected as a calcium phosphate coprecipitate or with DEAE—dextran as a facilitator is mutat-

ed at a high frequency (~1% per gene) in all mammalian cells examined (Calos et al. 1983; Lebkowski et al.

1984). This effect is confined to the transfected sequences and does not affect the chromosomal DNA of the

host cell (Razzaque et al. 1983). The mutations, which are predominantly base substitutions and deletions,

appear to occur shortly after the transfecting DNA arrives in the nucleus (Lebkowski et al. 1984). However,

replication of the incoming DNA is not necessary. Because almost all of the base substitutions occur at G:C

base pairs, it seems likely that the major premutational events are hydrolysis of the sugar base glycosyl bond

of deoxyguanosine residues and deamination of cytosine residues. Both of these reactions occur readily at

acid pH and would take place as the incoming DNA passes through endosomes, which maintain a pH of ~5

(de Duve et al. 1974). Linear DNA is especially prone to deletions (Razzaque et al. 1983; Miller et al. 1984)

presumably because it serves as an attractive substrate for exonucleases. Although these mutation rates are

extraordinarily high, they have little relevance to transient expression of transfected genes unless the gene

of interest is large and/or has a very high content of G+C. Most of the work on mutation rates was carried

out with lac], which is encoded by a 750-bp segment of DNA. A gene that is 10 kb in length might therefore

be expected to suffer a mutation rate of 12% or more depending on its content of G+C.

 

CHLOROQUINE DIPHOSPHATE
 

Chloroquine (EVV. = 519.5), an amine that prevents acidification of endosomes and lysosomes and inhibits

lysosomal protease cathepsin B (Wibo and Poole 1974), increases the efficiency of transfection of some

types of cells and decreases the efficiency of others (Chang 1994). By inhibiting acidification of lysosomes,

chloroquine may prevent or delay the degradation of transfecting DNA by lysosomal hydrolases (Luthman

and Magnusson 1983). Unfortunately, the beneficial effects of chloroquine are modest and do not extend to

all cell lines. In fact, although treatment with chloroquine improves the transfection efficiency of some types

of cells, it decreases the efficiency of others (Chang 1994). Because the balance between the benefits and dis—

advantages of chloroquine varies so widely from cell line to cell line, there is simply no way to predict

whether the drug will lead to a useful increase in transfection frequency in a particular circumstance.

However, if low frequencies of transfection are a problem, it is certainly worth exploring whether chloro-

quine can help. The optimal time, length, and intensity of treatment must be determined empirically for

each cell line. Typically, however, cells will be exposed to chloroquine diphosphate at a final concentration

of 100 uM for 3—5 hours either before, during, or after the cells are exposed to a calcium phosphate—DNA

coprecipitate, or during exposure of cells to a mixture of DNA and DEAE-dextran. In the presence of

chloroquine, the cells develop a vesicularized appearance. After the treatment, the cells are washed with

phosphate-buffered saline and medium and then incubated for 24—60 hours before assaying for expression

of the transfected DNA. Chloroquine diphosphate is prepared as a 100 rnM stock solution (52 mg/ml in

Hzo), which should be sterilized by filtration and stored in foil—covered tubes at —20°C.
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ELECTROPORATION
 

Nucleic acids do not enter cells under their own power; they require assistance in crossing physical barriers

at the cell boundary and in reaching an intracellular site where they can be expressed and/or replicated.

Exposure of many types of cells to an electrical discharge reversibly destabilizes their membranes and tran-

siently induces the formation of aqueous pathways or membrane pores (Neumann and Rosenheck 1972;

Neumann et al. 1982; Wong and Neumann 1982; for reviews, please see Zimmermann 1982; Andreason and

Evans 1988; Tsong 1991; Weaver 1993) that potentiate the entry of DNA molecules (Neumann et al. 1982).

This method, which is known as electroporation, has been developed into a rapid, simple, and efficient tech—

nique for introducing DNA into a wide variety of cells, including bacteria, yeasts, plant cells, and a large

number of cultured mammalian cell lines. The chief practical advantages of electroporation are that it can

be applied to a wide variety 0fce11s,both prokaryotic and eukaryotic, and that it is extremely simple to carry

out.

The Mechanism of Electroporation

Because the changes in membrane structure that accompany electroporation cannot be visualized in real

time by microscopy, our understanding of the mechanism is based on evidence that is both patchy and cir-

cumstantial.Whi1e evidence for many of the steps is lacking, the following model (Weaver 1993) neverthe—

less provides a plausible account of the sequence of events that are initiated by increasing the transmem—

brane voltage from its physiological value of ~O.1 to 0.5—1.0 V. Figure 16—4 shows the following sequence of

events:

a The onset of electropomtion causes a membrane dimple followed by formation of transient

hydrophobic pores whose diameter fluctuates from a minimum of 2 nm to a maximum of several

nanometers.

0 Some ofthe larger hydrophobic pores are converted to hydrophilic pores because the energy needed to

form an aqueous pore is reduced as the transmembrane voltage is increased and the energy required to

maintain the circumference of a large hydrophilic pore is significantly lower than that required to main—

tain a large hydrophobic pore. For this reason, hydrophilic pores have an extended half—life and may be

further stabilized by attachment to underlying cytoskeletal elements. The generation of such long-lived

metastable pores allows small ions and molecules to enter and leave the cell long after the transmem—

brane voltage has returned to low values (Rosenheck et al. 1975; Zimmermann et al. 1976; Lindner et al.

1977). The detailed mechanism by which molecules pass through hydrophilic pores is not known, but
may include electrophoresis (Chermodnick et al. 1990) electroendo-osmosis, diffusion, and endocytosis
(Weaver and Barnett 1992). Reclosing of the pores appears to be a stochastic process that can be delayed
by keeping the cells at 00C. While the pores remain open, up to 0.5 pg of DNA can enter the cell (Bertling
et al. 1987). Size seems to be no impediment since DNA molecules up to 150 kb in size can easily pass
through the pores (Knutson and Yee 1987). Because the DNA enters directly into the cytoplasm, it is not
exposed to acid conditions in endosomes and lysosomes. This route may explain why the rate of muta-
tion in DNA introduced to mammalian cells by electroporation is apparently very low (Drinkwater and
Kleindienst 1986; Bertling et al. 1987) compared with DNA transfected as calcium phosphate coprecip—
itates or DEAE-dextran complexes (e.g., please see Calos et al. 1983). For E. coli, electroporation is cur—
rently the most efficient method available for transformation with plasmids. In excess of 80% of the cells
in a culture can be transformed to ampicillin resistance by this method and efficiencies of transforma-
tion approaching the theoretical maximum of one transformant per molecule of plasmid DNA have
been reported (Smith et al. 1990). However, the number of transformants obtained is marker—depen~
dent. When pBR322, which carries genes conferring resistance to two antibiotics (ampicillin and tetra»
cycline), is introduced into E. coli by electroporation, the number of tetracycline—resistant transformanls
is ~100-fold less than the number of ampicillin—resistant transformants (Steele et al. 1994). This effect is
not seen when the plasmid is introduced to the bacteria by the calcium chloride method. One possible
explanation is that electroporation damages or changes the bacteria] membrane so that it can no longer
interact efficiently with the tetracycline resistance protein.
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FIGURE 16-4 Changes in the Membrane during Electroporation
 

Drawings of hypothetical structures for transient and metastable membrane conformations believed to
be relevant to electroporation. (A) Fredd volume fluctuation; (B) aqueous protrusion or “dimple”; (CD)
hydrophobic pores usually regarded as the “primary pores” through which ions and molecules pass; (E)
composite pore with “foot in the door” charged macromolecule inserted into a hydrophilic pore. The
transient aqueous pore model assumes that transitions from A-anC or D occur with increasing fre-
quency as U is increased. Type F may form by entry of a tethered macromolecule, while the transmem-
brane voltage is significantly elevated, and then persist after U has decayed to a small value through pore
conduction. It is emphasized that these hypothetical structures have not been directly observed and that
support for them derives from the interpretation of a variety of experiments involving electrical, optical,
mechanical, and molecular transport behavior, (Redrawn, with permission, from Weaver 1993 [copyright
Wiley-Liss, lnc.].)

Typically, between 50% and 70% of cells exposed to high electric field strengths are killed. The lethal

effects, which vary in intensity from one cell type to another, are not due to heating or electrolysis and are

independent of the current density and energy input. Instead, cell killing is dependent on field strength and

the total time of treatment (Sale and Hamilton 1967). The most likely cause of cell killing is the rupture of

cell membranes, which leads to rapid loss of ionic balance and massive efflux of cellular components.

EIeetricaI Conditions Required for Electroporation

Electroporation of almost all mammalian cells is induced when the transmembrane voltage, AU(t), is

increased to 0.5—1.0 V for durations of microseconds to milliseconds. This translates to an electric field

strength of ~7.5—15.0 kV/cm. Because this value is constant and is independent of the biochemical nature

of the cell membrane, it seems likely that variations in the efficiency of electroporation from cell line to cell

line are due to differences in the rate and efficiency of membrane recovery at the end of the pulse.

The transmembrane voltage, AU(t), induced by electric fields varies in direct proportion to the diam—

eter of the cell that is the target for transfection (Knutson and Yee 1987). Electroporation of mammalian

cells, for example, requires smaller electric fields (<10 kV/cm) than does electroporation of yeasts or bacte—

ria (12.5—165 kV/cm). Most of the commercial suppliers of electroporation machines provide literature

describing the approximate voltages required for transfection of specific types of cells in their particular

apparatus.

Three important characteristics of the pulse affect the efficiency of electroporation: the length of the

pulse, its field-strength, and its shape. Most of the commercial electroporation machines use capacitative dis—

charge to produce controlled pulses whose length is mainly determined by the value of the capacitor and

the conductivity of the medium. Thus, the time constant of the pulse can be altered by switching capacitors

according to the manufacturer’s instructions or by changing the ionic strength of the medium. When the  
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charge from the capacitor is directed to a sample placed between two electrodes, the voltage across the elec—

trodes rises rapidly to a peak (V0) and declines over time (t) according to the equation:

v‘ : Vote-M]
where t is the time constant, which is equal to the time over which the voltage declines to ~37% of peak

value. 1 (measured in seconds) is also equal to the product of the resistance (R, measured in ohms [Q]) and

the capacitance (C, in Farads [F]):

t=RC

From this equation, it follows (1) that a larger capacitor requires more time to discharge through a medi-

um of a given resistance and (2) that a capacitor of a given size discharges more slowly as the resistance of

the medium increases. Electroporation of mammalian cells is usually carried out in buffered saline solutions
or culture media using a capacitor of 25.0 uF whose discharge has a time constant of ~0.5 msec.

The field strength (E) of the pulse varies in direct proportion to the applied voltage (V) and in inverse

proportion to the distance (d) between the two electrodes, which is usually determined by the size of the

cuvette through which the pulse travels‘

E = F(V,d)

Most manufacturers provide cuvettes in three sizes, where the interelectrode distances are, respectively, 0.1

cm, 0.2 cm, and 0.4 cm. When 1000 V are discharged into these cuvettes, E0 is 10,000 V/cm in the 0.1-cm

cuvette, 5000 V/cm in the 0.2-cm cuvette, and 2500 V/cm in the 0.4—cm cuvette.

The shape of the pulse is determined by the design of the electroporation device. The wave form
produced by most commercial machines is simply the exponential decay pattern of a discharging capac-

itor. In some types of electroporation apparatuses, square waves can be generated by rapidly increasing the

voltage, maintaining it at the desired level for a specified time (pulse width), and then rapidly reducing the

voltage to zero. Square pulses can be grouped into two general categories: very high field strength of very

short duration (typically 8 kV/cm for 5.4 msec) (Neumann et al. 1982), and low field strength of medium

to long duration (e.g., <2 kV/cm for >10 msec) (e.g., please see Potter et ai. 1984). Although differences in

the effectiveness of these various waveforms have been reported from time to time (e.g., please see Knutson

and Yee 1987), there is no evidence that any one of them is consistently better than any other. For all prac-

tical purposes, the exponential wave forms produced by commercial electroporation machines are perfect-

ly satisfactory.

FIGURE 16-5 Changes in the Electric Field dur-
ing Electroporation V
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Time course of the electric field generated by capacitor
discharge, V0 represents the time constant for the V0“?
decay of the electric field; (T)RC, where C is the capac-
itance of the discharge capacitor and R is the resistance
of the discharge unit; the resistance of the sample cell   
 

 

usually determines the circuit resistance. (t) Time.
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Optimizing Conditions for Electroporation

A major advantage of electroporation over other methods of transfection is that it works for a very wide

variety of mammalian cells, including those that are difficult to transfect by other means (e.g., please see

Potter et al. 1984; Tur-Kaspa et al. 1986; Chu et al. 1987). However, despite its advantages, electroporation

is not always the most efficient way to introduce DNA into a particular cell line. For example, COS cells are

transfected most efficiently by the DEAE-dextran/DNA method (Kluxen and Liibbert 1993), whereas for

other cell lines, lipofection or polybrene treatment are the techniques of choice (e.g., please see Iiang et al.

1991). To find out whether electroporation is a useful method of transfection for a particular cell line, it is

important to use a range of field strengths and pulse lengths and thereby to establish conditions that gen-

erate the maximum numbers of transfectants. Such conditions have been reported for >50 types of mam-

malian cells, and it is sometimes possible to save a lot of work by simply reading the relevant literature. Most

of the companies that sell electroporation devices produce excellent up-to—date lists of papers in which elec-

troporation has been used for transfection. These bibliographies are often the easiest way to gain access to

information about the properties of a particular cell line or its close relatives. However, because of variation

in properties between different cultivars of the same cell line. it is important for investigators to confirm

that the conditions described in the literature are optimal for cells grown in their laboratory.

Because transfection and cell killing are independently determined by field strength (Chu et al. 1987),

it is best to expose aliquots of cells to electric fields of increasing strength with time constants between 50

and 200 msec. For each field strength, measure (1) the number of cells that express a transfected reporter

gene (10—40 ug/ml of linearized plasmid DNA in the electroporation buffer) and (2) the proportion of cells

that survive exposure to the electric field. Plating efficiency is a more accurate measure of cell survival than

staining with vital dyes since, after electroporation, cells can remain permeable to vital dyes such as trypan

blue for an hour or two. The following are other variables that have been reported to affect the efficiency of
electroporation.

 
o The temperature of the cells before, during, and after electroporation (e.g., please see Potter et al. 1984;

Chu et al. 1987). Usually, electroporation is carried out on cells that have been prechilled to 0°C. The cells

are held at 0°C after electroporation (to maintain the pores in an an open position) and are diluted into

warm medium for plating (Rabussay et al. 1987).

o The concentration and conformation of the DNA (e.g., please see Neumann et al. 1982; Potter et al.

1984; Tonneguzzo and Keating 1986). Linear DNA is preferred for stable transformation; circular DNA

is for transient transfection. Preparations containing DNA at a concentration of 1 pg/ml to 80 pg/ml are
optimal.

o The state of the cells. The best results are obtained with cell cultures in the mid-log phase of growth that
are actively dividing.
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I HIS CHAPTER DEALS WITH FOUR EXPERIMENTAL METHODS that are commonly used to measure the

transcriptional activity of mammalian genes and to regulate their expression in transfected cells.

0 Identifying DNA-protein complexes. t‘is—acting regulatory regions of genes bind transacting

factors that can either protect target sequences from experimental attack by deoxyribonucle—

use or can enhance their sensitivity to the enzyme. Protocol 1 describes methods for “foot—

printing” regulatory elements of DNA to identify regions that bind nuclear proteins. 'l'arget

sequences also can be identified by forming DNAuprotem complexes and analyzing the prod-

ucts by gel retardation assays, as described in Protocol 2. For further information, please see

the information panels on FOOTPRINTING DNA and GEL RETARDATION ASSAYS at the end of

this chapter. Protocol 3 describes a method to scan regions within and distal to genes for

potential regulatory sequences whose sensitivity to digestion with exogenous DNase I Chdllgcs

as a function of transcriptional activity. These so-called hypersensitive sites are detected by

Southern hybridization of the products of digestion Of genomic DNA in isolated nuclei using
a probe derived from the target gene.

0 Analyzing primary transcripts by transcriptional run—on. Protocol 4 describes a methnd to

measure the intensity of transcription of a target gene under different experimental condi—

tions. Nuclei isolated from cells expressing the gene of interest are radiolubeled in vitm, and

the resulting labeled RNAs are hybridized to a vast excess of the cloned gene. The amount of

radioactivity specifically bound to the target sequences is a measure of its transcriptional activ—

ity. Please note that methods to measure and analyze steady—state mRNA levels are described

in Chapters 7 and 8 of this book. These methods include ribonuclease protection, primer

extension, northern blotting, and real time PCR.

0 Using reporter genes as markers to map regulatory elements and to quantify their power.

Protocols 5, 6, and 7 describe the use of three different reporter genes encoding easily assayed

enzyme activities: chloramphenicol acetyltransferase (CAT), luciferase, and fi-galactosidase. The

strengths and weaknesses of these three systems are compared in the introduction preceding
Protocol 5.

o Regulating expression of target genes. Regulatory systems controlled by small diftllsible lig—

ands can be imported into mammalian cells and used to control the expression of target genes.

Protocol 8 describes the use of tetracycline-responsive systems to regulate expression of 111m»

siently transfected genes. Protocol 9 describes how analogs ofthe insect hormone ecdysone can

be used as a inducer of gene expression in mammalian cells.

Expression systems based on the use of baculovirus vectors have proven to be tremendous—

ly useful for the production of foreign proteins, fusion proteins, and simultaneous expression of

two or more (up to four) proteins. For further details, please see the information panel on BAC-

ULOVIRUSES AND BACULOVIRUS EXPRESSION SYSTEMS. Protocols for the use of the baculovirus
expression system may be found in Spector et al. (1998; Chapter (76 of Cells: A Lalun‘utm)’
Manual).

 

than a heap Ofstones is a house.

Henri Poincare (1854—1912) 

S(ience is built up Withfacts, as a house is with stones. But a (ol/cction (le/lu‘fs is 110 more a screw?}
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Protocol 1
 

Mapping Protein-binding Sites on
DNA by DNase I Footprinting

MATERIALS

DNASE | FOOTPRINTING IS A METHOD TO VISUALIZE DIRECTLY the binding of a protein to a spe—
cific DNA sequence (please see Figure 17—1) (Galas and Schmitz 1978). The assay is usually used

in combination with gel retardation assays (please see Protocol 2) to identify nuclear factors that

bind to sequences in the regulatory regions of genes. A DNase I “footprint” is generated when a

bound transcription factor protects a segment of DNA from the nucleolytic activity of DNase 1.

In a typical experiment, the pattern of DNase I cleavage obtained for a target DNA fragment in

the presence and absence of nuclear extract is compared. Footprints appear as tracts where no

cleavage occurs in the presence of nuclear extract. By comparing the electrophoretic mobility of

the DNase 1 cleavage products to those of a sequence ladder derived from the same DNA frag,—

ment, the position of the footprint, and hence the DNA sequence recognized by a DNA—binding

protein, can be determined. Overall, the method is fast and sensitive and provides resolution at

the nucleotide level.

In this protocol, we describe methods for mapping protein—binding sites on a 1't1L1101d13C1Cd

fragment of DNA. The protocol uses DNase I to fragment the DNA, whereas an alternative pro—

tocol uses hydroxyl radica1s to fragment the DNA. For suggestions on how to optimize the foot-

printing reactions, please see the panel on TROUBLESHOOTING AND OPTIMIZATION OF DNASE I

FOOTPRINTING at the end of this protocol.

 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

17.4

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Cell homogenization buffer
11) mM HEPES»KOH (pH 7.9) <1>

1.5 mM MgCL
10 mM KC] _

015 mM dithiothreitol

0.5 mM phenylmethylsu11‘0ny1 fluoride <1>

Cell homogenization buffer containing 0.05% (v/v) Nonidet P-40
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FIGURE 17-1 Steps Involved in DNA Footprinting

A fragment of double-stranded DNA of defined length is first labeled at one end of one strand, incubated
with a putative DNA-binding protein and then incubated with a cleavage reagent under conditions that
result in an average of one cleavage event per labeled molecule. The DNA is purified and analyzed by elec—
trophoresis through a denaturing polyacrylamide gel. If cleavage occurs randomly, the resulting popula-
tions of radiolabeled single-stranded DNA fragments will differ in length by a single nucleotide and will
appear as a semicontinuous ladder after autoradiography of the gel. However, if a region of DNA is pro-
tected from cleavage by a bound protein, there will be a gap in the ladder of radioactive fragments. This
"footprint” can be precisely located by aligning the gap with a set of Maxam-Gilbert sequencing reactions,
carried out on the same radiolabeled DNA.
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Cell resuspension buffer

40 mM HEPES—KOH (pH 7.9)

0.4 M KC]
1 mM dithlothreitol

10% (v/v) glycerol

0.1 mM phenylmethylsulfimyl fluoride
0.1% (w/v) aprotinin

Store the buffer 310°C until needed.

Cell rinse buffer

40 mM Trisiil (pH 7.4)

1 mM EDTA

0.15 M ?\IaCl

Store the buffer at 00C until needed.

Ethanol

Ficoll 400 (2000 w/v)
Dissolve the Ficoll in sterile H20 and store the solution frozen in 100111 aliquots at —20“(,.

Formamide dye mix <!>
10 ml of formamidc

10 mg of xylene cyanol FF

10 mg ofhromophennl blue

Store at room temperature.

MgCIZ/CaClz solution
10 mM MgCl3

5 mM (IaClz

Sterilize the solution by fi1tration and store the filtrate at room temperature.

NaCl (5 M)

Nonidet P-40 (0.05% v/v)
Phenol:Ch/oroform <!>

Phosphate-buffered saline without calcium and magnesium salts
Polyvinyl alcohol (10"o w/v)

Dissolve the polyvinyl alcohol in sterile H20 and store the solution frozen in 100—111 aliquots at —30”(I.
Stop mix

20 mM EDTA (pH 8.0)
100 (W/VJ SDS

0.2 M NaCl

125 ug/ml yeast tRNA

Tissue homogenization buffer
10 mM HEPES-KOH (pH 7.6)
25 mM KCI

0.15 mM sperminc

0.5 mM spermidine

1 mM EDTA (pH 8.0)

2 M sucrose

10% (v/v) glycerol

The buffer should be ice cold at the time of use. Add protease inhibitors such as 0.5 mM phenyl-
methylsulfonyl fluoride (PMSF), 1 pg/ml leupeptin, 1 ug/ml pepstatin, or others as needed, just before
Step 1,

Tissue resuspension buffer

5 mM HEPES—KOH (pH 7.9)
1.5 mM MgCL

0.5 mM dithiothreitol

0.5 mM phenylmcthylsulfonyl fluoride

26% (v/v) glycerol

Store the buffer at 0°C until needed.

, mfiwmw,4” mm,»



Protocol 1: Mapping Protein—binding Sites on DNA by DNusc 1 Footpriming

Trypan Blue dye (0.4% w/v)

Dissolve an appropriate amount of dye in phosphate~huffemd saline without calcium And nmgnesium

salts. Store the solution at room temperature.

Enzymes and Buffers

Gels

DNase I (1 mg/ml)
Dissolve the enzyme in 10 mM Tris~CI (pH 8.0). Store the solution frozen in small aliquots at 40°C.
Dilute the solution 1:100 in ice~cold 10 mM Tris—Cl (pH 8.0) just before Step 3.

Denaturing 6% or 8% polyacrylamide sequencing gel (Chapter 12, Protocol 8) <!>

Nucleic Acids and Oligonucleotides

Poly(dl-dC) (1 mg/ml)
Dissolve an appropriate amount ofpoly(d1-dC) in stelile H20 and store the soluhon in 100—pl aliquots
at —20“C. The nucleic acid copolymer is added to decrease nonspecific binding of proteins to the radio-
labeled DNA fragment. The optimum concentration (usually between 0 and 100 ug/ml) of poly(deC)
in a binding reaction should be determined empirically. Other nucleic acids that can be used to decrease
nonspecific binding include sheared genomic DNA (e.g., from E mli, salmon sperm, or calf thymus),
tRNAs, sheared or restricted plasmid DNA, poly(dA-dT), and p01y(dG—d(i).

Sequencing gel size standards

These typically consist of the (A+G) reactions of a Maxam and Gilbert sequencing experiment derived

from the target DNA fragment. For a method to perform chemical sequencing reactions, please see
Chapter 12, Protocol 7. Alternatively, use a dideoxy terminator sequencing reaction (Chapter 12» Prulueuls

3—6), of a DNA whose 5' end is identical to the radiolabeled end of the DNA fragment digested with

DNase 1.

Radioactive Compounds

”P—end-labeled DNA (200—500 bp in length, specific activity 22.5 x 107 cpm/pg/25000
cpm/fmolel) <!>
End labeling of the DNA fragment can be accomplished by phosphorylation (Chapter 9, Protocols
13-16, or Chapter 10, Protocol 2), by filling in ofa 3’-recessed end using a DNA polymerase (Chapter 9,

Protocols 10 and 1 1,01'Chapter 10, Protocol 71, or by using an endflaheled primer in a polymerase chain
reaction (PCR; Chapter 8, Protocol 1). Of these, the latter method is fastest, independent of restriction

sites, and allows the positioning of the DNA—binding site at multiple positions relative to the end label.
Whatever method of radiolabeling is used, purify the DNA fragment by electrophoresis through an
agarose or polyacrylamide gel before use in the footprinting reaction.

The DNA fragment used in the reaction should be 200—5001)p in length, with the binding site of inter
est at least 30 bp from the radiolaheled end. Resolution on the sequencing gel deteriorates when longer
DNA fragments are used. Sites that are too close to an end may not be recognized by the DNA~binding
protein or by DNasc 1.

Centrifuges and Rotors

Beckman SW28 rotor or equivalent, chilled to 4°C

Sorvall H1000B rotor or equivalent, chilled to 4OC

Special Equipment

Boiling water bath

Dounce homogenizer with type-B pestle

Polyallomer or ultraclear swinging—bucket centrifuge tubes
Rubber policeman

Additional Reagents

Cells and Tissues

Fresh tissue, Cultured cells, or Protein fractions derived from cells or tissues

 

17.7

Steps 7—10 of this protocol require the reagents listed in Chapter 12, Protocols 8, 11, and 12.
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‘ CONTROL REACTIONS FOR DNASE I FOOTPRINTING i

At least two control reactions (described in Step 2) should be included in every experiment. A control ‘
lacking any DNA-binding protein is required to identify regions of the naked DNA fragment that are reeie- i
tant to digestion with DNase I or that are only partially digested. A control reaction lacking DNase I but
including DNA-binding protein(s) exposes endogenous endonucleases that can give rise to overdigestion ‘
and/or nonrandom cleavage patterns. When using partially or highly purified fractions of proteins, the lat- i
ter control may be unnecessary, provided a contaminating nuclease does not cofractionate with the DNA- ‘
binding protein of interest.

When carrying out DNA footprinting for the first time, it is useful to have a positive control in which

a ubiquitously expressed DNA-binding protein of high abundance and affinity is assayed. Examples i
include the nuclear factors Sp1 and NF-1, which bind avidly to DNA fragments containing variations on
the sequences CCGCCC and TGGN7ACC, respectively. Both of these factors are present in nuclear
extracts from cultured HeLa cells, a cell line that is easy to procure and grow. It is worthwhile obtain-
ing these or other positive control reagents before carrying out a DNA footprinting studyt Alternatively,

’ several companies sell partially purified preparations of nuclear transcription factors that can be used as
positive controls.

 

METHOD
  

1. Prepare nuclear extracts using one of the following three methods. Alternatively, fractions

derived from purification of cellular proteins can be used directly in Step 2.

PREPARATION OF NUCLEAR EXTRACTS FROM TISSUE

a. Dissect and mince 10—15 g of tissue. Adjust the volume of minced tissue to 30 ml with

ice-cold tissue homogenization buffer. Homogenize in a tight—fitting Dounce homoge—
nizer until >80—900/o of the cells are broken as determined by microscopy.

b. To monitor lysis, mix 10 u] of the cell suspension with an equal volume of 0.4% Trypan

Blue dye and examine the solution under a microscope equipped with a 20x objective.
Lysed cells take up the dye and stain blue, whereas intact cells exclude dye and remain
translucent. Continue to homogenize the tissue until >80—900/o of the cells are broken.

c. Dilute the homogenate to 85 ml with ice~cold tissue homogenization buffer. Layer 27-ml
aliquots over 10—ml cushions of ice-cold tissue homogenization buffer in ultraclear or
polyallomer swinging-bucket centrifuge tubes. Centrifuge the tubes at 103,900g (24,000
rpm in a Beckman SW28 rotor) for 40 minutes at 40C.

d. Decant the supernatant and allow the tubes to drain in an inverted position for 1—2 min—
utes. Place the tubes on ice.

(Optional) Use a razor blade to cut off the top two thirds of the tube and place the bottom
one third containing the nuclei on ice.

e. Resuspend the pellet of nuclei in 2 ml of ice-coid tissue resuspcnsion buffer. Accurately
measure the volume of the resuspended nuclei and add ice—cold 5 M NaCl to a final con—
centration of 300 mM. Mix the suspension gently. Incubate the suspension for 30 min—
utes on ice.
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Recover the nuclei by centrifugation at 103,900g (24,000 rpm in a Beckman SW28 rotor)

for 20 minutes at 4°C. Carefully transfer the supernatant to a fresh tube. Divide the super—

natant into aliquots of 100—200 pl. Reserve an aliquot for protein concentration determi—

nation. Snap-freeze the remainder Of the aliquots in liquid nitrogen, and store them in

liquid nitrogen.

Determine the protein concentration of the supernatant by the Bradford method.

PREPARATION OF NUCLEAR EXTRACTS FROM CULTURED MAMMALIAN CELLS

a. Harvest 0.5 x 108 to 1 x 108 cells from their culture flasks, plates, or wells.C011ect the cells

by centrifugation at 250g (1100 rpm in a Sorvall HIOOOB rotor) for 10 minutes at room

temperature. Rinse the cells several times with phosphate—buffered saline without calci—

um and magnesium salts.

. Resuspend the cell pellet in 5 volumes of ice—cold cell homogenization buffer. Incubate

the cells for 10 minutes on ice, and then collect them by centrifugation as before.

Resuspend the cell pellet in 3 volumes of ice-cold cell homogenization buffer contain—

ing 0.050/0 (v/v) Nonidet P—40, and homogenize the cells with 20 strokes of a tight—fit—

ting Dounce homogenizer. The body of the homogenizer should be buried in ice dur—

ing the homogenization process, during which the swollen cells lyse and release intact

nuclei.

Collect the nuclei by centrifugation at 250g (1100 rpm in a Sorvall H10008 rotor) for 10

minutes at 4°C. Remove the supernatant, and resuspend the pellet of nuclei in 1 ml ofcell

resuspension buffer. Accurately measure the volume of the resuspended nuclei and add

5 M NaCl to a final concentration of 300 mM. Mix the suspension gently and incubate for

30 minutes on ice.

. Recover the nuclei by centrifugation at 103,900g (24,000 rpm in a Beckman SW28 rotor)

for 20 minutes at 4°C. Carefully transfer the supernatant to a chilled, fresh tube. Divide the

supernatant into aliquots of 100—200 ul. Reserve an aliquot for protein concentration

determination. Quick freeze the aliquots in liquid nitrogen, and store them in liquid nitro—

gen. Determine the protein concentration of the supernatant by the Bradford method.

PREPARATION OF NUCLEAR EXTRACTS FROM SMALL NUMBERS OF CULTURED

MAMMALIAN CELLS

This procedure is suitable for cells transfected with plasmids expressing cDNAs encoding

transcription factors.

a. Rinse the cells with several changes of ce11 rinse buffer. Add 1 ml of the cell rinse buffer

to each dish, and scrape the cells into the buffer using a rubber policeman.

. Transfer the cell suspension to a 1.5-ml microfuge tube, and pellet the cells by centrifug—

ing at maximum speed for 2 minutes at room temperature in a microfuge.

Resuspend the cell pellet in 300 pl of cell resuspension buffer per ISO-mm dish of origi—

nal cells. Subject the resuspended cells to three cycles of freezing and thawing.

. Remove the cellular debris by centrifuging the tubes at maximum speed for 5 minutes at

4°C in a microfuge. Store the supernatant (i.e., the cell lysate) in small aliquots at —70°C.  
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2.

10.

To an appropriate number of 1.5—ml microfuge tubes add:

nuclear extract or protein fraction 1—23 p]

“P—end—Liheled 1).\IA 1—10 fmoles

1 mg/ml poly(dI-dC) l til

HZO to 25 ul

Optional additions:

200/0 Ficoll 400 12 pl

Ur

I(1% polyvinyl alcohol 10 pi

Centrifuge the tubes for 5 seconds at 40C in a microfuge to deposit the reaction mixtures at

the bottom of the tubes. Incubate the reaction mixtures for 10—30 minutes on ice.

 

For each DNA fragment or fraction to be assayed, set up two control reactions. One ( ontrol without the
nuclear extract, the other without addition of DNase I in Step 3.

 
 

. Add 50 1.11 of MgClZ/CaClz solution at room temperature and mix gently. Incubate the reac—

tions for 1 minute at room temperature. Add 1—8 ul of diluted DNase 1 solution to the

microt‘uge tubes, mix gently, and incubate the reactions for 1 minute at room temperature.

Stop the reactions by adding 75 pl of stop mix. Vortex briefly and extract the reactions with

an equal volume of phenolzchloroform.

. Transfer the aqueous phases to fresh microfuge tubes, and precipitate the nucleic acids with

2.5 volumes of ethanol. Chill the ethanolic solution for 15 minutes at —7()"(), and collect pre~

cipitates by centrifugation at maximum speed for 10 minutes at 4°C in a microfuge. Rinse the

pellets with 1 ml of 70% ethanol, centrifuge again, and dry in the air to remove the last traces

of ethanol.

Solubilize the DNA pellets in 5~10 pl of formamide dye mix by vigorous vortexing. Denature

the DNA solutions by boiling for 3—5 minutes.

Set up a denaturing 60/0 or 8% polyacrylamide sequencing gel and run the gel for at least 30

minutes before loading the DNA samples.

. Load the DNA samples in the following order:

sequence ladder

control DNA digested with DNase I in the absence of nuclear extract

target DNA from reactions digested with DNase 1 in the presence of nuclear extract

target DNA incubated with nuclear extract and no DNase I

Run the gel at sufficient constant power to maintain a temperature of 45—500C.

The time required to achieve optimal resolution of the sequence of interest must he determined
empirically. Monitor the progress of the electrophoretic run by following the migration of the
marker dyes in the formamide gcl—loading buffer,

After electrophoresis is complete, pry the glass plates apart and transfer the gel to a piece of

thick blotting paper. Dry the gel under vacuum for ~l hour, and expose it to X—ray film with-

out an intensifying screen for 12—16 hours at —20°C. Alternatively, subject the dried gel to
phosphorimage analysis for 1~3 hours.

inl‘“,
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TROUBLESHOOTING AND OPTIMIZATION OF DNASE I FOOTPRINTING

o The concentration of monovalent cations in the reaction mixture (Step 2) should be <2OO mM and is
typically in the 50 mM range. Higher concentrations are aImost always inhibitory, disrupting interac—
tions between proteins and negatively charged DNA. High-salt fractions from chromatography steps
should be diluted appropriately, dialyzed against Iow-salt buffers, or passed through a Centricon or

desalting column before assaying.

o Buffering in the DNase I footprinting assay is provided by the ingredients of the nuclear extract. If this
proves unsatisfactory, then in Step 2, include the following components at the listed final concentra-
tions: 20 mM HEPES-KOH (pH 7.9)/50 mM KCI/2 mM MgCIl/0—4 mM spermidine/O—0.02 mM zinc
acetate/O.1 pg/ml bovine serum albumin/10% (v/v) glycerol/O.5 mM dithiothreitol.

0 The optimum concentration of magnesium should be determined empirically for each DNA fragment
With each new binding site or DNA fragment, a magnesium titration curve should be set up by vary-
ing the concentration of magnesium (try a range of 0.1 —1 0 mM) while keeping all other variables con-
stant. Similarly, the optimum temperature (from 0°C to 37”C) of binding and protection should be
determined in trial reactions.

0 The amount of protein extract required to visualize a footprint depends on the abundance of the fac-
tor of interest and the affinity of the protein for the DNA. Relatively abundant transcription factors such
as Sp1 (Dynan and Tjian 1983) and NF—1 (Rosenfeld and Kelly 1986) can be detected in 1—20 pg of
crude nuclear extract protein obtained from cultured mammalian cells (e.g., HeLa cells). In worst case
scenarios) such as the sterol regulatory eIement-binding proteins (SREBPS), nuclear extract must be
purified blindly through one or more chromatographic steps before footprinting activity can be detect-
ed (Briggs et al. 1993; Wang et al. 1993). The standard methods of preparing nuclear extracts
described in Protocol 1 derived from the classical procedures of Dignam et al. (1983) and Manley et
al. (1983).

. The concentration of DNase I required to produce a convincing ladder of DNA fragments usually
varies between 50 and 500 ng/mI. The exact concentration must be determined empirically and can
vary from one DNA fragment to another and among different preparations of the same fragment.
Cleavage depends on the specific activity of the DNase I, the purity of the DNA fragment, and, to a
lesser extent, the sequence of the DNA fragment in question. Some investigators find it easier to vary
the incubation time or temperature in Step 3, rather than to vary the amount of DNase I added to the
reaction.
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ALTERNATIVE PROTOCOL: MAPPING PROTEIN-BINDING SITES ON DNA BY

HYDROXYL RADICAL FOOTPRINTING

DNase i does not cleave DNA at random, and as a consequence, the pattern of bands detected in a footprint-

ing experiment will not represent cleavage at every phosphodiester bond in the probe. As long as the enzyme

cleaves at one or more points within the sequence protected by a DNA-binding protein, a binary complex can

be inferred. However, an interaction can be missed if the protein of interest binds between two points of DNase

I cleavage. To avoid this problem and to increase the resolution of footprinting to the nucleotide level, Tullius

and Dombroski (1986) introduced a chemical cleavage method termed hydroxyl radical footprinting that relies

on the ability of hydroxyl radicals generated by Fe(Il)—catalyzed reduction of 02 or H202 to cleave the DNA

backbone. The method is straightforward; the chemical reagent cleaves essentially all phosphodiester bonds

equally and is inert to most buffer components. Unlike DNase I footprinting, the method can sometimes pro-

vide detailed information regarding relative affinities between a protein and individual nucleotides within a

recognition sequence.

Additional Materials

Fe(II)-EDTA solution
Prepare a solution of 0.4 mM Fe(ll) by dissolving an appropriate amount of (NH4)2Fe(SO4)2-6HZO in H_,O.
Prepare a 0.8 mM solution of EDTA, Mix equal volumes of the 0.4 mM Fe(Il) and 0.8 mM EDTA solutions
to make the Fe(II)-EDTA solution; 1 ul of this solution is used per reaction.

O.6% hydrogen peroxide
20 mM sodium ascorbate
3 M sodium acetate (pH 5.5)

TE (pH 8.0)
0.1 M thiourea
A IMPORTANT Prepare all of the additional materials just before beginning Step 3 below.
Timer

 

Method'

1. Prepare nuclear extracts as described in Step 1 of the main protocol, or use fractions derived from purifi-
cation of cellular proteins.

2. Form protein-DNA complexes as described in Step 2 of the main protocol, making sure that the final con-

centration of glycerol (a hydroxyl radical scavenger) in the reaction is <0.5% (v/v).

Glycerol is a component of the homogenization or resuspension buffer used in Step 1.

3. Carefully pipette 1 ul of the Fe(lI)-EDTA solution, 1 pl of 0.6% hydrogen peroxide, and 1 pl of 20 mM sodi-
um ascorbate at a single position on the side of the tube containing the protein-DNA complex. Mix these
reagents by pipetting up and down. Start a timer and tap the side of the tube to mix the cleavage reagents
and the protein-DNA solution. Allow the cleavage reaction to proceed for 1—2 minutes at room tempera-
ture.

The time and temperature of incubation can be varied to optimize detection of a footprint.

4. Stop the reaction by the addition of 2 pl of 0.1 M thiourea and 2.5 pl of 3 M sodium acetate (pH 5.5). Mix
the contents of the tube and add 100 pl of ethanol. Precipitate the DNA on ice for 15 minutes. Recover the
nucleic acids by centrifugation at maximum speed for 10 minutes in a microfuge.

5. Dissolve the DNA pellet in 100 pl of TE (pH 8.0). Extract the DNA with 100 ul of phenolzchloroform and
then with chloroform alone. Precipitate the aqueous phase with ethanol and collect the precipitated DNA
by centrifugation at maximum speed for 10 minutes in a microfuge. Rinse the pellet with 1 ml of 70%
ethanol, centrifuge briefly, and dry in air to remove the last traces of ethanol.

6. Analyze the samples by gel electrophoresis as described in Steps 6—10 of the main protocol. l

Autoradiography or phosphorimaging should reveal a ladder corresponding to cleavage at adjacent phosphodiester
bonds in the control reaction without protein; an intact DNA fragment in the control that was not exposed to the
Fe(II)-EDTA solution; and footprints in the test lanes containing target DNA.  
  



 

Protocol 2
 

Gel Retardation Assays for DNA-binding Proteins

MATERIALS

GEL RETARDATION ASSAYS FOR DNA-BINDING PROTEINS, developed by Fried and Crothers (1981),

provided the first kinetic analyses of the interactions of the Escherichia coli lactose repressor with

its DNA—binding site. The simplicity and sensitivity of the reaction and the quantitative nature of

the assay led to its rapid adoption by the growing community of researchers studying transcrip—

tion and gene regulation. The assay is now routinely used to follow the purification of DNA (or

RNA)-binding proteins, to determine the sequence requirements of a known or suspected DNA—

binding protein, to establish reaction constants (e.g., affinity binding constants and on/off rates),

and to study protein—protein assembly or the interactions of multiple proteins on gene sequences

(please see the information panel on GEL RETARDATION ASSAYS).

The assay, which is straightforward, exploits electrophoretic mobility differences between a

rapidly migrating DNA containing a binding site and a more slowly migrating complex of pro—

tein bound to DNA. Typically, the DNA fragment is radiolabeled with 32P, whereas the proteins

are unlabeled. Binding of the DNA by a protein leads to a complex with an electrophoretic mobil—

ity characteristic of the protein. The method is exquisitely sensitive, because high—specific—activi—

ty DNA probes can be used and because a phenomenon known as “caging” occurs within the

polyacrylamide gel (Cann 1989). Caging is thought to occur because the protein—nucleic acid

complexes migrate through the pores of the gel during electrophoresis, which transiently increas—

es their concentrations over and above that in an aqueous solution. This concentration in turn

shifts the binding equilibrium in favor of complex formation and allows the detection of even

very weak binding interactions. The following method for gel retardation assays is derived in part

from a protocol provided by Michael Briggs (Pharmacia C0rp., St. Louis).

 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Ficoll 400 (20% w/v)
Dissolve the solute in sterile H20 and store the solution in 100-11! aliquots at —2()°C.

Polyvinyl alcohol (70% w/v)
Dissolve the solute in sterile H20 and store the solution in 100—11] aliquots at —2()D(?.
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Sucrose dye solution

Gels

0.25% (w/v) bromophenol blue

0.25% (w/v) xylene cyanol

40% (w/v) sucrose (dextrose)

Dissolve the solutes in H20 and pass the solution through a 0.22-um filter; store the filtrate at room tem—

perature or 4°C.

10x Tris-glycine or Tris—borate-EDTA (TBE) buffer

Neutral 4—7% polyacrylamide gel (S 1.5 mm in thickness) <!>

Nucleic Acids and Oligonucleotides

Poly(dI-dC) (1 mg/ml)
Dissolve an appropriate amount of poly(dlde) in sterile H20 and store the solution in 100-ul aliquots
at —20°C. For additional information on the role of poly( dI-dC) in gel retardation experiments please
see the panel on POLY(dI-dC).

Radioactive Com pounds

32P-Iabeled control DNA <!>

32P—Iabeled target DNA of >20 bp (specific activity 22.5 x 107 cpm/pglESOOO cpm/fmo/el)
Labeling ofthe DNA fragment can be accomplished by phosphory’lation (Chapter 9, Protocols 13716, or
Chapter 10, Protocol 2), filling in ofa 3’—recessed end using a DNA polymerase (Chapter 9, Protocols 10
and l 1, or Chapter 10, Protocol 7), or by using PCR to incorporate radiolabeled nucleotides into the body

ofthc probe (Chapter 8,1’rotocol 1). Of these‘ the latter method is fastest and provides probes of the high—
est specific activity For suggestions on how to radiolabel the DNA probe, please see the panel on TROU-
BLESHOOTING AND OPTIMIZATION OF GEL RETARDATION ASSAYS at the end of this protocol.

Special Equipment

Blotting paper

Cells and Tissues

Control nuclear extract or protein fraction
Nuclear extract or Protein fraction(s)

Prepare the extract by one of the methods described in Protocol 1. In—vitro‘translated protein made in
rabbit reticulocyte lysates or wheat germ extracts can also be used as a source of DNA—binding proteins.
In the latter cases, aliquots of 1—20 pl are typically used in place of a nuclear extract.

 

POLY(dI-dC)

This nucleic acid polymer is added to gel retardation assays to reduce nonspecific binding of proteins to
the radiolabeled DNA fragment. The amount recommended in Step 1 (50 ttg/ml of reaction) is a medi-
an value. The optimum amount (usually between 0 and 100 pg/ml) of poly(dl-dC) added to a reaction
should be determined empirically for each DNA-binding activity. Other nucleic acids that can be used
to decrease nonspecific binding include sheared genomic DNA (e.g., from E. coli, salmon sperm, or calf
thymus), tRNAs, sheared or restricted plasmid DNA, poly(dA-dT), or poly(dG-dC). When assaying for

binding proteins whose recognition sites are immediately adjacent to one another, using one binding site
as a competitor can reveal the presence of protein binding to the adjacent site. This approach can be
crucial when one DNA-binding protein is present in the nuclear extract at a much lower concentration
than the other (e.g., a basal transcription factor such as Sp1 vs. a rare regulatory protein). Once specif-
ic binding of a nuclear protein to a target DNA sequence has been established in a gel retardation assay,
it is a good idea to vary the nonspecific competitor. For example, if a protein of interest binds to a par-
ticular sequence in the presence of 10 ug’ml of poly(dI-dCL substitute 10 ug/ml of poly(dG-dC) for the
poly(dI-dC) in the reaction and determine the consequences for binding. Many examples exist in the lit-
erature in which changing the concentration or identity of the carrier nucleic acid dramatically affects
the results, sometimes simply enhancing binding, or, in more extreme cases, revealing completely dif~
ferent binding activities.   
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1. To a sterile 1.5—ml microfuge tube add:

32P-labeled target DNA 1 ng (1—10 fmole)

1 mg/ml poly(dI-dC) 1 pl

nuclear extract (5—10 pg) S10 pl

or

protein fraction S10 pl

20% Ficoll 400 5 pl

or

1()% polyvinyl alcohol 4 u]

HZO to 20 pl

 

Include control reactions with every experiment. Positive control reactions contain a nuclear extract (or pro-
tein fraction) and a radiolabeled DNA fragment carrying a sequence recognized by a DNA-binding protein
that is abundant in the extract and has high affinity for the DNA sequence. Examples are a DNA fragment
containing an Sp1, C/EBP, or NF-1 site and mammalian cell nuclear extract, or a lac! recognition site and

extract derived from a lac)q strain of E. coli. The negative control reactions contain the radiolabeled target
DNA fragment, but no nuclear extract.  

2. Centrifuge the reaction tubes for several seconds in a microfuge to deposit the reaction mix—

tures at the bottom of the tubes. Incubate the reactions for 10—30 minutes on ice.

3. Add 3 pl of sucrose dye solution to each tube. Load the samples into the slots of a neutral

4—70/0 polyacrylamide gel.

4. Run the gel in either 0.5x Tris—glycine buffer or 0.5x TBE buffer at 200—250 V and 20 mA for

22 hours.

Depending on the lability of the binding protein(s) and the affinity of the binding reaction(s), it
may be necessary to run the gel at 4°C.

5. After electrophoresis is complete, pry the gel plates apart, transfer the gel to a piece of sturdy

blotting paper, and dry the gel for ~1 hour on a gel dryer.

6. Expose the dried gel to X—ray film for 21 hour at —20°C to visualize radiolabeled DNA frag—

ments. Less abundant DNA—protein complexes can be detected after l—3-h0urs on a phos—

phorimager.
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TROUBLESHOOTING AND OPTIMIZATION OF GEL RETARDATION ASSAYS

ically in the 50 mM range. Higher concentrations are almost always inhibitory. High-salt fractions from chro—

matography steps should be diluted appropriately, dialyzed against low-salt buffers, or passed through a

Centric‘on or desalting column before assaying.

to be unsatisfactory, include the following components at the listed final concentrations: 20 mM HEPES-
KOH (pH 7.9)/50 mM KCl/2 mM MgClz/0—4 mM spermidine/0—0.02 mM zinc acetate/OJ ug/ml bovine
serum albumin/1000 (v/v) glycerol/0.5 mM dithiothreitol.

0 The DNA fragment used in the reaction should be longer than 20 bp, with the recognition sequence at least
4 bp away from each end of the fragment. Polymerizing the recognition sequente by ligation of monomer
sites or by chemical synthesis may enhance detection of rare or low-affinity binding proteins.

0 Phosphatases or exonucleases present in crude nuclear extracts can remove radioactive nucleotides from
the ends of DNA probes, generating unlabeled binding sites that can act as competitors of the binding reac-
tion. Probes should have blunt ends to avoid high backgrounds caused by the abundant and nonspecific
single-stranded nucleic-acid-binding proteins present in many cells. For this reason, double-stranded
probes formed by annealing single—stranded oligonucleotides should be checked by polyacrylamide gel
electrophoresis for completion of annealing. If a significant proportion of single-stranded oligonucleotides
remain, then adjust the concentrations of the oligonucleotides in subsequent annealing reactions. An
advantage to using the Klenow fragment of E. coli DNA polymerase I to fill and radiolabel a probe is that
the enzyme will only act on double-stranded DNAs. Single-stranded DNA or unhybridized oligonucleotides
from an incomplete annealing reaction will not be radiolabeled by Klenow enzyme, and thus any protein-
DNA complexes involving them will not be visualized in the autoradiogram or phosphorimage of the gel.

0 The optimum concentration of Mg“ should be determined empirically for each DNA-binding protein. With

of Mg ‘ (try a range of 01—100 mM) while keeping all other variables unchanged. Similarly, the optimum
temperature (from 00C to 37°C) of binding and the effects of exogenously added stabilizing proteins (e.g.,
albumin and cytochrome 6) should be determined in trial reactions.

which is non-fat dried milk), cytochrome c, fetuin/ bovine milk casein, thyroglobulin, asialofetuin, and
bovine submaxillary mucin (type 1), all at 0.015—1 mg/ml. These proteins sometimes act by stabilizing a
dilute transcription factor or DNA-binding protein. More often than not, however, the mechanism is
unknown and the best additive must be determined by trial and error. Steroid hormone receptors and cer-
tain other transcription factors are stimulated by the addition of sodium molybdate at concentrations
between 0.1 and 5.0 mM. The addition of standard reagents that enhance protein stability l’e.g., protease
inhibitors, phosphatase inhibitors, kinase inhibitors, and glycerol) may improve the binding between pro-
tein and DNA.

0 As with DNA footprinting, the amount of protein extract required to visualize a retained band depends on
the abundance of the factor of interest and the affinity of the protein for the DNA. It may be necessary to
purify the protein through several chromatographic steps to remove inhibitors or to increase factor abun-
dance to detectable levels. The use of DNA affinity chromatography to purify a DNA—binding protein should
be delayed until a given fraction is substantially free of endogenous nucleases.

o The best resolution of retained protein-DNA complexes is usually obtained on polyacrylamide gels that con-
tain between 4% and 7% polyacrylamide. A ratio of acrylamide to bis-acrylamide of 29:1 provides good res-
olution. An optimum gel size is 20 x 20 cm with 1.5-mm spacers. The choice of buffer used in the gel is
often a matter of convenience. Laboratories that keep concentrated stocks of TBE for use in agarose and
polyacrylamide gel electrophoresis use 0.5x TBE in gels to separate bound and free probes, whereas labo-
ratories that spend more time doing protein gel electrophoresis will typically use Tris-glycine buffers. These
buffers can also be used at 0.25x concentration in the polyacrylamide gel. 

o The concentration of monovalent cations in the reaction mixture (Step 1) should be <200 mM and is typ- ‘

o Buffering in the gel retardation assay is provided by the ingredients of the nuclear extract. If buffering proves '

a new binding site or DNA probe, an Mg2+ titration curve should be set up by varying the concentration - 
o Addition of bystander proteins to the reaction mixture can sometimes stabilize a given protein-DNA inter- ‘

action. Proteins that have been used in this way include bovine serum albumin, milk proteins tBLOTTO, ‘
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ADDITIONAL PROTOCOL: SUPERSHIFT ASSAYS

The identity of a DNA-binding protein in a particular band detected in a gel retardation assay can often be iden-
tified by using specific antibody probes to ”supershift” the complex (Kristie and Roizman 1986). In this type of
experiment, an antibody against the suspected protein is added to the reaction mixture before/ during, or after
formation of the complex, and the reaction mixture is separated on the gel. If the antibody recognizes the band
in question, then the mobility of the complex will shift to a larger size due to the formation of a ternary com-
plex between the antibody, DNA-binding protein, and the DNA probe. In some cases, addition of antibody dis-
rupts the formation of the complex rather than increasing its molecular weight. A similar experimental design
can be used to study interactions between different protein components of transcription factor complexes that
assemble on eukaryotic promoters (Lieberman and Berk 1991).

Antibodies directed against a variety of eukaryotic transcription factors are available from several compa-
nies. These antibodies can be used both to identify a known factor and as positive controls in the supershift
assay.

Additional Materials

Antibody against the protein of interest
This is usually an lgG fraction arising from a rabbit polyclonal antiserum (Harlow and Lane 1988).

Method

1. Incubate varying amounts of antibody with the nuclear extract preparation to be used in Step 1 of the main
protocol for 10—30 minutes at room temperature. The amount of antibody to add depends on the affinity
of the antiserum and the abundance of the transcription factor. Try a range between 1 and 100 pg of anti-
body per standard gel retardation reaction.

2. After the incubation, add the DNA probe and the other ingredients listed in Step 1 of the main protocol,
and carry out the remaining procedures in the main protocol. Addition of antibody should disrupt or shift
the mobility of the complex in question.

Although a particular antibody may recognize the transcription factor of interest in an immunoblotting or immuno-
precipitation experiment, the same antibody may not work in a supershift assay. This discrepancy is usually due to
the inability of the antibody to recognize the native protein. The best solution is to use another antiserum that rec-
ognizes a different epitope on the binding protein. Other solutions to consider are increasing the salt concentration
in the binding buffer, adding low concentrations (0.01—0.5%) of nonionic detergents (e.g., Tween—ZO, Nonidet P-40,

and Triton X-100) to the binding buffer, or increasing the amount of antibody in the reaction. The temperature at
which the preincubation step is performed can be varied between 0°C and 37°C to facilitate antibody recognition
and complex stability. Finally, experiments can be carried out to determine if addition of the antibody before or after
the DNA probe affects the supershift.

 

 

 
ADDITIONAL PROTOCOL: COMPETITION ASSAYS

The specificity of an observed DNA-binding reaction can be tested in competition assays in which an excess
of unlabeled probe is added together with the radiolabeled probe during Step 1 of the main protocol. Specific
DNA binding is usually defined as that which is competed by a reasonable excess of unlabeled probe. For most
transcription factors that exhibit high-affinity binding to a target DNA sequence, a 10—100-fold molar excess of
unlabeled probe should eliminate the radiolabeled complex‘

Competition assays can also be used to identify a protein that is present in a given retained band. For exam-
ple, if a probe encompassing the 5 ’-flanking region of a gene is used that contains several different recognition
elements within its sequence and thus gives rise to multiple DNA-protein complexes with different mobilities,
then addition of a 100-fold molar excess of an oligonucleotide containing a known recognition sequence such
as that bound by the Sp1 factor should eliminate the band corresponding to Sp1-DNA complexes. Similar com-
petition assays with oligonucleotides containing other recognition sequences can identify the proteins present
in other complexes, and antibodies against the suspected transcription factors can be used in supershift assays
(please see the panel on ADDITIONAL PROTOCOL: SUPERSHIFT ASSAYS) to confirm a tentative identification.

Finally, competition assays can be used to identify important nuc|eotides in the binding site of a given tran-
scription factor. By carrying out a series of competition assays using oligonucleotides that differ in a single
nucleotide from that used to identify the binding protein, crucial nucleotides within the recognition element

can be quickly identified.  
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Protocol 3
 

Mapping DNase—I-hypersensitive Sites

17.18

THE CONTROL REGIONS IN A EUKARYOTIC GENE CAN OFTEN BE LOCALIZED by mapping DNase-I-

hypersensitive sites. For reasons that are not well understood, genes contain discrete sequences of

DNA that are sensitive to DNase I cleavage, and the pattern of these so-called hypersensitive sites

changes depending on the activation state of the gene (Weintraub and Groudine 1976). By com—

paring the pattern of hypersensitive sites obtained by cleavage of a quiescent gene with that

obtained when the gene is actively transcribed7 regions that participate in gene regulation (either

induction or suppression) can be identified. A major strength of the method is that it makes no

a priori assumptions about the locations of control sequences and thus allows an investigator to

examine many hundreds of kilobases of DNA for potential regulatory sequences.

A case that illustrates the power of DNase I hypersensitivity mapping is the identification of

the locus control region, a master regulatory sequence that directs the complicated temporal and

cell-type-specific transcription patterns of multiple linked hemoglobin genes and that maps ~10

kb away from the first gene in the cluster (Tuan et al‘ 1985; Forrester et al. 1986). These sequences,

which contain several DNase—I—hypersensitive sites, are both necessary and sufficient for the

expression of globin genes in erythroid cells (Grosveld et al. 1987; Townes and Behringer 1990).

Similar success stories have been realized with many other genes (for review, please see Gross and

Garrard 1988).

Several theories have been proposed to explain the occurrence of DNase—I-hypersensitive

sites (Gross and Garrard 1988). The best of these ideas is that the sites represent regions of the

DNA from which nucleosomes have been displaced by the binding of transcription factors and/or

DNA unwinding proteins. In turn, the bound proteins are thought to lead to enhanced tran—

scription of the gene, either directly by interacting with components of the basal transcription

apparatus or indirectly by establishing a conformation conducive to transcription ( Wallrath et al.

1994). A variety of functional sequences are associated with DNase—I—hypersensitive sites, includ—

ing enhancers, silencers, developmental control regions, and tissue—specific regulatory regions.

For this reason, mapping hypersensitive sites in the nuclei of different tissues or at different times

of development can provide a wealth of information about the expression of a target gene.

The most popular method of mapping hypersensitive sites involves the isolation of nuclei

from a cell or tissue of interest followed by incubation of the intact nuclei with varying amounts

of DNase I. A control incubation is also carried out that contains no exogenous DNase I. The

genomic DNA from the treated and control nuclei is then purified by phenolzchloroform extrac-

tion and incubated with a restriction enzyme. The fragments of DNA are separated by agarose gel
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electrophoresis, transferred to a membrane filter, and hybridized to a labeled probe derived from

the target gene. If the probe corresponds to the 5' end of the gene, then only the restriction frag—

ments arising from that region will be detected by the probe in the no—DNase-I control. If DNase

I was included in the initial incubation and a hypersensitive site exists in one or more of the DNA

fragments recognized by the probe, then shorter DNAS will be detected on the Southern blot cor—

responding to fragments that were cleaved at one end by the restriction enzyme and at the other

end by the DNase I. By determining the size of the doubly cleaved DNAs, the position of the

hypersensitive site can be deduced and the location of a potential control sequence inferred. The

exact location of the regulatory region can be mapped to within $50 nucleotides by using differ-

ent restriction enzymes and probes. With additional effort and the use of the polymerase chain

reaction (PCR), the position of a hypersensitive site can be pinpointed to within a few nucleotides

of the site (Pfeifer 1992).

In summary, DNase I hypersensitivity mapping is an excellent method to map potential reg—

ulatory regions both within and distal to a target gene. The technique is especially useful (1) in the

early stages of promoter analysis when the locations of the regulatory sequences are unknown and

(2) in analyzing genes that exhibit tissue-specific regulation ( for further details on the activities and

properties of DNase I, please see Appendix 4). The following protocol originated in Bob Tjian’s lab-

oratory (University of California at Berkeley) and was provided by Tim Hoey (Tularik, Inc., South
San Francisco, California).

MATERIALS
 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components Of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Buffer A
50 mM Tris—Cl (pH 7.9)

100 mM NaCl

3 mM MgCl,
1 mM dithiothreitol

0.2 mM phenylmethylsulfonyl fluoride< ! >

Store Buffer A at 4°C. Add dithiothreitol and PMSF to Buffer A just before use.

EDTA (0.5 M, pH 8.0)

Ethanol

Lysis buffer
50 mM Tris—Cl (pH 7.9)

100 mM KCl
5 mM MgCl2

0.05% (v/v) saponin

50% (v/v) glycerol

200 mM B-mercaptoethanol < ! >

Store lysis buffer at 4°C, Add B-mercaptoethanol to the lysis buffer just before use.

Phenol:chloroform < ! >

Phosphate-buffered saline without calcium and magnesium salts
SDS buffer

20 mM Tris—Cl (pH 7.9)

100 mM NaCl

70 mM EDTA (pH 8.0)
2% (w/v) SDS
Store the SDS buffer at room temperature.
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TE

Trypan Blue dye (0.4% MW
Dissolve an appropriate amount of dye in phosphatc—buffered saline without calcium and magnesium
salts. Store the solution at room temperature.

Enzymes and Buffers

DNase I dilution buffer
10 mM HEPES—KOH (pH 7.9)<!>

30 mM CaCl2
30 mM MgCl3

50% (v/v) glycerol

DNase I solution
Dilute a preparation of RNaseffree DNase I to a concentration Of 10 units/ul using DNase dilution
buffer. Store the solution at —20°C. One unit is defined as the amount of DNase that will cause a change
in Am of 0.001/minute/ml ofa reaction using a calf thymus DNA substrate.

Proteinase K solution
Dissolve proteinase K at 0.2 mg/ml in a solution of 50 mM Tris—Cl (pH 7.9) and 100 mM NaCl. Store the
solution in small aliquots at —20“(f.

RNase solution
Dissolve a preparation of DNase»free RNase at a concentration 0f0.5 mg/ml in TE (pH 8.0).

Centrifuges and Rotors

Sorvall H7000B rotor or equivalent

Special Equipment

Screw-cap tubes (50 ml)

Shaking water baths preset to 50°C and 550C

Additional Reagents

Step 18 of this protocol requires the reagents listed in Chapter 6, Protocols 8 and 70.

Cells and Tissues

Eukaryotic cells

Approximately 103 cells are required per DNase I hypersensitivity mapping experiment.

METHOD
 

1. Harvest ~108 cells from spinner cultures, flasks, or dishes, and wash the cells twice with 25—

ml aliquots of ice—cold phosphate—buffered saline without calcium and magnesium salts.

Alternatively, if starting with fresh tissue, isolate the nuclei as described in Protocol 1. Step 1.

2. Resuspend the cell pellet from the final wash in 1.5 ml of ice-cold lysis buffer. Incubate the

cells for 10 minutes on ice to allow cell lysis to occur.

3. Mix a 10—111 aliquot of cell lysate with an equal volume of 0.4% Trypan Blue dye and exam‘

ine the solution under a microscope equipped with a 20x objective. Lysed cells and nuclei take

up the dye and appear blue, whereas unlysed cells are impermeable to the dye and remain

translucent. Continue the incubation on ice until >80% of cells are lysed.

4. Recover nuclei from the lysed cells by centrifugation of the suspension at 130041 (2500 rpm in

a Sorvall HIOOOB rotor) for 15 minutes at 4°C.

5. Carefully remove the supernatant and resuspend the pellet of nuclei in 1.5 ml of ice-cold

Buffer A. Collect the nuclei by centrifugation as described in Step 4.
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Resuspend the nuclear pellet in 4 m1 ofice—cold Buffer A.

7. Set up a series of dilutions of the standard DNase I solution (1/40, 1/80, 1/160, 1/320, 1/640,

10.

11.

12.

13.

14.

15.

16.

17.

18.

1/1280, and 1/2560 in DNase dilution buffer). Store the dilutiom on ice.

Label a series of tubes 1 through 9 and add 180 1.11 of resuspended nuclei from Step 6 to each
tube.

T0 Tube 1, add 20 pl of DNase I dilution buffer containing no DNase I and store the tube on

ice until Step 12, below. To Tube 2, add 20 pl of DNase I dilution buffer containing no DNase

and incubate as described in Step 11, below. Tubes 1 and 2 are controls.

T0 Tubes 3 through 9, add 20 pl of each of the progressive dilutions, i.e., to Tube 3, add 20 “I

of the 1/2560 dilution, to Tube 4, add 20 ul of the 1/1280 dilution, etc.

Incubate Tubes 2-9 for 20 minutes at 37°C.

Terminate the reactions by adding three individual aliquots of 16.6 pl of 0.5 M EDTA to each

tube, with vortexing between additions. When all of the tubes have been treated, add 12 ul of

RNase solution to each tube. Incubate the reactions for 30 minutes at 37°C to allow digestion
of nuclear RNA.

Digest nuclear proteins by adding 40 pl of proteinase K solution to each tube. Mix the solu-

tion gently by pipetting the mixture up and down. Add 100 pl of SDS buffer to each tube and

mix once more. Incubate the tubes for 16 hours at 50°C with rotation or rocking.

Add an additional aliquot of 100 [11 of proteinase K solution and continue the digestion for a
further 2—3 hours at 50°C.

Extract the digestion mixtures three times with phenolzchloroform. Be gentle. Precipitate the

DNA with the addition of 3 volumes of ice—cold ethanol, incubate for 30 minutes on ice, and

collect the DNA precipitates by centrifugation at 1200g (2400 rpm in a Sorvall HIOOOB rotor)

in a benchtop centrifuge. Decant the supernatant and drain the last dregs of ethanol from the
tubes on a paper towel.

Add 200 pl of TE to each tube and allow the DNA to redissolve with rocking or rotation
overnight at 55°C.

A IMPORTANT An extended incubation is required for complete solubilization and recovery of the
DNase-treated DNA.

Determine the A of the resuspended DNA and estimate the concentration.
260

Digest the DNA with a restriction enzyme(s), followed by Southern blotting and hybridiza-

tion as described in Chapter 6, Protocols 8 and 10. Load 15—30 pg of restricted genomic DNA
per lane on the agarose gel.

 

HYBRIDIZATION PROBES

DNA fragments produced by DNase I cleavage can be present in substoichiometric mass relative to the
parental uncleaved fragment. This situation can arise due to incomplete cleavage of sensitive sites, incom-
plete occupation of a binding site by a nuclear regulatory factor, intercellular variations in gene expres-
sion, or, when working with tissues, the presence of diverse cell types with different gene expression pat-
terns. For these reasons, it is crucial to use high-specific-activity radioactive probes when mapping hyper-
sensitive sites. The specific activity of the probe, as determined using methods described in Appendix 8,
should be >5 x 108 cpm/ug. SingIe-stranded DNA probes derived from bacteriophage M13 templates
(Chapter 3, Protocol 4) are sensitive high-specific-activity probes that are comp|ementary to short regions
(~200 nucleotides of the target DNA). They are thus ideal for high-resolution hypercensitivity mapping
experiments. 
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CONTROLS FOR DNASE I HYPERSENSITIVITY MAPPING

After completion of Southern blotting and visualization of the hybridized probe by autoradiography or phos-
phorimaging analysis, one or more additional bands should be seen in lanes containing DNA digested with
DNase I. These bands are shorter than the intact, undigested fragment detected by the labeled probe, usual—
Iy not as sharp, and, sometimes, not as intense. They should not be present in the controls lacking DNase I
(Tubes 1 and 2 in the protocol). If the correct range of DNase 1 concentrations was used/ the additional bands
will be absent in the low end of the titration range, dearly visib|e in the mid-range, and lost in a broad smear

at the high end of the range of nucieolytic enzyme. The amount of DNase I added to the nuclei can be
increased or decreased to compensate for under- or overdigestion in order to obtain the perfect cosmetic
result. Sites that appear at relativer low concentrations of DNase I enzyme are sometimes referred to as
“major” sites, whereas those that appear at higher enzyme co ncentrations are labeled “minor” hypersensitive
sites (e.g., pIease see Tuan et al. 1985).

To obtain results of this sort requires that the appropriate regulatory regions of the gene be examined with
the appropriate probe. When starting the analysis of regulatory regions in a new gene, it is a good idea to set
up a series of control reactions in which a DNase-l-hypersensitive site in a control gene is examined with a
defined restriction digest and probe. Ideally, the control gene should be regulated by the same physiological
events as the target gene. The choice of probes should be made without assuming where reguiatory sequences
might lie. Thus, probes should be designed to aIIow examination of all regions of a target gene. Although most
regulatory regions occur immediately 5' to the gene, it is not uncommon for control sequences to map to the
extreme 5’- and 3’-f|anking regions of a gene or in an intron.

DNase-l~hypersensitive site mapping suffers from several inherent limitations. SmalI DNA fragments (<1
kb) arising from the action of DNase on a unique gene in a complex mammalian genome are difficult to visu-
alize by blotting and Southern hybridization. Furthermore, there is a good deal of variation in signal strength
between experiments. These problems can usually be overcome by using more than one restriction enzyme
and probe in the experiments, by using more than one cell source of nuclei (e.g., expressing and nonexpress-
ing cells, stimulated or nonstimulated cells, and different cell lines), and by simply repeating successful exper-
iments. By using restriction enzyme double digests and various probes, it is possible to position the undigest-
ed and digested DNA fragments in the range of maximum resolution (1—10 kb) on the Southern blot, In addi-
tion, these conditions allow fine-structure mapping and ultimate positioning of the hypersensitive site on the
gene map.

As mentioned in the introduction to this protocol, hypersensitive sites often mark sequences that are
important for target gene expression. Once a hypersensitive site has been identified, then higher-resolution
techniques such as DNase footprinting (Protocol 1) and gel retardation assays (Protocol 2) can be used to
define the proteins that bind to the DNA. When these methods are combined with expression analyses using
transfected reporter genes (e.g., please see Protocols 5—7), a complete picture of the regulatory regions of a
gene can be assembled.   
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Protocol 4
 

Transcriptional Run-on Assays

NUCLEAR RUN-ON ASSAYS ARE USED TO DETERMINE WHETHER A CLONED GENE is transcriptionally
regulated. Ideally, nuclear runfon assays should be done after hybridization experiments that

examine changes in steady-state mRNA levels and before analysis of the promoter.

In the simplest of terms, nuclear run—on assays allow the measurement of the number of
RNA polymerases traversing the gene at a given time in cells subject to one or more regulatory

inputs. A typical experiment involves the isolation of nuclei from cells expressing the gene of

interest and their subsequent incubation with [32P]UTP. The radiolabeled UTP is incorporated

into nascent RNA transcripts by RNA polymerase molecules that were actively transcribing the

gene at the time the cells were harvested (very little initiation of transcription occurs in isolated

nuclei). The transcriptional activity of the target gene in the nuclei is measured by hybridizing the

radiolabeled RNAs to an excess of the target gene immobilized on a nitrocellulose or nylon mem—
brane. The fraction of radioactivity that hybridizes to the immoblized DNA reflects the contri—
bution of the target gene to the total transcriptional activity of the cell (Srivastava and Schonfeld
1998).

Regulatory inputs that change the transcriptional activity of the gene are detected by an
increase or decrease in hybridization in a nuclear run-on experiment. A change in hybridization
generally means that a larger or smaller number of transcription complexes are traversing the
gene and that the stimulus affected the number of initiation events at the promoter of the target
gene‘ If this type of result is obtained, it is probable that cis-acting DNA sequences underlie the
observed changes in gene activity and that subsequent identification of these elements might be
accomplished by transfection of appropriate reporter gene constructs. However, changes in
hybridization are not necessarily synonymous with regulation of transcription at the level of ini-
tiation. In certain isolated cases, changes in hybridization can also be associated with more com—
plex regulatory mechanisms, such as effects on the rate of RNA polymerase movement along the
gene (attenuation) (e.g., please see Bentley and Groudine 1986).

Regulatory inputs that affect posttranscriptional events such as mRNA stability, transport,
or translation do not alter the level of hybridization of primary transcripts of the target gene.
Sequences that affect posttranscriptional processes can often be identified by analyzing the
sequence of the mRNA itself. The function of such cis-acting elements can be analyzed in detail
by construction and expression of genes encoding appropriate mRNAs.

Because the number of nascent RNA transcripts from a single-copy gene is very low, large
amounts of CDNA or gene must be applied to the membrane, copious quantities of [32P1UTP are

17.23
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MATERIALS

required to radio1abel the nascent RNA, and hybridization should be carried out for extended

periods of time. The following methods were derived from protocols provided by Dorothy Yuan,

Diane Jelinek, and Karl Normington (all of University of Texas Southwestern Medical Center,

Dallas).

A IMPORTANT All test tubes and solutions must be prepared RNase-free.

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Chloroform < ! >

Chloroform:isoamyl alcohol <!>
DNA denaturation solution

2 M NaCl

0.1 M NaOH <!>

Ethanol

Glycerol storage buffer
50 mM Tris-Cl (pH 8.3)

5 mM MgCl2

0.1 mM EDTA (pH 8.0)
40% (v/v) glycerol

Store the buffer at 4°C.

HSB buffer

10 mM Tris~Cl (pH 7.4)
50 mM MgCl.

2 mM CaCL _

0.5 M NaCl-
Store the buffer at room temperature.

Labeling buffer
20 mM Tris—Cl (pH 80 at 4°C)

140 mM KC1

10 mM MgC11

1 mM MoCI,

20% tv/v) gh/cerol

14 mM B—mercaptoethanol < ! >

1 mM each ofATP, GTP, and CTP

10 mM phosphocreatine
100 ug/ml phosphocreatine kinase
0.1 MM [1:P1UTP, 500—5000 uCi/ml < !>

Just before use, add the last five ingredients and keep the solution at4"(1. Exercise extreme care After the
radioactive UTP has been added.

MC! (5 M)

Lysis buffer
10 mM Tris~Cl (pH 8.4 at 4°C)

1.5 mM MgCl,
0.14 M NaCl '
Store the buffer at 4°C.

NaCl (2 M)

NaOH (0.1 M) <!>

Nonidet P-40 (5% v/v)
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Nuclei wash buffer
20m.\1Tris—Cl(pH 8.0 at 40C)

[40 m.\1 KCl

lOm.\1MgCl2

I mM MoCl2

20% (v/v) glycerol

14 m.\1 p—tnercaptoethanol

Store the buffer at 40C. Just before use, add the B-mercaptoethunol to the buffer from a concentrated

stock solution.

Phenol <!>

Phosphate-buffered saline (PBS)
Prehybridization/Hybridization solution < ! >

Hybridization buffer containing formamide is generally used in nuclear run-on assays, e.g., 5000 (v/v)
formamide, 6x SSC, 5 mM sodium pyrophosphate, 2X Denhardt’s solution, 0.5% (w/v) SDS, 10 pg/ml
poly(A), and 100 pg/ml salmon sperm DNA (please see Chapter 6, Protocol 10).

2x Reaction buffer
10 mM Tris—(Zl (pH 8.0)

5 mM MgCl2

0.3 M KCl

Store the buffer at 4°C. lust before use, add 5 pl of 1 M dithiothreitol, 100 plof100 m.\l ATP. 1011] of 100
mM CTP, and 10 plof100 mM (1TP to 1 ml of 2X reaction buffer.

RNasin

RNasin is a generalized term for the rat liver RNase inhibitor protein. Preparatiom of 11115 enzyme are
available from several companies (please see the information panel on INHIBITORS OF RNASES in

Chapter 7).

SDS (O.5% W/v)

6x 55C

Stop buffer
50 mM Tris—Cl (pH 7.5)
20 mM EDTA (pH 8.0)

0.8% (w/v) SDS

Store the buffer at room temperature.

Tissue homogenization buffer
10 mM HEPES-KOH (pH 7.6)
25 mM KCI

0.15 m.\1spermine

0.5 mM spermidine

1 mM EDTA (pH 8.0)
2 M sucrose

100/o (v/v) glycerol

Store the buffer at 11°C. Just before use in Step 1, add dithiothreitol to 1 mM and protease inhibitors (0.5

m.\1 phenylmethylsulfonyl fluoride, 1 ug/ml leupeptin, 1 pg/ml pepstatin, or others as needed).

Trypan Blue dye (0.4% w/v)
Dissolve an appropriate amount of dye in phosphate-buffered saline without calcium and magnesium
salts. Store the solution at room temperature.

Enzymes and Buffers

DNase solution

Dissolve 2 mg of RNase—free DNase (e.g., Worthington) in 1 ml of 0.0025 N HCl, 50% (v/v) glycerol.
Store the solution at —20°C.

Proteinase K (optional)

Restriction enzyme(s)

Please see Step 9.

Radioactive Compounds
[a-JZPIUTP (500—5000 uCi/ml) <!>

Use 100 pCi for each sample of nuclei to be radiolabeled.  
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Centrifuges and Rotors

Beckman SW28 rotor or equivalent
Sorva/l H1000B rotor or equivalent

Sorvall 55-34 rotor or equivalent

A IMPORTANT Chill all rotors to 4°C.

Special Equipment

Boiling water bath
Dounce homogenizer with type-B pestle

Polya/lomer or ultraclear swinging-bucket centrifuge tubes
Polypropylene tubes (17 x 700 mm)

Razor blades
Shaking water bath preset to 30°C

Water baths preset to 4°C and 65°C

Additional Reagents

Step 71 of this protocol requires the reagents and equipment listed in Chapter 7, Protocol 9.
Step 13 of this protocol requires the reagents listed in Chapter 6, Protocol 8.

Steps 74—76 of this protocol require the reagents listed in Chapter 6, Protocols 8 and 70.

Vectors and Bacterial Strains

Nonrecombinant plasmid vector
Recombinant plasmid containing the CDNA or gene of interest

Cells and Tissues

Cultured cells or Fresh tissue

METHOD

Isolation of Nuclei and Radiolabeling of RNA Transcripts

1. Isolate nuclei from either cultured cells or fresh tissue.

|SOLATION OF NUCLEI FROM CULTURED CELLS

a. Scrape the cells from culture dishes and wash them twice with ice—cold PBS. Resuspend

1 x 107 to 1 x 108 cells in 1 m1 of ice—cold lysis buffer in a 17 x IOO-mm polypropylene

tube. Add 2—4 pl of 50/0 Nonidet P-40 and incubate the suspension for 10 minutes on
ice.

b. Mix 10 pl of the suspension with an equal volume of 0.4% Trypan Blue dye and examine

the solution under a microscope equipped with a 20x objective. Lysed cells take up the

dye and appear blue, whereas unlysed cells are impermeable to the dye and remain

translucent. Continue adding Z-ul aliquots of 50/0 Nonidet P—40 and check cell lysis until

>80% of the cells are lysed.

4
_

C. Recover the nuclei by centrifugation at 1300g (2500 rpm in a Sorvall HIOOOB rotor) for

1 minute in a benchtop centrifuge. Remove and discard the supernatant. Wash the pellet

of nuclei twice in l-ml of ice—cold nuclei wash buffer. Proceed to Step 2.  
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|SOLATION OF NUCLEI FROM TISSUE

a. Dissect and mince 10—15 g of tissue. Adjust the volume of minced tissue to 30 ml with ice—

cold tissue homogenization buffer, and homogenize in a tight—fitting Dounce homogenizer‘

To monitor lysis, mix 10 pl of the cell suspension with an equal volume of 0.4% Trypan

Blue dye and examine the solution under a microscope equipped with a 20x objective.

Lysed cells take up the dye and stain blue, whereas intact cells exclude dye and remain

translucent. Continue to homogenize the tissue until >80—900/o of the cells are broken.

Dilute the homogenate to 85 ml with ice-cold tissue homogenization buffer. Layer 27-m1

aliquots over 10-ml cushions of ice—cold homogenization buffer in ultraclear or polyal-

lomer swinging bucket centrifuge tubes. Centrifuge the tubes at 103,900g (24,000 rpm in

a Beckman SW28 rotor) for 40 minutes at 4°C.

Decant the supernatant and allow the tubes to drain in an inverted position for 1—2 min—

utes. Place the tubes on ice. Resuspend each pellet in 2 m1 of glycerol storage buffer by

pipetting the mixture up and down.

(Optional) Use a razor blade to cut off the top two thirds of the tube and place the bottom one
third containing the nuclei on ice before resuspending the pellets in glycerol storage buffer.

Mix 10 ul of resuspended nuclei with 990 u] of 0.5% SDS. Measure the ODM in a UV spec-

trophotometer and dilute resuspended nuclei with glycerol storage buffer to a final concen-

tration of 50 ODZGO/ml. Divide the preparation of nuclei into 200-p1 aliquots in 1.5-ml

microfuge tubes, snap freeze the aliquots in liquid nitrogen, and store them at —70°C.

Proceed to Step 2.

. Radiolabei the nascent RNA transcripts in the isolated nuclei.

RADIOLABELING OF THE TRANSCRIPTS IN NUCLEI ISOLATED FROM CULTURED CELLS

a. Remove as much supernatant as possible from the last wash (Step 1c), and resuspend the

nuclei in 50—100 til oflabeling buffer. Incubate the nuclei for 15—20 minutes at 30°C in a
shaking water bath.

A WARNING Exercise extreme care after the radioactive UTP has been added to the solution.
Wear gloves and goggles and be careful not to contaminate bench surfaces, etc., with this high-
Iy radioactive so|ution.

Pellet the nuclei by centrifugation at 800g (1960 rpm in a Sorvall HIOOOB rotor) for 5
minutes in a benchtop centrifuge, and carefully discard the supernatant as radioactive

waste. Proceed to Step 3.

The incorporation of [32P]UTP into RNA can be monitored by trichloroacetic acid (T(IA)

precipitation as described in Appendix 8. In a suceessful labeling reaction containing 100 MO
of radiolabeled UTP and 10 OD260 of nuclei, 80—90% of the ”P will be incorporated into
TCA-precipitable material.

RADIOLABELING OF THE TRANSCRIPTS IN NUCLEI ISOLATED FROM TISSUE

a. Transfer an appropriate number of aliquots of the nuclear preparation from —70°C to an
ice bucket. When the aliquots have thawed, add 400 units of RNasin to each tube. Add 200
01 of 2x reaction buffer supplemented with nucleotides and dithiothreitol to each tube of
nuclei.Add 100 uCi of [oc-32P]UTP.

A WARNING Exercise extreme care after the radioactive UTP has been added to the solution.
Wear gloves and goggles and be careful not to contaminate bench surfaces, etc., with this high-
Iy radioactive solution.
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b. Incubate the nuclei for 20 minutes in a 30°C shaking water bath. Recover the nuclei by

centrifugation at 2000 rpm for 1—2 minutes.Carefu11y discard the supernatant as radioac—

tive waste. Proceed to Step 3.

The incorporation of [QPIUTP into RNA at this step can be monitored by TCA precipitation
as described in Appendix 8. In a successful labeling reaction using 100 u(ii of radiolabel and

10 OD of nuclei, 8079094) ofthe ”P will be incorporated into TCA-precipitable material.
jut)

Resuspend the nuclear pellet in 1 ml ofice—cold HSB buffer, and add 10 1.11 of DNase solution.

Pipette the nuclei up and down until they are resuspended and the viscosity of the solution

is reduced (1—5 minutes). Add 2 ml of stop buffer.

DNase treatment serves to reduce the viscosity of the solution and to prevent the trapping of

nascent radiolabeled RNA transcripts in genomic DNA. The viscosity never completely disappears

and clumps of nuclei often remain.

(Optional) To increase the yield of radiolabeled RNA, add proteinase K after the DNase step.

Following the addition of 2 ml of stop buffer, add proteinase K to a final concentration of 100

ttg/ml. Incubate the solution for 30 minutes at 420C. Proceed to Step 5.

For more extensive DNA removal and radiolabeled RNA purification protocols, please see

Groudine et al. (1981).

Add 3 m1 of phenol and incubate the mixture for 15 minutes at 65°C with vortexing every 5

minutes. Add 3 ml of chloroformtisoamyl alcohol, vortex, and separate the organic and aque—

ous phases by centrifugation at 1900g (3000 rpm in a Sorvall HIOOOB rotor). Extract the

aqueous layer again with 3 ml of chloroform, centrifuge as before, and transfer the aqueous

layer to a fresh tube.

Add 0.3 ml of 5 M LiCl and 2.5 volumes of ethanol, and mix well. Collect precipitated nucle—

ic acids by centrifugation at 12,00057 (10,000 rpm in a Sorvall 85-34 rotor) for 10 minutes.

Resuspend the pel1et in 0.4 ml of H20 and transfer it to a 1.5—m1 microfuge tube. Add 40 pl

of 5 M LiCl and 2.5 volumes of ethanol. Centrifuge the solution for 10 minutes at maximum

speed in a microfuge.

Resuspend the pellet in 100 pl of H20 and measure the cpm/ul in a liquid scintillation

counter.

Hybridization of the RNA to Immobilized DNA

9.

10.

11.

12.

13.

Linearize 10 ug of recombinant plasmid DNA containing the CDNA or gene of interest and

10 pg of empty plasmid vector using a restriction enzyme whose sites of cleavage are present
in the vector sequences.

Recover the cleaved DNAS using standard ethanol precipitation, and resuspend each of the

pellets separately in 20 1.11 of DNA denaturation solution. Boil the resuspended DNAs for 2
minutes, and then add 180 pl of 6x SSC to each tube.

Cut a piece of nylon or nitrocellulose membrane to the appropriate size for use in a dot— or
slot-blotting apparatus. Wet the membrane in H30 and then soak it for 5—10 minutes in 6x
SSC. Clamp the wet membrane in the blotting apparatus, attach a vacuum line, and apply
suction to the device (please see Chapter 7, Protocol 9).

Filter the denatured DNAS through separate slots and wash each filter with 200 u] of 6x SSC.

Dismantle the device, dry the membrane in the air, and fix the DNA to the membrane by bak-

ing or by exposure to UV light.

 



   

14.

15.

16.
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Place the membrane in prehybridization solution and incubate it for at least 16 hours at an

appropriate temperature (e.g., 42°C for solvents containing 50% formamide).

Add the radiolabeled probe (2 x 106 to 4 x 106 cpm/ml of ”P-labeled RNA from Step 8)
directly to the prehybridization solution, and incubate the filter for a further 72 hours.

Wash the membrane at high stringency and expose it to X—ray film or a phosphorimager

plate. Typical exposure times are 24—72 hours for X-ray film and 4—24 hours for a phospho—

rimager plate.

HYBRIDIZATION CONTROLS AND TROUBLESHOOTING f

The inclusion of cx-amanitin < ! > in the labeling step at 0.5 pg/ml can be used to demonstrate that an ‘
observed hybridization signal is due to transcription by RNA polymerase I] (Marzlutf and Huang 1984).

Several hybridization controls should be included in a nuclear run-on experiment. As a negative control for ‘
spurious hybridization, isolate and analyze nuclear RNA from cells that do not express the gene of interest.
Immobilize an empty plasmid vector on the nylon/nitrocellulose filter to act as a control for spurious I
hybridization. Prepare two positive hybridization controls, including a gene that is expressed in the cells but
is known not to respond to the regulatory input (e.g., actin/ glyceraldehyde 3-phosphate dehydrogenase,
and cyclophilin), and a gene that is known to respond to the stimulus.

The cDNA or gene of interest in the immobilized DNA should not contain repetitive DNA sequences and
represent as much of the gene as possible. DNA fragments containing separate regions or exons of the gene i
can be used to assay for differences in the rate of elongation (Bentley and Groudine 1986) and/or to con- 3
firm a given hybridization result. It should also be kept in mind that, in rare instances, both strands of the 1
DNA can be transcribed. For this reason, use a single-stranded DNA probe from one or more regions or \
exons as a control in at least one experiment. i

i
i

The overall sensitivity of the hybridization assay can be enhanced by trimming the excess membrane from
the immobilized DNA (i.e., leaving just the DNA-containing slot or dot) and carrying out the hybridization ‘
in a test tube in a small volume under mineral oil in a water bath set at the appropriate temperature.

In some cases, partial hydrolysis of nascent RNA transcripts will enhance hybridization. Resuspend the final ‘
RNA pellet from Step 8 in 100 p| of 10 mM Tris-Cl (pH 7.4), 10 mM EDTA, and 200 mM NaCl, and add 25 ‘
tt| of1 N NaOH. Incubate the solution on ice for 15 minutes and then neutralize the reaction by adding 25 i
u] of 1 N HCI. Add 500 pl of 1.2x Denhardt's solution and set up the hybridization reaction as described.

[f substantial background is encountered in these protocols, treat the washed filter with RNase T1 (10

units/ml) and RNase A (20 pg/ml) in 2x SSC for 1 hour at 37°C to reduce nonspecific binding of the probe ‘
to the membrane. ‘

—-——m-.-»~mnwm..mu ,. .
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Introduction to Protocols 5, 6, and 7
 

Reporter Assays: CAT, Luciferase,
and B-galaetosidase

REPORTER GENES OR MARKERS PROVIDE A CONVENIENT MEANS to identify and analyze the regular

tory elements of genes. Standard recombinant methods are used to join the regulatory sequence

of interest to a reporter gene or marker carried in an expression vector. The resulting recombi—

nant is then introduced into an appropriate cell line, where its expression is detected by mea-

surement of the reporter mRNA or the reporter protein, or, in the case of enzyme reporters, by

assaying for the relevant catalytic activity. Whatever the method of detection, these reporters typ-

ically have an easily measured output that can be distinguished from the background of proteins

in the host cell. Most ofthe detection methods in common use are sensitive, specific, quantitative,

reproducible, and rapid to perform.

Reporter systems are used to measure transcriptional activity, in particular to study pro-

moters and enhancers and their interactions with (is—acting elements and trans—acting proteins,

as well as their responses to environmental changes. The fine structure of a regulatory region can

be analyzed by a series 0f“pr0m0ter-bashing experiments" in which selected mutations are intro—

duced into the sequence under study, and its consequent activity (or ability to express the

reporter) is measured and compared to that of the wild—type or normal sequence.

REPORTER GENES USED IN ANALYSIS OF REGULATORY ELEMENTS

17.30

After German et al. (1982) first described the use of chloramphenicol acetyltranst'erase (CAT) as

a reporter, the CAT gene became widely adopted as a reporter for many of the standard lines of

cultured mammalian cells. CAT remains in common use and fulfills many of the criteria required

of a reporter (please see Table 17-1). Several different assays are available to measure CAT activi‘

ty, using procedures and equipment that are available in most laboratories. Despite its virtues,

CAT is not an ideal reporter in all circumstances. Other reporter systems have therefore been

developed in an effort to increase the sensitivity of detection and to expand the range of cell lines

that could be used as hosts (for reviews, please see Alarm and Cook 1990; Bronstein et ail. 1994;

Groskreutz and Schenbom 1997; Naylor 1999).

Each of these newer reporter systems uses a different method of detection and each has ditl
ferent strengths and weaknesses.

o The firefly luciferase gene produces light from luciferin in the presence of ATP (de Wet et 11].

1987; please see the information panel on LUCIFERASE). Measurements of luciferase activity

therefore require a luminometer or liquid scintillation counter with single photonveounting
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TABLE 17-1 Comparison of Commonly Used Reporter Genes
 

REPORTER GENE“ ADVANTAG ES DISADVANTAGES
 

CAT (bacterial)

[S—galactosidase
( bacterial)

Luciferase (firefly)

aniferase (bacterial)

Alkaline phosphatase
(human placental)

GFP (jellyfish)

no endogenous activity; automated

ELISA available

well—characterized and stable; simple
colorimetric readouts; sensitive bio— or

chemiluminescent assays available

high specific activity; no endogenous

activity, broad dynamic range; convenient
assays

good for measuring/analyzing prokaryotic

gene transcription

secreted protein; inexpensive colorimetric
and highly sensitive luminescent assays

available

autofluorescent (no substrate needed);

no endogenous activity; mutants with

narrow linear range; use of mdiuisutupcs:

stable

endogenous activity (mannimlian cells)

requires substrate (luciferin) and presence
of O: and ATP

less sensitive than firefly; not suitable for

mammalian cells

endogenous activity in some cells; interfer—
ence with compounds being screened

requires posttranslational modification;

low sensitivity (no signal amplification)

 
altered spectral qualities available
 

“B—glucuronidase is frequently used as a reporter in plants (Jefferson 1987).

Reproduced, with per1nission,from Naylor (1999 CCElsexiei' Science).

ability. For some experiments, luciferase is a better reporter than CAT. The assay for luciferase

is more sensitive and is therefore preferred when a weak promoter is analyzed or when the line

of cultured cells is transfected with low efficiency. Luciferase is also the reporter of choice when

analyzing promoters whose activity is down-regulated in response to a signal. The half—life of

luciferase in transfected cells is short (~3 hours) and the enzymatic activity declines rapidly as

a result of down—regulation of the promoter. CAT, on the other hand, is very stable (T0; >50

hours) and maintains its full enzymatic power long after the rate of transcription has been

reduced (Thompson et al. 1991). Although it is possible to follow the disappearance of (SAT

using mRNA by primer extension or nuclease protection, these assays are far more laborious

than those used to quantify luciferase activity.

0 Growth hormone is secreted into the medium, where it is easily detected and accurately quan—

tified by a commercially available radioimmunoassay. However, the rationale for using growth

hormone as reporter is built on the assumption that the rate at which secreted protein accu—

mulates in the medium parallels the rate at which the gene encoding the preprotein is tran—

scribed in the nucleus. This assumption may seem reasonable, but it has not been proven in all

circumstances. Secretion and transcriptional control lie at opposite ends of the continuum of

events that constitute gene expression and are separated by a large number of steps, each of

which may be subjected to control. Secretion may be a good surrogate for transcription in

most cases, but there are situations in which it certainly is not, for example, in cell lines that

have defects in the secretory pathway.

0 Green fluorescent protein (GFP) and its engineered variants are the best nonenzymatic

reporter systems in current use. GFP is unique among various light—emitting proteins in being

autofluorescent, i.e., it requires no exogenous cofactors or independent substrates for activity.

Moreover, as its presence is easily detected by measuring absorbance at the appropriate wave—

length, the system provides a noninvasive means of monitoring reporter gene expression in

both fixed and living cells. However, because the fluorescent signal is not amplified (even in

some of the brighter mutants of GFP), detection requires that expression of GFP be driven by

very strong promoters or other regulatory elements. The most spectacular applications are in   
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FIGURE 17-2 ' ' Its Protein Product

A gene encoding a fusion protein composed of cyan fluorescent protein and a peroxisomal targeting sig-

nal was cloned downstream from a tetracycline-responsive element (TRE) controlling a minimal

cytomegalovirus promoter. Lac operator sequences from the E. coli IacZ gene were located upstream of

the TRE. The construct was used to transfect BHK cells, and a stable cell line was selected that expressed

cyan fluorescent protein from integrated copies of the transgene. The chromosomal site of integration can

be detected in live interphase cells by transient expression of a fusion protein consisting of yellow fluo-

rescent protein and the lac repressor that binds operator sequences (please see arrow in the figure). The

cyan fluorescent protein expressed from the transgene is visible in peroxisomes distributed throughout

the cytoplasm of the cell. (Photo provided courtesy of Toshiro Tsukamoto [Himeji Institute of Technology,
Japan] and David L. Spector [Cold Spring Harbor Laboratory].)

the utilization of GFP as a fusion partner to follow the transport, localization, and fate of a tar—

geted protein (e.g., please see Figure 17-2). For further information on GFP, please see Tsien

(1998) and the information panel on GREEN FLUORESCENT PROTEIN at the end of this chapter.

0 Epitope tagging provides another method to monitor expression and localization of proteins.

A well-characterized epitope tag expressed as part of a protein of interest confers immunore-

activity to a well—characterized antibody. Epitope tags can be used both for immunolocaliza-

tion of the target protein and for quantitation by commercially available radioimmunoassays.

For further information, please see the excellent review by Iarvik and Telmer (1998) and the

information panel on EPITOPE TAGGING. Specific protocols for engineering fusion constructs

using epitope tags and fluorescent proteins may be found in Cells: A Laboratory Manual

(Spector et al. 1998; Chapters 71 and 78, respectively)

TRANSFECTlON CONTROLS
 

When measuring the effect of promoters and enhancers on gene expression, it is essential to

include an internal control that will distinguish differences in the level of transcription from dif-

ferences in the efficiency of transfection or in the preparation of extracts. This control is best

achieved by cotransfecting the cells with two plasmids: one plasmid that carries the construct

under investigation and another plasmid that constitutively expresses an activity that can be

assayed in the same cell extracts. E. coli B—galactosidase is a convenient enzyme for this purpose

and methods to assay this enzyme in cell extracts are described in Protocol 7.
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Protocol 5
 

Measurement of Chloramphenicol

Acetyltransferase in Extracts of
Mammalian Cells Using Thin-Iayer
Chromatography

THE FIRST EXPERIMENTS TO MAP REGULATORY DNA SEQUENCES in a eukaryotic promoter used

primer extension to detect transcripts of a viral thymidine kinase gene that had been injected into

Xenopus oocytes (McKnight and Gavis 1980; McKnight and Kingsbury 1982). Although the pre—

vailing viewpoint at the time was that eukaryotic genes were impossibly complex and quite

beyond analysis by methods then available (Lewin 1974), McKnight showed that this was not the

case and in so doing initiated the field of eukaryotic promoter analysis. Today, many hundreds of

mguhkfiyeknmnmimvebemikknfifiaiufingvaflafionsonhfirnflhodaandalmgenunfimrof

nuclear proteins that interact with these sequences have been purified and their genes cloned.

As more and more laboratories began mapping eukaryotic promoters, it soon became

apparent that a simpler and more rapid assay than primer extension was needed to measure pro—

moter activity. Of the many so—called reporter genes that have been developed to meet this need,

the bacterial enzyme chloramphenicol acetyltransferase (CAT) and the firefly enzyme luciferase

(please see Protocol 6) have become the most popular.

CAT is encoded by a prokaryotic gene that confers resistance to the antibiotic chloram-

phenicol. The enzyme transfers an acetyl group from acetyl—coenzyme A (acetyl-COA) to chlo—

ramphenicol and thereby inactivates the ability of the antibiotic to bind to and inhibit prokary—

otic ribosomes (for further details, please see the information panel on CHLORAMPHENICOL

ACETYLTRANSFERASE). Because there are no CAT genes in mammalian cells, and because the assay

for CAT enzymatic activity is sensitive and reproducible, the prokaryotic CAT gene has become a

popular reporter of eukaryotic promoter output. In a typical experiment, a fragment of eukary-

otic DNA is placed upstream (5') of the coding region of the CAT gene and the resulting plasmid

is transfected into mammalian cells. After a period of time to allow expression of the transfected

gene, CAT activity is measured using one of the assays described in this protocol. if the assay is set

up correctly, there will be a linear relationship between the amount of CAT activity and the level

of transcription of the transfected construct. By making mutations in the putative promoter DNA

flgnwmandmfiwmgflmaMHWOfmemuMMcmmHudModhatmewmhafiofCKFKHWW

after transfection, it is possible to define regulatory sequences in the DNA.

17.33
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Despite the quantitative nature of the CAT assay, it should always be kept in mind that tran-

scription is not directly measured in the assay and that parameters such as the half—life of the CAT

protein in a transfected cell can influence the results. This consideration becomes especially

important when scoring for suppression of transcription. Another potential problem is that CAT

activity may be generated from transcripts that are accurately initiated both at the promoter of

interest and from transcripts initiated at ectopic sites in the vector (Langner et al. 1986). The level

of such aberrant transcription may greatly inflate the estimates of the activity of the promoter

under test. In some cases, the background caused by spurious transcription can be eliminated by

placing a transcription termination signal upstream of the promoter of interest (Heard et al.

1987; Araki et al. 1988). To reduce the possibility of error, the conclusions obtained by analysis of

promoters or enhancers linked to CAT (or any other reporter enzyme activity) must be confirmed

by direct assay of the mRNAs encoded by one or more of the chimeric constructs. The accuracy

with which transcripts are initiated from chimeric genes should also be checked by mapping the

precise location of the 5’ terminus of the mRNA on its template DNA. Techniques to measure

mRNA levels and to map the 5' termini of mRNAs include primer extension, digestion of DNA—

RNA hybrids with nuclease 81, and digestion of RNA-RNA hybrids with RNase A. Protocols for

these types of experiments are detailed in Chapter 7.

In the current protocol, We outline three different assays that can be used to detect CAT

enzyme activity expressed from pCAT3 reporter vectors transfected into mammalian cells (please

see Figure 17—3): measuring CAT activity using thin—layer chromatography (main protocol), mea—

suring CAT activity following extraction with organic solvents (first alternative protocol, p.

17.40), and measuring CAT activity following diffusion of products into scintillation fluid (sec—
ond alternative protocol, p. 17.41).

 

CONTROLS

Controls to determine intrinsic CAT enzyme activity should include mock-transfected cells and cells transfect-
ed with the CAT vector lacking a promoter. A control that lacks any cell extract should also be included to mea-
sure the background contributed by the thin-Iayer chromatograms. As a positive control for CAT activity and
transfection, use extracts from cells transfected with a construct equipped with a strong promoter (SV40 early
or late region promoters, cytomegalovirus immediate early region, or Rous sarcoma virus long terminal repeat)
linked to the CAT gene (e.g., please see Figure 17-3). Finally, results obtained with the CAT assay should be
confirmed by direct measurements of RNA‘
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FIGURE 17-3 pCAT3 Vectors

Summarized here are the features of pCAT3 vectors that carry the coding sequence for CAT (Luckow and Schmz
1987). All vectors in the series contain (1) the origin of replication derived from filamentous phage (11 ori), (2) an
origin of plasmid replication in E. coli (OH) (3) an ampicillin resistance marker (Ampk) for selection in prokaryot-
ic cells, and (4) a poly(A) addition signal and a transcriptional pause site located 5 ' of the CAT gene to reduce the
background of readthrough transcription from upstream sequences. The arrows in the CAT gene and in AmpK
indicate the direction of transcription. The sequence of interest is inserted into the multiple cloning Site (MCS).
(A) The basic vector lacks eukaryotic promoter and enhancer sequences. The expression of CAT in this vector
depends on the insertion and proper orientation of a functional promoter upstream of the Intron and CAT gene.
Putative enhancer elements can also be inserted upstream of the promoter or in the BamHI or Sail sites down-
stream from the CAT gene. (B) The promoter vector contains an SV40 promoter upstream of the intron and the
CAT gene. DNA sequences carrying putative enhancer elements can be inserted either upstream or downstream
from the promoter-CAT transcription unit. (C) The enhancer vector carries an SV40 enhancer located downstream
from the CAT gene and poly(A) addition signal. The enhancer aids in identifying functional promoter elements
because its presence often results in high levels of transcription of the CAT gene. (Modified, with permission,

from Promega Corp.)
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MATERIALS
 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

CAT reaction mixture 1

1 M Tris-(j1(pH 7.8) 50 pl

[14C]chloramphenicol (60 mCi/mmole,
diluted in 1-120 to 0.1 mCi/mi) <!> 10 u]

acetyl—COA (freshly prepared at a
concentration of 3.5 mg/ml in 1-120) 20 pl

Prepare 80 ul of CAT reaction mixture 1 per 50 pl of cell lysate to be assayed. Assemble the reaction mix-
ture immediately before use.

Acetyl—COA is the S-acetylated form of coenzyme A. Two carbon units from fat and carbohydrate enter
the citric acid cycle in this form. It is used as an acetylating cofactor in many biological reactions, as in
this protocol, for acetylation of chloramphenicoi by CAT.

Ethyl acetate < I >
Ethyl acetate (CHZCOOCHZCH3) is an organic solvent used in thin—layer chromatographic assays of
CAT activity. Mix 1 part ethyl acetate with 19 parts chloroform to make a solvent that separates acety—
lated and nonacetylated forms of chioramphenicoi on silica gel plates. Ethyl acetate is an extremely flam—
mable (flash point : —4°C) and volatile ester with a scent of ripe fruit.

Lysis buffer
0.1 M Tris—Cl (pH 7.8)
0.50/0 (V/V) Triton X—100

Use if lysing the cells with detergent (please see Step 4).

The same lysis buffer can also be used to prepare cell extracts for measurements of B—gaiactosidase activ—
ity (please see Protocol 7).

A IMPORTANT Use a highly purified preparation of Triton X-100 in the cell lysis buffer. Lower-
grade detergent samples can inhibit CAT enzyme activity. The detergent Nonidet P-40 at 0.125%
(v/v) can be substituted for Triton X-100 in the lysis buffer.

Phosphate-buffered saline (PBS) without calcium and magnesium salts
Thin-Iayer Chromatography (TLC) solvent

190 m1 of chloroform < Z >

10 ml of methanol < ! >
Prepare 200 ml per TLC tank. Two TLC plates can be developed per tank.

Tris-CI (7 M, pH 7.8)

Radioactive Compounds

Radioactive ink < ! >
Use to mark adhesive dot labels as guides for orienting the autoradiogram with the TLC plate.

Special Equipment

Dry ice/ethanol bath <!>
Use these items if lysing the cells by freezing and thawing.

Marking pen with ethanol-insoluble ink
Rotary vacuum evaporator

For example, a Savant SpeedVac.

Rubber policeman
Thin-Iayer chromatography plates (e.g., Sybron SIL G/UV254, Brinkmann)
Thin-Iayer chromatography tank (27.5 x 27.5 x 7.5 cm)

This tank is available from scientific supply houses (e.g., Sigma-Aldrich Techware).
Water bath preset to 65°C
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Cells and Tissues

Cultured mammalian cells transfected with pCAT vectors carrying the DNA of interest
The cells should be transfected (using one of the transfection protocols in Chapter 16) with a CAT

reporter construct (e.g., the pCAT3 series) and an expression plasmid containing the fi—galactosidttse
gene (pCMV—SPORT—B—gal; please see Figure 16—2 in Chapter 16) or another reporter gene suitable tor
normalizing the results of CAT assay. For details ofthe pCAT vector series, please see Figure 17—3.

METHOD

Preparation of Transfected Cell Pellets

1. Use gentle aspiration to remove the medium from transfected monolayers of cells growing in
90—mm tissue culture dishes. Wash the monolayers three times with 5 ml of PBS without cal—
cium and magnesium salts.

2. Stand the dishes at an angle for 2—3 minutes to allow the last traces of PBS to drain to one
side. Remove the last traces of PBS by aspiration. Add 1 ml of PBS to each plate, and use a
rubber policeman to scrape the cells into microfuge tubes. Store the tubes in ice until all of
the plates have been processed.

3. Recover the cells by centrifugation at maximum speed for 10 seconds at room temperature in
a microfuge. Gently resuspend the cell pellets in 1 m1 of ice-cold PBS, and again recover the
cells by centrifugation. Remove the last traces of PBS from the cell pellets and from the walls
ofthe tubes. Store the cell pellets at —20°C for future analysis or prepare cell extracts by either
ofthe methods in Step 4.

The PBS can be conveniently removed with a disposable pipette tip attached to a vacuum line. Use
gentle suction, and touch the tip to the surface of the liquid. Keep the tip as far away from the cell
pellet as possible while the fluid is withdrawn from the tube The pipette tip can then be used to
vacuum the walls of the tube to remove any adherent droplets of fluid.

Preparation of Cell Extracts

4. Lyse the cells either by repeated cycles of freezing and thawing or by incubating the cells in
detergent—containing buffers. The latter is a quicker and easier method of cell lysis that per-
mits CAT, B-galactosidase, and other marker gene assays to be adapted to a 96—well microtiter
plate format (Protocol 6) (Bignon et al. 1993).

LYSIS OF CELLS BY REPEATED FREEZING AND THAWING

a. Resuspend the cell pellet from one 90-mm dish in 100 pl of 0.25 M Tris—Cl (pH 7.8).
Vortex the suspension vigorously to break up clumps of cells.

b. Disrupt the cells by three cycles of freezing in a dry ice/ethanol bath and thawing at 37“C.
Make sure that the tubes have been marked with ethanol—insoluble ink.

C. Centrifuge the suspension of disrupted cells at maximum speed for 5 minutes at 4°C in
a microfuge. Transfer the supernatant to a fresh microfuge tube. Set aside 50 pl Of this
supernatant for the CAT assay, and store the remainder of the extract 31—2006  
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|_YSIS OF CELLS USING DETERGENT-CONTAINING BUFFERS

a. To lyse cells with detergent, resuspend the cell pellets from Step 3 in 500 pl of lysis buffer.

Incubate the mixture for 15 minutes at 37°C.

Use 100 111 of this lysis buffer per cell pellet for extracts prepared from cells grown in 35-mm
dishes.

b. Remove the cellular debris by centrifuging the tubes at maximum speed for 10 minutes

in a microfuge. Recover the supernatant. Assay CAT activity using one of the methods

described in this protocol. Snap freeze the remainder of the cleared lysates in liquid nitro-

gen and store them at —70°C.

Detection of CAT Activity Using Thin-Iayer Chromatography

5.

10.

11.

12.

13.

Incubate a 50111 aliquot of the cell extract for 10 minutes at 65°C to inactivate endogenous

deacetylases. If the extract is cloudy or opaque at this stage, remove the particulate material

by centrifugation at maximum speed for 2 minutes at 4°C in a microfuge.

Mix each of the samples to be assayed with 80 pl of CAT reaction mixture 1, and incubate the

reactions at 37°C. The length of the incubation depends on the concentration of CAT in the

cell extract, which in turn depends on the strength of the promoter and the cell type under

investigation. In most cases, incubation for 30 minutes to 2 hours is sufficient.

The reactions can be incubated for longer periods of time (up to 16 hours) when the expression of
the CAT gene is low in the transfected cells. However, in this case, it is advisable to add an addi-
tional lO-ul aliquot of acetylfCoA to each reaction after 2 hours of incubation.

Add 1 ml of ethyl acetate to each sample, and mix the solutions thoroughly by vortexing for

three periods of 10 seconds. Centrifuge the mixtures at maximum speed for 5 minutes at

room temperature in a microfuge.

The acetylated forms of chloramphenicol partition into the organic (upper) phase; unacetylated
chloramphenicol remains in the aqueous phase.

Use a pipette to transfer exactly 900 pl of the upper phase to a fresh tube, carefully avoiding

the lower phase and the interface. Discard the tube containing the lower phase in the radioac-

tive waste.

Evaporate the ethyl acetate under vacuum by placing the tubes in a rotary evaporator (e.g.,

Savant SpeedVac) for ~1 hour.

Add 25 pl of ethyl acetate to each tube and dissolve the reaction products by gentle vortex—
ing.

Apply 10—15 pl of the dissolved reaction products to the origin of a 25-mm silica gel TLC
plate. The origin on the plate can be marked with a soft-lead pencil. Apply 5 pl at a time, and
evaporate the sample to dryness with a hair dryer after each application.

Prepare a TLC tank containing 200 m1 of TLC solvent. Place the TLC plate in the tank, close

the chamber, and allow the solvent front to move ~75% of the distance to the top of the plate.

A number of different TLC plates and solvents can be used to separate acetylated forms of chlo—
ramphenicol. We routinely use chloroformzmethanol (95:5) and Sybron SIL G/UV254 (Brinkmann)

TLC plates. Touchstone (1992) provides a good introduction to TLC methods and troubleshooting.

Remove the TLC plate from the tank and allow it to dry at room temperature. Place adhesive

dot labels marked with radioactive ink on the TLC plate to align the plate with the film, and
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14.

15.

then expose the plate to X—ray film. Alternatively, enclose the plate in a phosphorimaging cas-

sette. Store the cassette at room temperature for an appropriate period of time.

Do not cover the TLC plate with Saran Wrap, as this coverage will block the relatively weak radii

tion emitted by the 1“1C isotope.

Develop the X-ray film and align it with the plate. Alternatively, expose the chromatogram to

the imager plate of a phosphorimager device or subject the plate to scanning.

Typically, three radioactive spots are detected. The spot that has migrated the least distance from
the origin consists of nonacetylated chloramphenicol that partitioned into ethyl acetate. The two
faster—migrating spots are modified forms of chloramphenicol that have been aeetylated at (me or

the other of two potential sites. Diacetylated chloramphenicol may be detected as a third, even
faster migrating spot only when high concentrations of CAT or lengthy incubations with copious‘
amounts of extract protein are used.

To quantitate CAT activity, cut the radioactive spots from the TLC plate and measure the

amount of radioactivity they contain in a liquid scintillation counter (please see Appendix 9).

Use another aliquot of the cell extract (from Step 3 above) to determine the concentration of

protein in the extract, using a rapid colorimetric assay, such as the Bradford assay. Reduce the

concentration of Triton X— 100 to £0.10/o by dilution before determining the concentration of

protein to prevent interference with the assay. Express the CAT activity as pmoles of acety—

lated product formed per unit time per milligram of cell extract protein.

Thin—layer chromatography on silica gels followed by scraping and scintillation counting of the
modified chloramphenicol products can become quite tedious when large numbers of samples are
prepared. An alternate method for quantitating the amount of product in these cases is to use a

phosphorimager to scan the TLC plates.

“Intrinsic" acetylation of chloramphenicol in the absence of cellular extracts can contribute to
background. lfthis is a problem, try decreasing the concentration ofchloramphenicol in the assays

two— to fourfold (Heard et al. 1987).
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ALTERNATIVE PROTOCOL: MEASUREMENT OF CAT BY EXTRACTION WITH

ORGANIC SOLVENTS

In this procedure (Sleigh 1986), the acetylated CoA is radioiabeied, and transfer of 14C-Iabeled acetate to unla-
beled chloramphenicol is measured. The acetylated, radiolabeied forms of chioramphenicoi are separated from
unreacted acetyI-COA by extraction with ethyl acetate. The acetylated chloramphenicol product partitions into
the organic phase and the acetyi-CoA substrate remains in the aqueous phase.

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Additional Materials

O4T reaction mixture 2
8 mM chloramphenicol <! > 20 pl
0.25 M Tris-Cl (pH 7.8) 30 N
[14CiacetyI-C0A < ! > 20 pi

The 8 mM solution of chloramphenicol is made by dissolving 2.57 mg of chloramphenicol in 1 ml of ethanol. The solu-
tion of [MCIacetyI-COA is prepared by dissolving (”Clacetyl-COA (58 Ci/mmole) in HZO to a concentration of 50
mCi/ml. Dispense the solution into ZO-ul aliquots and store them at —70°C. Immediately before setting up the reaction,
dilute the [14C]acetyl-C0A tenfold into a solution of unlabeled acetyl-COA (0.5 mM). The concentrations of the reagents
in the final reaction mixture are 2.3 mM chloramphenicol, 0.11 M Tris-CI, and 129 mM (1 mCi/mi) [MCIacetyl—COA.

For each 30 pl of cell extract to be tested, 70 ul of CAT reaction mixture 2 is required.

Scintillation fluid (e.g., Insta-Gel, Packard)

Method

1. Prepare extracts of transfected cells as described in the main protocol, Steps 14. Set aside 30-141 aliquots
of the extracts for the CAT assay.

2. Add 30 u| of each cell extract to 70 pl of CAT reaction mixture 2. incubate the reactions for 10 minutes at
65°C to inactivate deacetylases and then for 1 hour at 37°C to allow the CAT enzyme to function.

5" Transfer the samples to an ice bath, and add 100 ul of ice-cold ethyl acetate. Mix the phases by vigorous
vortexing. Centrifuge the mixtures at maximum speed for 3 minutes at room temperature in a microfuge.

4. Transfer 80 pl of the organic (upper) phase to a fresh tube. Add 100 pl of ice-cold ethyl acetate to the orig-
inal tube (the aqueous phase). Vortex vigorously and centrifuge again as in Step 3. Transfer 100 ul of the
organic phase to the tube containing 80 pl of ethyl acetate from the first extraction.

Take great care not to transfer any of the aqueous phase, which contains radiolabeled substrate.

5. Mix the combined organic phases with 1 ml of scintillation fluid in a 1.5-ml plastic tube. Measure the
radioactivity by liquid scintillation counting (please see Appendix 8). Determine the specific activity of the
CAT after measuring the concentration of protein in the cell extracts using a rapid colorimetric assay such
as the Bradford assay.

The linear range of this assay is between 0.03 and 0.25 unit of enzyme per milliliter of incubation mixture (a unit of
CAT activity is defined as the amount of enzyme that transfers 1 nmoie of acetyl groups from acetyI-CoA to chlor-
amphenicol in 1 minute at 37°C [pH 7.81).  
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AlTERNATlVE PROTOCOL: MEASUREMENT OF CAT BY DIFFUSION OF

REACTION PRODUCTS INTO SCINTILLATION FLUID

This improved version of the previous alternative protocol does not involve extraction of the acetylated chlor-
amphenicol into ethyl acetate. instead, the reaction mixture is overlaid with water-immiscible scintillation fluid.

Acetylated forms of chloramphenicol produced by the activity of CAT in the aqueous phase diffuse rapidly into
the scintillation fluid (Neumann et al. 1987), where they are trapped. Acetyl-CoA and nonacetylated chloram-
phenicol remain in the aqueous phase. Only the radioactivity in the scintillation fluid can be detected by liquid
scintillation counting, and this can be measured at any stage during the enzymatic reaction. Because this tech-
nique is a continuous assay, rather than a singIe-endpoint assay, it yields semiquantitative kinetic data that can
be analyzed by standard mathematical formulas.

In the original description of this method, high concentrations (100 pM) of unlabeled acetyl-COA were used
to ensure that sufficient substrate was present to satisfy the Km of CAT. Large amounts (5 uCi of ‘H) of expen-
sive radiolabeled acetyI-CoA were therefore required in each assay. However, adequate results can be obtained

by omitting the unlabeled acetyl-CoA from the assay and reducing the amount of radioactive substrate to 0.1
MG (Eastman 1987). Under these conditions, the reaction is linear with enzyme concentration as long as less
than 0.0125 unit of CAT is present per assay (where 1 unit of CAT catalyzes the acetylation of 1 nmole of chlor-
amphenicol in 1 minute at 37°C at pH 7.8). Commercial preparations of CAT are available (e.g., Sigma) that
can be used both as positive controls and to standardize enzyme activity in crude extracts of transfected cells.

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Additional Materials

(“AT reaction mixture 3
1 M Tris-Cl (pH 7.8) 25 ul
5 mM chloramphenicol < l > 50 u|
[3H1acetyI-C0A (200 mCi/mmole) <! > 0.1 pCi
HZO to 200 pl

The 5 mM solution of chloramphenicol is made by dissolving 1.6 mg of chloramphenicoi in 1 ml of ethanol. [~‘Hlacetyl-
CoA can be purchased at the indicated specific activity (e.g., New England Nuclear) or diluted from higher specific activ-
ity stocks in H10. Store the radiolabeled acetyI-CoA at —70°C. [14C1acetyI-C0A (0.1 “CD can be substituted for the tri—
tium-Iabeled compound. The concentrations of reagents in the final reaction mixture are 125 mM Tris-CI, 1 .25 mM chlo-
ramphenicol, and 0.35 mM acetyI-COA.

For each 30 ul of cell extract to be tested, 200 pl of MT reaction mixture 3 is required.

Glass scintillation vials (7 ml)
Water—immiscible scintillation fluid (eg, Econofluor, New England Nuclear)

Method

1. Prepare extracts of transfected cells as described in the main protocol, Steps 14. Reserve 30-ul aliquots of
the extracts for the CAT assay.

2. Mix 30 ui of each cell extract with 20 ul of 100 mM Tris-Cl (pH 7.8) in a 7-m1 glass scintillation vial. Heat
the mixtures for 15 minutes at 65°C to inactivate deacetylases in the extract. Transfer the vials to a water
bath set at 37°C.

3. Add 200 pl of freshly prepared CAT reaction mixture 3. Use a pipette to carefully overlay the reaction mix-
tures with 5 ml of a water-immiscible scintillation fluid, and then incubate the mixtures at 37°C. Mixing of
the two phases is not necessary. Measure the radioactivity in the scintillation fluid by liquid scintillation
counting (please see Appendix 8). Calculate the specific activity of the CAT after measuring the concentra-
tion of protein in the cell extracts.

The vials containing the reaction mixtures may be counted for 0.1 minute at selected time intervals (e.g., every 20
minutes) until the enzymatic reaction is complete, or they may be counted at a single endpoint determined on the
basis of previous experiments.   
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LUCIFERASE 15 THE REPORTER GENE OF CHOICE in many laboratories: (1) The luciferase assay is

more sensitive than assays for CAT or other commonly used reporter genes. The exceptionally

high sensitivity of the luciferase assay allows analysis of weak promoters and use of smaller

amounts of DNA and cells in transfection studies. (2) The assay does not require the use of

radioactive materials. (3) The assay is linear over eight orders of magnitude, and small amounts

of transfected cell lysate can therefore be assayed for enzyme activity and whole dish—to-dish com-

parisons are made easier. (4) The buffer used to lyse cells is compatible with other assays for

marker genes such as CAT, other luciferase genes, and B—galactosidase, which simplifies the

process of normalization, and in some cases, allows the assay of two marker genes in the same

aliquot of cell lysate. (5) The luciferase assay can be carried out in 96—well plates to facilitate the

analyses of large numbers of transfected cells (please see the panel on ALTERNATIVE PROTOCOL:

ASSAY FOR LUCIFERASE IN CELLS GROWING IN 96-WELL PLATES at the end of this protocol).

Luminometers or standard scintillation counters can be used to detect light released by the

action of the luciferase enzyrne. Of these two, measurement with a scintillation counter is more

sensitive (Hill et al. 1993) but requires more time. Many different types of luminometers are com-

mercially available (for review, please see Stanley 1992). Although these devices are quite expen—

sive ($20,000—30,00()), the assays themselves are very quick, and it is thus usually possible for sev-
eral laboratories to share one machine.

In this protocol, we describe methods for the measurement of luciferase expressed from vec—
tors transfected into mammalian cells (please see Figure 17-4). Additional enzyme activities, such
as those for CAT, B—galactosidase, and alkaline phosphatase, can also be directly measured in cell
lysates prepared as described in this protocol. For a more complete description of luciferase,
please see the information panel on LUCIFERASE.
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FIGURE 17-4 pGL3 vectors

Summarized here are the features of the pGL3 vectors that carry the coding sequence for a modified version of
firefly luciferase (Iuc*). All vectors in the series contain (1) the origin of replication derived from filamentous phage
(f1 ori), (2) an origin of plasmid replication in E. coli (ori), (3) an ampicillin resistance marker (AmpR) for selection

in prokaryotic cells, and (4) a poly(A) addition signal and a transcriptional pause site located 5' of the luc‘ gene
to reduce the background of readthrough transcription from upstream sequences. The arrows in luc* and AmpR
indicate the directions of transcription. The sequence of interest is inserted into the multiple cloning site (MCS) at
the 5‘ end of Iucfl (A) The basic vector lacks eukaryotic promoter and enhancer sequences. The expression of
luciferase in this vector depends on the insertion and proper orientation of a functional promoter upstream of the
intron and luc+ gene Putative enhancer elements can also be inserted upstream of the promoter or in the BamHI
or Sail sites downstream from the Iuc+ gene. (B) The enhancer vector carries an SV40 enhancer located down-
stream from the Iuc+ gene and poly(A) addition signal. The enhancer aids in identifying functional promoter ele-
ments, because its presence often results in high levels oftranscription of the luc' gene. (C) The promoter vector
contains an SV40 promoter upstream of the intron and the Iuc+ gene. DNA sequences carrying putative enhancer
elements can be inserted either upstream or downstream from the promoter-luc* transcription unit. (D) The con-
trol vector contains the SV40 promoter and enhancer sequences, resulting in strong expression of luc‘ in many
mammalian cell lines. This vector may be used to monitor transfection efficiency and is a convenient standard for
promoter and enhancer activities expressed by pGL3 recombinants. (Modified, with permission, from Promega
Corp‘)
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MATERIALS
 

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Cell lysis buffer
25 mM glycylglycine (pH 7.8)
15 mM MgSO4

4 mM EGTA

10/0 (V/v) Triton X-100

Just before use, add dithiothreitol from a 1 M stock solution to a final concentration of 1 mM.

Approximately 1 ml of cell lysis buffer is needed per lOO—mm dish of cells to be assayed.

Luciferase assay buffer
15 mM potassium phosphate (pH 7.8)
25 mM glycylglycine
15 mM MgSO4

4 mM EGTA

2 mM ATP

Just before use, add dithiothreitol from a 1 M stock solution to a final concentration of 1 mM.
Approximately 400 1.11 of luciferase enzyme assay buffer is needed per luminometer assay tube.

Luciferin solution
25 mM glycylglycine
15 mM MgSO4

4 mM EGTA

0.2 mM luciferin
Just before use, add dithiothreitol from a 1 M stock solution to a final concentration of 2 mM.
Approximately 200 pl of luciferin solution is needed per luminometer assay tube. The addition of 1—2
uM COA to the luciferin solution will produce a more intense and sustained light emission (Wood
1991).

A IMPORTANT Luciferin is a generic term for substrates that generate light when acted upon by a Iuciferase
enzyme. The most common luciferase gene in use is derived from the firefly and acts on a particular Iuciferin
substrate. Other Iuciferase enzymes, such as those from the sea pansy (Renilla reniformis) or certain marine
bacteria, use chemically different luciferin substrates. Make sure that the Iuciferin substrate used in the above
buffer matches the luciferase gene incorporated into the expression plasmid.

Phosphate-buffered saline (PBS) without calcium and magnesium salts

Special Equipment

Luminometer and Iuminometer assay tubes
Rubber policeman

Cells and Tissues

Cultured mammalian cells transfected with the DNA of interest
The cells should be transfected (using one of the transfection protocols in Chapter 16) with a luciferase
reporter construct (please see Figure 17—4) and an expression plasmid containing the B-galactosidase
gene (pCMV—SPORT—B-gal; please see Figure 16-2 in Chapter 16) or another reporter gene suitable for
normalizing the results of luciferase assay.
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OPTIMIZING THE MEASUREMENT OF LUCIFERASE ENZYME ACTIVITY ;

The importance of working in the linear range of the luciferase assay cannot be overemphasized. A twofold
difference in signal between two enzyme preparations assayed in the nonlinear range can translate into a
100-fold difference when the same preparations are assayed in the linear range. For each transfected cul-
ture, it is important to establish that the signal obtained is proportional to the volume of Iysate added to the
assay.

Lysis of cells by freezing and thawing results in the inactivation and inefficient recovery of luciferase (Brasier
et al. 1989). For this reason, a buffer containing a nonionic detergent such as Triton X-100 is used to iyse
the plasma membranes of transfected cells and to release cytoplasmic Iuciferase. At the concentrations of
detergent used/ the nuclear membrane remains intact and does not release chromatin into the cell lysate.

The concentration of ATP required to obtain maximum luciferase activity varies depending on the cell type
transfected. For some cells, such as HepGZ cells, the optimum concentration of ATP in the assay is 2 mM
(Brasier et al. 1989), whereas in other cell lines such as mouse Lcells, the optimum is 0.3 mM (Nguyen et
ai. 1988). The presence of excess ATP leads to a decrease in enzyme activity due to allosteric inhibition
(DeLuca and McElroy 1984). For these reasons, it is a good idea to determine empirically the optimum ATP
concentration for each cell line (or buffer) used in Iuciferase assays.

The amount of luciferase expressed in a transfected cell from a given construct is a function of the strength
of the promoter, as well as the kinetics of luciferase mRNA transport, translation, and enzyme turnover. The

time at which Iuciferase expression is maximal following transfection can be as short as 16 hours or as long
as 120 hours, depending on the cell line.   
  

. Between 24 and 72 hours after transfection, wash the cells three times at room temperature

with PBS without calcium and magnesium salts. Add and remove the PBS gently, because

some mammalian cells (e.g., human embryonic kidney 293 cells) can be easily displaced from

the dish by vigorous pipetting.

Although 24—72 hours may be a typical period of time to allow maximal expression of. the

luciferase gene in transfected cells, please see the comments in the panel on OPTIMIZING THE
MEASUREMENT OF LUCIFERASE ENZYME ACTIVITY.

. Add 1 ml of ice—cold cell lysis buffer per lOO—mm dish of transfected cells. Swirl the buffer

gently and scrape the lysed cells from the dish using a rubber policeman. Transfer the cell

lysate to a 1.5—ml microfuge tube.

. Centrifuge the cell lysate at maximum speed for 5 minutes at 4°C in a microfuge. Carefully

transfer the supernatant to a fresh 1.5-ml microfuge tube.

Determine the concentration of protein in the lysate using a rapid colorimetric assay, such as

the Bradford assay. Reduce the concentration of Triton X—100 to £0.10/o by dilution before

determining the concentration of protein to prevent interference with the assay.

The cell lysates may be stored at this step as small aliquots at —70°() Although the luciferase is unstak
ble when stored at 4°C or —20°C in this lysis buffer (Brasier et a]. 1989), the enzyme can be safely
stored at 40C in lysis buffer containing 15% (v/v) glycerol and 1% (w/v) bovine serum albumin.

. Tap the side of the tube containing the lysate to gently mix the contents. Add 5—200-111
aliquots of cell lysate to individual luminometer tubes containing 360 pl of luciferase assay
buffer at room temperature. Place a tube in the luminometer.

An alternative to using a luminometer to measure the luciferase enzyme activity is presented in the
panel on ALTERNATIVE PROTOCOL: USING A SCINTILLATION COUNTER TO MEASURE
LUCIFERASE.   
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6. To start the assay, inject 200 pl of luciferin solution into the luminometer tube and measure

the light output for a period of 2—60 seconds at room temperature.
The optimum time oflight collection must be determined empirically and will depend on the type
of cell transfected and the particular substrate and luciferase enzyme used.

7. Measure the relative light units generated in each tube and determine the linear range of the
assay. Use the amount of cell lysate protein that produces a response in the middle of the lin-

ear range in subsequent assays. This amount will vary depending on the strength of the pro-

moter being studied, and to a lesser extent, on the efficiency of transfection in individual
experiments. Express luciferase activity as relative light units/mg of protein in the cell lysate.

 

ALTERNATIVE PROTOCOL: USING A SCINTILLATION COUNTER TO MEASURE
LUCIFERASE

A scintillation counter can be used in place of a Iuminometer to detect light emitted by the action of luciferase
on Iuciferin (Nguyen et al. 1988; Fulton and Van Ness 1993). A somewhat higher sensitivity is claimed for scin-
tiilation counting over Iuminometry (Hill et al. 1993); however, Iuciferase assays require more time when using
a scintillation counter. Nguyen et al. (1988) reported that the intensity and kinetics of light emitted by Iuciferase
in cell lysates were sensitive to pH and the particular buffer used in the lysate. If the luciferase assay buffer rec-
ommended in the protocol does not yield consistent enzyme activity measurements, then substitute 25 mM
Tris-phosphate (pH 7.8) for the glycylglycine component of all the buffers.

Method

1. Prepare cell lysates from transfected cells as described in Steps 1—4 of the main protocol.

2. Transfer an aliquot of cell lysate in a 1.5-mI microfuge tube, add Iuciferase assay buffer followed by the
Iuciferin solution, and quickly mix the ingredients by gently tapping or vortexing the tube. Within 10—1 5
seconds of mixing the reagents, place the tube in a scintillation counter and count for a 3-minute interval,
using either a specialized channel for chemiluminescence or a broad channel to detect all Iow-energy emis-
sions. It is important to standardize the time between reagent mixing and scintillation counting, as varia-
tions in this time can give rise to 2—3% fluctuations in luminescent intensity (Nguyen et al. 1988).

If the scintillation counter has a switch to turn off the coincidence circuit (Le, a specialized channel for
measuring chemiluminescence), and this circuit is turned off before counting of the Iuciferase-containing tube,
then the counts per minute detected are directly proportional to the amount of luciferase enzyme present in
the aliquot of cell lysate (minus any blank value obtained with mock-transfected cell lysate). If the coincidence
circuit is not turned off, then the amount of luciferase enzyme is proportional to the square root of the counts
per minute, i.e.,

Amount of enzyme = (cpm in sample A cpm in blank)”2

The coincidence circuit in a scintillation counter links dual amplifiers (photomultipliers) that flank the counting
chamber and record simultaneous signals (radioactive decay) emitted by the sample. A degradation event is
only counted if it is detected by both amplifiers at the same time. This method of detection eliminates back-
ground noise resulting from stray radiation and heat. When measuring chemiluminescence, the Chance that
two light-emitting events will occur simultaneously is proportional to the chance of having two coincident
events in two independent series of totally random events, a frequency that is described by the square of the
luminescent intensity. Thus, by taking the square root of the observed intensity (cpm obtained when the coin-
cidence circuit is on), the activity of luciferase in the sample is accurately obtained. 
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ALTERNATIVE PROTOCOL: ASSAY FOR LUCIFERASE IN CELLS GROWING
IN 96-WELL PLATES

To facilitate high-throughput screening, transfected cells can be cultured in 96-well microtiter plates and
screened in a Iuminometer capable of reading the assay directly from the plates. The following protocol is
adapted from one supplied by Makoto Makishima and David Mangelsdorf (University of Texas Southwestern
Medical Center, Dallas).

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Additional Materials

0.1 M ATP

50 mM CoA
10x Core buffer

300 mM tricine (pH 7.8)

80 mM magnesium acetate
2 mM EDTA

10 mM luciferin
[i-mercaptoethanol < ! >
Phosphate—buffered saline (PBS) lacking calcium and magnesium salts
70% (v/v) Triton X- 7 00

Method

1. Prepare the luciferase assay—Iysis buffer as follows

10x core buffer 2 ml

10% Triton X-100 2 mi

10 mM luciferin 1 ml

0.1 M ATP 300 pl
50 mM CoA 200 pl

B-mercaptoethanol 140 pl
HZO to 20 ml
A 90-mm culture dish will provide enough cells to inoculate four 96-well plates. Each plate will require ~S m] of
luciferase assay—lysis buffer.

2. Wash the transfected cells three times with PBS, tapping the inverted plate gently onto paper towels
between each wash.

3. Add 50 pl of luciferase assay—lysis buffer to each well of celis. Avoid making bubbles in the wells. lncubate
the plates for 1 minute at room temperature.

4. Measure the light output from the reactions in a Iuminometer according to the manufacturer’s instructions.
The optimum time of light collection must be determined empirically and will depend on the type of cell
transfected and the particular substrate and luciferase enzyme used.   
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THE E. COLI B-GAIACTOSIDASE GENE IS OFTEN USED AS AN INTERNAL REFERENCE in transfection Stud-

ies (Hall et al. 1983). In a typical experiment, a test plasmid containing a eukaryotic gene pro-

moter linked to CAT or luciferase is cotransfected into a mammalian cell line with a small amount

of a plasmid that contains the B—galactosidase gene linked to a strong constitutive promoter. After

a period of time to allow expression, enzyme activities arising from the expression of test and con—

trol plasmid are determined in cell lysates. By dividing the amount of CAT or luciferase activity

by the B—galactosidase activity, a normalized expression value can be obtained (please see below).

Constructs are available that carry the B-galactosidase gene downstream from promoters that

express strongly in a wide variety of eukaryotic cell types (e.g., the SV40 early promoter, the Rous

sarcoma virus long terminal repeat promoter, or the immediate early region promoter of

cytomegalovirus; for a description of these plasmids, please see Figure 16—2 in the introduction to

Chapter 16). Extracts of most types of cultured mammalian cells contain relatively low levels of

endogenous B—galactosidase activity, and an increase in enzyme activity of up to IOO-fold can usu—

ally be detected during the course of a transfection. With effort, B-galactosidase can also be used

as an internal control in certain specialized cells (e.g., gut epithelial cells and human embryonic

kidney 293 cells) that express high endogenous levels of B—galactosidase activity. Because endoge-

nous B—galactosidase activity is usually more heat-labile than the bacterial enzyme, a heating step

can be used to eliminate the endogenous B—galactosidase activity while preserving the bacterial

activity expressed from the control plasmid (Young et al. 1993). In addition, most mammalian [3—

galactosidases are associated with the lysosome and therefore have an acidic pH optimum. The E.

coli enzyme has a neutral to slightly alkaline pH optimum. The contribution of the mammalian

enzyme can therefore be reduced by carrying out the B—galactosidase assay at pH 7.5. For further

details, please see the information panel on fi-GALACTOSIDASE.

Several different approaches are used to normalize CAT or other reporter enzyme activities to

B-galactosidase activity. In one approach, the amount of protein in individual extracts prepared

from a series of transfected cells is first measured, and CAT and B—galactosidase are then assayed

separately using a standard amount of protein in each assay. Finally, the CAT activity is normalized

to the B—galactosidase activity. In another method, the B—galactosidase activity in a constant volume

of extract is first measured, and CAT assays are then carried out using amounts of extract contain—

ing the same amount of B—galactosidase activity. Alternatively, both enzymatic assays are carried out

in a constant volume of extract, and the results are then normalized to a defined level of B-galac—

tosidase activity (i.e., the amount of CAT activity is divided by the amount of B—galactosidase activ-
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FIGURE 17-5 pB-gal Vectors

Summarized here are the features of pB-gal reporter vectors that carry the coding sequence for B-galac-
tosidase. AII vectors in the series contain (1) the origin of replication derived from filamentous phage (ft
ori)) (2) an origin of plasmid replication in E. coli (ori), (3) the origin of replication for SV40 that allows
replication in mammalian cells, (4) an ampicillin resistance marker (AmpR) for selection in prokaryotic
cells, and (5) a poly(A) addition signal located 5’ of IaCZ to reduce the background of readthrough tran-
scription from upstream sequences. The sequence of interest is cloned into the multiple cloning site
(MCS) at the 5 ' end of the lacZ gene. (A) pB-gaI-Basic lacks eukaryotic promoter and enhancer sequences.
This vector may be used as a negative control or as a vehicle to characterize cloned promoters. (8) pts-
gal-Enhancer lacks the SV40 promoter, but contains the SV40 enhancer. This vector can be used to study
cloned promoter sequences. (C) pB-gaI-Promoter lacks the SV40 enhancer, but contains the SV40 pro-
moter. This vector can be used to study cloned enhancer sequences. (D) pB-gal-Control contains the SV40
early promoter and enhancer. This vector can be used as a positive control or as a reference when com-
paring the activities of different promoter and enhancer elements. (Modified, with permission, from
CLONTECH.)

 

ity). With some marker genes such as luciferase, the amounts of B-galactosidase and luciferase that
are present in the same aliquot of cell lysate can be determined by using different luminescent sub-
strates simultaneously.

This protocol describes the detection of B—galactosidase expressed from reporter vectors
(please see Figure 17-5) transfected into mammalian cells. The assay described is both simple and
rapid and can be carried out using a visible light spectrophotometer. Please note that several man-
ufacturers sell kits that can be used to assay B-galactosidase in eukaryotic cell lysates. The average
cost of a single reaction is typically S1 dollar. Many of these kits contain the same buffers listed
here and adhere closely to the protocol. However, some kits gain a distinct advantage by contain—
ing a cell lysis buffer which allows multiple enzyme activities to be assayed, including B-galactosi-
dase, CAT (Protocol 5), and luciferase (Protocol 6).
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MATERIALS

 

ONPG (o-nitrophenyI-B-D-galactopyranoside) is the most widely used substrate in assays for B—galactosidase in
bacterial and eukaryotic cell lysates. ONPG is colorless but on hydrolysis yields o-nitrophenol that is yellow in
alkaline solution (?.max 420 nm at pH 10.2). When ONPG is in excess, the OD420 of the assay solution increas-

es linearly as a function of time and enzyme concentration (Lederberg 1950; Hestrin et al. 1955; Pardee et al.

1959; Miller 1972, 1992). The reaction can be stopped by adding a concentrated solution of Na2C03, which

shifts the pH to ~11, inactivates B-galactosidase, and maximizes the absorbance of o-nitrophenol at 420 nm.  
 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

100x Mg” solution
0.1 M MgCl,
4.5 M B-mefcaptoethanol <!>

Just before use, add an appropriate amount of B-mercaptoethanol from a 14.7 M stock.

NaZCOJ (7 M)
Dissolve 10.6 g of the anhydrous solid in 100 m1 of H20.

1x ONPG

Dissolve ONPG at a concentration of 4 mg/ml in 0.1 M sodium phosphate (pH 7.5).

Sodium phosphate (0.1 M, pH 7.5)
Mix 41 m1 of 0.2 M I\I:121-11304-2HZO(Mr : 178.05; 35.61 g/liter), 9 ml of 0.2 M NaHZPO4~2HZO

(Mr 2 156.01; 31.21 g/liter), and 50 ml of H20.

Tris-Ci (1 M, pH 7.8)

Enzymes and Buffers

E. coli B-galactosidase
The enzyme is commercially available (e.g., Sigma).

Additional Reagents

Step 1 of this protocol requires the reagents listed in Protocol 5 of this chapter.

Cells and Tissues
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Cultured mammalian cells transfected with the DNA of interest
Use one of the transfection protocols in Chapter 16 to transfect the cells with a plasmid containing a [3—
galactosidase reporter gene (e.g., the pB—gal reporter series from CLONTECH; please see Figure 17-5).

 

B-GALACTOSIDASE SU BSTRATES

The assay relies on the ability of the E. coli fi-galactosidase enzyme to hydrolyze ONPG to free o-nitrophenol
and fi-D—galactose (Lederberg 1950). The substrate o-nitrophenol is yellow in aqueous solutions and absorbs

light of 420 nm wavelength. Since the invention of this assay byJoshua Lederberg, more sensitive substrates for
the detection of B—galactosidase have been developed. These include 4-methylumbelliferyl B-D—gaiactoside
(Sigma, catalog no. M1633), whose hydrolysis product 4-methylumbelliferone is detected by fluorometry (exci-
tation wavelength : 364 nm, emission wavelength = 440 nm) and is blue in buffers with a basic pH (Roth
1969), and chlorophenol red B-D-galactopyranoside (Boehringer Mannheim), whose hydrolysis product is
detected in a visibIe-Iight spectrophotometer at 570 nm wavelength (Eustice et al. 1991). An assay using 4-
methyiumbeIiiferyI-B-D-galactoside as a substrate is about tenfold more sensitive than one using ONPG, where—
as an assay using chlorophenol red B-D—galactopyranoside is ~20 times more sensitive than one using ONPG.
Finally, chemiluminescent substrates for B-galactosidase whose hydrolysis product can be detected in a lumi-
nometer or scintillation counter are sold by several companies (e.g., Lumi-Gal, Lumigen Corp., Detroit,
Michigan; Galacto-Light, Tropix Corp., Bedford, Massachusetts). For a review of one of these duaI-assay kits,

please see Martin et al. (1996). Assays using chemiluminescent substrates are 20—1000-fold more sensitive than
ONPG~based assays (Jain and Magrath 1991; Beale et al. 1992). For further details, please see Appendix 9. 
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Prepare cell extracts from the transfected cells as described in Protocol 5, Steps 1,4. Set aside

~30 pl of the extract for the B-galactosidase assay. The exact amount of extract required will

depend on the strength of the promoter driving the expression of the B-galactosidase gene,

the efficiency of transfection, and the incubation time of the assay. If a heat treatment is to

be used to inactivate endogenous B-galactosidases, incubate the cell lysates for 45—60 minutes

at 50°C before assay. Luciferase activity is also inactivated by preheating; assay luciferase and

B-galactosidase activities in separate aliquots of cell lysate if a preheating step has been used.

For each sample oftransfected cell lysate to be assayed, mix:

100x Mgz' solution 3 pl

1x ONPG 66 pl
cell extract 30 pl

0.1 M sodium phosphate (pH 7.5) 201 pl

It is essential to include positive and negative controls. These assays check for the presence of

endogenous inhibitors and B-galactosidase‘ respectively. All ofthe controls should contain 30 pl of
cell extract from mock‘transfected cells. In addition, the positive controls should include 1 pl of a

commercial preparation of E. coli B—galactosidase (50 units/ml). The commercial enzyme prepara—
tion should be dissolved at a concentration of 3000 units/ml in 0.1 M sodium phosphate (pH 7.5).
Just before use, transfer 1 pl of the stock solution of B—galactosidase into 60 pl of 0.1 M sodium

phosphate (pH 7.5) to make a working stock ofthe enzyme containing 50 units/ml. One unit of E
t"01i[3»galactosidase is defined as the amount of enzyme that will hydrolyze 1 pmole ofONPG sub
strate in 1 minute at 37°C.

. Incubate the reactions for 30 minutes at 37°C or until a faint yellow color has developed. In

most cell types, the background of endogenous B—galactosidase activity is very low, allowing

incubation times as long as 4—6 hours to be used.

. Stop the reactions by adding 500 u] of 1 M NazCO3 to each tube. Read the optical density of

the solutions at a wavelength of 420 nm in a spectrophotometer.

The linear range of the assay is 02—08 ODE“, If the assay fails outside this range, repeat the exper—
iment using less protein extract. The extract can be diluted in 0.25 M 'l‘ris—CI (pH 7.8) to decrease
the protein concentration.

 

 

Biochemists calculate the specific activity of the fi-galactosidase enzyme and express this value as units of
enzyme activity per milligram of cell protein, where 1 unit of E. coli B-galactosidase is defined as the amount
of enzyme that will hydrolyze 1 pmole of ONPG substrate in 1 minute at 37°C. This value can then be used
to normalize expression of the marker gene, whose specific activity has also been determined. Most molec-
ular biologists simply divide the amount of CAT or luciferase activity by the amount of fi-galactosidase activ-
ity present in a given volume to normalize for transfection efficiency, thus ignoring the calculation of specif-
ic activity.    



 

Protocol 8
 

Tetracycline as Regulator of Inducible Gene
Expression in Mammalian Cells

WHEN ESTABLISHED WITH DILICENCE AND USED WITH CARE, tetracycline-responsive expression

systems offer an elegant method to maintain control over the expression of genes transfected into

eukaryotic cells. The systems discussed below have evolved over the years and have been used suc-

cessfully to control gene expression in a wide variety of organisms, including cultured mam-

malian, amphibian, and plant cells (for review, please see Freundlieb et al. 1997), and

Saccharomyces cerevisiae (Gari et al. 1997; Belli et a1. 1998); in transgenic organisms that include

Drosophila melanogaster (Girard et al. 1998), plants (Weinmann et al. 1994; Zeidler et al. 1996),

and mammals (Furth et al. 1994; Efrat et al. 1995; Ewald et al. 1996; Kistner et al. 1996; Redfern

et al. 1999), and mammalian tissues into which genes have been directly injected (Fishman et al.

1994; Dhawan et al. 1995). For further general information on systems for inducible expression,

please see, for example, Kost (1997), Saez et al. (1997), Shockett and Schatz (1997), and Rossi and

Blau (1998).

TETRACYCLINE
 

17.52

The first of the tetracyclines — chlortetracycline — was discovered in 1948 as a naturally occur-

ring antibiotic that was synthesized by Streptomyces aureofaciens and was active against a wide

range of Gram-positive and —negative bacteria and protozoa. By 1980, ~ 1000 tetracycline deriva—

tives had been isolated and/or synthesized, and the estimated global production of the drugs was

  
”152+

FIGURE 17-6 Structure of Tetracycline and Doxycycline

The carbon atoms in the tetracycline skeleton carry substitute groups in various tetracycline derivatives.
Chemical bonds (colored arrowheads) appear above the plane of the figure; ionic bonds (dashed lines)

appear below the plane of the figure. (A) Tetracycline-Mg“; (B) doxycycline.
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in excess of 500 metric tons (for review, please see Chopra et al. 1992). All of these compounds

share an identical four—ring carbocyclic skeleton that supports a variety of groups at carbons 5, 6,

and 7 and binds Mg2+ through oxygen atoms attached to carbons 11 and 12 (Figure 17—6).

Entry of tetracycline into bacterial cells involves passive diffusion across the outer membrane

through porin channels, which are composed of the OmpF protein. However, onward movement

from the periplasmic space into the cytoplasm does not appear to involve a specific protein chan-

nel. Instead, tetracycline crosses the cytoplasmic membrane by facilitated diffusion in a process

driven by pH or electropotential gradients. Tetracycline inhibits bacterial growth by binding to

ribosomes (KJ ~109 M”) and disrupting codon—anticodon interactions (for reviews, please see

Tritton 1977; Gale et al. 1981; Chopra 1985; Chopra et al. 1992). Specifically, tetracycline prevents

attachment of aminoacyl—tRNA to the acceptor site on the 305 ribosomal subunit. Tetracycline

binds tightly, albeit reversibly, to a single site on the 308 subunit that is composed of residues from

at least four proteins (53, S7, 514, and 819) and residues from the 893—1054 region of 16S rRNA.

The chief mechanism by which E. coli becomes resistant to high concentrations of tetracy—

cline involves multimeric antiporter proteins, known as Tet proteins, that are embedded in the

bacterial inner membrane and, in exchange for a proton, catalyze the outward transport of tetra—

cycline—Mg” complexes from the cytosol (Franklin 1967; McMurry et al. 1980; Kaneko et al.

1985; Hickman and Levy 1988; Yamaguchi et al. 1990; Thanassi et al. 1995). Of the several known

classes of Tet antiporters, the TetA proteins encoded by transposon TnIO and the plasmid pBR322

are the most important in molecular cloning; 399 amino acids in length (Backman and Boyer

1983), they consist of two domains, each containing six transmembrane segments. The two

domains are connected by a cytoplasmic loop of 30—40 amino acids rich in positively charged

residues (for review, please see Chopra et al. 1992).

When TetA is present in high concentrations, cations are transported from the bacterial cell

at such a rate that the membrane becomes depolarized and the viability of the cell is threatened

(Eckert and Beck 1989). To prevent catastrophe, expression of TetA is tightly controlled by a helix—

turn-helix repressor protein (TetR, 24 kD), the product ofthe tetR gene. In the absence of antibi-

otic, homodimers of the repressor bind tightly (Kd : 10‘” M) to the major grooves of two l5~bp

palindromic operator sequences (tetOl,2), thus preventing expression of the divergently tran—

scribed genes tetR and tetA (Hillen et al. 1984; Heuer and Hillen 1988; Kleinschmidt et al. 1988;

Hillen and Berens 1994; Hinrichs et al. 1994; Helbl et al. 1995; Orth et al. 2000). TetR is therefore

a powerful negative regulator of transcription both of its own gene and of tctA.

Binding of tetracycline—Mngr to TetR (K‘ = 109 M“) induces a conforimtimial change that

reduces the affinity of the repressor for tetO by nine orders of magnitude (Kleinschmidt et al. 1988;

Lederer et al. 1995). The differentials between binding constants ensure that transcription of tetR

is suppressed in the absence of tetracycline and induced by concentrations ofthe drug that are too

low to affect protein synthesis (please see Figure 17—7). Crystal structures are now available for free

TetR (Orth et al. 1998), the complexes between TetR and tetracycline-Mgl‘ (Hinrichs et al. 1994;

Kisker et al. 1995), and the complexes between TetR and TetO (Figure 17—7) (Orth et al. 2000).

TetO AND TetR ARE USED TO CONTROL EXPRESSION OF GENES
TRANSFECTED INTO EUKARYOTIC CELLS

Various forms of TetR and TetO are used to regulate expression of target genes transfected into
eukaryotic cells. Because of all the components — repressor, operators, and effectors are
prokaryotic in origin, these systems have few if any significant effects on the expression of resi—
dent host genes.
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FIGURE 17-7 Schematic Representation of a Repression System

In the repression system, the repressor (R) is synthesized under the control of an appropriate promoter
(P). When the effector (E), for example, tetracycline or doxycycline, is absent, the repressor binds one or

several strategically placed operator sequences (dyad symmetries are indicated by small arrows) within
a promoter/enhancer region and interferes with transcription initation (the TATA box and transcriptional
start site [+1] of the promoter are indicated). In the presence of effector, repression is relieved (RE),

thereby allowing transcription of the controlled gene (X). Reproduced, with permission, from Gossen et
al. 1994 [©Elsevier Science].).

The Tet Repression System

In this system (initially described by Gossen and Bujard 1992), the initiation of transcription of

a target gene is controlled by the Tet repressor, which is supplied in trans. A recombinant is con-

structed that contains several tandem copies of the tetO elements upstream of the transcription—

aI start site of the gene of interest and downstream from a minimal promoter. Expression from

this promoter can be tightly controlled in eukaryotic cells that express Tet repressor. In the

absence of tetracycline, the repressor binds to the cis-acting elements and interferes with initia—

tion of transcription by RNA polymerase II (Heins et al. 1992). In the presence of tetracycline,

repression is relieved, allowing the gene of interest to be transcribed. Tissue specificity is achieved

by selection of an appropriate promoter for expression of the Tet repressor in the target cells.

The Tet repressor system has been used successfully in transgenic plants (Gossen and Bujard

1992; Furth et al. 1994; Wu and Chiang 1996), with the best results being achieved in tobacco

(Gatz et al. 1991, 1992; for reviews, please see Gossen et al. 1993, 1994; Gatz 1995). However,

efforts to establish a corresponding system in mammalian cells have been only partially success—

ful at best, perhaps because repression of a strong promoter requires a concentration of repressor

high enough to saturate the tetO elements. Such concentrations of Tet repressor are difficult to

sustain in mammalian cells (Gossen et al. 1994).

The Tet Trans-activator System

Expression of genes transfected into eukaryotic cells can be controlled more efficiently by con-

verting TetR to a transcriptional trans-activator. Fusing TetR to the carboxy-terminal acidic

domain of the herpes simplex type—l (HSV—l), VP16 protein creates a transcriptional activator

(tTA) (Gossen and Bujard 1992; Weinmann et al. 1994; Gossen et al. 1995) that, in the absence of

tetracycline, binds to tandemly arranged tetO sequences inserted into a minimal promoter and

thereby induces transcription of a downstream target gene. However, doxycycline, a water—solu—

ble analog of tetracycline, abolishes the ability of tTA to bind to tetO sequences and, in a dose-

dependent fashion, destroys the trans—activating ability of the chimeric protein and restrains

expression of the target gene. After withdrawal of the antibiotic, tTA activates transcription of the

target gene. The gene product accumulates at a linear rate for several hours and may increase in

concentration by >100,000-fold.
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The dynamic range of the Tet system is much lower in transiently transfected cells than in

stable cell lines carrying integrated copies of the target gene and its trans-activator (e.g., please see

Freundlieb et al. 1999). To achieve differences of lOOO-fold between the repressed and induced

states, it is necessary to create stable cell lines containing integrated copies of the tTA gene and the

target gene. This can be done in two ways:

0 The target gene of interest is cloned into a “response” plasmid encoding a compound promot—

er that typically consists of seven tandemly arranged copies of TetO and the minimal immedi-

ate early promoter of cytomegalovirus. The gene encoding the trans-activating protein tTA is

cloned into a separate “regulator” plasmid downstream from a suitable mammalian promoter.

The two plasmids are then transfected into the mammalian cell of choice to create “doubIe-sta-

ble” cell lines. Transfection is usually carried out in two stages. First, the regulator plasmid is
used to generate stable cell lines that express tTA constitutively. These cells are then transfect—
ed with the response plasmid and further sublines are selected that express desired quantities
of the target gene product only in the absence of tetracycline or doxycycline. In some cases, it
is possible to reduce the labor of sequential transfection and screening by using cell lines in
which integrated copies of the regulator plasmid have already been installed (e.g., please see
Gossen and Bujard 1992; Wu and Chiang 1996). Several cell lines of this type are commercial-
ly available from CLONTECH.

0 Alternatively, the trans—activator gene and the target gene can be cloned into a single plasmid.
Because transfection of mammalian cells with both genes is carried out simultaneously, one
round of tedious screening is eliminated. In addition, the variation in expression that may
occur if the regulator and target genes are integrated at separate chromosomal sites may be
lessened (Schultze et al. 1996).

Whether stable cell lines are established with one plasmid or two, full occupancy of the
tandemly arranged tetO sequences is not required for maximal expression of the target gene.
Between 6,000 and 10,000 molecules of tTA per cell are sufficient to increase the level of expres—
sion of integrated copies of response plasmids by a factor of 105. Larger quantities of tetracycline—
dependent trans-activators may, in fact, be toxic (e.g., please see Howe et al. 1995; Shockett et al.
1995; Saez et al. 1997).

The CLONTECH Web Site contains a bibliography of several hundred papers (www.clontech.
com/tet/Refs/index.html) that describe the successful use of the tetracycline activation systems in
cultured cells and transgenic organisms. However, success is not guaranteed. The tTA system can-
not be stably established in some cell lines, and, in others, the transcription of target genes placed
under the control of TetO cannot be regulated by doxycycline (e.g., please see Ackland-Berglund
and Leib 1995; Howe et al. 1995; Miller and Rizzino 1995). Integration of the target gene into an
actively transcribed region of chromosomal DNA may lead to constitutively high levels of expres-
sion in the uninduced state. Ways to avoid these and other problems and to optimize the effi-
ciency of the system are discussed by Gossen and Bujard (1995) and Yin et al. (1996). In addition,
please see the panel on TROUBLESHOOTING at the end ofthis introduction.

The Tet Reversed Activator System

In the conventional Tet trans-activation system, Iow-to—moderate concentrations of doxycycline
are constantly required to suppress transcription of the target gene, and induction after with-
drawal of the antibiotic is slow and asynchronous. More efficient induction of expression of the
target gene can be obtained with the Tet reversed system, which uses a mutant Tet repressor
(rTetR) that differs from the wild—type protein at four amino acids (Gossen et al. 1995). When
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fused to the VP16 activation domain, rTetR creates a “reverse” tTA (rtTA) that represses tran—

scription in the absence of an effector, but activates transcription when doxycycline or anhy—

drotetracycline (Gossen and Bujard 1993) is supplied. Thus, genes placed under the control of

rtTA may be kept in a repressed state until the inducer is introduced to the system. Ihe rtTA sys—

tem, which is available from commercial sources, is ~100 times more sensitive to doxycycline or

anhydrotetracycline than to tetracycline.

The Autoregulatory Tet System

To increase the levels of expression of target genes and to suppress the toxic consequences of con—

stitutive expression of tTA in mammalian cells, Shockett and co-workers (Shockett et al. 1995;

Shockett and Schatz 1996) placed tTA under the control of tetO elements. Expression of tTA is

therefore autoregulated in stably transfected cells and can be controlled by doxycycline. In the

presence of the antibiotic, tTA is produced constitutively in small amounts from the minimal

cytomegalovirus promoter but is unable to bind to tetO sequences upstream of tTA and the tar—

get gene. When the antibiotic is withdrawn from the system, tTA binds to both sets of tetO

sequences and drives expression both of itself and the target gene.

When this system was used in stable lines of transfected 3T3 cells, expression of the recom—

bination activating genes RAG] and RAG2 was substantially higher and the proportion of trans-

formed clones that could be induced was also increased (Shockett et al. 1995). Similarly, in trans—

genic mice expressing a luciferase reporter gene, the levels of expression were one to two orders of

magnitude higher in the autoregulatory system than in the conventional trans—activation system.

Tet Systems with Reduced Basal Activity

High levels of basal transcription of the target gene may result from activation in the absence of

bound trans—activators, from the inability of tetracycline or doxycycline to squelch trans-activa—

tion mediated by tTA, and/or from the integration of target genes at transcriptionally active chro-

mosomal sites (Furth et al. 1994; Howe et al. 1995; Kistner et al. 1996). T0 repress basal tran—

scription, tetracycline—controlled transcription silencers (tTS) have been constructed that sup—

press the activity of promoters responsive to rtTA. These silencers are chimeric proteins consist-

ing ofa modified Tet repressor (TetR) fused to repressor domains of, for example, the mammalian

Koxl or Kid proteins (Deutschle et al. 1995; Forster et al. 1999; Freundlieb et al. 1999) In the

absence of doxycycline, homodimers of tTS bind to tetO sequences upstream of the target gene

and suppress transcription. The silencers dissociate from MO in the presence of doxycycline,

allowing homodimers of rtTA to take their place and activate transcription of the target gene.

Success with this approach is possible because the affinity of rtTA for doxycycline is ~100—

foId lower than that for tTS or tTA (Gossen et al. 1995). Low concentrations of doxycycline there-

fore allow tTS but not rtTA to bind to tetO sequences. Conversely, high concentrations of doxy-

cycline allow rtTA to bind but prevent binding of tTS. When tTS is expressed in the same cell as

rtTA, the tetO sites upstream of the target gene are occupied by tTS in the absence of doxycycline

and transcription of the target gene is suppressed. In the presence of high concentrations of the

antibiotic, the tetO sites are occupied by rtTA and the target gene is actively transcribed.

In this system, switching between suppression and activation might be compromised if tTS

and rtTA were to form heterodimers that could still bind to tetO. This problem can be avoided by

equipping tTS and rtTA with noncompatible dimerization domains, derived from different classes

of TetR proteins (Rossi et al. 1998; Schnappinger et al. 1998; Baron et al. 1999; Forster et al. 1999).
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FIGURE 17-8 Autoregulatory Strategy for Inducible Gene Expression

Autoregulatory expression of tTA is accomplished in pTet—tTak by placing the tTAk gene under the control
of tetP consisting of seven tandemly arranged copies of the tet operator sequence [(Tet-op)7] upstream of
the minimal hCMV promoter region which contains a TATA box and transcriptional start site. Expression
of the target gene is also controlled by tetP. The tTA protein is shown as two adjoining ellipses that rep-
resent the two domains of the protein (for DNA binding and trans-activation). (A) In the presence of tetra-
cycline (Tet), the basal activity of the minimal hCMV promoter results in very low levels of the tTA pro—
tein, and any tTA protein produced is blocked from binding to Tet-op. Both target gene and tTA expression
are therefore maintained at low levels. (3) When tetracycline is removed, the small amounts of tTA pre—
sent bind Tet-op, stimulating expression of the HA gene. Higher levels of the tTA protein now stimulate
higher levels of tTA and thus, target gene expression. (Modified, with permission, from Shockett et al.
1995 [©Nati0nal Academy of Sciences, U.S.A.].)

The following protocol uses an autoregulatory system in which the transcriptional trans-
activator (tTA) drives its own expression and that of a target gene in cultured cells. As discussed
above, tTA is a fusion protein consisting of the tetracycline repressor of E. coli and the transcrip—
tional activation domain of the VP16 protein of herpes simplex virus. 11] the absence of tetracy—
cline, tTA binds to and activates genes preceded by a heptamerized version of the Tet operator
sequences (tetO) plus a minimal cytomegalovirus promoter (here collectively referred to as TctP ).
Binding of tTA to TetP and subsequent gene activation are blocked in the presence of tetracycline
(Figure 17-8). The plasmid pTet—Splice (Figure 17—9A) contains TetP upstream and SV40 splice
and polyadenylation signals downstream from a multiple cloning site into which sequences
encoding the open reading frame of a target gene are easily inserted. Autoregulatory tTA expres—
sion is driven from the plasmid pTet—tTAk (Figure l7—9B), in which the tTA open reading frame
(including an optimal sequence for initiation of translation according to K(izak [ 1984“ has been
inserted into pTet~Splice.

The following protocol is divided into three stages: stable transfection of fibroblasts with
pTet—tTAk, stable transfection ofinducibie tTA—expressing NIH-3T3 cells, and analysis of the pro-
tein expression in transfected cells. Stably transfected cell lines expressing tmns—activator and tar—  
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poly(A) Signai  FIGURE 17-9 Tet-regulated Expression Vectors

Two plasmids are used to clone the target gene and place it under control of an inducible promoter. The
two vectors are cotransfected into mammalian cells, and expression of the target gene is controlled by
altering the amount of tetracycline in the culture medium. (A) The target gene is cloned into the multiple
cloning site (MCS) of plasmid pTet-Splice. Its expression is controlled by the Tet promoter sequence
Proper processing of the transcript in mammalian cells is facilitated by the presence of the SV40 intron
and polyadenylation signal. (B) pTet-tTAk contains the gene for the tetracycline trans-activator (tTA) under
the control of the tetracycline operator (TetO) and the basal cytomegalovirus promoter. (Modified, with
permission, from Life Technologies, Inc.)

 

get gene(s) are derived in two stages. In Stage 1, untransformed cells are cotransfected with pTet—

tTAk and a plasmid encoding a selectable marker. Stable transformants exhibiting inducible tTA

expression are selected. In Stage 2, these clones are cotransfected with plasmids encoding (1) a

plasmid containing the target gene downstream from a minimal promoter and tandemly

arranged tetO sequences target gene(s) and (2) a second selectable marker. In the examples pre-

sented here, the vector pSVZHis is used to confer the first selectable marker, and pPGKPuro pro—

vides the second selectable marker. Other plasmids carrying selectable markers may be used, such

as pTet—Splice—Neo, which confers neomycin resistance (Qiu and Stavnezer 1998). Alternatively,

pTet-tTAk may be cotransfected with the expression plasmid and a plasmid containing a single

selectable marker. The choice of approach depends on the feasibility of screening for the products

of the target genes. Although the consecutive method is more systematic, the cotransfection  
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approach may be faster if a straightforward screening method for expression of the target gene is

available. Stage 3 describes the analysis of expression in transfected cells as well as an alternative

approach for transient transfection.

Stable clones expressing tTA (or tTA + target geneis] if cotransfecting) may be obtained in

~12—14 days. Generally, an additional 2 weeks are required for expansion and further testing of

candidate clones. Selection, expansion, and testing of doubly transformed clones that exhibit

inducible expression of the target gene will require another 4—6 weeks of work. Alternatively, sta—

ble transformants expressing inducible tTA may be transiently transfected with an appropriate

target gene construct. Although induction of expression may be less dramatic, expression of the

target genes may be achieved within 48 hours. The following protocol was provided by Penny

Shockett and David Schatz (Yale University School of Medicine, New Haven, Connecticut).

TROUBLESHOOTING

o The basal activity of the minimal cytomegalovirus promoter varies from one cell line to another and may
be affected by DNA sequences in the response plasmid that act as enhancers or other modulators of tran-
scription, Before constructing a doubIe—stable cell line, carry out transient transfection experiments to com-

pare the basal activity of the minimal promoter in one or more target cell lines with the basal activity in a
“standard” cell line such as HeLa. Ideally, the basal activity of the response plasmid should be no greater in
transfected target cells than in transfected HeLa cells.

0 Careful selection of Clones expressing tTA is essential as is the subsequent selection of “double-stable” cell
lines in which expression of the gene of interest is adequately controlled. To obtain highly regulated gene
expression, it may be necessary to select clones of cells where the Tet operator, together with its minimal
promoter, is integrated into a transcriptionaliy “silent” region that nevertheless remains accessible to tTA

(Gossen and Bujard 1995). Such integration events cannot be arranged to order but must be identified by

trial and error. However, techniques have been described to screen populations of transfected cells for low

basal expression and high inducibility using the telracycline-regulated promoter (Kirchhoff et al. 1995).

0 High levels of expression cannot be expected in stable cell lines that express tTA and are then transfected
with a plasmid containing tet operator sequences and a target gene. The high concentrations of plasmid
used for transfection may titrate all of the available tTA, thereby reducing the opportunity for binding of mul-
tiple repressors to tandem operator sequences (Gossen and Bujard 1995).  

o In many cases, the level of target gene expression can be controlled by varying the concentration of effec- ‘
tor. Doxycyciine-HCI at a concentration of 1—20 ng/ml in culture medium is generally sufficient to inacti- i
vate tTA in most doubIe-stable cell lines. 
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STAGE 1: Stable Transfection of Fibroblasts with pTet-tTAk

This stage of the protocol describes a method that can be used either to derive stable cell lines
expressing inducible tTA alone or can be used to cotransfect cell lines simultaneously with both
pTet—tTAk and the plasmid expressing the tetracycline—regulated target gene(s). In this protocol,
the plasmids are introduced into NIH—3T3 cells using calcium—phosphate-mediated stable trans—
fection. These protocols can be adapted for other cell types using the preferred methods of trans—
fection and selection for those cells (for other transfection protocols, please see Chapter 16).

Cell lines that stably express both autoregulatory tTA and target genes have been derived by
simultaneous transfection of all of the plasmids. This method may be faster than sequential trans—
fection of the tetracycline-controlled plasmids, but it could require screening more clones than if
stable lines with low basal and high induced levels of tTA are first derived, and subsequently trans—
fected with plasmids encoding the target genes. Theoretically, for the derivation of these clones,
any combination of selectable markers should work for consecutive cotransfection.

 

Buffers and Solutions

Please see Appendix 1 for components Of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

CaC/Z (2 M)

Sterilize the solution by filtration, and store the filtrate in S—m] aliquots at ~200C.

Calf serum (70%)

Chloroquine (70 mg/ml)
Optional, please see Step 7.

Prepare the chloroquine in H,O, sterilize the solution by filtration, and store the filtrate at —20“(I.
Chloroquine at 1() mg/ml is eqttivalent to 19 mM. Please see the information panel on CHLOROQUINE
DIPHOSPHATE in Chapter 16.

Glycerol (75%) in HEPES-buffered saline
HEPES-buffered saline

Phosphate-buffered saline

Enzymes and Buffers

Appropriate restriction endonuc/ease(s)
Please see Step 2.

7x Trypsin-EDTA

0.()5% trypsin

0.5 mM EDTA (pH 8.0)
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Media

Dulbecco’s modified Eagle/s medium complete (DMEM complete)
DMEM

100 units/ml penicillin

100 ug/ml streptomycin
2 mM glutamine

10% bovine calf serum

DMEM complete containing 0.5 pg/ml tetracycline-HCI
Prepare a 10 mg/ml stock oftetracyclinc—HCI in 70% ethanol and store at —20"(3. All DMEM complete

media used in this protocol (with or without the selection reagents) that contain 0.5 ug/ml tetracycline—
HCl may be stored protected from the light for ~1 month at 4°C.

Selection medium containing L-histidinol and 0.5 ug/ml tetracycline
histidinc-free DMEM
100 units/ml penicillin

100 ug/ml streptomycin

2 mM glutamine

10% donor bovine calf serum

125, 250, or 500 uM I.—histidinol (prepare a 125 mM stock and store it at —20“(I)

0.5 ug/ml tetracycline-HCl (prepare a 10 mg/ml stock in 70% ethanol and store it at —2[)"(JJ

Histidinelree DMEM is available From Irvine Scientific, Santa Ana, California. Selection medium that

contains 0.5 ug/ml tetracycline—HCI may be stored protected from the light for ~I month at 4°C.

Special Equipment

Plastic cloning rings
Autoclave the cloning rings in an upright position in a thin layer of vacuum grease.

Polystyrene tubes (4 ml)

Tissue culture dishes (6 cm and 10 cm)
These protocols can be scaled down to require fewer cells by using smaller dishes or wells and reducing
all components proportionately.

Additional Reagents

Step 23 requires the reagents listed in Chapter 7, Protocol 8, or Appendix 8.

Vectors and Bacterial Strains

pSVZ-His
Purify all plasmids by equilibrium centrifugation in CsCl~ethidium bromide gradients lChaptcr 1,
Protocol 10) or by column chromatography (Chapter 1, Protocol 9).

For information on pSVZ—His, please see Damke et al. (1995).'1‘he plasmids p'l‘ct-t’l‘Ak and p'l'ct—Splicc
are available from Life Technologies. Other vectors carrying selectable markers are commercially avaiIA
able (e.g., pCI-neo from Promega or pTK—HYG from CLONTECH). If another vector is substituted for
pSVZ—His, then use the appropriate selection media for the selectable marker carried by that plasmid.

pTet-Splice carrying the target gene ORF(5)
Optional, please see Step 2.

pTet-tTAk

Cells and Tissues

Cultured mammalian cells
This protocol uses NIH—3T3 cells, but other cells would certainly work. Grow the cells in thc appropri—
ate medium.  
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METHOD
 

Culture and Transfection of Cells     
1. Culture adherent cells in DMEM complete. The day before transfection, transfer the cells

into DMEM complete containing 0.5 ug/ml tetracycline—HC] (tetracycline). Apply enough

cells per lO-cm dish so that on the day of the transfection, the cells will be 33% confluent.

A IMPORTANT From this point on, maintain cells in the presence of 0.5 ug/ml tetracycline-HCl at 37°C,
in an atmosphere of 5% C02, unless otherwise stated.

2. Linearize the plasmids at an appropriate restriction endonuclease site and adjust the DNA

concentration of each plasmid to 20.5 mg/ml. Mix 10—20 pg of pTet-tTAk plasmid and 1—2

pg of pSV2-Hls (~ 10:1 molar ratio of Tet plasmid to the selectable marker plasmid) with 500

pl of HEPES-buffered saline in a clear 4-ml polystyrene tube.

It the target gene is being cotransfected simultaneously, add a pTet-Spllce recombinant carrying the
target gene in an amount that is equimolar to pTet-tTAk.

 

Prepare a control for mock transfection containing the HEPES-buffered saline and no DNA. All of the
mock—transfected cells should die in histidine-free DMEM containing L-histidinol.

 
 

3. Add 32.5 pl of 2 M CaCl2 to the DNA mixture. Immediately mix the solution by gentle vor-

texing. Store the solution at room temperature, mixing it from time to time. A cloudy pre-

cipitate should form over the course of 15—30 minutes.

For additional details on transfecting cells using CaPO4, please see Chapter 16, Protocols 2 and 3.

4. Aspirate all of the medium from the dishes of cells prepared in Step 1.

5. Mix the CaClz-DNA precipitate a few times by pipetting with a Pasteur pipette. Apply the

mixture dropwise and distribute it evenly over the cell monolayers.

6. Incubate the cells in an atmosphere of 5% CO2 for 30 minutes at 37°C, rocking the plate after

15 minutes to ensure even coverage of the DNA precipitate.

7. To each dish of cells, add 10 ml of DMEM complete containing tetracycline. Incubate the cells

in an atmosphere of 5% CO2 for 4—5 hours at 37°C.

If the cells will tolerate it, chloroquine may be added at this time to a final concentration of 25 “M.

The optimal incubation time for transfection may vary for different cell types.

8. Gently aspirate the medium from the cells. Avoid disruption of the precipitate that has set-

tled onto the cells.

9. Subject the cells to a glycerol shock by adding 2.5 ml of 15% glycerol in HEPES—buffered

saline warmed to 37°C. Store the cells for 2.5 minutes at room temperature. Add the glycerol
dropwise to the culture.

It is normal for cells to look somewhat ragged after glycerol shock. The use of chloroquine (Step 7)

may further reduce cell integrity, but may improve transfection efficiency,
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Aspirate the glycerol solution after exactly 2.5 minutes. Work quickly, because glycerol can be

very toxic to cells.

Exposure to the glycerol solution can be increased to 4—5 minutes to optimize the transfection effl»
ciency for certain resilient cell types. As a general rule, cells should be shocked for the longest peri—
od of time that allows survival of ~50% of the cells.

Immediately, gently, and quickly wash the cells by adding 10 ml of DMEM complete con—

taining tetracycline. Immediately remove the medium by aspiration and repeat the wash.

A IMPORTANT Because the cells tend to detach easily from the plate after glycerol chock, add all of

the medium to a single spot on the plate.

Add 10 ml of DMEM complete containing tetracycline to the cells, and incubate the cultures

overnight at 37°C.

Approximately 16—24 hours after transfection, aspirate the medium and replace it with 10 ml

of DMEM complete containing tetracycline. Incubate the cultures for a total of 48 hours at

37°C after the transfection (i.e., the sum of the incubation times in Steps 12 and 13).

Selection and Cloning of Transfected Cells

14.

15.

16.

17.

18.

Forty—eight hours after transfection, passage several dilutions of the cells into selection medi—

um containing 125 pM L—histidinol and 0.5 pg/ml tetracycline—HC]. Cell densities should range

from ~1 x 10° to 3 x 104 cells per 10-cm plate. Include several plates containing ~1 x 105 cells.

After incubating the cultures in selection medium for 4 days, feed them with a further 3—4 ml

of selection medium containing 125 pM L—histidinol and 0.5 ug/ml tetracycline—HCI.

When colonies have formed (typically after ~10~12 days of selection), replace the medium

with selection medium containing 250 “M L-histidinol and 0.5 ug/ml tetracycline—HCl.

L-histidinol is normally toxic to cells. The concentration of 15-histidinol in the selection medium is

therefore raised only after the number of cells expressing pSV2—His at high levels reaches d critical

mass.

When colonies are well—established (at day 12—15 of selection), delineate their borders by

drawing a circle on the bottom of the culture dish around each colony. Aspirate the medium

from the plate, and place a sterile plastic cloning ring on the plate to surround an individual

clone. Repeat this process for each colony to be picked. Choose cells from plates on which

individual colonies are well spaced and can be easily distinguished.

A IMPORTANT After stable transfection with pTet-tTAk, it is imperative that the cells be maintained

in medium containing 0.5 pg/ml tetracycline to prevent any toxic effects of tTA expression and sub-

sequent selection against clones expressing high levels of tTA.

Quickly wash the clones with ~1OO pl of phosphate—buffered saline. T0 release the cells, add

2 drops of 1x trypsin-EDTA (~100 pl) and incubate for 30—60 seconds. Loosen the cells by

pipetting up and down with a Pasteur pipette. Transfer each colony to one well of a 24-well

tissue culture plate that contains 1 ml of selection medium containing 250 pM L—histidinol

and tetracycline.

Perform all subsequent passaging of cells by using a standard procedure, such as (i) a quick PBS

wash, (ii) a 1—3—minute incubation with trypsin»EDTA (2 ml per confluent l()»cm plate) using
selection medium containing tetracycline, or (iii) 10% calf serum (3 ml) to dilute/stop the activity
of the trypsin.  
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19. When the cells in the wells have grown to 80% confluency, transfer them into 6-011 tissue cul-

ture dishes in selection medium containing 500 “M L-histidinol and tetracycline.

NIH-3T3 cells become 80% confluent in ~4—7 days; however, the time required to reach 800/11 con-
fluency varies from cell line to cell line and even from clone to clone,

20. Expand the cells (typically use a 1:5 to 1:10 dilution of the cells) in selection medium con—

taining 500 pM L—histidinol and tetracycline.

Testing of Cells for Inducible Protein Expression

21 . When the cell monolayers are again ~80% confluent, recover a portion of each clone of cells

and store them in aliquots in liquid nitrogen. Passage the remainder of the cells until they

have expanded sufficiently to allow testing for inducible expression of protein.

When the frozen cells are later used, they should be revived and grown in histidine-free DMEM
containing 500 pM L—histidinol and 0.5 pg/ml tetracycline—HC].

22. If cells were cotransfected with both tTA and the target plasmids, then directly analyze the

products of the target genes, as described in Stage 3. If cells were transfected with only the

pTet—tTAk plasmid, then prepare the cells to be tested for inducible expression as follows:

a. The night before induction, plate the cells in selection medium containing 500 pM L-his-

tidinol and 0.5 ug/ml tetracycline at an appropriate density so that they will be subcon—

fluent at the time of harvest.

b. The next day, wash the cells three times with PBS, swirling the plates gently each time.

c. After the third wash, immediately add selection medium containing 500 pM L-histidinol,

but lacking tetracycline. Culture the cells in the presence or absence of tetracycline for

6—48 hours.

 

It is essential to include controls that are maintained in selection medium containing 500 MM L-his- |
tidinol and 05 pg/ml tetracycline. 1

 

23. Test the cells for inducible expression of tTA, by northern analysis or immunoblotting. Cell

lines expressing tTA may then be transfected with the target plasmid(s) as described in
Stage 2.

[n stably transfected NIH-3T3 cells, induced tTA and target gene expression is observed typically

after 6 hours of induction and reaches a maximum 6 hours later.
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STAGE 2: Stable Transfection of Inducible tTA-expressing NlH-3T3
Cells with Tetracycline-regulated Target Genes

This procedure describes the transfection with target gene(s) of cell lines already expressing

inducible tTA (generated in Stage 1). Selection of pTet—tTAk and pSVZ—His with L—histidinol is

maintained and a plasmid encoding puromycin resistance (or another selectable marker) is

cotransfected with plasmid(s) encoding the target gene(s). Cells carrying these plasmids are sub-

sequently selected in both L—histidinol and puromycin.

MATERIALS

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Calf serum (70%)

HEPES-buffered saline

Phosphate—buffered saline

Enzymes and Buffers

Appropriate restriction endonuclease(s)

1x Trypsin-EDTA

0.05% trypsin

0.5mME1)'l'/\ (pH 8.0)

Media

Selection medium containing 500 MM L-histidinol and 0.5 ug/ml tetracycline (with or without
3 ug/ml puromycin)
histidinc—free DMhM

100 Lmits/mi penicillin

100 pg/ml streptomycin

2 mM glutamine

10% bovine calf scrum

500 uM l-histidinol (dilute in a 125 mM stock and store it at —20“(I)

0.5 pg/ml tetracyclineHCl (prepare a 10 mg/ml stock in 70% ethanol and store it at 40°C»

Histidine—free DMEM is available from Irvine Scientific (Santa Ana, California). Selection medium (1th

contains 0.5 pg/ml tetracycline-HC] may be stored protected from the light for ~l month At 4°C.

Add puromycin to 3 ug/ml when appropriate.

Special Equipment

Plastic cloning rings
Autoclave the cloning rings in an upright position in vacuum grease.

Polystyrene tube (4 ml)

Tissue culture dishes (6 cm and 10 cm)

Tissue culture plates (24-we/l)  
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Additional Reagents

Step 3 of this stage requires the reagents listed in Stage 7 of this protocol.

Vectors and Bacterial Strains

pPGKPuro (or vector carrying another selectable marker)
Purify all plasmids by equilibrium centrifugation in CsCl—ethidium bromide gradients (Chapter 1,

Protocol 10) or by column chromatography (Chapter 1, Protocol 9).

For information on selectable markers, please see Damke et al. (1995). The plasmids pTet—Splice and
pUHC13—3 are available from Life Technologies Other vectors carrying selectable markers are commer—

cially available (e.g., pCl—neo from Promega and pTK-HYG or pPUR from CLONTECH). lfanother vec—

tor is substituted For pPGKPuro, then use the appropriate selection media for the selectable marker car-
ried by that plasmid.

pTet—Splice carrying a reporter gene, (optional, e.g., pUHC73-3)

pTet-Splice carrying the target gene ORF(s)

Cells and Tisssues

Stable cell lines that inducibly express autoregu/atory tTA (Stage 7)

METHOD
 

Culture and Transfection of Cells

1. Culture stable cell lines that inducibly express autoregulatory tTA (isolated in Stage 1) in

complete selection medium containing 500 pM L-histidinol and 0.5 ug/ml tetracycline—HCI,

The day before transfection, passage the cells into lO-cm tissue culture dishes containing

complete selection medium. Transfer enough cells per dish so that on the day of the trans—

fection, the cell monolayers will be 33% confluent.

A IMPORTANT From this point on, maintain the cells in the presence of 0.5 pg/ml tetracycline-HCI
at 370C, in an atmosphere of 5% CO2 unless otherwise stated.

2. Linearize the plasmids to be used for transfection and adjust the DNA concentration of each
to 20.5 mg/ml. Mix 10—20 pg of each target gene plasmid(s) and 1—2 pg of pPGKPuro (a 10:1
molar ratio of each tetracycline plasmid to selectable marker plasmid) with 500 pl of HEPES—
buffered saline in a clear 4—ml polystyrene tube.

 

Prepare a control for mock transfection containing HEPES-buffered saline and no DNA. All of the mock-
transfected cells should die when incubated in a medium containing puromycin. Please see the note to
Step 4. 
 

3. Carry out Steps 3—13 from Stage 1.

A IMPORTANT Be sure to substitute the selection medium containing 500 uM L-histidinol and 0.5
ug/ml tetracycline-HCI in this transfection, whenever Stage 1 calls for DMEM complete containing
tetracycline.

Selection and Cloning Of Transfected Cells

4. Forty—eight hours after transfection, passage the cells into selection medium containing 500
“M L—histidinol, 3 pg/ml puromycin, and 0.5 ug/ml tetracycline at several dilutions ranging
from ~1 x 106 to 3 x 104 cells per lO~cm plate. Include several plates containing ~1 x 105 cells.

The lowest concentration of puromycin that kills all untransfected cells within a few days should
be determined empirically before transfection and varies with the cell type. A concentration of



 

10.
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3 ug/ml puromycin is sufficient for selection of transfected NIH73T3 cells. Most typefi of cells are
killed efficiently in concentrations of puromycin ranging from 0.1 ug/m] to 10 ug/ml.

After incubating cultures in selection medium for 4 days, feed them with a further 3—4 ml of

selection medium containing 500 pM L-histidinol, 3 ug/ml puromycin, and 0.5 pg/ml tetra-
cycline.

When colonies are well—established (at day 12—14 of selection), delineate their borders by

drawing a circle on the bottom of the culture dish around each colony. Aspirate the medium

from the plate, and place a sterile plastic cloning ring on the plate to surround an individual

clone. Repeat the procedure with each colony that is to be picked. Choose cells from plates on

which individual colonies are well spaced and can be easily distinguished.

Quickly wash the clones with ~100 pl of phosphate—buffered saline. T0 release the cells, add

2 drops of 1x trypsin—EDTA (~100 111) and incubate for 30—60 seconds. Loosen the cells by

pipetting up and down with a Pasteur pipette. Transfer each colony to one well of a 24—well

tissue culture plate that contains 1 ml of selection medium containing 500 uM L-histidinol, 3
ug/ml puromycin, and 0.5 pg/ml tetracycline.

Carry out all subsequent passaging of cells by a standard procedure, such as (i) (1 quick PBS wash,
and (ii) a 1—3-minute incubation with trypsin-EDTA (2 ml per confluent lO-cm plate) using 10%
calf serum (3 ml) to dilutC/stop the activity Of the trypsin.

When cells in the wells have grown to 80% confluency, transfer them into 6-cm dishes that

contain selection medium containing 500 uM L—histidinol, 3 ug/ml puromycin, and 0.5 pg/ml
tetracycline.

NIH»3T3 cells become 80% confluent in ~4—7 days; however, the time required to reach 80% con—

fluency varies from cell line to cell line and even from clone to clone.

. Expand the cells (typically use a 1:5 to 1:10 dilution of the cells) in selection medium con—

taining 500 MM L—histidinol, 3 pg/ml puromycin, and 0.5 ug/ml tetracycline.

When cell monolayers are again ~80% confluent, recover a portion of each clone of the cells

and store them in aliquots in liquid nitrogen. Passage the remainder of the cells until they
have expanded sufficiently to allow testing for inducible expression of the target gene prod—
uct(s) as described in Stage 3.

When the frozen cells are later used, they should be revived and grown in selection medium con-
taining 500 uM L—histidinol, 3 pg/ml puromycin, and 0.5 ug/ml tetracycline—HC].  
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STAGE 3: Analysis of Protein Expression in Transfected Cells

Two strategies are presented for analyzing expression of the target protein(s) in transfected cells.

In the main protocol, stably transfected cells (obtained in the first two stages of this protocol) are

induced for expression of the target gene. After harvesting and lysis of the cells, the lysates are ana-

lyzed by SDS-polyacrylamide gel electrophoresis, and target proteins are detected by

immunoblotting. An alternative protocol describes the transient transfection and induction of

transiently transfected tetracycline-regulated plasmids.

MATERIALS
 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Calf serum (10%)

Phosphate-buffered saline
7x Protein sample buffer

Antibodies

Antibodies appropriate for detecting the target proteins of interest by immunoblotting

Gels

Tris-glycine SDS-polyacrylamide gel <!>
Cast the gel with a concentration of acrylamide that is appropriate for observing the target protein(s).
Please see Appendix 8.

Media

Selection medium containing 500 pM L-histidinol and 3 ug/ml puromycin (with or without
0.5 pg/m/ tetracycline)
histidine—free DMEM
100 units/ml penicillin
100 pg/ml streptomycin
2 mM glutamine

1000 bovine calf serum

500 “M L-histidinol (dilute in a 125 mM stock and store it at —20“C)

3 pg/ml puromycin

Histidine—free DMEM is available from Irvine Scientific (Santa Ana, California).

Add tetracycline to 0.5 ug/ml when appropriate (prepare a 10 mg/m] stock of tetracyclineHCl in 7000
ethanol and store at —20°C). Selection medium that contains 0.5 pg/ml tetracycline-HCI may be stored
protected from the light for ~1 month at 4°C.

Special Equipment

Boiling water bath
Polyvinylidene difluoride (PVDF) membrane

Additional Reagents

Step 13 of this protocol requires reagents and equipment for immunoblotting as listed in Appendix 8.

Cells and Tissues

Stable cell lines that inducibly express autoregulatory tTA and contain the plasmids harboring
the target genes of interest
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Growth and Induction of Cells

1. The night before induction, plate the cells in selection medium containing 500 pM L—histidi—

nol, 3 pg/ml puromycin, and 0.5 ug/ml tetracycline at an appropriate density so that they will

be subconfluent at the time of harvest.

. The next day, wash the cells three times with phosphate—buffered saline, swirling the plates
gently each time.

. After the third wash, immediately add selection medium containing 500 pM L-histidinol, 3
pg/ml puromycin, but lacking tetracycline. Culture the cells in the presence or absence of
tetracycline for 6—48 hours.

In stably transfected NlH—3T3 cells, induced tTA and target gene expression typically is observed
by 6 hours and peaks at ~12 hours after induction

 

It is essential to include controls that are maintained in selection medium containing 500 uM L-histidinol,
3 pg/ml puromycin, and 0.5 pg/ml tetracycline.

   

Harvesting of the Cells

4. After the cells have grown for the appropriate length of time, harvest them quickly and place
them in a tube in an ice bucket.

[f the cells are harvested using trypsin, wash the cells with cold phosphate—but‘t’ered saline lacking
calcium and magnesium salts and stop the trypsin treatment with cold selection medium contain—
ing ]0% calf serum (with or without tetracycline, as appropriate). Immediately transfer the tubes
to an ice bucket.

. For each clone and control, transfer 0.5 x 10" cells to a microfuge tube, and centrifuge all of
the tubes at 3000 rpm (low to moderate speed) for 5 minutes at 4°C.

. Wash the cell pellets by adding 1 ml of ice—cold phosphate—buffered saline. Pellet the cells as
in Step 5, and gently aspirate the supernatant without disturbing the cell pellet.

. Keep the cell pellets on ice and loosen them by gently and quickly running the tubes over the
open holes of a microfuge rack before freezing the cell pellets at —70"C.

Preparation of Lysates

8.

10.

11.

12.

13.

Resuspend each cell pellet in 30 pl of protein sample buffer by gently pipetting the cells and
then vortexing the tubes.

This step may also be carried out before freezing the cells.

Boil the cells in protein sample buffer for 10 minutes.

Recover the cell debris by centrifugation at maximum speed for 2 minutes in a microfuge.

Load 10 pl of cell lysate per lane ofa Tris—glycine SDS—polyacrylamide gel.
Ifthe cell lysates are not loaded immediately onto a gel, they may be stored at —2()“(‘ or —7()"(I, but
should be boiled again before loading them onto a gel.

Run the gel for the appropriate length of time (please see Appendix 8).

Electrotransfer the proteins from the SDS—polyacrylamide gel to a PVDF membrane, and
probe the membrane with the appropriate antibodies (please see Appendix 8).
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‘ ALTERNATIVE PROTOCOL: TETRACYCLINE-REGULATED INDUCTION OF GENE

 

EXPRESSION IN TRANSIENTLY TRANSFECTED CELLS USING THE AUTOREGULATORY
tTA SYSTEM

Transient transfection of tetracycline-reguiated plasmids is useful in several situations, for example, the initial
testing of the autoregulatory system in a given cell line, and screening tTA-expressing cell lines for inducible
expression of another Tet plasmid. When testing the autoreguIatory tTA system, induction of tTA mRNA is gen-
erally a reliabIe indicator of induced tTA expression. Alternatively, the vector pUHC13—3 (Life Technologies),
which encodes Iuciferase under tetracycline control, may be transiently transfected into cell lines that are capa-
ble (or are Iikely to be capable) of tTA expression (Damke et al. 1995). Transfected cells are then cultured for
12—48 hours in the presence and absence of tetracycline. Luciferase activity in cell lysates can be easily mea-
sured (using a kit avaiIabIe from Promega) and is normalized either to total protein, determined using a Bradford
protein assay, or to a transfedion control (Damke et al. 1995).

A IMPORTANT Be aware that the basal expression of tetraO/ciine-controlled genes carried in transiently transfected plasmids

is generally higher than the basal expression of similar genes in stably transformed ceIIs. In addition, the high sensitivity of the

luciferase assay may generate misplaced optimism about the efficiency of induced expression of tetracycline—regulated genes,
As long as the results are interpreted with caution, transient transfection with plasmids such as pUHC13-3 offers a rapid

method to screen many clones in a short period of time.

Additional Materials

Calfserum (1O%)
Cells appropriate for transfection
Medium containing 0.5 pg/ml tetracycline-HCI appropriate for growing the cells to be transfeded

Prepare a 10 mg/ml stock of tetracycline-HCI in 70% ethanol and store it at —20°C. All media used in this protocol
(with or without the selection reagents) containing 0.5 ug/ml tetracycline-HCI may be stored protected from the
light for ~1 month at 4°C.

pTet-tTAk
pTet-Splice carrying the target gene or pTet-Splice carrying a reporter marker

The plasmids pTet-tTAk and pTet-Splice are available from Life Technologies.
Phosphate—buffered saline (PBS)
Step 2 of this protocol requires the reagents listed in the appropriate transfection protocol in Chapter 16.
Step 8 requires the reagents listed in Chapter 6, Protocol 8; Chapter 7, Protocol 8; or Appendix 8.

Method

1 . The night before the transfection, transfer the cells into the appropriate medium containing 0.5 pg/ml tetra-
cycline-HCI.

2. Transfect semiconfluent cultures of cells using pTet-tTAk alone or in combination with a vector canying the target
sequence (pTet—Splice carrying the target gene or pTet-Splice canying a reporter marker) using the preferred
method of transfection for the cells under study (for a selection of transfection protocols, please see Chapter 16).

3. Wash the cells that will be induced three times with medium lacking tetracycline.
 

 
Wash the cultures of cells that will remain uninduced with medium containing tetracycline.

  

4. Feed the cells with 10 ml of medium with or without tetracycline, as appropriate. Culture the cells for 12—48 hours.

5. After the cells have grown for the appropriate length of time, harvest them quickly and transfer them to a
tube in an ice bucket.

If the cells are harvested using trypsin, wash them with cold PBS and stop the trypsin treatment with cold medium con-
taining 10% calf serum (with or without tetracycline, as appropriate). Immediately transfer the tubes to an ice bucket.

6. Wash the cell pellets by adding 1 ml of ice-cold PBS. Pellet the cells by centrifuging the tubes at 3000 rpm
for 5 minutes at 4°C in a microfuge, and gently aspirate the supernatant without disturbing the cell pellet.

7. Keep the cell pellets on ice and loosen them by gently and quickly running the tubes over the open holes
of a microfuge rack before freezing at —70°C or Iysing the cells for analysis of inducible protein expression.

8. Analyze tTA or target gene expression (experimental or reporter) by immunoblotting, Southern or northern
hybridization, or other appropriate assay.

In cells that stably express tTA, transient target gene expression is generally observed within 12 hours. In ceIIs tran-
siently expressing tTA and a tetracycIine-sensitive luciferase reporter (pUHC13-3), luciferase activity has been
observed to increase by two orders of magnitude within 20 hours following induction.
 

 

 

  



 

Protocol 9
 

Ecdysone as Regulator of Inducible Gene
Expression in Mammalian Cells

TRANSCRIPTION UNITS REGULATED BY STEROIDS OCCUR COMMONLY in a wide variety of eukaryotes.
In Drosophilia melanogaster, for example, the molting hormone ecdysone is an inducer of meta-

morphosis. The degeneration of larval tissues and the appearance of adult structures during

molting are triggered by the interaction of ecdysone, the nuclear ecdysone receptor, and cis-act-
ing response elements (EcRE). The functional ecdysone receptor is a heterodimer composed of
the ecdysone receptor (EcR) and the Ultraspiracle protein (USP), another member of the nuclear

receptor family (Yao et al. 1992, 1993). In the presence of ecdysone, the two proteins EcR and USP
interact and bind to the two inverted half-sites of ecdysone response elements, which are placed
upstream of many of the genes involved in Drosophila morphogenesis (for further information

and references, please see Russell 1996; Thummel 1997; White et al. 1997).
Responsiveness to ecdysone may be reconstituted in mammalian cells that have been

cotransfected with EcR and USP. When these cells are exposed to ecdysone or to one its analogs,
such as ponasterone A or muristerone A, transcription of an ecdysone-responsive reporter gene
is induced (Christopherson et al. 1992; Yao et al. 1992). The sensitivity of the reconstituted sys—

tem has been improved by creating a more potent receptor complex, in which (1) USP has been
replaced with its mammalian homolog, the retinoid X receptor (RXR), (2) EcR has been truncat—
ed at the amino terminus and fused to the VP16 activation domain (Sadowski et al. 1988;
Triezenberg et al. 1988a,b; Cress and Triezenberg 1991; No et al. 1996), and (3) the DNA-binding
domain within EcR has been mutated at three amino acid residues, altering its binding specifici—
ty to mimic that of a glucocorticoid receptor (GR) (Umesono and Evans 1989). In transfected
cells able to express both RXR and the modified EcR, the addition of ecdysone or one of its
analogs results in the formation of functional heterodimers that bind to a set of hybrid response
elements contained within an inducible expression vector (Figure 17-10).

The hybrid response elements consist of two different half sites, GAGGTCA“, which is
bound by RXR, and 5 AGAACAK, which is recognized by the GR—binding domain of EcR. This
hybrid response element is uniquely responsive to the hybrid receptor protein (No et al. 1996).
Binding of the heterodimer to the response elements stimulates transcription from an adjacent
minimal promoter of any gene that has been cloned into the inducible expression vector (Figure
17-11). Because mammalian cells are not normally responsive to ecdysone or its analogs and do
not contain the ecdysone receptor, basal levels of transcription are very low or undetectable. Upon
addition of the hormone, induction levels of >1000-f01d have been reported (for reviews, please
see Clackson 1997; 5an et al. 1997; Harvey and Caskey 1998).
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MATERIALS

MCS

      

     

   

V5 epitope His—G terminator

H t—t 17 

HSP promoter BGH poly(A) stgnal

SV4O ori

plND/VS-His A, B. c
5.1 kb

SV4O poly(A) signal

FIGURE17-10 pIND(SP1)/V5-His A

The vector is used to clone a target gene and place its expression under control of the ecdysone-sensitive
response elements. The main features of the vector are the ecdysone/glucocorticoid response elements
(E/GRE, 5 copies); SP1 enhancer elements (SP1, 3 copies); heat shock minimal promoter (HSP); poly(A)
addition signal from bovine growth hormone (BGH); and tags for convenient purification of the expressed
protein (V5 epitope and polyhistidine [His6] tags). Other features include (1) the origin of replication
derived from filamentous phage (f1 ori), (2) the coIE1 origin of replication in E. coli, (3) an ampicillin resis-
tance marker (AmpR) for selection in prokaryotic cells, (4) the origin of replication for SV4O that allows
replication in mammalian cells, and (5) a neomycin resistance marker for selection in mammalian cells
(NeoR). (Modified, with permission, from lnvitrogen.)

 

The use of the ecdysone-inducible expression system for the selective production of pro—

teins within transfected mammalian cells was first reported by No et al. (1996) and has since been

used successfully to study the functions of numerous proteins, including the roles of Smad4 in

colon cells (Calonge and Massagué 1999), the effect of missense mutations in the proapoptotic

gene BAX (Gil et al. 1999), and the functions of the tumor suppressor PTEN phosphatase

(Tamara et al. 1998). In addition, the system has been used to analyze the activity of “designer"

zinc finger transcription factors (Kang and Kim 2000) and to develop a mechanism that modu—

lates neuronal excitability by controlling the expression of transduced ion channels (Johns et al.

1999). The following protocol is adapted from the one that accompanies an Ecdysone-inducible

Mammalian Expression System (available from Invitrogen). A similar system is available com—
mercially from Stratagene.

 

Buffers and Solutions

Please see Appendix 1 for components Of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Neomycin

Ponasterone A

An alternative ecdysone analog is muristerone A (Sigma)

Zeocin
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RXR VgEcR

zhz'i
promoter promoter

  
— hormone I|gand

(ponasterone A

or

muristerone A)

  

EcRE X 4 minimai promoter target gene

FIGURE 17-11 Schematic Diagram of Ecdysone-inducible Gene Expression System
 

A plasmid encoding the genes for the ecdysone receptor (ECR) and the retinoid X receptor (RXR) is used
to express the two receptor proteins. A second plasmid is used to clone the target gene and place it under
control of ecdysone-sensitive response element (ECRE) sequences that are positioned upstream of a min-
imal promoter (please see Figure 17-10). The two vectors are transfected into mammalian cells and
expression of the target gene is controlled by addition of inducing hormone in the culture medium. In the
presence of hormone (ponasterone A or muristerone A), EcR and RXR heterodimerize to form the func-
tional ecdysone receptor that activates transcription of the target gene from the EcRE-containing promot-
er. Please see text for further details. (Modified, with permission, from No et al. 1996 [©Nati0nal Academy
of Sciences, U.S.A.].)

Media

Medium appropriate for growing the cells to be transfected
The medium must be variously supplemented with Zeocin, neomycin, and ponastemne A.

Additional Reagents

Steps 1, 2, and 6 of this protocol require the reagents listed in the appropriate transfection
protocol in Chapter 76.

Step 4 of this protocol requires the reagents listed in Protocol 6 of this chapter.

Step 8 of this protocol requires the reagents listed in Chapter 6, Protocol 8; Chapter 7,
Protocol 8; or Appendix 8.

Vectors and Bacterial Strains

An ecdysone-inducible expression plasmid (e.g., the pIND series; Invitrogen) carrying a
luciferase reporter gene

An ecdysone-inducible plasmid harboring the gene of interest
pVgRXR (Invitrogen)

Cells and Tissues

Cultured mammalian cells
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METHOD

 

 

1.

 

Stably transfect cells with pVgRXR using the preferred method of transfection for the cells

under study (for a selection of transfection protocols, please see Chapter 16).

If pVgRXR is used, then use Zeocin to select for cells carrying the plasmid. For plasmid(s) other

than pVgRXR, use the appropriate antibiotic to obtain colonies of stable integrants.

 

Perform a control mock transfection with no DNA added to the cells. All of the mock-transfected cells

should die in the presence of Zeocin.
 
 

. To choose clones capable of selectively inducing gene expression in the presence of ecdysone

or one of its analogs, transiently transfect Zeocin-resistant colonies obtained in Step 1 with

an ecdysone—inducible expression plasmid carrying a luciferase reporter gene (again, for a

selection of transfection protocols, please see Chapter 16).

Twenty-four to ninety-six hours after transfection) induce the expression of luciferase by

replacing the medium with fresh medium containing Zeocin, neomycin, and S uM ponas-

terone A. Incubate the cells for 20 hours at 37°C in a humidified incubator with an atmos—

phere of 5—7% C02.

The amount of ponasterone A and the length ofthe induction period that will yield optimal induc-
tion of the reporter molecule will vary with different cell lines. To optimize, test a range of hor—
mone concentrations, from 0.1—10 HM ponasterone A, and vary the period ofinduction from 16 to
72 hours.

 

It is essential to include control cultures that are not exposed to ponasterone A. Incubate these control
cultures in medium containing only Zeocin and neomycin.

 
 

Assay for luciferase activity according to Protocol 6.

. Use clones that exhibit the desired level of ecdysone-induced luciferase activity. Expand the

cell culture in medium containing Zeocin and neomycin.

Stably transfect cells from Step 5 with an ecdysone—inducible plasmid harboring the gene of

interest and a hygromycin resistance marker using the preferred method of transfection for

the cells under study (for a selection of transfection protocols, please see Chapter 16).

 

Perform a control mock transfection with no DNA added to the cells. All of the mock-transfected cells

should survive in the presence of Zeocin/ but die in the presence of the second antibiotic (typically
neomycin or hygromycin). 
 

Expand the chosen colonies of cells that are resistant to both antibiotics, hygromycin and
neomycin.

Analyze expression of the target gene by immunoblotting, northern hybridization, or other

appropriate assay.
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FOOTPRINTING DNA
 

Footprinting is used to identify the region in a segment of cloned DNA that is recognized by a sequence—

specific DNA-binding protein such as a transcription factor. The technique involves probing the accessibil—

ity of each nucleotide in a defined sequence of DNA to reagents that cleave the phosphodiester backbone.

These reagents include enzymes such as DNase I (Galas and Schmitz 1978; Schmitz and Galas 1979) and

chemical nucleases such as hydroxyl radicals and copper-phenanthroline ions (for review, please see Sigman

and Chen 1990; Sigman et al. 1993).

The key to success with DNA footprinting lies in establishing conditions for cleavage that generate

reproducible differences when the same segment of DNA is reacted in the presence and absence of protein.
The power of the method lies in the side—by-side visual comparison on sequencing gels of the cleavage prod-
ucts obtained with and without protein.

Commonly Used Cleavage Reagents

The two types of cleavage reagents used in DNA footprinting attack DNA in quite different ways. Enzymes

such as DNase I use an in—Iine SN—Z mechanism to catalyze nucleophilic attack on the scissile phosphodi-

ester bond. By contrast, chemical agents such as hydroxyl radicals and copper—phenanthroline ions are

redox—active coordination complexes that oxidize the deoxyribose moiety of DNA (Sigman et al. 1979;

Hertzberg and Dervan 1982).

DNase I

DNase I was the reagent originally used to develop DNA footprinting (Galas and Schmitz 1978; Schmitz

and Galas 1979) and despite the subsequent discovery of elegant chemical methods to cleave DNA in a

sequence-independent fashion, it remains by far the most popular way to localize specific interactions

between proteins and DNA. It has been known for many years that pancreatic DNase I, in the presence

of Mgz”, introduces nicks into each strand of double—stranded DNA independently. However, whether

this nicking occurs at random or displays sequence specificity remains a surprisingly murky topic, with

conflicting data from several groups. On the one hand, biochemical analysis of the digestion products of

bulk E. coli DNA shows only weak sequence specificity (Ehrlich et al. 1973; Bernardi et al. 1975). On the

other hand, Scheffler et al. (1968) have shown that DNase I has a very marked preference for cleaving

poly[d(A-T)]-poly[d(A-T)] to the 5’ side ofT residues, a result that was confirmed with homopolymer-

ic poly[d(A-T)) by Lomonossoff et al. (1981). However, this specificity may be due more to an unusual

conformation of the DNA associated with the homopolymer, rather than to preference of the enzyme for

particular sequences (Klug et al. 1979). Analysis of the crystal structure of complexes between DNase I and

short double-stranded oligonucleotides shows that an exposed loop of the enzyme binds in the minor

groove of B—DNA with both strands of the nucleic acid bending to make contact with the enzyme (Suck et

al. 1984; Suck and Oefner 1986). Because regions of DNA containing several consecutive adenine or

thymine residues are comparatively rigid and have a narrow minor groove, Suck et al. (1988) have suggest—

ed that A—T tracts in DNA might be relatively resistant to cleavage with DNase I.

In view of this confusion, it is prudent to check that DNase I displays no major bias in its pattern of

cleavage of radiolabeled target DNA that has not been incubated with protein. Bias can be ascertained from
pilot experiments set up to establish conditions for optimum cleavage of the radiolabeled target DNA by
DNase I. The aim here is to cleave each DNA molecule once between the labeled end and the distal termi—

nus of the binding site. The longer the distance between the labeled end and the binding site, the lower the
amount of cleavage required. Pilot experiments are usually carried out using a range of concentrations of
enzyme to find conditions under which the naked DNA is neither underreacted (much ofthe original frag—
ment remains uncleaved and the bands forming the ladder are faint) or overreacted (little of the original
fragment remains and the smaller fragments are overrepresented in the digest). As a rough guide, an
amount of DNase should be used that cleaves only ~50% of the labeled molecules in the reaction. For vari-
ations on the protocol, please see Tullius et al. (1987), Hochschild (1991), Garabedian et al. (1993), and
Lakin (1993). The goal is to establish conditions where partial cleavage of the relevant segment of naked
DNA by DNase I yields a ladder of partial digestion products that differ in size from one another by one
base. Ideally, there should be no gaps in the ladder and no dramatic differences in intensity from one band
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to the next. In practice, however, it is usually impossible to achieve this level of impartiality, even with

naked DNA.

A frequent finding associated with the use of DNase I in footprinting is the appearance of intense bands

on the autoradiogram in samples incubated with a DNA-binding protein and the cleavage enzyme. These

so—called hypersensitive sites, which reflect enhanced cleavage of the DNA by DNase, may arise as a conse—

i quence of conformational changes in double-stranded DNA induced by binding of protein or they may be

due to protein-protein interactions between the nuclease and a protein bound to the DNA. The nature of

the conformational changes is not well—understood, but it may be related to localized bends, kinks, base flip—

ping (Klimasauskas et al. 1994), or single-stranded bulges (Kimball et al. 1995) in the DNA brought about

by binding of protein. The hypersensitive sites typically flank a bona fide footprint.

When very short DNAs are used as substrates for DNase I, “end-effects" become apparent (Galas and

Schmitz 1978; Lomonossoff et al. 1981). The probability that a particular phosphodiester bond will be

cleaved increases as a function of its distance from the 5’ end of a DNA strand, at least as far as the eighth

phosphodiester bond. It is therefore important to ensure that the footprinted region does not lie very close

to the labeled 5’ end of the DNA fragment.

Usually, footprinting reactions are analyzed side by side with Maxam~Gilbert reactions on DNA I
 

sequencing gels (please see Chapter 12, Protocol 7). If the footprinted DNA fragment is labeled at its 5' end,

the autoradiographic bands obtained from the two sets of reactions do not line up because the radiolabeled

products carry different groups at their 3’ ends. The base—specific chemical reactions cause the removal of a

base and its sugar and generate a 3’-phosph0rylated terminus on the labeled DNA strand. DNase I cleaves

the phosphodiester bond and leaves a 3’-hydroxyl terminus on the labeled DNA strand. The electrophor-

etic mobility of the chemical cleavage reactions is therefore slightly greater than that of the fragment pro-

duced by digestion with DNase I. This problem is more severe when short DNA fragments are examined.

DNA fragments representing eukaryotic promoter sequences often contain multiple binding sites for

one or more transcription factors. To define accurately the boundaries of individual footprints, it is best to

carry out footprinting assays in which the 5’ end of the DNA fragment is radiolabeled in one experiment

and the 3’ end of the DNA is radiolabeled in a second experiment. By comparing the protected regions of

DNA obtained in the two experiments, subtleties in the boundaries can be detected, and a more accurate

picture of the binding sites and their relationships to each other can be determined. Use of 3'~labeled frag—

ments also eliminates the problem of electrophoretic migration differences between DNA standards gener-

ated by Maxam—Gilbert cleavage and the footprinted DNA, since in this case, all DNAs will have 3’-phos-
phorylated termini.

Hydroxyl Radicals

Hydroxyl radicals cleave DNA by abstracting a hydrogen atom from a deoxyribose moiety (Hertzberg and

Dervan 1982; Price and Tullius 1992). These radicals are usually generated by reacting the EDTA complex

Of Fe(II) with H202 (Fenton 1894):

Fe(II) + HZO2 —> Fe(EDTA)+ + “OH + “OH

Fe(II) is regenerated from the Fe(III) product by including ascorbate in the reaction mixture. The

hydroxyl radicals, which are diffusible and extremely short-lived, react with deoxyribose residues on the sur-

face of the DNA. Cleavage therefore occurs in a manner that is largely independent of nucleotide sequence

(Henner et al. 1982). In addition, because of their smaller size, the hydroxyl radicals can react more effi-

ciently than DNase I with nucleotides on the periphery of the binding site. This access means that the region
of tight contact between the protein ligand and its binding site can be defined with higher precision. The

efficiency of cleavage of naked DNA can be improved if the Fe(II)-EDTA complex is linked to a DNA-bind—

ing ligand, for example, propylmethidium (Hertzberg and Dervan 1982; Tullius et al. 1987). However, in this

case, cleavage of the backbone depends on intercalation of the methidium moiety into double—stranded

DNA. When intercalation is prevented by binding of a protein, the resulting footprint is larger than that

t obtained with free Fe(II)-EDTA and is very similar to that produced by digestion with DNase 1 (Van Dyke

and Dervan 1983; Tullius et al. 1987).

 
1, 1 0-Penanthroline-Copper

The chemistry of this reaction is similar to that of Fe(II)-EDTA, except that the tetrahedral cuprous com—

plex binds in the minor groove of DNA and positions the copper ion close to a deoxyribose residue.    
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Oxidation of the cuprous ion by hydrogen peroxide then generates a copper—oxo species that efficiently

abstracts a hydrogen atom from the deoxyribose (Spassky and Sigman 1985; Sigman and Chen 1990).

Unlike Fe(II)-EDTA, 1,10-phenanthroline—copper(I) cleaves naked DNA in a fashion that is greatly influ—

enced by the nucleotide sequence. This effect is presumed to be a consequence of sequence-specific varia—

tion in structural features of the minor groove of DNA.

The footprints obtained with the k repressor with l,10—phenanthroline—copper(I) are very similar in

size to those produced by cleavage with DNase I (Tullius et a1. 1987). Apparently, the bound protein can sup—

press binding of the cuprous complex even on the side of the helix that is not in contact with the protein.

Other Reagents

Several additional chemical reagents cleave DNA and can be used to study DNA-protein interactions.

Examples include rhodium complexes with 1,10—phenanthroline (Chow and Barton 1992), which cleave DNA

in a light-dependent fashion and are insensitive to common ingredients in laboratory buffers such as divalent

cations, EDTA, glycerol and reducing reagents (Sitlani et ai. 1992), porphyrin derivatives (Ward et al. 1986),

and uranyl salts such as uranyl acetate and uranyl nitrate (Nielsen et al. 1988; Gaynor et al. 1989). These chem-

ical nucleases must be synthesized in the laboratory, and their use requires more than a passing knowledge of

inorganic chemistry. For many of them, it is not yet clear whether they provide additional information over

and above that obtained with 1,10—phenanthroiine-copper or hydroxyl radicals in footprinting experiments.

However, certain rhodium derivatives of 1,10-phenanthroline (Chow et al. 1992) and the uranyl salts (Gaynor

et al. 1989) also cleave RNA and can thus be used to define RNA—protein interactions.

Selection of a Cleavage Reagent

The choice among DNA cleavage reagents is largely a matter of personal preference. DNase I is relatively

bulky (450 x 400 x 350 nm; Suck et al. 1984) and might be expected to have difficulty in gaining access to

nucleotides on the periphery of a binding site that are sterically shielded by a bound protein. This limita-

tion may explain why footprinting with DNase 1 tends to give larger less—well—defined footprinting patterns,

whereas hydroxyl radicals yield smaller focused footprints (Sawadogo and Roeder 1985; Tullius et al. 1987).

DNase I maps the outer limits of the area of contact between DNA and protein, whereas hydroxyl radicals

define an inner, tight core. Obviously, both pieces of information are valuable, and it is therefore worthwhile

to carry out footprinting experiments with two different reagents. DNase I is a safe bet since it has gained

wide acceptance and has been used successfully by large numbers of laboratories. However, chemical

reagents, such as 1,10-phenanthroline-copper(I), are a better choice if cleavage (1) cannot be detected

between every base pair when naked DNA containing the region of interest is partially degraded by DNase

I (Galas and Schmitz 1978) and (2) if the target region is known or suspected of containing long runs of

adenine or thymine residues.

Both DNase I (Papavassiliou 1993) and 1,10-phenanthroline-copper(1) (Kuwabara and Sigman 1987)

can be used to cleave the DNA moiety of protein-DNA complexes within the matrix of a separating gel. This

use allows footprinting to be coupled directly with a gel retardation assay. By contrast, hydroxyl radicals,

which are preferred when accurate definition is required of the region of contact between the protein and

DNA, are always used on protein-DNA complexes in free solution. DNase I can also be used to digest pro—

tein-DNA complexes in solution, followed by gel electrophoresis to separate protein-DNA complexes from

free DNA. The DNA can then be extracted from the complexes, denatured, and analyzed on sequencing gels.

In Vivo DNA Footprinting

The 5'-flanking regions of many eukaryotic genes contain dozens of binding sites for different transcription

factors. Although it is relatively straightforward to document the ability of proteins to bind to these sites

using DNA footprinting assays and the cleavage reagents discussed above, it is far more difficult to deter-

mine which binding sites are used in Vivo and which are a consequence of the use of high concentrations of

naked DNA and enriched preparations of nuclear proteins. These questions may be answered by perform-

ing in vivo footprinting experiments in which the ability of proteins to bind to the regulatory regions of the

target gene is determined in an expressing cell. The earliest experiments of this nature were carried out by

George Church and Walter Gilbert, who used chemical cleavage reagents to examine methylation patterns

in the 5'—flanking regions of murine immunoglobulin heavy-chain genes (Church and Gilbert 1984). To
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detect the very weak signals emanating from the single-copy target gene and their differential methylation

required heroic measures that involved the generation of very high specific activity probes, separation of

cleaved genomic DNA by electrophoresis through sequencing gels, followed by electrophoretic transfer of

the DNA to nylon filters, and Southern analysis to detect methylation—sensitive variations in the cleavage

products derived from the immunoglobulin genes.

Few laboratories could match the technical wizardry required to perform these reactions and their

application to in vivo footprinting. The method might have suffered an ignoble death of neglect had not

Barbara Wold and colleagues used PCR specifically to amplify in—vivo-footprinted DNA fragments (Mueller

and Wold 1989; Pfeifer et al. 1989). In this adaptation, which they called ligation-mediated PCR, the genom—

ic DNA of living cells is first challenged with a DNA cleavage reagent such as dimethylsulfate, and the frag—

mented DNA is purified by extraction with phenol:chloroform and ethanol precipitation. A round of primer

extension on the treated DNA defines the cleavage endpoints and produces bluntAended fragments to which

linkers of a defined sequence are added by ligation. A PCR is next carried out using a primer that is com-

plementary to the added linker sequence and a second primer that lies downstream from the suspected DNA

footprint. In the absence of protein binding, a ladder of products is amplified that can be visualized after

separation by gel electrophoresis. Each DNA fragment in the ladder represents a distinct cleavage point

along the target gene. However, if a protein was bound to a site that lies between the two amplification

primers, DNA fragments whose endpoints are within the binding site will be underrepresented due to pro—

tection of the DNA from the cleavage reagent. These will have a reduced intensity on the gel when compared

to DNAs generated in the absence of protein binding.

Detailed protocols for ligation-mediated PCR are now available (Zaret 1997), and in general, these

methods are quite reproducible in most molecular biology laboratories. The method has been used to

demonstrate the in vivo binding of tissue-specific transcription factors (Mueller and Wold 1989), to map

methylation sites in inactive genes (Pfeifer et al. 1989), and in combination with other enzymatic, chemical

cleavage, and cross-linking reagents to define protein-DNA interactions and the presence of unusual DNA

conformations in transcribed genes (Zaret 1997). By varying the conditions in which the cells of interest are

cultured, or the times at which cells are harvested from an organism, it is possible to paint a detailed picture

of the footprints left by the dynamic associations of various transcription factors with the regulatory regions
of a target gene.

 

GEI. RETARDATION ASSAYS
 

Electrophoresis of protein-DNA complexes through nondenaturing acrylamide or agarose gels is the sim—

plest and most widely used of several physical assays to detect specific interactions between DNA—binding

proteins and their target sequences. The gel retardation assay typically involves the addition of protein to

defined end-iabeled fragments of double-stranded DNA, separation of protein—DNA complexes from naked

DNA by electrophoresis, and visualization of the DNA by autoradiography. Binding of protein almost always

reduces the electrophoretic mobility of the target DNA, resulting in discrete bands that correspond to indi—
vidual protein—DNA complexes.

Gel retardation was introduced by Dahlberg et al. (1969) and Shaup et al. (1970) as a technique to assay

interactions between ribosomal proteins and ribosomal RNA. The method in common use today, however,

is a direct descendant of studies in the early 19805 of the equilibria and kinetics of association of purified
prokaryotic regulatory proteins with their target DNA sequences (Fried and Crothers 1981, 1983, 1984a,b;
Garner and Revzin 1981; Hendrickson 1985; Hendrickson and Schleif 1985). Certainly, at that time, it was

not recognized that the technique could be used to detect sequence-specific DNA-binding proteins in com—
plex mixtures, such as crude lysates of mammalian cells. This advance came only after unlabeled carrier
DNA (see below) was shown to suppress nonspecific binding of proteins to the radiolabeled target DNA
(Strauss and Varshavsky 1984; Carthew et a1. 1985; Singh et al. 1986). Since then, the technique has been
extended to analyze complexes formed between proteins and unusual conformations of DNA, including
HollidayJunctions (Parsons et al. 1990; Dunderdale et al 1991), mismatched base pairs (Iiricny et al. 1988),
and Z-DNA (Nordheim and Meese 1988; for review, please see Lane et al. 1992). However, the chief use of  
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the assay remains by far the detection and analysis of complexes formed between irans—acting proteins and

cis—acting DNA sequences that control gene expression in both eukaryotes and prokaryotes. Among the

advantages of the gel retardation assay for these purposes are the following.

0 Speed, high sensitivity, and discrimination. Femptomole quantities of sequence-specific binding pro—

teins can be detected by their effect on the mobility of a radiolabeled target DNA even when other DNA—

binding proteins are present, as, for example, in a crude cell extract. The gel retardation assay can be

completed within a few hours and is therefore ideal for monitoring the purification of trans—acting tran—

scription factors and other sequence—specific binding proteins.

a Target sequences for a particular DNA-binding protein can be identified in a mixed population of
DNA fragments.

- Complexes between DNA-bindingproteins and their target sequences can often be resolved into sever—

al components that reflect alternative stoichiometries, interactions between several different proteins, or

multiple proteins competing for the same site.

0 The method can easily be adapted for quantitative determination of association rate constants, disso—
ciation rate constants, cooperativity, abundance, and specificity.

Many of these points are discussed in greater detail below.

Mechanism of Gel Retardation

That protein—DNA complexes migrate as discrete bands in gels was unanticipated since the half—life of many

complexes is manyfold shorter than the time required to run a gel. Two theories have been proposed to

explain why protein—DNA complexes are kinetically more stable in gels than in free solution. The first theo—

ry suggests that the gel directly affects the dissociation constant of protein—DNA complexes. Although this

idea was supported by early experimental data (Fried and Crothers 1981), subsequent analyses have failed to

confirm gel—mediated stabilization of protein-DNA complexes. Instead, it seems that the gel acts as a dehy-

drated cage that prevents diffusion of dissociated components. This caging effect maintains high local con-

centrations of the components and effectively drives the equilibrium of the bimolecular reassociation reac-

tion to the right. A robust theoretical underpinning for this argument has been provided by Cann (1989)

whose calculations show that the optimal range of concentrations of DNA in standard gel retardation assays

is 1 x 10“8 to 5 x 10‘8 M over a range of binding constants from 109 to 1013 M”, with the optimal ratio ofbind-
ing protein to DNA varying from 0.5 for strong interactions to 10 or more for weak interactions.

Measuring Dissociation Constants of Protein-DNA Complexes by Gel Retardation

To measure the value of Kd, the dissociation constant for a protein—DNA complex, a series of binding reac-

tions are set up using a wide range (four to six orders of magnitude) of protein concentrations. The aim is

to find the concentration required to bind half of the DNA. The data are generally plotted as a fraction of
the free DNA (usually estimated from densitometry of gel bands) versus 10gI0 concentration of protein in
the binding reaction. The equilibrium constant can then be estimated from the resulting sigmoid curve pro-

vided (1) the ratio of protein to available binding sites at the midpoint of the reaction (= Kd) is >10 (Carey

1988, 1991), (2) Virtually all of the DNA in the reaction can be driven into complex by a vast excess of pro—
tein, and (3) the experimental data fit a theoretical binding curve calculated from an equation describing
binding between independent and equivalent sites. For noncooperative interactions, an increase of 1.81
log10 units in protein concentration is required to increase the fraction of DNA appearing in complex from
10% to 90%. Deviation from this value indicates that binding is cooperative or is occurring at multiple sites.
Values <1.8 log10 units indicate positive cooperativity during the binding reaction: Values >1.8 log10 units
indicate negative cooperativity (Carey 1991).

Mobility of Protein-DNA Complexes

Three major factors affect the rate of migration of protein-DNA complexes through gels. These are the mass
of the protein-DNA complexes, their overall charge, and the conformation of the DNA within them. As a
general rule, the mobility of the complex is related to the size of the free protein (Carey 1988). Thus, the
mobilities of the retarded bands typically decrease as a monotonic function of protein mass (e.g., please see  



 

 

17.80 Chapter 17: Analysis of Gene Expression in Cultured Mammalian Cells

Hope and Struhl 1985; Be’termier et al. 1989). If, however, the bound protein is highly acidic and carries a

strong negative charge, the mobility of the complex may not be appreciably different from that of naked

DNA. This problem can be solved by carrying out electrophoresis at low pH (Carey 1988).

A more radical deviation in mobility occurs when binding of protein induces bending of the DNA frag-

ment. The mobility of the “bent” complex is then lower (sometimes by a considerable amount) than might

be predicted simply from the mass of the bound protein. The greater the angle of induced bend, the greater

the reduction in mobility (K00 and Crothers 1988). Furthermore, the closer the location of the bend to the

middle of the molecule, the slower its migration. This position effect has been used to map the location of

protein—induced bends in DNAs (eigu please see Wu and Crothers 1984; Kim et al. 1989). In general, con-

formation-induced effects are (1) magnified when DNA complexes are analyzed by electrophoresis at low

temperatures in the presence of Mg2+ (Diekmann 1987) and in gels with small pore sizes (Marini et al. 1983)

and (2) reduced in the presence of DNA-binding ligands such as distamycin (Wu and Crothers 1984).

Practical Matters

In addition to the theoretical matters discussed above, the practical advice that follows may be useful to the

first-time user of gel retardation assays.

. Gel matrices. 5% polyacrylamide gels are used to analyze complexes formed with DNA fragments >200

nucleotides in length; 10°/o polyacrylamide gels are generally used for shorter DNAs. Agarose gels are not

used unless the mass of the binding protein(s) or the DNA is very large (>1 kb). Because of their large
pore sizes, agarose gels cannot detect protein—induced bending of DNAs.

0 Electrophoresis buffers. Most protein—DNA complexes are stable and carry a slight negative charge at

neutral pH, and thus 0.5x TBE is the standard buffer of choice. However, in the small minority of cases

where the protein component of the complex carries a strong negative or positive charge, it may be nec-

essary to use acid (e.g., TAE at pH 6.0) or alkaline buffers (e.g., 50 mM Tris-glycine at pH 9.2).

0 Addition of carrier DNAs. Unlabeled carrier DNA is generally added to the binding mixture to elimi-

nate nonspecific binding of proteins present in cell extracts to the radiolabeled target DNA. The aim is

to add just sufficient carrier to absorb all of the proteins that bind nonspecifically to DNA without affect-

ing the kinetics of formation or the stability of specific complexes involving the target DNA. The amount

of carrier required in a particular circumstance must be determined empirically, but this task is rarely

onerous because the range of acceptable carrier concentrations is usually quite broad. If too much car—

rier is used, none of the target DNA will form complexes: if too little carrier is used, all of the probe will

bind nonspecifically to proteins in the extract and will thereby be prevented from entering the gel.

E. coli DNA was the first carrier DNA to be used as a nonspecific competitor in gel retardation assays

(Strauss and Varshavsky 1984), and this was followed by eukaryotic chromosomal DNAS of high complex~

ity (e.g., calf thymus and human DNA). However, the possibility that these DNAs might contain specific

binding sites for the proteins under study quickly led to their replacement by synthetic alternating copoly-

mers such as poly(dA-dT)-poly(dA-dT) or poly(dI—dC)-poly(dI—dC) or by the polysulfated carbohydrate
heparin (Carthew et al. 1985; Singh et al. 1986).

o Cofactors. Certain transcription factors, particularly those of prokaryotic origin, require the presence of

a specific cofactor for optimum binding. The CAP protein, for example, depends on CAMP for binding
(Fried and Crothers 1983), whereas the tryptophan repressor TrpR requires tryptophan for efficient
binding (Carey 1988).

o Extracts. Mammalian DNA—binding proteins are usually detectable in concentrated lysates of whole cells
or in extracts of nuclear preparations. The methods to prepare these extracts have long since been opti-

mized (eg, please see Dignam et al. 1983; Chodosh et al. 1986; Kadonaga and Tjian 1986; Singh et al.

1986) and there is little point in trying anything new and fancy, at least during the initial phases of char—
acterization of a new DNA-binding protein.

0 Size ofbound proteins. The size of a protein in a protein-DNA complex can be measured by cross-link-
ing with UV irradiation and then resolving the complexes by SDS-polyacrylamide gel electrophoresis. In
many cases, the presence of a previously characterized DNA-binding protein can be confirmed by

immunological analysis. An antibody that binds specifically to a particular DNA-binding protein can

either prevent formation of a specific protein-DNA complex or further retard (“supershift”) the elec—
trophoretic mobility of the complex (Kristie and Roizman 1986).  
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BACULOVIRUSES AND BACULOVIRUS EXPRESSION SYSTEMS
 

Baculoviruses cause a “melting” disease of lepidopteran larvae (e.g., silkworms) that has been studied by

microbiologists since the nineteenth century. In the 19405, Dr. G. Bergold discovered that many rod-shaped

Virus particles (“baculo” means rod) were embedded within the polyhedral crystals (~2 pm in diameter)

known to be the disease agent of melting disease (Bergold 1947). Furthermore, these rod-shaped virus par—

ticles could be released from the polyhedra by treatment with alkaline solutions such as those found in the

midgut of the insect host.

Research during the 19505 and 19605 was aimed at understanding viral pathogenesis, primarily by elec-

tron microscopic analysis (Harrap and Robertson 1968; Tanada and Leutenegger 1968, 1970; Harrap 1970;

Summers 1971; Stoltz and Summers 1972). Our current view of how baculoviruses cause disease emerged

from these studies. The crystals studied by Bergold are the occluded form of a subset of baculoviruses

known as nuclear polyhedrosis viruses (NPVs). The crystals (also known as polyhedral inclusion bodies or

PIBs) are ingested by the insect and solubilized in the insect midgut, the primary site of infection. The

midgut cells and other cells within the insect produce PIBs as well as a second form of the virus, the bud-
ded virus (BV) that is responsible for systemic infection of the host and is the infectious form in cell cul-

ture. By the late 19605 and early 19705, insect cell lines were established that could support budded virus

replication as well as the production of occluded virus (Grace 1962; Goodwin et al. 1970; Hink 1970, 1972).

In 1975, the first baculovirus was registered as a pesticide for use on cotton by the Environmental

Protection Agency in the United States (Ignoffo 1973, 1981). For several years, the cotton bollworm virus

was commercially marketed as a substitute for the increasingly ineffectual organophosphate pesticides. But,

in the late 19705, the pyrethroid-based chemicals were registered and marketed, eliminating the market for

the more expensive Virus pesticides. During the 19805, the U.S. Forest Service developed other baculovirus

pesticides, including NPVs of the gypsy moth and the tussock moth, which are still used today for pest con-

trol in public forests (Martignoni 1984). Industrial interest, however, faded until the advent of technology

to genetically improve baculoviruses as pesticides (McCutchen et al. 1991; O’Reilly and Miller 1991; Stewart

et al. 1991; Tomalski and Miller 1991, 1992), coupled with increased resistance of pests to pyrethroids.

The registration of baculoviruses as pesticides had positive effect on both baculovirus research and

biotechnology. The application of these viruses on millions of acres of agricultural and forest land high-

lighted the need to know more about how these viruses caused disease and the nature of their host—range

limitation (Summers et al. 1975). Increased research led to a more sophisticated understanding of the virus—

es and eventually to the development of baculoviruses as expression vectors.

Baculoviruses constitute an immense family of viruses, the Baculoviridae, which includes >500 known

members ubiquitously distributed in terrestrial and marine ecosystems (Martignoni and Iwai 1986). Each

baculovirus infects a limited number of arthropod species and some cause lethal epizootics. Those viruses

causing diseases of pest species (e.g., Armyworms) or beneficial insects (e.g., silkworms or shrimp) have

received more attention because of their potential use as pesticides or their potential to cause devastating

diseases of commercially valuable arthropods.

The baculovirus most commonly used as a gene expression vector, Autographa californica nuclear poly-

hedrosis (AcNPV or AcMNPV), for example, also has considerable potential as an insect pest control agent

against certain agricultural pest moth species (e.g., the cabbage looper Trichoplusia ni and the fall army‘

worm Spodoptem frugiperda). AcMNPV was isolated from alfalfa loopers (A. californica) in the early 19705

(Vail et al. 1971). Because it had potential as a pesticide and could be readily propagated in several estab—
lished cell lines, it was adopted for molecular genetic analysis (Lee and Miller 1978, 1979; Smith and

Summers 1978, 1979; Brown et al. 1979; Carstens et al. 1979; Miller and Dawes 1979; Miller 1981). The

Bombyx mori nuclear polyhedrosis virus (BmNPV) is also used as a gene expression vector (Maeda 1989),

primarily for expression in insect larvae because of the large size of the silkworm larvae.

Baculoviruses have large (~80—200 kbp) circular DNA genomes (Summers and Anderson 1972, 1973),

several of which (including AcMNPV 133,894 bp; Ayres et al. 1994) have been completely sequenced. The

AcMNPV genome contains at least 154 open reading frames, most of which have been assigned at least a
rudimentary function.

Approximately 20 genes appear to encode viral structural proteins (Rohrmann 1992; K001 and Vlak

1993), whereas a similar number have been assigned roles in gene regulation (Todd et al. 1994). A number
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of genes appear to have been acquired from the host at some point in evolution; for example, baculovirus

genes encoding proteins with significant sequence identity to host proteins include superoxide dismutase,

ubiquitin, protein kinases, protein phosphatase, proliferating cell nuclear antigen, co—conotoxin-like protein,

and chitinase (K001 and Vlak 1993; Ayres et al. 1994). The virus interacts extensively with cellular process—

es and actively blocks apoptosis (Clem et al. 1991; Clem and Miller 1993; Crook et al. 1993; Bimbaum et al.

1994), an antiviral defense mechanism (Clem and Miller 1993). The Virus controls its host at the organis-

mal level as well as at the molecular and cellular levels. For example, the virus contains a gene encoding a

UDP-glucose transferase that acts specifically on ecdysone, the major molting hormone of insects, thus

allowing the virus to block molting and pupation of its host (O’Reilly and Miller 1989).

Regulation of baculovirus gene expression appears thus far to be controlled primarily at the level of

transcription. AcMNPV genes are transcribed in three basic phases: early, late, and very late phases. Early

phase genes appear to be transcribed by host RNA polymerase II (Grula et al. 1981; Huh and Weaver

1990a,b; Hoopes and Rohrmann 1991; Glocker et al. 1993), but early gene transcription is additionally

modulated by the products of at least three early viral genes, ie-l, ie—Z, and pe-38 (Guarino and Summers

1986; Carson et al. 1988; Kovacs et al. 1991; Lu and Carstens 1993). Transcription of the late and very late

genes involves a Virus—induced (x-amanitin—resistant RNA polymerase (Grula et al. 1981; Huh and Weaver

1990a,b; Yang et al. 1991). The latter appears to be encoded at least in part by the virus (Passarelli et al.
1994).

Late and very late gene transcription is dependent on DNA replication (Gordon and Carstens 1984;
Rice and Miller 1986; Lu and Carstens 1991; Lu and Miller 1994). Although the viral DNA replication ori-

gins have not been defined, eight regions known as “homologous regions” (hrs) are dispersed in the viral

genome and appear to act as origins of DNA replication for plasmids in transient expression assays (Pearson

et al. 1992; Kool et al. 1993a,b); the homologous regions also have enhancer—like function for early gene

expression (Guarino and Summers 1986). Origin—specific plasmid DNA replication can be trans-activated

by the addition of ten Viral genes, including the three genes involved in early gene regulation (Kool et al.

1994; Lu and Miller 1994).

Optimal expression from a late reporter gene in transient expression assays requires these ten genes and

eight additional genes, all of which influence the steady-state levels of reporter gene expression (Lu and

Miller 1994; Todd et al. 1994). Two of these genes encode proteins with motifs conserved in the largest and

second largest subunits of eukaryotic and prokaryotic RNA polymerases, suggesting a direct role in tran-

scription (Lu and Miller 1994; Passarelli et al. 1994). Only one factor specifically affecting very large late

gene expression has been identified thus far, and this factor is related by sequence motifs to the ?t integrase
family (McLachlin and Miller 1994).

Although the early viral promoters are largely reminiscent of RNA polymerase 11 promoters, late and

very late promoters of baculoviruses are unusual and appear to lack “upstream-activating” sequences (for

review, please see O’Reilly et al. 1992). Both late and very late promoters contain an essential sequence,

TAAG, at the transcriptional start site. This sequence is probably sufficient to serve as a “late promoter” for
the new RNA polymerase, although the context of the TAAG sequence, especially the 5 or 6 bp immediate—
ly upstream and downstream from the TAAG, influences the expression level (Morris and Miller 1994). For

the very late polyhedrin promoter, the 50 bp between the TAAG and the translational start codon of the

polyhedrin open reading frame are required for the massive transcriptional activation observed during the

very late phase of infection (Ooi et al. 1989). These 50 bp including the TAAG sequence are sufficient, in the

context of the viral genome, to drive high levels of polyhedrin or heterologous gene expression during the
very late phase of infection. Mutations within this SO-bp region influence steady-state levels of mRNA by
affecting transcriptional initiation rather than mRNA turnover rates (Ooi et al. 1989). The choice of pr0~

moters used for heterologous gene expression is thus a crucial determinant of when and how much gene

expression occurs. However, the context of the translational initiation codon and additional 5' leader and
3' trailer can also exert some effect.

Since polyhedrin promoter-driven expression initiates ~20 hours after infection and cell lysis does not
occur until 72—94 hours postinfection, the very late phase encompasses ~30~50 hours of intense gene
expression. Very high levels of polyhedrin mRNA are produced during this time, and polyhedrin constitutes

~25% of the total protein of the infected cell by the time of lysis. Similar levels of expression have been

observed for several stable proteins encoded by foreign genes placed under the control of the polyhedrin

promoter in baculovirus vectors. Usually, however, foreign proteins are expressed at a somewhat lower level,
typically between 1% and 10% of total cellular protein.
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Baculovirus Vectors

Until recently, recombinant baculoviruses were produced by cotransfecting stable lines of cultured insect

cells with linearized baculovirus DNA and a transfer plasmid carrying the foreign gene behind a strong viral

promoter (usually the polyhedrin promoter). Once inside the cell, homologous recombination between the

plasmid and the viral genome generated a recombinant that carries the foreign gene in place of the endoge—

nous polyhedrin gene (Smith et al. 1983; Maeda et al. 1984; Pennock et al. 1984: for more complete descrip-

tions of the method, please see King and Possee 1992; O’Reilly et al. 1992; Luckow 1993; Miller 1993).

The linearized baculovirus DNA used for transfection is obtained by digesting the genome of an

AcMNPV vector with restriction enzymes that remove a reporter gene (lch or GFP) and part of an essen—

tial baculovirus gene. The resulting linear DNA is noninfectious and cannot generate viable progeny virus—

es unless it recombines with the transfer plasmid (Kitts et al. 1990; Kitts and Possee 1993). The recombinant

viruses can be recognized because they generate plaques in monolayers of insect cells that are either color-

less (lacZ) or nonfluorescent (GFP).

Many different transfer plasmids have been developed for a variety of applications. For example, plas—

mid vectors are available for expression of proteins as fusions to glutathione S—transferase (GST) or as His-

6—tagged fusions. Other plasmids allow for the simultaneous expression of two or more (up to four so far)

different genes. A variety of promoters that drive expression at different stages in the virus infection process

have also been developed; promoters that drive expression earlier than the polyhedrin promoter are often

not as strong but provide for a longer period of expression, while the cell is more capable of posttransla—

tionally modifying the gene product.

More recently, methods have been developed to ligate foreign genes directly into baculovirus vectors.

Ernst et al. (1994) created a baculovirus that could be linearized at a unique Scel site and could be used to

propagate and express foreign genes equipped with Scel termini. The usefulness of this method was greatly

increased when Lu and Miller (1996) developed a more versatile vector system that could accept DNAs with

EcoRI termini. As a consequence of these advances, baculovirus expression systems have assembled a

tremendous record of success: More than 800 different gene products have been expressed to levels that are

sufficient for biochemical and structural analyses of the purified proteins. Whereas baculovirus vectors were

once used when all else failed, they are now often the first systems to be tried for expression of a newly iso-

lated eukaryotic gene.

Drawbacks of Baculovirus Expression Systems

The major advantage of baculovirus vectors is their capacity to produce very high levels of biologically

active proteins. An additional benefit accrues if the foreign protein is equipped with a signal sequence. In

this case, the protein can be translationally modified by N-linked glycosylation at consensus Asn-X-Ser/Thr

sequences and secreted from the infected cells. Authentic co- and posttranslationai processing of eukaryo—

tic secreted proteins is generally essential for their full biological activity. Finally, by comparison to mam-

malian cells, lines of cultured insect cells are relatively easy to grow, inexpensive to maintain, and can be pro-

duced in large numbers.

Nevertheless, baculovirus expression systems have certain disadvantages. High-level expression of pro—

teins is discontinuous and short lived: Cultured insect cells must be grown, infected, and harvested before

lysis, usually within 1 week of infection with recombinant viruses. To overcome these problems, stable plas—

mid—based expression systems have been developed (for review, please see McCarroll and King 1997). The

results obtained so far with stably transformed lines of insect cells are encouraging in that a few proteins

have been expressed at relatively high levels. However, other proteins are expressed at much lower levels in

stably transformed cell lines than in the conventional system of acutely infected cells. The reasons for this

variability are unknown. Insect cells do not generally provide “complex” N—glycosylation such as addition

of galactose and sialic acid residues. Instead, they trim the core oligosaccharide to Mana'sGlcNacz, with

some fucose addition on GlcNac. Although this type of N-glycosy1ation is usually sufficient to provide bio-

logically active mammalian products, the lack of terminal complex glycosylation may result in subtle dif-

ferences in, for example. solubility, stability, and immune response. In addition, because of the very high lev—

els of expression that the baculovirus system can achieve, the posttranslational machinery of the cell often

does not keep pace with expression, and protein modification may not be efficient (Jarvis et al. 1990).

Finally, be warned that some genes just do not express well in the baculovirus expression system; in this

respect, baculovirus systems are no different from other eukaryotic and prokaryotic expression systems.
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Commercially Available Baculovirus Expression Systems

The best way to obtain the clones, vectors, and cell lines that are components of baculovirus expression sys—

tems is simply to buy a kit. Invitrogen and CLONTECH both sell comprehensive sets of reagents that are

supplied with straightforward instructions and clearly written technical material. The manipulations are

simple, the success rate is very high, and the kits are reasonably inexpensive. So go for it!

 

GREEN FLUORESCENT PROTEIN
 

The bioluminescent jellyfish Aequorea Victoria (illustrated on the cover of this book) emits a characteristic

green fluorescence, visible as a ring of light around the edge of the umbrella (Harvey 1952). This is due to the

activity of two proteins: the calcium-binding photoprotein aequorin, and its companion, the green fluores-

cent protein (GFP). In the last 10 years, GFP has become one of the most interesting proteins in biochem—

istry and molecular biology. In addition to providing a tool to understand and manipulate the relationship

between protein structure and spectroscopic function, GFP has been used with increasing success as a mark-

er for gene expression and intracellular processes in organisms ranging from bacteria to transgenic mice.

GFP, discovered by Shimomura et a1. (1962), is a 238-residue polypeptide (Mr = 26,888) encoded by

three exons spread over 2.6 kb of the A. Victoria genome (Prasher et al. 1992). The protein is stable to a wide

variety of harsh conditions including heat, extreme pH, and chemical denturants (Ward and Bokman 1982)

and continues to emit fluorescence after fixation in formaldehyde (Chalfie et al. 1994). However, the fluo-
rescence is rapidly quenched under reducing conditions (Inouye and Tsuji 1994).

The emission spectrum of GFP peaks at 508 nm (Johnson et al. 1962), a wavelength close to that of liv—

ing Aequorea tissue, but distinct from the chemiluminescence of pure aequorin, which is blue and peaks

near 470 nm. With the initial purification and crystallization of GFP, it was discovered that calcium-acti-

vated aequorin could efficiently transfer its luminescent energy to GFP when the two were coadsorbed onto

a cationic support (Morise et al. 1974). Green light is produced when energy is transferred by a Fbster-type

mechanism from CaZ+—activated aequorin to GFP. Blue light emitted by activated aequorin is captured by a

hexapeptide chromophore (beginning at residue 64 of GFP) that contains a cyclic structure (4—[p-hydrox—

ybenzylidene] imidazolidin-S-one) attached to the peptide backbone through the 1- and 2—positions of the

ring (Shimomura 1979). Interestingly, this structure appears to be conserved among fluorescent proteins,

even those from nonbioluminescent organisms (Matz et al. 1999).

Structure and Function

The resolution of the crystal structure of GFP provided an explanation for many of its observed physical

properties (Ormo et al. 1996; Yang et al. 1996). The protein consists of a |3-barre1 structure composed of 11

strands (13 sheets) that encapsulate a central a-helix. The chromophore, formed by the cyclization of

residues Ser-65, Tyr-66, and Gly-67, is contained within a short helical structure, which is itself buried inside
the tightly woven 11-stranded B-barrel (Ormo et al. 1996; Yang et al. 1996; Brejc et al. 1997). The insulation

of the chromophore inside the B“can” confers many of the physical properties of GFP, including resistance

to urea, detergents, proteolytic attack, thermal denaturation, and, in some cases, to formaldehyde fixation.

The secondary and tertiary structures of GFP suggest a mechanism for the function of the protein. Of recent

note, the resolution of the crystal structure of the aequorin from Aequorea aequorea, reported by Head et al.

(2000), has provided further details of the mechanism of the bioluminescent reaction for that calcium-sen—

sitive photoprotein.

The GFP chromophore does not require special biosynthetic pathways that are specific to Cnidaria,

Instead, it can be formed in a wide range of cells that normally do not produce light. GFP undergoes an
autocatalytic, intramolecular reaction to create the chromofluor in a posttranslational formation that

occurs with a time constant of nearly 4 hours in the native protein (Heim et al. 1994; Inouye and Tsuji
1994). This reaction involves cyclization and oxidization of the trimer Ser—65, dehydro-Tyr-66, and'Gly-67

(Heim et al. 1994). The isolated chromophore, the intact GFP protein, and synthetic chromophores all dis—
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play very similar spectral characteristics: They absorb light maximally at ~390 nm with a smaller peak of

absorbance at ~480 nm (Morise et al. 1974; Ward et al. 1980; Cody et al. 1993). However, only the intact

GFP emits green light (with a peak at 509 nm and a shoulder at 540 nm) (Morise et al. 1974). Because the

ratio of the two absorption peaks is sensitive to such factors as pH, temperature, and ionic strength (Ward

and Bokman 1982), it has been suggested that the chromophore may exist in two different forms. Recent

structural studies demonstrate that the two peaks of absorbance, ~390 nm and ~480 nm, represent two
forms of the chromophore, having protonated and deprotonated tyrosyl hydroxyl groups, respectively

(Brejc et al. 1997; Palm et al. 1997). Molecular dynamic studies of the wild—type and mutant versions of the

protein, such as GFP—S65T and GFP—F64L/65T (EGFP), provide an explanation of how these conforma-

tional and chemical changes within the chromophore affect its function (Haupts et al. 1998).

The demonstration that GFP maintained its ability to fluoresce in organisms other than Aequoria (Chalfie

et al. 1994) suggested that no other agents such as antibodies, cofactors, or enzyme substrates are necessary

for its activity. These initial findings opened the way for GFP to be used as a marker in Caenorhabditis ele—

gans (Chalfie et al. 1994), bacteria and yeasts (Flach et al. 1994; Nabeshima et al. 1995; Yeh et al. 1995;

Niedenthal et al. 1996), Drosophila (“rang and Hazelrigg 1994; Barthmaier and Fyrberg 1995); Zebrafish

(Amsterdam et al. 1995), plants (Chiu et al. 1996), and cultured mammalian cells (Marshall et al. 1995;

Misteli et al. 1997). There are now several reports that GFP may be used effectively as a reporter in trans—

genic mice (Ikawa et al. 1995; Chiocchetti et al. 1997; Okabe et al. 1997; Zhuo et al. 1997).

These early remarkable successes suggested that many potential difficulties in the heterologous expres-

sion of the jellyfish protein were not insurmountable. Despite these demonstrations, however, wild—type

GFP suffered from several limitations that may have impact on experimental design.

0 The posttranslational modifications required to form the chromophore and the inaccessibility of the

chromophore in the depths of the B“can” result in a lag (>1 hour) between synthesis of GFP and its abil—

ity to emit fluorescence. This delay may complicate studies of gene expression where an immediate read-

out is desired.

0 Efficient expression in higher eukaryotes and plants may require optimization of the coding sequence of

GFP.

o No definitive prediction can be made about whether a particular fusion protein involving GFP will gen—

erate a functional and fluorescent protein. To avoid problems, a variety of fusion constructs should be

generated and characterized.
- Overexpression of protein in cells may cause problems in general. It is thought, for example, that expres-

sion of GFP to high levels in yeast can lead to mislocalization of the protein within the cells. It is unclear,

however, whether this effect is due to the overabundance or the nature of the protein.

0 It may be difficult to detect GFP-specific fluorescence over background autofluorescence, although, in

some cases, this may be overcome using confocal microscopy. To record a good signal, the correct equip—

ment, careful choice of filters, and a thorough knowledge of microscopy may be necessary.

0 GFP exhibits significant spectral changes in response to protein concentration, ionic strength, and pH.

It is therefore important to assay GFP under standard conditions.

The heterologous expression ofAequorea GFP in different organisms therefore originally met with only

limited success. For example, the presence of cryptic splice sites in the original clone resulted in the deletion

of portions of the coding region in some organisms such as plants, the translation initiation site was not

optimal for expression in many foreign hosts (Kozak 1987), and some of the codons were infrequently used.

The entire cDNA sequence encoding GFP has now been mutagenized or synthesized in several different

ways by various groups to alter some or all of these features, and the signal produced by the reporter has

been increased considerably (Haseloff and Amos 1995; Reichel et al. 1996; Zolotkin et al. 1996; Haseloff et

al. 1997). In addition, the problem of a relatively low level of transcription has been addressed by the inser-

tion of strong constitutive promoters from viruses such as cytomegalovirus (CMV), SV40, or the human

immunodeficiency virus (HIV) long terminal repeat upstream of the GFP-coding region (Gervaix et al.

1997), which results in significant levels of expression.

In attempts to overcome some of the limitations of detection of GFP, extensive structure-driven, site-

directed mutagenesis studies have been carried out. As a result of these studies, an increasingly long list of
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variants has been described, each having altered fluorescence excitation and/or emission spectra (for a sum—

mary of these, please see Figure 17- 12) (Crameri et al. 1996; Heim and Tsien 1996; Cormack et al. 1997). In

many of these cases, the altered properties provide significant advantages over wild-type GFP for many

applications. For example, mutation of Tyr-66 has significant impact on GFP because the fluorescent prop-

erties of the chromophore largely derive from the n: electron-conjugated framework of this amino acid.

Amino acid substitutions at position 66 result in alteration of excitation/emission wavelengths, in some
cases, generating proteins that fluoresce yellow, blue, and cyan. However, mutation of Tyr‘66 can also reduce

fluorescent output to 20% of the wild-type protein. By contrast, mutants at the adjacent position Thr—65,

such as SGST (Heim et al. 1995) or S65G, S72A (Cormack et al. 1996), display an excitation peak that is four-
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FIGURE 17-12 Fluorescence Excitation and Emission Spectra for GFP Variants

The fluorescence excitation and emission spectra are represented as solid and dashed lines, respectively,
for typical members of the six major classes of GFP mutants, together with the chromophore structures
believed to be responsible for the spectra. Spectra have been normalized to a maximum amplitude of 1.
When only one structure is drawn, both excitation and and emission spectra arise from the same state of

chromophore protonation. The actual GFPs depicted are wild type (Class I) (A) ; Emerald (Class II) (B); H9-
40 (Class III) (C); Topaz (Class IV; yellow fluorescent protein) (D); W1B (Class V; cyan fluorescent pro-
tein) (E); P-4-3 (Class VI; blue fluorescent protein) (F). (Adapted, with permission, from Tsien 1998
[©Annual Reviews].)



Information Panels 17.87

to sixfold greater than that of wild—typc GFP. In some mutants, the oxidation step required to generate the

fluorophore occurs more rapidly in the mutant protein than in the wild—type protein. Figure 17-12 illus-

trates the fluorescent excitation and emission spectra for several GFP mutants.

GFP as Fusion Tag

GFP markers are most commonly used either as a tag to track the levels and localization of the fusion part-

ner or as an indicator to detect environmental changes or protein interactions. In tagging applications, the

use of recombinant techniques as well as mutagenesis has resulted in the production of several vectors that

optimize expression of the fusion product. Such vectors typically employ a “brightened” form of the fluo—

rescent protein whose codon usage has been optimized for expression in a particular cell line (e.g., please

see Zolotkin et al. 1996), and the expression of such constructs is typically driven by strong promoters such

as that from cytomegalovirus. Figure 17—13 describes the deEGFP vector series that offer many of these

features.
Various recombinant strategies may be used to fuse the GFP tag to the amino terminus or carboxyl ter—

minus of the target protein (for an excellent discussion of creating fusion constructs, please see Hughes

1998). In cases where the addition of the tag to the end a protein is not well-tolerated, it may be possible to

insert the GFP tag within the coding sequence of the target protein. This placement will, in some cases, allow

proper folding of the tag and produce a functional chromophore (e.g., please see Siegel and Isacoff 1997).

These constructs may be introduced into the cell or organism using standard methods for transient or sta-

ble expression (please see Chapter 16). The fate of the constructs (e.g., their transport or expression) is then

followed using conventional fluorescence microscopy. Because detection does not require permeabilization

or fixation of cells, there is little probability of introducing artifacts. Moreover, expressed GFP-fusion pro—

teins are rarely toxic to cells, although fusion partners localized to the cell nucleus may induce more dam—

aging side effects than those found in the cytoskeleton, for example (T. Misteli and D. Spector, unpubl.).

Among the most successful tagging applications has been the use ofGFP to monitor the dynamic local—

ization and fate of fused proteins in living cells and organisms. Since the initial report that described track—

ing ribonucleoprotein (RNP) particles during Drosophila oogenesis (Wang and Hazelrigg 1994), GFP has

been targeted to and expressed successfully in nearly every major organelle of the cell. Among the wide

range of reports in the literature are studies dealing with visualizing the dynamic properties of organelles

such as the Golgi (Cole et al. 1996; Presley et a]. 1997), observing events in the cytoskeleton (Olson et al.

1995) and along secretory pathways (Wacker et al. 1997), and following the events of protein trafficking (Lee

et al. 1996) and cytokinesis (Finger et al. 1998). Of particular note are studies that use a set of GFP variants

to track different proteins simultaneously within the cell (Misteli and Spector 1997; Tsien and Miyawaki

1998). Recently, fluorescent proteins having significant homology with GFP have been isolated from the

nonbioluminescent species of Anthozoa (Matz et al. 1999). Among these, a red fluorescent protein was

shown to exhibit a maximum emission spectrum at 583 nm, “red—shifted” well outside the range of other

GFP variants. As is depicted in Figure 17—12, the large shifts in the mutant GFPs are in the excitation, rather

than in the emission wavelengths. The red fluorescent protein can be easily detected using either the stan-

dard epifluorescent microscope or typical confocal microscope, and therefore promises to be of great use in

double— or triple-labeling studies.

The combination of random and directed mutagenesis studies have produced altered chromophore

structures that enable GFP to serve as indicators of environmental changes in the cell or of interactions

between or among proteins (for a more complete description of these studies and their possibilities, please

see the review on biochemical imaging by Tsien and Miyawaki 1998). These studies of resonance energy

transfer are based on systems for detecting the transfer of energy between two molecules, serving as donor

and acceptor, on different proteins. Because the probability of energy transfer between two molecules

diminishes as the sixth power of the distance between them, this strategy provides an exquisitely sensitive

measure of the distance and interaction between the molecules. The use of GFP variants in energy transfer

experiments can facilitate, for example, the detection of conformational changes in a protein associated with

the binding Of calcium to calmodulin (Miyawaki et al. 1997), as well as the depolarization of ion channels

(Siegel and Isacoff 1997). Recently, GFP applications using fluorescence resonance energy transfer (FRET)

have been used to detect and measure protein activation and interactions (Day 1998; Mahajan et al. 1998,

1999; Wouters and Bastiaens 1999). For a detailed discussion of the use of FRET to detect protein interac—

tions, please see Chapter 18, Protocol 7. A variation of this approach, known as bioluminescent resonance
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FIGURE 17-13 pd2EGFP Vectors

Summarized here are the features of the pdEGFP reporter vectors. AII vectors in the series carry the cod-
ing sequence for a destabilized variant of the enhanced GFP (dEGFP). EGFP has a single, red-shifted exci-
tation peak and fluoresces ~35 times more intensely than does CFP. The codon usage of EGFP is opti—
mized for human coding preferences. The destabilized variant has a haIf-Iife of ~2 hours in mammalian
cells, by contrast to EGFP, which has a haIf-Iife of ~24 hours. Because of its rapid turnover, d2EGFP is use-
ful as a reporter for measuring the kinetics of transient mRNA transcription from a regulated promoter. All
vectors in the series carry (1) an origin of plasmid replication in E. coli (pUC ori), (2) an ampiciliin resis-
tance marker (AmpR) for selection in prokaryotic cells, and (3) a multiple cloning site (MCS) at the 5’ end
of the EGFP sequence for insertion of the sequence under study. (A) pd2EGFP is intended primarily as a
source of the d2EGFP—coding sequence. The coding region can be amplified by PCR or excised using the
flanking restriction sites in the MCS. (B) The basic vector lacks eukaryotic promoter and enhancer
sequences, allowing maximum flexibility in cloning regulatory sequences. The expression of EGFP
depends on the insertion and proper orientation of a functional promoter upstream of the intron and EGFP
gene. (C) The enhancer vector lacks the SV40 promoter, but contains the SV40 enhancer. This vector can
be used to study promoter sequences cloned into the MCS. (D) The promoter vector lacks the SV40
enhancer, but contains the SV40 early promoter. This vector can be used to study enhancer sequences
cloned into the MCS. (E) The control vector contains the SV40 early promoter and SV40 enhancer. This
vector can be used as a positive control or as a reference when comparing the activities of promoter and
enhancer elements. (Modified, with permission, from CLONTECH.)
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energy transfer (BRET), relies on the use of a natural bioluminescent pathway to transfer energy to GFP

(Angers et al. 2000). In this case, either the enzyme luciferase from the sea pansy Renilla reniformis or the

photoprotein aequorin from A. Victoria serves as energy donor by catalyzing the oxidation of coelenterazine.

Lucifcrase and acquorin normally emit blue light; therefore, a detectable shift in emission toward a longer

wavelength characteristic of a green or yellow fluorescent protein acceptor molecule signals that the trans-

fer of energy has occurred.

Clearly, the possibilities for using fluorescent tags to probe the mysteries of the cell seem to be limit—

less. The use of natural and engineered GFP variants having distinctive spectral properties will facilitate the

tracking of many proteins through the cell simultaneously, as well as the detection of their physiological

activities and interactions. Live cell imaging in developing organisms is likely to resolve many questions of

cell migration during development and differentiation.

Resources for Using GFP

Further information on use of wild-type and mutant forms of GFP as markers for gene expression in a wide

variety of species can be found in the many reviews of the protein that have appeared in recent years (e.g.,

please see Leffel et al. 1997; Tsien 1998; Haseloff et al. 1999; Ikawa et al. 1999; Naylor 1999). These reviews

are obligatory reading for those investigators who want to use GFP as a reporter in their particular experi—
mental organism or cell type.

An extensive range of GFP variants (natural as well as mutant), vectors, and antibodies is now com—

mercially available. CLONTECH has perhaps the most comprehensive set of vectors; GFP antibodies are
available from many companies, including Chemicon Intl., Panvera, CLONTECH, and Alexis Corp‘ For the

Web Sites of many of these companies as well as addressess for other resources that provide information rel—
evant to studies using GFP, please see Table 17-2.

TABLE 17-2 Resources
 

 

RESOURCE WEB SITE COMMENTS/INFORMATION

Brookhaven National Laboratory www.pdb.bnl.gov/browse_it structure of GFP (GFP PDB
files)

NIH Image Home Page http://rsb.info.nih.gov/nih-image/ information on digital micro~
scopy and shareware for image
analysis

Codon usage database www.kazusa.or.jp/codon codon usage frequencies for any
organism; good for optimizing
design for expression

CLONTECH www.gfp.clontech.com GFP products suitable for many
applications: enhanced and

destabilized GFP vectors, recom—
binant fluorescent proteins, GFP
antibodies, GFP sequencing
primers

Quantum Biotechnology www.qbi.c0m/autoflu0 good line of autofluorescent pro—
teins; many spectral properties

Invitrogen www.invitrogen lines of GFP constructs

Life Technologies www.lifetechnologiesrcom transfection reagents and vectors

PanVera www.panvera.com GFP antibodies

Image Analysis Laboratory www2.med.unipg.it/imagelab information on using GFP to
study targeting sequences; advice

on microscopy

Molecular Motion Laboratory www.yalemed.edu/ophtha/thom/tools many useful links to Quick-time
videos, images, GFP resources
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Epitope Tagging:

Epitope Tagging:

An Overview

Fusion proteins consist of the amino acid residues of interest covalently attached at their amino or carboxyl

termini to a set of carrier sequences. When the carrier sequences contain a useful antigenic determinant, the

fusion protein is said to be tagged with an epitope. Epitope tagging is a powerful technique to characterize

proteins of interest without purification. Another major advantage of epitope tagging is that well—charac-

terized and highly specific antibodies can be used to study proteins of interest without the long laborious

routines and uncertainties for production and characterization of antibodies. Epitope tagging has become

a routine practice in the yeasts Saccharomyces cerevisiae and Schizosaccharamyces pombe (Bahler et al. 1998;

Longtime et al. 1998). A tag can be fused to the carboxyl terminus of a protein at its endogenous locus using

existing PCR modules without cloning and disrupting its endogenous promoter. In mammalian cells, this

approach is not feasible at the present time. In most cases, the fusion protein is expressed under the control

of a heterologous promoter (Sells and Chernoff 1995; Chubet and Brizzard 1996; Georgiev et al. 1996;

Hosfield and Lu 1998), which typically results in abnormal expression of the gene of interest. Therefore, epif

tope tagging cannot be used, for example, to study regulation of a ceIl-cycle—regulated gene.

One assumption here is that addition of an epitope tag does not affect the function, intracellular trans-

port, modification, or location of the target protein. Several studies have suggested that most proteins can

accept a tag at one terminus or other regions without severe loss of their functions {Prasad and Goff 1989;

Anand et al. 1993; Ross—Macdonald et al. 1997). However, whether this holds true must be tested whenever

possible. In yeast, where the excavation of chromosomal genes is a routine matter, it is often possible to erase

any doubts immediately by testing the ability of the epitope-tagged protein to complement a null allele. In
mammalian cells, these matters must be taken on faith, and any results obtained should remain open to

question until they have been confirmed by other means. In cases where a sensitive functional assay is avail—

able in vitro, it is sometimes possible to synthesize enough of the tagged protein in ceIl-free systems to con-

firm that it has retained fuII activity.

Practical Considerations

Table 17-3 presents a sample of the epitopes that have been used for tagging. Because most of these epitopes

are derived from a hormone or an oncogene, there is a finite but small chance of immunological cross—reac-

tion with cellular material. In most cases, a single monoclonal antibody specific for the epitope can be used

for immunostaining, immunoblotting, immunoprecipitation, and immunopurification.

The number of weII-characterized epitopes is growing rapidly, and many commercial companies now

sell kits that contain the materials and instructions to construct and test epitope‘tagged fusion proteins of

various sorts. However, before deciding to use an epitope-tagging strategy, it is best to work out the cost of

the necessary reagents. This is especially important if the goal is to use the epitope for large-scale affinity

purification of the fusion protein. Some of the companies charge such outrageous prices for monoclonal

antibodies that the ongoing cost of the system quickly becomes prohibitive for many laboratories.

Another important consideration is to determine whether the selected epitope has been used in the lit—

erature for a purpose similar to that of its intended application. Even though epitope tagging may vary from

protein to protein, the fact that similar approaches have been exploited with a particular tag increases the

likelihood of its success and may provide some ideas and some detailed information on how to utilize this

epitope, which may not exist in most general protocols.

It is very important to choose a tag whose cognate antibody will not cross-react with a protein in the

host cells used for expression of the epitope—tagged protein and to choose a tagging site on the target pro—

tein that will not interfere with the function of any topogenic sequences (e.g., hydrophobic signal
sequences) or trafficking signals (e.g., nuclear transport signals or endoplasmic reticulum retention

sequences). Whenever possible, however, the epitope tags should be added to the amino or the carboxyl ter—

minus of the target protein, where they are most likely to be accessible to antibody and least likely to inter—

fere with the function of the target protein.

When an epitope tag is used for immunopurification, it is best to choose a tag that may be removed

from the target protein. Removal is sometimes necessary to restore protein function, to increase solubility,
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or to decrease antigenicity. Although success is not guaranteed, removal may be accomplished by incorpo—

rating a protease cleavage site in the peptide linker between the epitope tag and the target protein (for

details, please see the introduction to Chapter 15). However, enzymatic removal is often inefficient (because

the cleavage site is inaccessible) and sometimes destructive (because the cleaving protease is not absolutely

specific or because of contamination with nonspecific proteases) (Nagai and Thwgersen 1987; Dykes et al.

1988).

Applications

Since the introduction of epitope tagging by Munro ancl Pelham (1984), it has been used to address sever-

al experimental problems, including the detection, localization, and purification of expressed proteins. The

protein of interest can be detected with immunological reagents directed against the epitope and purified

by affinity chromotography in the absence of a functional assay (Field et al. 1988). In addition, because the

tagged protein can be differentiated unambiguously from related cellular proteins (Davis and Pink 1990),

its size and location can be ascertained by western blotting and immunofluorescence (Munro and Pelham

1986, 1987; Geli et al. 1988; Pelham et al. 1988; Swanson et al. 1991), its pattern of biosynthesis and post-

translational modification can be followed by pulse-labeling and immunoprecipitation, and its interactions

with other proteins can be probed by coimmunoprecipitation (Kolodziej and Young 1989; Squinto et al.

1990). Finally, with the development of sensitive mass spectrometry for peptide sequencing, epitope tagging

has been used increasingly for purification of protein complexes and identification of components in the

protein complexes (Ogryzko et al. 1998; Shao et al. 1999). Although it is not possible to provide a compre—

hensive list of the relevant literature, below are some recent major applications of epitope tagging.

0 Gene expression and localization. Epitope tagging has been used to study gene expression in various

organisms using western blotting. If it is difficult to detect the expression of a fusion protein using a sin-

gle epitope, due to a low expression level and instability of the protein, sensitivity can be increased by

adding multiple epitopes (Nakajima and Yaoita 1997). Once a fusion protein is expressed, its localization

can be detected by immunofluorescence. This technique is very useful to study localizations of isoforms

of a gene family that share highly significant sequence identity, where specific antibodies to different iso-

forms are always difficult to generate (Scherer et al. 1995; Toyota et al. 1998). Epitope tagging can also be

used for mapping regions of a protein that are responsible for targeting the protein to specific locations

(Xu et al. 1998).

o Interactions. By using coimmunoprecipitation and detection by western blotting, epitope tagging has

been used widely to study protein-protein interactions in vitro and in vivo (Chinnaiyan et al. 1995; Hsu

et al. 1996) (for details, please see Chapter 18, Protocols 2, 3, and 4). In cases where no antibodies are

available for either of the two potentially interacting proteins, different tags may be attached to each of

the two proteins. The antibody that recognizes one epitope is then used for immunoprecipitation,

whereas the antibody against the other epitope is used for detection of the immunoprecipitated proteins.

In this case, it is always wise to perform the reciprocal coimmunoprecipitation experiment to determine

whether the interaction is specific. Morover, it is important to recognize that because candidate proteins

identified by immunoprecipitation may not interact directly with the bait protein, it is advisable to use

other means to confirm whether a direct interaction exists.

0 Purification ofprotein complexes. In many cases, a biological function is carried out by a protein com—

plex instead of a single protein. Therefore, it is essential to identify and purify all of the components of

a protein complex. In organisms such as yeast where genetic approaches exist to identify all of the com—

ponents performing the same function, it is still necessary to purify protein complexes to study their bio-

chemical functions. Epitope tagging has provided a way to purify protein complexes by immunoaffinity

chromatography and immunoprecipitation (Chiang and Roeder 1993; Ogryzko et al. 1998; Shao et al.

1999). Now that the complete genomic sequences of several organisms are available (e.g., the yeast S.

cerevisiae, C. elegans, and Drosophila), and with the significant reduction in the amounts of materials

required for peptide sequencing by mass spectrometry (Dukan et al. 1998; Huang et al. 2000), the use of

immunoprecipitation to identify components in protein complexes is likely to become one of the major

techniques in proteomics.
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CHLORAMPHENICOL ACETYLTRANSFERASE
 

Acetyl-coenzyme:chloramphenicol acetyltransferase (acetyl—C0A1CAT; EC 2.3.1.28) has become widely

used as a reporter molecule for the indirect assay of transcriptional regulatory elements in transfected mam-

malian cells. The enzyme covalently modifies chloramphenicol by transferring an acetyl group from acetyl-

CoA to the primary hydroxyl residue (C3) of chloramphenicol (please see Figure 17—14).

The product of this reaction, 3—acety1 chloramphenicol, undergoes a nonenzymatic rearrangement in

which the acetyl group is transferred to the C1 residue, forming l-acetyl chloramphenicol, This rearrange-

ment reopens the primary hydroxyl on C3 to a second cycle of acetylation that gives rise to the diacetylat-

ed product 1,3-diacetyl chloramphenicol.

The CAT gene is responsible for resistance to chloramphenicol in strains of bacteria that are resistant

to the antibiotic. After mono- or diacetylation, chloramphenicol cannot bind to the peptidyl transferase

center of prokaryotic ribosomes, the exclusive target for the antibiotic’s action. In field strains of

Enterobacteria and other Gram-negative bacteria, the CAT gene is constitutively expressed and is usually

carried on plasmids that confer multiple drug resistance. In staphylococci, CAT activity is almost invariably

encoded by small (<5 kb) plasmids that carry no other resistance markers. Amino acid sequences of sever-

al variants of CAT from both Gram—positive and Gram—negative bacteria are highly homologous. All known

variants are trimers consisting of identical subunits of Mr : 25,000. The type I variant, which is encoded by

a 1102-bp segment of transposon Tn9, is in wide use as a reporter gene. However‘ most kinetic and struc-

tural analyses are carried out with the type III variant, which yields crystals suitable for X-ray analysis. The

trimeric structure is stabilized by a B—pleated sheet that extends from one subunit to the next (Leslie et al.

1988). The two substrates (chloramphenicol and acetyl—CoA) approach the active site through tunnels

located on opposite sides of the molecule. The active site, which is located at the subunit interface, contains

a histidine residue, which is postulated to act as a general base catalyst in the acetylation reaction (Leslie et

al. 1988; Shaw et al. 1988).

cyzchg

c H
0/ \N/

H |
02N©—\‘C—Cl—CH20H

OH H

acetyI—CoA
chloramphenicol

acetyltransferase

CHC|2

c H
0/ \N/
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ON \<|:1—c2~-03=o

OH H CH3

 

   
3-acetyl chloramphenicol

FIGURE 17-14 Reaction Catalyzed by CAT
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Expression of CAT in Mammalian Cells

Virtually all transfection experiments with CAT have been carried out with constructs derived from the

plasmid pSVZCAT, which contains the SV40 promoter/enhancer, 29 bp of untranslated sequence, the CAT-

coding sequence, and 8 bp of DNA 3’ to the UAA stop codon (Gorman 1985). pSVZCAT cannot confer chlo-

ramphenicol resistance upon bacteria because the CAT gene is not linked to a prokaryotic promoter. To

assay putative promoters in mammalian cells, a derivative of pSVZCAT has been constructed (pSVOCAT)

(Gorman et al. 1982) that allows the promoter region of SV40 to be replaced by the promoter under test.

The CAT gene fulfills many of the criteria required of an ideal reporter gene in mammalian cells.

Because CAT is a prokaryotic enzyme, there are no endogenous or competing activities in mammalian cells

and the enzyme is quite stable. However, some of the assays used to measure CAT activity in lysates of trans-

fected cells are expensive and time-consuming, and unless great care is taken, they may be inaccurate. Many

of the older assays are variations on the methods of Shaw ( 1975) and Gorman et al. ( 1982) in which extracts

prepared from transfected cells are incubated with 14C-labeled chloramphenicol. The acetylated products

are separated from the unmodified drug by thin-layer chromatography and quantitated by autoradiography

or by scraping the spots from the thin—layer plates and counting them by scintillation spectroscopy. CAT

activity is then calculated as the percentage of chloramphenicol converted to mono- and diacetylated prod—

ucts. However, all of these older methods are labor-intensive, semiquantitative, and of limited sensitivity

(~10‘2 units of CAT activity). (One international unit of CAT is defined as the amount of enzyme that cat-

alyzes the production of 1 umole of product per minute. This is approximately equivalent to 1.5 x 10H mol—
ecules of enzyme.)

The insensitivity of the assay is in part due to the presence of enzymes in extracts of transfected cells

that hydrolyze acetyl-CoA. The sensitivity and reproducibility of the assay are greatly improved if the

extracts are adjusted to 10 mM EDTA and then heated to 60°C for 10 minutes (Sleigh 1986; Crabb and

Dixon 1987) before assay. Newer assays that circumvent the use of thin—layer chromatography include the

acetylation of unlabeled chloramphenicol with I4C—labeled acetyl—CoA. At the end of the reaction, the mix-
ture is extracted with ethyl acetate. The mono— and diacetylated forms of chloramphenicol partition into

the organic phase, whereas the acetyl—COA remains in the aqueous phase. The amount of chloramphenicol

converted to the acetylated form can then be measured in a liquid scintillation counter. Subsequent varia-

tions on this assay include:

o Extraction of reaction products into liquid scintillation fluor (e.g., please see Eastman 1987; Neumann
et al. 1987; Nielsen et al. 1989).

o Enzymatic butyration of radiolabeled chloramphenicol (Seed and Sheen 1988).

0 Use of fluorescent substrates for CAT that display bright fluorescence when excited at the appropriate
wavelength (Young et al. 1991).

Because of the peculiar chemistry of the CAT reaction, however, none of these assays are truly quanti-

tative. As discussed above, the monoacetylated reaction product, 3—acetyl chloramphenicol, is converted by

a nonenzymatic rearrangement to 1—acetyl chloramphenicol. This remains tightly bound to CAT and is then
acetylated relatively slowly to 1,3-diacetyl chloramphenicol. Assays that measure the yield of mono— and/or

diacetylated products therefore cannot be quantitative. This problem is exacerbated when the concentration

of substrate in the assay is significantly lower than the Km of CAT for chloramphenicol, which is variously

reported to be between 7.5 and 60 “M (e.g., please see Sankaran 1992 and references therein). CAT assays

can, however, be made truly quantitative by two methods:

0 Use as substrate 1-deoxy chloramphenicol (Murray et al. 1991). This substrate, in which the residue on

the C1 atom is replaced by a proton, generates a single acetylated product (3-acetyl, l—deoxy chloram—

phenicol), thereby simplifying measurement of enzymatic activity. Radioactive 1—de0xy chlorampheni-
col is available from Amersham.

0 Measure the initial kinetics of the enzymatic reaction, instead of the radioactivity accumulated after a set

length of time. This will ensure that the reaction has not been performed under conditions where sub-

strate is limiting (Desbois et al. 1992).

It is preferable to express CAT activity as the amount of product formed per milligram cell extract per

unit time (i.e., as a specific activity, not simply as a percent conversion figure).
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LUCIFERASE
 

It is luciferase activity that makes fireflies glow as they dance through the summer night air. While provid-

ing children with countless hours of twilight fun, luciferase also aids molecular biologists interested in

mammalian gene transcription. With few exceptions, such as the gut of the firefly beetle and some marine

organisms, luciferase enzyme activity is not found in eukaryotic cells, and thus it serves as an excellent

reporter gene in promoter analysis studies. Most luciferase marker genes currently in use for promoter

analysis are derived from the lac gene of the firefly (Photinus pyralis) (de Wet et al. 1985, 1987; Bronstein et

al. 1994). The utility of the firefly luciferase gene was recognized by de Wet et al. (1987) who isolated the

gene and expressed it as an active enzyme in mammalian cells. These authors took advantage of many years

of research into the biochemistry of chemiluminescence and bioluminescence to develop a rapid and sen-

sitive assay for luciferase activity expressed from transfected DNAs. Since this initial report, many modifi-

cations have been made to the luciferase assay including the development of modified luciferase genes with

higher levels of expression, the use of different assay reagents that change the kinetics of light release, the

use of small molecules that stabilize the luciferase enzyme, and the isolation and expression of luciferase

genes from several different organisms (de Wet et al. 1987; Bronstein et al. 1994; Himes and Shannon 2000).

The enzyme has a characteristic behavior with respect to substrate specificity, light release kinetics, allosteric

modulation, and intracellular stability. Luciferase, in the presence of Mg“, catalyzes the reaction:

ATP + luciferin + 02 —> AMP + oxyluciferin + PPi + light (560 nm)

The luciferase enzyme encoded by the firefly cDNA contains a peptide sequence at its carboxyl terminus

that targets the protein to the peroxisome compartment of the cell. The peroxisome is a subcellular

organelle surrounded by a lipid bilayer that contains a variety of enzymes participating in oxidative metab—
olism and other aspects of intermediary metabolism. Early studies showed that overexpression of luciferase
from some promoter constructs overloaded the capacity of the peroxisome to import the enzyme, leading
to a constipated and sick cell. To eliminate this and other problems relating to the expression of an insect
enzyme in mammalian cell lines, several alterations have been made to the original firefly luciferase cDNA,
including the removal of the peroxisomal targeting sequence, the elimination of sequences predicted to give
rise to RNA secondary structure, the inclusion of an optimum translational initiation sequence (a Kozak
sequence), the swapping of prevalent insect codons for their mammalian counterparts, the inclusion of
polyadenylation sequences upstream and downstream from the luciferase cDNA, and the removal of restric-
tion enzyme sites within the cDNA. An example of a commercially available vector containing a highly
modified luciferase cDNA is the pGL series available from Promega (please see Figure 17-4).

Other luciferase genes have been isolated from diverse marine and bacterial organisms and some of
these are beginning to be used in molecular biological assays. An example is the luciferase/luciferin enzyme
system from the sea pansy (Renilla reniformis), which utilizes a substrate different from that of firefly
luciferase and which has different biochemical properties. Together, the firefly and sea pansy luciferase
enzymes constitute a dual reporter assay system that is available from Promega and that allows measure—
ment of both enzymes in the same test tube (Dual-Luciferase Reporter Assay System). The advantage of this
and other dual reporter assay systems (e.g., Dual-Light by Tropix, Inc., Bedford, Massachusetts) is that both
the test gene construct (linked to the firefly luciferase) and a transfection/standardization control (a consti—
tutive eukaryotic promoter linked to the sea pansy luciferase or fi-galactosidase genes) can be assayed in a
single aliquot of cell lysate by the same biochemical method (light emission). It is likely that other
luciferase/substrate combinations will be developed in the future that will expedite the use of this system
for transcription studies. Keep in mind that the optimum assay components may differ for the luciferase
enzymes of different species.
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B-GALACTOSIDASE
 

E. coli B-galactosidase (MY : 465,412; EC 3.2.1.23) is a tetramer of four identical polypeptide subunits, each

consisting of 1023 amino acids. This polypeptide is encoded by the first gene (lacZ) of the lac operon.

Fowler and Zabin (1978) determined the amino acid sequence of B-galactosidase and Kalnins et al. (1983)

reported the nucleotide sequence of the lacZ gene 8 years later (GenBank accession number : V00296). X—

ray diffraction analysis of crystals of B-galactosidase show that the tetramer displays 222-point symmetry

(Jacobson et al. 1994). The individual polypeptide chains fold into five sequential domains, with an extend-

ed segment of ~50 amino acid residues at the amino terminus. This segment corresponds to the ot—peptide,

discussed in more detail later. B—galactosidase, whose synthesis is induced by lactose and certain other galac—

tosides, catalyzes two enzymatic reactions:  o Hydrolysis of B—D-galactopyranosides. The enzyme is essential for the hydrolysis in E. coli of the disac—

charide lactose (1,4—O-B-D—galactopyranosyl-D—glucose) into glucose and galactose.

o A transgalactosidation reaction in which lactose is converted to alloiactose (1,6-O-B—1)-gaiactopyra-

nosyl-D-glucose), the true inducer of the lac operon (Mfiller—Hill et al. 1964; lobe and Bourgeois 1972).

B—galactosidase also interacts with a series of synthetic analogs of lactose in which glucose has been

re laced b other moieties. As described in more detail below, these include:P Y

o The chromogenic substrates o—nitropheny]—B—D-galactoside (ONPG) and 5—bromo-4-ch10ro—3—

indolyl—B-D—galactoside (X—gal), and the fluorogenic substrate 4—methylumbelliferyl—B-I)—galactoside

(MUG).
o Inhibitors such as p-aminophenyl-B—D—thio—galactoside (TPEG), which is used for affinity purification

of lacZ fusion proteins (Germino et al. 1983; Ullmann 1984).

B—galactosidase is tolerant of deletions and substitutions of amino acids at its amino and carboxyl

termini. Up to 26 amino acids can be removed from the amino terminus and replaced with several hun-

dred or more residues ofa variety of other proteins without affecting enzymatic activity (Brickman et al.

1979; Fowler and Zabin 1983). The two carboxy-terminal amino acids are dispensable and can be

replaced by other coding regions to generate active chimeric B-galactosidases (Rather and Muller—Hill

1983).

[S-galactosidase has one other extremely useful peculiarity: the amino and carboxyl domains of the

enzyme need not be carried on the same molecule to generate B-galactosidase activity. Instead, two inactive

fragments of the polypeptide chain, one lacking the amino-terminal region (the ot—acceptor) and the other

the carboxy—terminal region (the ot-donor), are able to associate both in vivo and in vitro to form a

tetrameric active enzyme (Ullmann et al. 1967; Ullmann and Perrin 1970). This unusual form of comple—

mentation, Called a—complementation, is widely used in molecular cloning to monitor insertion of foreign

DNA sequences into vectors encoding the amino—terminal (ot-donor) fragment of B-galactosidase (for more

details,p1ease see the information panel on a~COMPLEMENTATION in Chapter 1),

Quantitative Assays

Hydrolysis of ONPG

[S-galactosidase activity in bacterial cultures is usually assayed spectrophotometrically. Because the enzyme

cleaves B—galactosidic linkages (please see Figure 17—15), it will hydrolyze the synthetic chromogenic sub—

strate ONPG, generating o—nitrophenol, which is yellow in aqueous solution. The course of the reaction can

therefore be followed by monitoring absorbance at 420 nm (Lederberg 1950).

The assay is carried out using bacterial cells that have been permeabilized with toluene or chloroform

and suspended in a buffer containing high concentrations of B-mercaptoethanol (Miller 1972). After incu-

bation with ONPG for set periods of time, the reaction is terminated with NetzCO3 and the OD420 is mea—

sured. Because the absorbance at 420 nm is a combination of absorbance by o~nitrophenol and light scat—

tering by bacterial debris, it is essential to centrifuge the reaction mixtures briefly (60 seconds in a
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microfuge) before measuring the OD420 of the supernatant. B—galactosidase activity of the bacterial culture
is expressed in Miller units:

Units of B—galactosidase : F(IOOO x OD

where OD420 is the absorbance at 420 nm of the reaction mixture; OD600 is the absorbance at 600 nm of the

bacterial culture just before the enzyme activity is assayed; t is the time of the reaction in minutes; and v is

volume of the culture (m1) used in the assay. Miller units are proportional to the increase in o-nitrophenol

per minute per bacterium; 1 ml of a fully induced wild-type culture of E. coli contains ~1000 units of B-

galactosidase activity, whereas an uninduced culture contains <1 unit.

E. coli fi—galactosidasc can also be expressed in mammalian cells (e.g., please see Hall et al. 1983). A

slightly modified version of the Miller assay can be used to measure the activity of the bacterial enzyme

expressed in cultured vertebrate cells (Norton and Coffin 1985) and yeasts (Rose and Botstein 1983;

Sledziewski et al. 1990).

“OJ x v x OD600)

Hydrolysis of MUG

B-galactosidase will hydrolyze the synthetic fluorogenic substrate MUG (available from Sigma), generating

4—methylumbelliferone, which emits an intense bluish fluorescence in alkaline solution. The course of the

reaction can therefore be followed fluorometrically by exciting at 364 nm and recording the light emitted at
440 nm (Roth 1969; Youngman 1987).

The fluorometric assay is ~10 times more sensitive than the spectrophotometric assay, but of course, it

requires an expensive fluorometer. The fluorometric assay is useful only under special circumstances, for

example, to quantitate the activity of a weakly expressed gene that has been fused to lacZ. The older spec-

trophotometric assay is perfectly adequate for almost all routine assays of B-galactosidase activity in bacte—
rial, mammalian, and yeast cultures.

Histochemical Stains

B-galactosidase in many ways is an ideal histochemical marker. It is a stable enzyme and its expression in cul—

tured mammalian cells, yeasts, Drosophila, or transgenic mammals does not appear to be either deleterious

or advantageous to the host. In addition, a sensitive chromogenic assay is available (see below) that generates

a nondiffusible, brightly colored product. Finally, in all but a few specialized eukaryotic cells, hydrolysis of B-

galactosidic linkages is catalyzed by lysosomal enzymes that are active only under acid conditions. Because

these enzymes are inactive at the neutral pH used to assay for lacZ, background staining is negligible.
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Substituted indolyl dyes were first used in the 19505 for histochemical localization of nonspecific

esterases (for review, please see Burstone 1962). These dyes work because the enzymatically released indolyl

is oxidized rapidly to an insoluble indigo that can be seen readily at the sites of enzyme activity. In the early

19605, the “indigogenic principle,” as it was known, was applied successfully to the histochemical localiza—

tion of mammalian glucosidase through the use of 5—bromo—3-indolyl—B—D-glucopyranoside (Pearson et al.

1961)‘ This work was extended to B—galactosidase (Pearson et al. 1963) when a new series of dihalageno—

indolyl compounds were synthesized by J. Horwitz and his co-workers at the Detroit Institute of Cancer

Research (Horwitz et al. 1964). Among these compounds was X—gal, which is hydrolyzed by B—galactosidase

to 5—br0mo—4—chlor0-indig0.

 

In 1967, Julian Davies, working at the Pasteur Institute, was trying to develop nondestructive histochemical
stains that would allow him to distinguish between lac+ and Iac' colonies. This goal required finding a specif-
ic chromogenic substrate that would be hydrolyzed by B—galactosidase to highly colored products that were
both nondiffusible and nontoxic. Davies was pleased to find that phenyl-B-galactosides produced a satisfacto-
ry color reaction, but he was less gratified by their conversion into toxic nitrophenols that efficiently killed the
very cells he was trying to identify. Understandably, Davies, who is voluble and Welsh, found this situation a
little frustrating. He expressed his Cymric indignation to Mel Cohn, a visitor to the laboratory, who fortunate-
ly remembered reading the brief paper by Horwitz and his colleagues describing the use of dihalageno-indolyl
compounds as histological stains for B-galactosidase (Horwitz et al. 1964). Davies’ next problem was to per-
suade the people at the Pasteur institute to buy some X-gal. In those days, X-gal was not available commer-
cially and custom synthesis cost 1000 dollars per gram. After much discussion, X-gal was ordered, synthe-
sized, and delivered. In addition to being sensitive and nontoxic, X-gal turned out to be an extremely beautiful
histochemical reagent that has generated gorgeous pictures of [3-galactosidase expression in flora and fauna of
all types.

In their original paper, Pearson et al. (1963) mentioned that the level of |3—galactosidase activity in brain
was low. This was hard for the people at the Pasteur Institute to understand, since in their mind, there was
clearly a connection between B—galactosidase and intellect. When Jacques Monod first saw the brilliant blue
color of induced bacterial colonies, he commented that this was proof that E coli was the most intelligent
organism in the world.  
 

In eukaryotic organisms, the histochemical reaction for B-galactosidase is carried out on cryosections
(Goring et al. 1987), on cultured cells and tissue sections fixed with buffered aldehyde (Sanes et al. 1986) or

unbuffered formaldehyde (Login et al. 1987), or on sections fixed with glutaraldehyde in a microwave oven

(Mufti and Sehimenti 1991). Since B-galactosidase is a cytosolic enzyme, staining is sometimes difficult to

see in eukaryotic cells such as lymphocytes that contain very little cytoplasm. This problem can be elimi—

nated by using a modified form of B—galactosidase (Bonnerot et al. 1987) that carries an amino—terminal
nuclear transport signal (PKKKRKV) derived from SV40 large T antigen. The modified enzyme migrates to

a perinuclear location and accumulates near nuclear pores. The resulting concentration of histochemical

staining improves the sensitivity of detection of B-galactosidase and allows the enzyme to be precisely local-

ized in complex tissues.

TABLE 17-4 Heterologous Expression of B-galactosidase
 

 

ORGAN|SM ORIGINAL REFERENCE

Bacteria Davies and Jacob (1968)

Yeast Guarente and Ptashne (1981)

Drosophila Lis et al. (1983)

Mammalian cells in culture Hall et al. (1983)

Transgenic mice Goring et al. (1987). lacZ had previously been used as a reporter in a recombinant
retrovirus that had been injected into mouse embryos (Sanes et al. 1986).
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18.2 Chapter 18: Protein Interaction Technologies

THE PRIMARY GOAL OF THIS MANUAL HAS BEEN THE DESCRIPTION OF METHODS to identify and

manipulate nucleic acids. In Chapters 15, I6, and 17, the focus broadened to address the proteins

encoded by nucleic acids of interest and detailed means to express these proteins in bacteria and

a variety of eukaryotic host organisms. This chapter provides an introduction to a number of cur-

rent methodologies that are used to begin to understand the interactions of proteins.

Different biological subdisciplines ask distinct questions about protein—protein interac-

tions. Broadly defined, much of the current effort directed at the study of proteins can be divid—

ed into four subcategories:

0 Biochemical and structural studies of protein interactions with other proteins or small lig—

ands.

o Mechanistic studies that delve into the networks of protein interaction that mediate signal

transduction, the cell cycle, and gene expression.

0 Genetic studies, in which evidence bearing on protein interactions is initially inferred from

patterns of genetic interference or epistasis.

j 0 Cell biological studies, which are frequently focused on localization and colocalization of pro—

, teins in dynamically reorganizing cells.

Within these biological contexts, many discrete questions may be posed about the interac-

; tions of any one protein. For example, does the protein function alone, as part of a small com—

plex (e.g., dimerically), or as part of a large assembly? Would the protein be likely to associate

with high affinity with a single partner molecule or would any interactions involve multiple

lower—affinity contacts across a broader surface? Does the protein utilize a canonical and separa—

ble domain for interaction with a defined motif on a partner protein? If so, how is specificity for

partner proteins conferred and how are nonspecific interactions with other proteins containing

2 similar motifs suppressed? Is the protein subject to transient interactions, such as might occur

z‘ between particular kinases or other modifying enzymes and substrates? Do modifications such as

phosphorylation and glycosylation affect interactions of the protein and other partner molecules?

D0 protein interactions regulate the catalytic function or substrate specificity of proteins with

enzymatic activity? Do mutations that affect protein interactions, whether naturally occurring or

experimentally induced, have clear measurable biological effects? Can therapeutic agents be

developed that specifically modulate protein—protein interactions? D0 two proteins of predicted

common function colocalize in such a way as to enable direct interactions? Does the affinity of a
protein-protein interaction measured in Vitro reflect the strength of the interaction in vivo? If a
protein interacts simultaneously with multiple partners, are the interactions competitive, addi-

tive, or synergistic? How does one begin to identify such arrays of partners?

These and other questions devolve into several discrete classes of inquiry. In one class, the

goal is to identify every possible interacting set of proteins for the protein of interest. In this case,

physiological significance is temporarily downplayed in an effort to cast a broad net. In the sec-
ond class, where interacting proteins of interest have been defined, the goal is to establish physi-
ological significance by detailing the biological function and impact of their interactions. In this

case, it is essential to study the interaction under conditions that correspond as closely as possi-

ble to the endogenous situation. In the third class, an interaction has been identified, and vali—
dated as physiological, and is reasonably well understood. Here, the goal is to devise high-

throughput methodologies to identify agents that modulate the interaction in desirable ways. No

single technique is optimal to address all of the questions or classes of interest; however, by com—
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bining experimental approaches, it is possible to make considerable progress. The techniques pre-

sented here bear on all three described classes.

A complete review of the origins and nature of methods to analyze and characterize protein

interactions is beyond the scope of this chapter. An excellent list of references has been compiled

by Phizicky and Fields (1995), along with an extensive discussion of parameters that can be cru~

cial in choosing a specific technique to detect particular protein interactions. In addition, space

does not allow presentation of all available interaction techniques. Thus, for example, traditional

biochemical copurification methodologies have been omitted. One more recently developed

approach, omitted here but worth considering for some applications, is the use of mass spec-

trometry. This technique has been used with recent striking success in large-scale biochemical

applications, identifying constituents of large complexes composed of multiple proteins that asso-

ciate to perform a specific function or group of functions. For useful introductions to this

method, please see Kuster and Mann (1998), Rigaut et al. (1999), and Yates (2000). Another field

with direct relevance to protein interactions is that of molecular modeling, which combines

information about protein domains, patterns of evolutionary conservation, and structural coor—

dination to predict interaction patterns. For discussions of modeling approaches, please see

Aitken (1999), Enright et al. (1999), and Marcotte et al. (1999).

This chapter focuses on a number of basic techniques that have gained wide acceptance and

are amenable to use by individual investigators focused on the study of specific proteins.

a Bacterially expressed glutathione S—transferase (GST)-fused proteins are used to perform

direct measure of protein-protein interactions and for affinity purification. Far western analy—

sis (Blackwood and Eisenman 1991; Kaelin et al. 1992), in which a labeled protein probe is used

to probe for interactions with defined or library—encoded proteins immobilized on a mem-

brane, is an offshoot of conventional western analyses. The GST pulldown (Kaelin et al. 1991)

is a related technique in which either (1) a single defined in—vitro-expressed protein, (2) an

unknown protein present in a pool of proteins in a cell lysate, or (3) an unknown protein

expressed from a pool of in-vitro—translated cDNAs is collected by its interaction with a fusion

protein composed of the target protein linked to 3 GST moiety. The complex is then isolated

through the binding of the GST moiety to glutathione—coupled beads, followed by purifica—

tion. This technique can also be used to derive semiquantitative estimates of the affinity of pro—

tein—protein interactions.

0 In phage display (Smith 1985), a library of proteins (Bass et al. 1990) or peptides (Cwirla et al.

1990; Scott and Smith 1990) is expressed as fusions to a surface-displayed coat protein of a til-

amentous phage such as M13. Proteins expressed in this manner can be probed using strate—

gies similar to those utilized for screening conventional bacterial expression libraries with anti—

bodies or GST-fused probes. The life cycle and culturing properties of the filamentous bacte-

riophage facilitate the generation of libraries of particularly high complexity (up to 1010 indi-

vidual constituents), thereby maximizing chances of finding a novel interaction or discovering

mutations that perturb a predefined interaction in a meaningful way. For the theory and prac—

tice of affinity selection techniques used with phage display-based systems, please see Barbas

et al. (2001) and the information panel on HLAMENTOUS PHAGE DlSPLAY at the end of this

chapter.

0 Two-hybrid systems (Fields and Song 1989; Chien et al. 1991; Durfee et al. 1993; Gyuris et al.

1993;Vojtek et al. 1993) also mimic natural systems. These systems utilize the genetic power of

the yeast Saccharomyces cerevisiae as host for analysis of protein—protein interactions. The two-

hybrid system (Fields and Song 1989) artificially mimics the natural process of transcription,

building on observations that transcriptional activators can be separated into discrete regions
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corresponding to DNA—binding domains and transcriptional activation domains (Brent and

Ptashne 1985; Hope and Struhl 1986). In the standard two-hybrid approach, the association of

an activation domain with a DNA-binding domain is rendered dependent on a bridging func-

tion provided by two interacting proteins, fused respectively to the DNA—binding domain and

the activation domain; productive interaction leads to transcriptional activation of reporters

whose products can be easily scored on the basis of colorimetric tests or the ability of the novel

trans-activator to transcribe a yeast gene essential for growth of the organism. The ease of

manipulation and genetic power of yeast allow assessment of a large number of interactions at

low cost, and with the potential for high throughput, as exemplified in recent genomic appli—

cations (e.g., please see Fromont—Racine et al. 1997; Uetz et al. 2000; Walhout et al. 2000).

o Immunological studies have long used naturally generated antibodies as tools to probe diverse

cellular functions (Harlow and Lane 1988). Coimmunoprecipitation — the detection of a pro—

tein by immunoprecipitation with an antibody directed against a partner molecule — has been

used for at least two decades (e.g., please see Moon and Lazarides 1983) and provides a direct

method of establishing protein association in either in vitro or in vivo situations. In parallel,

antibodies have been developed as tools to localize specific proteins in the context of cellular
ultrastructure. Initial analysis of the cellular cytoskeleton with antibodies to actin (Lazarides
and Weber 1974) developed into the current set of colocalization strategies to assign proteins
with suspected common function to overlapping compartments (e.g., please see Weber et al,
1982). More recent refinements include fluorescence resonance energy transfer (FRET), in
which the transfer of energy from an excited donor fluorophore carried by one protein is
transferred to an acceptor fluorophore carried by another protein. Association between the
two proteins results in a quantifiable change in the ratio of intensity of the two labeled protein
probes, which is a dynamic measure of their proximity within a living or fixed cell (Adams et
al. 1991 ). One advantage of FRET is that proteins can be made fluorescent in a variety of ways,
either by reaction with labeled antibody, or direct coupling of dye, or by synthesis as a fusion
protein with a form of green fluorescent protein (GFP).

0 Finally, biochemical approaches designed to allow rapid measurement of binding constants
and other physical parameters associated with protein-protein or protein-peptide interactions
led to the development of surface plasmon resonance (for early descriptions of the technique,
please see Place et al. [1985] and Ionsson et al. [1991]). In this approach, one protein to be ana—
lyzed is secured to a flat sensor chip in a flow chamber, after which a solution containing a
prospective interacting partner is passed over the first protein in a continuous flow. Light is
directed at a defined angle across the chip, and the resonance angle of reflected light is mea—
sured; the establishment of a protein—protein interaction causes a change in this angle. By cal~
culating such changes over time, equilibrium binding constants and on and off rates can be
readily estimated. Its speed and high sensitivity make this technique extremely attractive for
many forms of analyses.

The two—hybrid and GST-fusion—based screening approaches described in Protocols 1, 2,
and 3 are all suitable in applications that cast a broad net. For studies addressing physiological val-
idation and exploration of interactions, coimmunoprecipitation of endogenous proteins
(Protocol 4) and FRET (Protocol 5) are clearly preferred. For the rapid analysis of previously
defined interactions, two-hybrid and GST pulldown assays have found some significant use; sur—
face plasmon resonance (Protocol 6) obviously has much potential power.

It is important to note that the intrinsic nature of particular proteins dictates, to some
extent, which techniques can be gainfully used for analysis of protein-protein interactions. For
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example, if an interaction is likely to be mediated by posttranslational modifications that occur

only in eukaryotes, phage display is not likely to be useful. If a protein interacts simultaneously

with multiple partners in a complex fashion, yeast two-hybrid assays may not be of great value.

As a basic caveat, many of the techniques described here do not prove whether an observed inter—

action is direct or indirect, i.e., whether it is mediated by additional proteins present in a pooled

lysate or expressed in yeast. If the goal is to establish direct interactions, a method using pure prof

teins eventually must be used. Anticipating these kinds of potential problems in advance can save

much time and effort that otherwise may be invested in an inappropriate assay system.

 

Beauty is a harmonious relation between something in our nature and the quality of the object
which delights us.

Blaise Pascal (1623—1662)  
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Two-hybrid and Other Two-component Systems

Erica A. Golemis and Ilya Serebriiskii
Fox Chase Cancer Center, Philadelphia, Pennsylvania 19111

Most PROTEINS CONSIST OF MULTIPLE DOMAINS of partially or completely separable function.

Significantly, these multiple domains in many cases do not need to be physically attached by

covalent bonds; instead, activities of the intact protein can be reproduced by bringing individ-

ual domains into intimate contact. This basic property has been exploited in screening systems

to measure the affinity of protein-protein interactions in Vivo and to identify novel protein—pro-

tein interactions. Protein interactions so exploited have spanned a range of biological functions,

including a—complementation (Ullmann et al. 1967), ubiquitin—mediated targeting for protein

degradation (Iohnsson and Varshavsky 1994), reconstitution of repressor function (Hu et al.

1990), and generation of a transcriptional activator by combining DNA-binding domains with

transcriptional activation domain functions (Fields and Song 1989). This last approach has

developed into the two—hybrid system (Figure 18—1) and has become a standard and powerful

tool for protein analysis. As the system matured, it has spun off a series of second-generation-

related technologies that promise to greatly expand its utility.

TWO-HYBRID SYSTEMS
 

Starting Point

Modified Baits

18.6

Two-hybrid systems were initially designed to identify and estimate the affinity of interactions

between pairs of single proteins (Fields and Song 1989). However, because two-hybrid systems

consist of a substantial number of components (plasmids for bait, prey, and reporter, as well as

integrated reporters), it was initially uncertain whether they could accurately distinguish interac—

tions of physiological relevance from lower—affinity interactions of questionable relevance. After

several years of use by the scientific community, and after controlled tests of measured interac-

tion affinity (Estojak et al. 1995), it became apparent that for the majority of bait proteins

(>750/o), a two-hybrid approach could be effectively used both to screen expression libraries for

novel interacting proteins and to study interactions between known partners. Given this demon-

strated effectiveness of the basic two—hybrid systems (Chien et al. 1991; Durfee et al. 1993; Gyuris

et al. 1993; Vojtek et al. 1993) at solving a two-body problem, interest turned to the possibility of

extending two-hybrid system capabilities to address more complex interactions involving greater

numbers of system components.

Initially, all two-hybrid systems used the yeast S. cerevisiae as a host cell. This proved to be a lim—

itation in some studies of bait proteins from higher organisms, when posttranslational modifi—
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FIGURE 18-1 The Two-hybrid System

Diagram of the basic two-hybrid system to detect interactions between two proteins in a yeast cell. As
shown, a DNA-binding domain (DBD)-fused bait protein of interest interacts with an activation domain
(Act)-fused to a partner protein (Prey), either known or selected from a cDNA library. The interacting pair
binds a specific sequence motif (op, operator, or UAS, upstream activating sequence, depending on
whether LexA or GAL4 is used as a DBD), activating transcription of two separate reporter genes.

cations required to enable certain protein-protein interactions were not possible because ofthe

absence of the appropriate modifying enzymes in yeast. The problem was especially severe in

the case of baits relevant to higher eukaryotic signal transduction, given the prevalence of site—

specific phosphorylation by tyrosine kinases as a means of regulating protein—protein interac-

tions.

To solve the problem, Osborne et al. (1995, 1996) set up a two-hybrid screen in a strain of yeast

that had been engineered to express the mammalian tyrosine kinase Lck. This enabled them to suc-

cessfully screen a library for proteins that could bind specifically to a bait, derived from an IgE recep—

tor, that carried phosphorylated tyrosine residues. Other groups have since had similar successes

expressing other kinases of mammalian origin, and this approach has become generally useful

(Figure 18-2). One potential drawback to this type of approach arises if the overexpressed modifying

enzyme is deleterious in yeast: For example, constitutive expression of Src is generally toxic, probably

due to the broad specificity of its phospho-kinase activity. in general, this approach is most success—
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Peptides

qfii
D reporter

op I ‘

 

   

 

reporter

 

    

FIGURE 18-2 Modified Bait

A prey is unable to interact with a bait in the absence of posttranslational modification of the bait. A coex-
pressed kinase phosphorylates the bait protein, creating a binding interface for the prey.

 

ful either when working with a kinase or other posttranslational modifier of circumscribed sub-

strate specificity or when placing the modifier under control of an inducible or repressible pro-

moter.

Extending the capacity of a two-hybrid system to interactions between proteins and very small

(<16 residue) peptides was of considerable interest for several reasons. One anticipated benefit

was the ability to identify minimal sets of conserved sequences required for interaction with a

bait. A second benefit was the identification of small peptides that could regulate the activity of a

bait protein, either by competitive binding and blocking of an interaction between a protein and

its normal partner or by interfering with the protein’s intrinsic catalytic activity.

In two independent demonstrations, small specific interacting peptides were successfully

selected from a library: M. Yang et al. (1995) used a retinoblastoma (Rb) bait to isolate multiple

peptides containing the canonical LxCxE Rb-interacting motif, whereas Colas et al. (1996) isolat-

ed Cde—interacting peptides (termed aptamers), some of which proved to inhibit Cdk2 kinase

activity. The peptide libraries used in the two studies were significantly different in design, with the

peptides in one case fused to the carboxyl terminus of the GAL4 activation domain (M. Yang et al.

1995), and in the second case, constrained on both ends within a loop on the surface of the cyto-

plasmic protein thioredoxin (Colas et a]. 1996). The fact that both approaches worked well implies

considerable flexibility in peptide—protein recognition. Peptide aptamers can not only be identified

from genetic screens, but also be used as baits in further screens for interacting proteins, thus help—

ing to elucidate complex genetic networks, such as the yeast mating pheromone response pathway

(Geyer et al. 1999; Norman et al. 1999).
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In a related application, Stagljar et al. (1996) described a rapid method to identify small

interaction-specifying sequences within larger proteins. In this approach, CDNA encoding a

known interacting protein was sheared by sonication and cloned into a prey vector using the shot—

gun technique. The resulting targeted library was cotransformed with the bait of interest, and

direct selection was made for fragments capable of conferring interaction (Stagljar et al. 1996).

The low—tech, cost—effective quality of such an approach makes it a useful addition to studies of

protein function.  
Ternary Complexes

A single protein may be strongly bound to a multiprotein complex by interacting simultaneous—

ly and at low affinity with several different components of the complex. Some bait proteins that

normally exist in a multisubunit complex may therefore interact with individual partners with

affinity inadequate to be detected by the two-hybrid system. Coexpression of the bait with a pre-

viously defined partner protein might provide an interface that supports stronger interactions,

allowing the identification of additional complex members (Figure 18—3). A number of groups
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strong ternary interactlon: strong reporter activation
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strong interactton mediated by a bridge: strong reporter activation

FIGURE 18-3 Ternary Complexes

A bait and prey, while part of the same higher-order complex, either form transient contacts or do not
directly interact, resulting in little or no activation of reporter genes (top). Coexpression of a third partner
(Auxiliary) known to associate with the bait and to be a component of the complex may stabilize previous-
ly weak interactions between bait and prey (middle) or act as a bridge to recruit prey to bait (bottom).  
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Bait and Hook

have demonstrated that coexpression of an “auxiliary bait” is sufficient to strengthen such ternary

interactions (Tomashek et al. 1996; Zhang and Lautar 1996; Tirode et al. 1997). This straightfor-

ward approach has been used successfully to identify caspase substrates (Kamada et al. 1998; Van

Criekinge et al. 1998) and to analyze a four-subunit protein complex (Pause et ai. 1999).

The ternary “partner” in a three-component interaction need not necessarily be a protein,

but instead may be a hormone or a drug. Chiu et al. (1994) first described the use of an FKBPIZ

bait in conjunction with rapamycin to identify the RAPTl protein from a library, subsequently

demonstrating that the interaction was dependent on the presence of rapamycin. In a separate

study, Lee et al. (1995) were able to identify proteins that interacted with the thyroid hormone

receptor in the presence or absence of thyroid hormone. The primary constraint on this use of

the two-hybrid system is the permeability of yeast to the ternary small molecule of choice.

Further applications of two-hybrid systems that promise to be particularly powerful are strategies

to study protein—RNA or protein—drug interactions. In these strategies, a standardized “hook” is

used to display an RNA molecule or a drug to the incoming prey, forming a nonprotein bridge to
the reporter gene (Figure 18-4).

Hook: known RNA- or Iigand-binding protein, fused to DNA-binding domain

hybrid RNA hybrid I|gand

   

   

   

RNA of

interest or

ligand of
interest

  

  
  

Baits:

known RNA, known ligand, synthetic linker

binds Hook binds Hook

Preys: known or novel (library) protein with RNA or ligand binding specificity

reporter

 

    
FIGURE 18-4 Bait and Hook

in this strategy, the DNA-binding domain (DBD) is fused to a defined protein with the capacity to bind
either RNA or a chemical ligand. This fusion construct, termed ”Hook,” is coexpressed with a hybrid RNA
(Bait) containing the RNA-binding site for the Hook and a novel probe sequence or, alternatively, yeast
containing the Hook are grown in the presence of a chemically synthesized molecule (Bait) that fuses the
Hook ligand and the actual probe sequence. The prey constitutes an activation-domain—fused protein as
in other two-hybrid manifestations; in this case, the protein has the property of binding the probe RNA or
chemical ligand.
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In one example used to identify RNA-interacting molecules, 21 DNA-binding domain was

fused to the coat protein of the M82 phage, which is known to bind a consensus RNA stem-loop.

The RNase P (polymerase III) promoter was then used to express high levels of a synthetic RNA

comprising the M52 target stem—loop and the actual RNA target of interaction, the iron response

element (IRE). When the prey, consisting of the iron regulatory protein fused to an activation

domain, was bound to the IRE sequence, it was able to activate expression efficiently of the bait

responsive reporter (SenGupta et al. 1996). This system is commercially available from

Invitrogen. A similar system has also been built around a DNA—binding domain, a bait derived

from the human immunodeficiency virus (HIV) Rev protein, and a Rev response element (RRE)

fused to RNA (Putz et al. 1996). Both systems have been used to screen libraries and have identi—

fied specific RNA-interacting molecules (e.g., please see Putz et al. 1996; Wang et al. 1996; Park et

al. 1999b; SenGupta et al. 1999). A major problem with the technique is a relatively high back—

ground of false positives due to nonspecific RNA-interacting proteins (Park et al. 1999a).

To detect interactions between proteins and chemical ligands, the hook was constructed as

a fusion between a DNA—binding domain and the hormone—binding domain of the glucocorti—

coid receptor. To generate a bait, dexamethasone (the glucocorticoid receptor ligand) was conju—

gated to the compound of interest, FK506. Using this hook—bait combination, it was possible to

analyze interactions between FK506 and its binding partner, FKBP12. This system appears to be

genetically robust, as it was used to isolate FKBP12 from a cDNA library in a blind screen and to

discriminate FKBPIZ mutants with high and low affinity for FK506 (Licitra and Liu 1996). A sim—

ilar strategy could be adapted to the study of multiple drugs of pharmacological interest, although

a potential limitation is the poor permeability of yeast to some classes of compounds.

Reverse Two-hybrid

Dual Bail

The original two-hybrid systems relied on transcriptional activation of selectable markers to score

protein-protein interaction. In a reciprocal approach, two-hybrid activation of counterselectable

markers was used to develop an assay for loss of protein-protein interactions (Figure 18—5). In the

first description of this approach,Vida1 et al. (1996a,b) described a rapid screen for mutations

that disrupted the ability of the transcription factor E2F1 to associate with its partner DPI. In the

absence of interaction between the two partner proteins, transcription of the URA3 reporter gene

was abolished, thereby preserving the viability of yeasts grown in the presence of S-FOA, a

metabolite toxic to the uracil pathway. Application of a secondary positive selection eliminated

mutations that resulted in complete loss of translation of the EZFI bait. This system has been used

successfully with other pairs of interacting proteins (Yasugi et al. 1997). In addition to its use in

mutational hunts, this type of reverse selection may theoretically be used to screen drugs or pep—

tide ligands that disrupt protein—protein interactions. A first elegant example has been published

by Huang and Schreiber (1997). Similar results can be achieved with a“sp1it-hybrid” system (Shih

et al. 1996). Upon interaction, expression of the tetracycline repressor (TetR) is induced, which

binds to and represses transcription from a TetR—operator—controlled HIS3 gene. Disruption of

the original protein interaction results in elimination of TetR transcription, which in turn restores

HIS3 synthesis and allows cells to grow in the absence of histidine. This approach was used to

identify mutants of the CAMP response element-binding protein (CREB) that no longer associ—

ate with CREB—binding protein (Shih et al. 1996).

The original two—hybrid systems register the interaction of single bait—single prey combinations

through activation of two bait—responsive reporter genes. If the complexity of the system is
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Starting Point:

 

reporters 1,2

 

   
 

Prey mutagenesis, negative selection for reporter 1: Possible outcomes

mutated prey prey loss original prey
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i
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Positive selection for reporter 2: Possible outcomes

 

  

reporter 2 reporter 2
I 05/JAS I op/UAS     
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FIGURE 18-5 Reverse Two-hybrid

As shown, mutations that weaken the interaction between bait and prey are selected in two steps. As a
starting point, a bait—prey interaction is constructed using two reporters (one of which is counterselec-
table) whose normal expression is dependent on an interaction event. Following mutagenesis of the prey

% construct, a first counterselection is applied; yeast in which the interaction has been reduced, or the prey
‘ has been lost, continue to grow, whereas yeast with nonmutated (original) preys continue to activate

reporter strongly, and are killed. At a second positive selection stage, only yeast containing a prey capa-
ble of interacting with the bait survive.

  

i4
5s
it
S

increased so that yeast expresses a single prey and two independent baits, each targeted to dis-

tinct reporter genes, several novel applications become possible (Figure 18-6). In one scenario,

it is possible to screen in a single step for mutations (or for coexpressed proteins, or pharma—

ceutical agents) that selectively alter the interaction between a prey and one of two distinct part-

ners. For genomic applications (see below), dual baits facilitate the assignment of protein inter—

action patterns. In library screens, the presence of two independent baits with distinct reporter

readouts would allow the performance of two separate interactor screens from a single library   
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FIGURE 18-6 Dual Bait

This method discriminates between the interactions of a single prey with two different baits. The first
DNA-binding domain fusion protein (DBD1-Bait) drives the expression of reporters 1 and 2 through
op/UA51. A second separate DNA-binding domain fused to a distinct bait (DBD2-Bait*) directs expression
of reporters 3 and 4 through 0p/UAS2. This reagent set can be used to select preys that interact with the
DBD1-Bait but not DBD2-Bait* from a library. Alternatively, if a prey interacts with both DBDt-Bait and
DBD2-Bait*, it can be used to select for mutations or molecules that selectively disrupt the interaction
with one of the two baits.

transformation; furthermore, each screen could be used as a control to eliminate false positives
from the other screen.

One limitation slowing the development of successful dual bait strategies has been the dif—
ficulty in devising combinations of markers and reporters to drive expression of all required
components in yeast. Initial versions of dual bait approaches have solved the problem by utiliz—
ing single reporters, rather than the normal double reporters for each of the two baits (hang and
Carlson 1996; Inouye et al. 1997; Xu et al. 1997). A slightly improved version using a double
reporter for one bait, and a single reporter for the second bait, was described by Grossel et al.
(1999). A fully developed incarnation of this approach retains two separate reporter systems for
each of two independent baits and has been able to distinguish clearly specific interactions by a
number of criteria (Serebriiskii et al. 1999). This version may prove to be particularly useful for

screening of high—complexity libraries where high specificity and suppression of false positives
are mandatory. Dual—bait reagents have been used to identify mutations in Pakl kinase that
selectively reduce the affinity of the kinase for either of two partners, the Cdc42 or Rae GTPases
(M. Reeder and I. Chernoff, pers. comm). These techniques may also be useful when combined
with approaches such as those described by Marykwas and Passmore (1995) to characterize spe—
cific mutant alleles responsible for disrupting protein-protein interactions.  
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STREAMLINING THE BASIC TECHNIQUE: MISCELLANEA
 

A number of investigators have generated modified reagents or protocols designed to improve the

functioning of the “basic” two—hybrid system; some of these reagents may also find use in more

recently developed systems (see above) or in genomic applications described below. Improved

vectors with extended polylinkers and/or altered reading frames (James et al. 1996; Roder et al.

1996) should facilitate construction of activation domain (AD) and DNA-binding domain

(DBD) fusions. Both AD and DBD can now be fused to proteins of interest at either the amino—

or carboxy-terminal end (Beranger et al. 1997; Brown and MacGillivray 1997) to minimize the

risk of sterically blocking domains involved in protein interactions. New vectors conditionally

expressing auxiliary baits facilitate three-hybrid analysis (Tirode et al. 1997; Fuller et al. 1998),

whereas integrating, low—copy, or conditionally expressing vectors yield more robust results in

traditional twoAhybrid analysis (e.g., please see Durfee et al. 1999). New reporter genes that have

the potential to be more sensitive and/or more reliable and convenient are being introduced: yeast

a—galactosidase (MELI) (Aho et al. 1997), Escherichia coliB—glucuronidase (Hirt 1991; Serebriiskii

et al. 1999), and GFP (Mancini et al. 1997; Cormack et al. 1998; Mayer et al. 1999). The use of suit—

able antibiotic resistance genes (e.g., Zeomycin resistance, ZeoR, and others) as selectable plasmid

markers in yeast (Huang and Schreiber 1997) increases the number of plasmids that can be simul—

taneously expressed in a single yeast, facilitating the set-up of three-hybrid or reverse two—hybrid

experiments. Other vector sets containing alternate antibiotic resistance genes (Watson et al.

1996; Bannasch and Schwab 1999) reduce the number of steps required in recovering positive

library plasmids to E. coli after a screen.
Beyond vectors, 3 number of related techniques have the potential to speed two—hybrid

analysis, including (1) the use of agarose overlays to score activation of ZacZ and B-glucuronidase

reporter genes (Duttweiler 1996), (2) polymerase chain reaction (PCR) screening of putative pos—

itive clones (Kaiser et al. 1994; Klebanow and Wei] 1999), and (3) wider use of robotic microtiter—

plate-based replica techniques (Buckholz et al. 1999).

Reagents from the two workhorse two-hybrid systems, derived separately from GAL4 and

LexA, have long been described as in compatible because of the overlapping use of selective mark—

ers. However, a recent report suggests that reagents sometimes can be combined, reducing the

need to reclone baits/preys when working with different sets of clones (Dagher and Filhol—Cochet

1997). In addition, increased use of ZeoR and other antibiotic markers (Huang and Schreiber

1997) may facilitate exchange of libraries between the GAL4 and LexA— or CI—based systems.

A recombination—based technique to (re)construct two—hybrid plasmids rapidly in yeast

was developed by Petermann et al. (1998). This technique does not require plasmid isolation and

intermediate hosts, and it can be used to facilitate interaction mating and/or retesting of interac—

tions by retransformation. Using this approach, PCR—amplified library inserts, obtained from pri-

mary positive transformants, can be rapidly converted into plasmids; alternatively, this approach

can be used to construct entire two-hybrid libraries (Hua et al. 1998; Fusco et al. 1999) or to gen—

erate full-length cDNA molecules from yeast two—hybrid clones and RACE (rapid amplification

of cDNA ends) products (Hemenway et al. 1999).

Considerable effort has gone into solving the problem of false positives in two—hybrid

screens. Parameters affecting isolation of false positives in two—hybrid screens have been studied,

and some new approaches to their detection have been developed (Serebriiskii et al. 2000). A host

strain that contains three reporter genes under the control of different GAL4-inducible promot-

ers allows elimination of virtually all false positives specific to the promoter element in the GAL4

system (James et al. 1996); and, as discussed earlier, two—bait systems should help in rapid detec—
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tion and elimination of false positives at an early stage in library screens (e.g,., please see

Serebriiskii et al. 1999). A database of false positives available on the World Wide Web will help

to validate cDNAs obtained from screens (http://www.feceedu/research/1abs/golemis/

InteractionTrapanork.html). This and other sites on the Internet provide a wealth of informa—

tion on setting up and analyzing results of two—hybrid analysis; descriptions of the available vec—

tors, libraries, maps, and sequences; protocols and references; full texts of important articles on

two—hybrid systems; and even information on upcoming two-hybrid courses (if the investigator

should become overwhelmed by the options and reagents available).

SOLUTlONS FOR ACTIVATING BAITS: “SWAPPED” TWO-HYBRID AND RNA

POLYMERASE-III-BASED TWO-HYBRID SYSTEMS
 

SUMMARY

One of the major limitations of the two—hybrid system is that the bait protein (traditionally fused

to DBD) should not be self—activating for transcription. The first system to overcome this limita—

tion was the so-called “swapped system” (Du et al. 1996) in which a gene encoding a protein of

interest was fused to an activation domain and screened against a library of DBD—fused proteins.

In this initial work) the majority of isolated clones were self—activating DBD fusions, a problem

that can be alleviated by prescreening as discussed in the information panel on GENOMICS AND
THE lNTERACTlON TRAP.

A more radical solution is provided by a two-hybrid system based on RNA polymerase 111.

The promoter of the essential SNR6 gene is responsive to polymerase III; reporter genes have been

developed in which a binding site for GAL4 is incorporated within the context of the SNR6 pro—

moter. This system detects the interaction between a GAL4-fused bait and a tl38—fusec1 prey pro-

tein; upon interaction, t138 recruits the remaining components of the TFIIIC factor, enabling the

polymerase III machinery to transcribe the yeast essential gene SNR6. There are no known tran—

scriptional activators of polymerase III, and polymerase II trans-activators do not regulate poly-

merase-III—mediated transcription in yeast. In fact, as demonstrated, strong transcriptional acti—

vators such as GAL4 or VP16 fused to GAL4 DBD were quite incapable of activating transcrip—

tion of the UAS(G)—SNR6 gene (Marsolier et al. 1997; Marsolier and Sentenac 1999). Additional

modifications have allowed the development of one- and three-hybrid approaches based on this
system.

 

The number of potential uses for two-hybrid-derived systems has expanded at a breathtaking

pace during the last several years. Perhaps because the basic system reagents — yeast and plasmids

— are inexpensive and relatively easy to manipulate, a great many investigators have felt free to

extend the limits of the technology. The resulting demonstration of innovation and creativity has

led to the generation of a great number of basic tools that can now be recombined for use in ever

more sophisticated screens (e.g., please see Liberles et al. 1997). If the next few years match the

pace of the preceding years, it may be that screening a genome’s worth of coding information will

not be as daunting a task as it now seems (please see the information panel on INTERACTION TRAP

AND RELATED TECHNOLOGIES at the end of this chapter).
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FIGURE 18-7 Flowchart: Two-hybrid Sygem

Flowchart, controls, and library screen. See text for details. (Redrawn from Specter et alt 1998.)

The following protocol for the execution of an interaction trap/two—hybrid screen is divid-

ed into three stages: Characterization of a Bait—LexA Fusion Protein, Selecting an Interactor, and

Second Confirmation of Positive Interactions. In Stage 1, characterization of a novel hair is

described, with attention to controls to increase the likelihood that the bait will function effec-

tively. In Stage 2, transformation of a cDNA library and selection of positive interactors are

detailed. In Stage 3, a series of first-order and subsequent control experiments are outlined to

establish the biological significance of an interacting protein. A flowchart illustrating the order

and approximate time necessary to perform various stages is shown in Figure 18—7.
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STAGE 1: Characterization of a Bait-LexA Fusion Protein

MATERIALS

An interactor hunt begins with the generation of a construct that expresses the protein of inter—

est fused to the bacterial protein LexA (a pBait). This construct is cotransformed with a Ieonp—

lacZ reporter plasmid into a yeast strain containing a chronmsomally integrated lchop-LEU2

reporter gene. The pBait is analyzed in control experiments to establish whether it can be used in

a two-hybrid screen. These controls determine whether the bait is expressed as a stable nuclear

protein of the correct predicted size that does not independently activate transcription of the [MA

operator—based reporter genes to any significant degree. Depending on the result of these con-

trols, the bait may be used directly to screen a library under conditions established during vali—

dation of the bait.Alternative1y, different combinations of reporter strains/plasmids can be used,

or the bait can be modified according to provided guidelines. Tables 18—1 and 18—2 describe the

features and various functions of the plasmids used in construction and testing of the plasmid

carrying the gene encoding the bait fusion protein. The structures of the LexA fusion and activa—

tion domain fusion vectors are shown in Figure 18—8.
 

In choosing how to construct a bait, it is important to remember that the assay depends on the ability of the
bait to enter the nucleus and requires the bait to be a transcriptional non-activator. Therefore, if the chosen
protein has obvious sequences that confer attachment to membranes, or sequences that are transcriptional
activation domains, these should be removed. Although some investigators have attempted to use two-hybrid
systems to find associating partners for proteins that are normally extracellular; this is an unproven strategy
and should be regarded as a high-risk venture. 

The following methods utilize basic yeast media and transformation procedures. It is good

practice to move expeditiously through the characterization steps described below. If plasmids are

retained for extended periods oftime in yeast maintained on Parafilm—wrapped selective plates at

4°C, the expression levels of proteins will gradually drop. After 2 weeks or 50, results may become

somewhat variable. If delays are foreseen, the best options are either to repeat transformations

with bait protein and the leonp—lacZ reporter before moving on to library screening or to store

at —7()°C a stock of yeast transformed with bait and reporter constructs that can he thawed imme—

diately before library screening.

 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

2x SDS gei-loading buffer
100mm Tris—Cl (pH 6.8)

200 mM dithiothreitol

40/0 SDS (electrophoresis grade)

0.294) bromophenol blue

20% glycerol

SDS gel-ioading buffer lacking dithiothreitol can be stored at room temperature. Add dithiothreitol from
a l M stock iust before the buffer is used.

 

i

i



  

i
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Gels

SDS-polyacrylamide gel <!>
Please see Appendix 8 for preparation of SDS—polyacrylamidc gels used in the separation of proteins.

Nucleic Acids and Oligonucleotides

Antibodies

Media

Target DNA encoding the protein of interest (bait)

Monoclonal antibody to LexA (CLONTECH) or Polyclonal antibody to LexA (Invitrogen) or
Specific antibody to the fusion domain of the target protein (ifavailable)

Please see Appendix 2 for components of yeast media.

CM selective medium
Use Table 18—3 to estimate the amount of media required and Table 18—4 to prepare the necessary selec-
tive media.

Yeast nitrogen base without amino acids (YNB) is sold either with or without ammonium sulfate. Table
18—4 assumes that the YNB contains ammonium sulfate. Ifthe bottle of yeast nitrogen base instructs that
17 g/Iiter be added to make media, then it does not contain ammonium sulfate and 5 g of ammonium
sulfate per liter of media should be added.

Yeast selective X—gai medium
i. Prepare the base medium in 900 ml of H20, according to Table 18-4. Autoclave the base medium and

cool it to 55°C,

ii. In a separate bottle, autoclave 7 g of sodium phosphate (dibasic) and 3 g of sodium phosphate
(monobasic) in 100 ml of distilled HZO.

iii. Mix the two autoclaved solutions together, and add 0.8 ml of 100 mg/ml X—gal (in N,N~dimethyl—

formamide < ! >). Pour the plates.

YPD medium
20 g of peptone

10 g of yeast extract
20 g of glucose
20 g of agar (if for plates)

Add 1 liter of distilled H20 and autoclave the medium for 20 minutes. Before pouring plates, cool the
autoclaved medium to 55°C.

Special Equipment

Dry ice/ethanol bath <!>
Please see Step 13.

FIat—edged toothpicks, sterilized
T0 sterilize, transfer standard toothpicks to a 250-ml beaker, cover the beaker with aluminum foil, and
autoclave under standard dry conditions.

Heat block or Thermocycler preset to 700°C, or Boiling water bath

Additional Reagents

Step 1 of this protocol requires the reagents for subcloning listed in Chapter 1, Protocol 77.

Step 2 of this protocol requires the reagents for transformation of yeast listed in Spector et al.
(1998, Chapter 27).

Step 17 of this protocol requires the reagents for immunoblotting listed in Appendix 8.

Vectors and Yeast Strains

S. cerevisiae strains for selection and propagation of vectors (please see Table 18-6)

Vectors carrying LexA (please see Table 78-7) and activation domain fusion sequences (please
see Table 18-2) and LacZ reporter plasmids (please see Table 18-5)



 

 

 

 

Protocol 1: Stage 1: Characterization ofn Bait-Lc’xA Fusion Protein 18.19

TABLE 18-1 LexA Fusion Plasmids

SELECTION IN CONTACT/
PLASMID YEAST E. can COMMENT/DESCRIPTlON SOURcesflfbr‘

pMWlOl HIS3 CmR Basic plasmid to clone bait as fusion with LexA; Sercbriiskii
expression is driven by the ADH] promoter. and Golemis

pMW103 H 153 KmR Basic plasmid to clone bait as fusion with chA; Scrcbriiskii
expression is driven by the ADH] promoter. and (iolcmis

pEG202 HIS} ApR Basic plasmid to clone bait as fusion with lexA; OriGene
expression is driven by the ADH] promoter. CIONTECH

Molii'lfi

Display

le202 HISS ApR A derivative of pEGZO2. The incorporation of nuclear ()ri(icne
localization sequences between LexA and polylinkcr

enhances the ability of the bait fusion protein to
ti‘anslocate to nucleus.

pNchA HIS3 ApR Polylinker is upstream of LexA; allows fusion of chA Orificnc
to carboxyl terminus of bait, leaving amino-terminui
residues of bait unblocked.

pGilda HIS} ApR GAL] promoter replaces ADH promoter in the pEGZOZ ()ri(i€ne

backbone; should be used if continuous presence of thc (TLON'I‘H‘H

the bait is toxic to yeast.

pEG202l HIS3 ApR A derivative of pEGzoz, which can be integrated into Screbriiskii
yeast H153gene after digestion with Kpnl; ensures lower and (iolemis

levels ofbait expression.

pRFHMl HIS3 Ap“ Homeodomain of bicoid cloned into pEGZOZ backbone; OriGt‘nC
(control) the resulting nonactivating fusion is recommended as a

negative control for activation and interaction assays,
and as a positive control for repression assays.

pSH17-4 HIS3 AP“ GAL4 activation domain cloned into pE(}202 backbone; OriGcnc

(control) recommended as a positive control for transcriptional
activation.

pHybLex/Zeo ZeoR ZeoR Bait cloning vector, compatible with 1T and all other Invitrogcn
two—hybrid systems. Minimal ADH] promoter expresses

LexA followed by extended polylinkcr,

pCGLex/p2GLex ZeoR ZeoR Gal-inducible bait vector, compatible with IT and all Huang and

other two—hybrid systems.GAL1 promoter expresses Schreiber
LexA followed by extended polylinker; both high— and ( 1997)
low-copy number versions available.

Reprinted from EA. Golemis Web Site: http://www.fcec.edu/research/Iubs/golemis/wmfsourecsIihtm]
“ Notes:
I. Scrcbriiskii and EA Goli’mis: www.fccc.cdu/rascalrchi’l‘ihs/goiemis/lntemction'lrapinWorkhtmI (I‘m Chase (lancer (xntciz

770] Burholme Avenue, Philadelphia, PA 1911 l t

OriGcnc: www,or1genc.c0m/yea>t.html (re DupLEX—A Yeast Two—Hybrid System)
(JLONTECH:mmmlnntech.c0m/pr0ducts/catalog/MA'I‘CHMAKER/MMLexAhtml (re MAI‘CHMAKhR I,e\/\ 'lwn»Hybi-id Swtemi
MoBiTUr: www.mobitec~us.c0m/h navhtml (re Grow’n‘Glow GFP Yeast Two-and One»Hybrid Systems)
Display Systerris: www.displavsystemsxom/Pmducts/P“iLSy/displaygrcenj‘wo—Hyl)rid7Kit_Sy.htmi (re disphyfiREl-"N Tim-

Hybrid Kit)
Iiivilmgi’ii: \\'\\'w.in\fitrogen.com/Cdtalog_pmject/catAhybrid.html (re Hybrid Hunter Improved 'I'w0~tlybrid System tin [he

 

Detection of Proteinvatein Interattions)
l“Credits: Interaction Trap (IT) reagentx represent the work of many contributors: The original basic reagents here developed in

the Brent laboratory (Department 0tMolecuLtr Biology, MGH, Boston). Plasmids with altered antibiotic resixmnce markerx (All pMW
plasmids) were constructed at Glaxo (Research Triangle Park). Piasmids and strains for specialized dpplieatinns have been developed
by E. (iolemis (Fox Chase Cancer Center, Philadelphia: pEG202, E(i48, EGI‘JI ); J. (iyurih (Mitotix, (Iamhridge: pI(i4—5i; I. Kdmcnx
(BASH Worcester: le l 0] , pJK2()2); cumulative efforts of 1. York (l)zina~Farber (lancer (Icnter, BOSIUH)<1]1di\i.5diii/ and 8. Non“ ch r

(University of Oregon: pNLexA); DA. Shaywit7 (MIT Center for Cancer Research, Cambridge: p(iiida); R. Buckhoil (Glaxo, Research
Triangle Park: pEG2OZI, pJG4751); S. Hanes (“ltdsworth Institute, Albany: pSHI8-34, pSH1774); R, Brent (Department of Molecular
Biology‘ MGH, Boston: pRB1840); R. Finley (Wayne State Universny, Detroit: pRI-HMI, RFYZOb); AtB. Vnileix and S.M. Hollenberg
(Fred Hutchinson Lancer Research Center, Seattle,Vt’ashingtnn).

‘ Earlier versions of screening protocols utilized chA fusion and reporter plasmids incorporating genes. for resimncc to ampicillin
(AmpR) for plamiid maintenance in bacteria (pFGZOZ, pSH18~34g (inlemis et a]. 1995). These versiom haw been superseded by compm
rable plasmids incorporating resistance to kanamycm (KmR) (Watson et ai. 1996) or chloramphenicol (CmRI (Watson at Al. 199m The use
of these markers facilitates the purification of library plasmids in later steps by eliminating the need for pawge through K(38 bacteriat
Features Of the baaic vectors used in the two~hybrid system are illustrated in Figure 18-&
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TABLE 18-2 Activation Domain Fusion Plasmids
 

 

SELECTION IN CONTACT/

PLASMID YEAS1 E. COLI COMMENT/DESCRIPTION SOURCES‘Lh'“

[3164-5 TRPI ApR Library construction plasmid; GAL] promoter provides efficient expression OriGene
ofa gene fused to a cassette consisting of nuclear localimtion sequence, LJLONTECH

transcriptional activation domain, and HA epitope tag. MoBi'l‘cc
Display

plG4~5l TRPl ApR A derivative of pIG4—5 that can be integrated into yeast TRPI gone after Screbriiskii
digestion with 3514361; designed to study interactions that occur physio— and (iolcmis
logically at low protein concentrations (in combination with pEEZOZl).

pYESTrp TRPI APR GAL] promoter expresses nuclear localization domain, transcriptiomil Invitrogcn
activation domain7 VS epitope tag, multiple cloning sites; contains fl mi

and T7 promoter/flanking site; used to express cDNA libraries.

pNB42 series TRPI ApK Allow fusion to the amino terminus of an activation donutin,1eaving Bmwn 11nd

amino—terminal residues of prey unblocked; various multiple cloning Mchillivmy

sites; no libraries yet available. (1997!

pM\V]()2 TRP] KmR Same as pJG4—5, but with altered antibiotic resislume markers; no Serchriiskii

libraries yet available. and (iolemis
pMW104 TRP] CmR

p(fGB42/pZGB42 GenetR KmR The same T11903—enc0ded gene confers kanamycin resistance in E coli Huang and

and geneticin resistance in yeast; both high— and low—copy number Schreihcr

versions available; multiple cloning site. ( 1997)
 

Reprinted from EA. (yolcmis Web Site: http://www.fcccedu/rcsearch/labs/golemis/comgources1.html

“""‘Please see Table 18-1.

A B SVAO nuclear localization

sequence
  

  

  

coIE1 on

 

  

 

HA epitope tag

pUC on

  
  
   

pJG4-5

(pB42AD)

(6.45 kb)

CEN/ARS or/

FIGURE 18-8 Two-hybrid Basic Vectors

(A) LexA fusion vector pGiIda. The vector is used (as an example of a bait vector) to express bait proteins as fusions to the DNA-
binding domain (DBD) of LexA under the control of the GAL1 inducible promoter (pGAU). Plasmids contain the HIS3 selec-
table marker, the Z-pm origin of replication to allow propagation in yeast, an antibiotic resistance gene, and the coIE1 origin of

replication to allow propagation in E coli. Invitrogen has recently developed an Interaction-Trap system in which both the H153
marker and antibiotic resistance markers have been replaced with the Zeocin resistance gene, which can be selected in both
yeast and bacteria. As this vector backbone is combined with specialized LexA-fusion cassettes, it is likely to facilitate two-
hybrid screening. (B) pJG4-5 (pB42AD). The vector is used to express inserts as fusion proteins to the SV40 nuclear localiza-
tion sequence, the 88-residue activator B42, and the hemagglutinin (HA) epitope tag. Expression of the fusion protein is under
control of the GAL1 inducible promoter (pGAL1 ). Details of polylinkers and vector sequences can be found at
www.fccc.edu/research/Iabs/golemis/InteractionTraplnWork.htm|. (Adapted, with permission, from CLONTECH.)
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TABLE 18-3 Yeast CM Selective Media Required for Two-hybrid Analysis
 

 

MEDIA STAGE 1 STAGE 2 STAGE 3

(1M Selective Media (ml)

(3M (11u —\‘\' (100)

CM (1111 —| UH] (100) 400

CM (1111 —[ UH\V| 100

CM Selective Agar Plates (number)

CM Glu —U 2

CM Glu —[UH] 8—10 <3)
CM (1111 ~[ UHL]

C1\/1(11u—[UH\V| 4 + 301] (1712

(21V1(11117[UH\VL] 1—6

CM (1111 71,7 3—4

(2M (1i11—[UHL] 374

CM (1111 —[UH\V] 2—12

(1M Gdl~1UHVVL1 20724 2—1 2

CM Gal Xgal —U (11

(3M (1111 Xg’d] —U (1)

CM Gal Xgal —[UHW|

CM Glu Xgal —[UHW]
(2—6)

A6)

Complete mtnima] (CM) is A medium that contains a11 IICLCssdry supplements. To text the growth rcqutrcntcnth) 01.1 par—

Iicular stmin, prepare a series of selective media for which each expected auxotmphy is supplcmcntcd, mccpt the one 012 intcr-
cat. 111 drop out 01” selective mcdltt, a pat‘ticuhtr ingredient is lacking or “dropped out" (c.g., —[UH] l\1.lC1\'1ng uracil and hixtr
dine).

Values are approximate minimum number of pltltefi or volume of liquid medium required to cnmplctc cud] nt‘ the outlined
pmlocnls, assuming chamctcrizatimt and library screening with a single bait. \'J|ucs in parenthcscx reflect plates that Ind) or
may not be required, based on the pat'tiutldr assay alternative choscn. (If) Ldrgc plates are used in lthrttrv sct‘ccning (please xcc
text); all other plates are 10—cm m diameter. Because the results 01 library screening are variable, the number 01 plates required
in Stage 3 may be greater or less than the average values given.

TABLE 18-4 Yeast CM Selective Media for Two-hybrid Analysis
 

CM(GLU) CM(G7AL)

 

CM(GLU) CM(GLU) CM(GI.U) CM(GLU, CM(GAL,
~U-H -U -U-H -U-H-L X-GAL)-U -U-H-L X-GAL)-U-H-L

INGREDIENTS MEDIUM ACAR AGAR AGAR AGARa AGAR AGAR“

YNB 6.7 g 6.7 g 6.7 g 6.7 g 6.7 g 6.7 g 6.7 g

Glucose 20 g 20 g 20 g 20 g 20 g

Galactose 20 g 20 g
Dropout mix 2 g 2 g 2 g 2 g 2 g 2 3 2g

Leucine 15 ml 15 1111 15 ml 15 m1

Tryptopham 10 ml 10 m1 10 ml 10 ml 10 ml 10 ml 10 ml
Histidinc 5 ml 5 ml

Agar 20 g 20 g 20 g 20 g 20 g 20 g
 

To prepare hqutd m' agar medium, mix the ingredients in a final volume of 1 liter of HO. Autoclave tor 20 minutca. (1001 the agar medium to 35W
hcthrc pouring plates: Lcucinc stock : 4 mg/ml; '1‘rypt0phan stock 2 4 mg/ml; Histidine stock : 4 mg/ml,

“1701“ media containing X—gttl, prepare the appropriate base medium in 900 ml nt‘ H O, and use it in thc t'cctpc for yeast sclctttvc X—gdl medium.
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TABLE 18-5 Reporter Plasmids
 

 

SELECTION IN No. OF CONTACT/

PLASMID YEAST E. can OPERATORS COMMENT/DESCRIPTION SOURCESMM

pMWl 12 URA3 KmR 8 Transcription of the [1117 gene is directed by LexA operators: Screhriiskii

The most sensitive indicator plasmids for transcriptional acli- 11nd Golcmis

vation have eight operators, intermediate reporters have two
1 operators, and the most stringent reporters have one operator.

  

 

 

 

 

 

pMW109 URA3 KmR 2 See comment for pMWl 12. Screhriiskii

And Golcmis

pMWl 11 URA3 KmR 1 See comment for pMWl 12. Screhriiskii
and (iolcmis

pMW107 URA3 (3mR 8 See comment for pMWl 12. Screbriiskii
11nd Golcmis

pMW’lOS URA3 (3mR 2 Sec comment for pMWl 12. Scrcbriiskii

and (iolcmis

pMWl 10 URA3 (1mR 1 See comment for pMWl 12. Scrclvriiskii
and (iolcmis

pSH18—34 URA3 ApR 8 See comment for pMWl 12. OriGenc
. Invitrogen

1 CLONI‘ECH
‘ pll<103 URA3 ApR 2 See comment for pMWl 12. OriGcnc

pRB1840 URA3 AP“ 1 See comment for pMWl 12. OriGcnc

‘ pJKIOI (control) URA3. ApR (2) The basal activity ofthc [1152 gene is under control oftwo OriGenc
1 lch operators: used to monitor bait binding to operator

sequences (in repression assay).

pGNGl URA3 ApR 8? I(ICZ gene is replaced by GFP. MoBich
Display
Systems

chonp-lucU URA3 ApR 8 Incl gene is replaced by luciferasc. Fujitu ct 11].
(1999)

Reprinted from EA Goiemis Web Site: hnp://www.fccc‘edu/rcsearch/Iabs/golemis/coan<)urces1.hrml
“""‘1’Iedse sec Iliblc 18-1‘

TABLE 18-6 Yeast Selection Strains

No. or CONTACT/
PLASMID GENOTYPE OPERATORS COMMENT/DESCRIPTION SOURCES‘M’"

i EGY48 MATa, Irpl, his}, 6 Transcription ofthe LEUZ gene is under control of OriGcne
1 11m}, lexA operators; EGY48 is a standard strain used to select hwilmgcn
‘3 lchops—IEUZ interacting clones from a CDNA library. (ILON'I‘ECH
! EGY191 provides a more stringent selection, producing MOBich

lower background with baits displaying an intrinsic Display
ability to activate transcription.

3 EGY191 MATa, trpl, his}, See comment for EGY48. ()ri(}cnc

111113, I nvit rogen

[chops-LEUZ (ZLONTECH

MoBich

Display

L4G MATa, mp], 113142, 4 Expression driven from GAL] promoter is constitutive in Invitrogcn
111102, GAL4, 8 L40 (inducible in EGY strains). Selection is for HIS proto-
lchops-HIS3, trophy; integrated lacZ reporter is considerably less sensitive

lchops—lacZ than the lacZ reporter carried on pSH18—34 in E(iY strains.

RFY206 MATn, 1111], his}, 11m}, Used in mating assay. OriGcnc
16112, ly52

Reprinted from EA. Golemis Web Site: http://wwwfcccedu/research/lahs/golemis/comfsources]ihtml

“J“‘I’lcasc see Table 1871.
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METHOD

Construction of a Bait-LexA Fusion Protein

1- Clone the target DNA encoding the protein to be used as bait into the polylinker of a LexA

fusion vector (e.g., pMWlOl or pMWlO3) to synthesize an in-frame fusion to LexA. Ensure

that a translational stop sequence is present at the carboxyl terminus of the desired bait

sequence. The resulting plasmid is referred to as pBait.

2- Set up a series of transformations of the EGY48 leonp-LEUZ selection strain of yeast using

the following combinations of LexA fusion and leonp—lacZ reporter plasmids:

a. pBait + pMW112 (test for activation)

b. pSH17—4 + pMW112 (positive control for activation)

C. pRFHMl + pMW112 (negative control for activation)

d. pBait + pJKIOI (test for repression/DNA binding)

e. pRFI—IMI + pIKlOl (positive control for repression)

f. pJKIOl alone (negative control for repression)

For a description of the function of each of the plasmids, please see l'ahles IX-l and IS-Z.

3. Plate each transformation mixture on selective dropout plates: CM(Glu)rUra—His (for plas—

mid combinations a—e) or CM(Glu)—Ura (for plasmid combination f), as appropriate.
Incubate the plates for 2—3 days at 30°C to select for transformed yeast colonies that contain
the plasmids.

If colonies are not apparent within 3—4 days, or if only a very small number (< 20) of colonies are
obtained, transformation should be repeated.

4. Make a master plate of transformants, from which specific colonies can be assayed for the
phenotype of activation of lacZ and LEUZ reporters as described in Steps 5—9.

Characterization of Activation and Repression Activity:
Assay for X-gal and Leu2 Phenotype

Steps 5—9 are used to test the bait—LexA fusion protein for transcriptioml activity and to demon—
strate that the fusion of the bait does not affect LexA DNA—binding activity (for an illustration of.
the repression assay, please see Figure 18-9). Several independent colonies are assayed for each
combination of plasmids transformed in Step 2. This is important because, for some bait con-
structs, the level of protein expression varies among independent colonies, as does the apparent
ability to activate transcription ofthe two reporters. Instead of performing Steps 5~8, a test for acti-
vation by the chloroform overlay assay is given in the alternative protocol at the end of Stage 1.

5- From each transformation a—f (from Step 2), use sterile, standard flat—edged toothpicks to
pick ~8 colonies. Touch 3 clean toothpick to the colony to pick up cells, and restreak them as
a l—cm-long streak in a grid on a fresh CM(Glu)-Ura—His or CM((ilu)—Ura plate. As many as
60—80 streaks can generally be grown on a single plate. Incubate the plates overnight at 30”(I.
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FIGURE 18-9 Repression Assay for DNA-binding (Brent and Ptashne 1984)

Plasmid JK101 contains the upstrearn-activating sequence (UAS) from the GAL1 gene followed by LexA
operators upstream of the lacZ-coding sequence. (A) On medium containing galactose, the product of the
yeast GAL4 gene accumulates and binds to the GAL upstream-activating sequence (GALLA5)' (B) LexA-
fused proteins enter the nucleus and bind the lexA operator sequences (Lexops), thereby blocking activa-
tion from the GALUAS and repressing B-galactosidase activity three- to fivefold. Note that on glucose X-gal
medium, yeast containing JK101 appear as white colonies because GALUAS transcription is repressed.
(Redrawn from Spector et al. 1998.)

6. On the second day, restreak from the two master plates to each of the following:

Transformations a—f: Streak onto CM(G1u, X-ga1)-Ura and onto CM(Gal, X-gal)-Ura

Transformations a—C: Streak onto CM(Glu)—Ura-His—Leu and onto Ci\/1(Gal)—Ura—His—Leu
Only uracil is dropped out (histidine is present) from the X~gal plates, to allow sidc—byfsidc com-
parison of the IKIOI plasmid—only transformation (f) with (d,e). Lack of selection for the liexA-
fused plasmid does not notably affect transcriptional activation over the period ofthis assay.
in general, it is helpful to make a relatively thick streak of yeast (i.e., cells should be visible by eye)
on X-gal plates, but a relatively thin streak (i‘e., cells barely visible by eye, but detectable by low»
power dissecting scope) on —Leu plates. Yeast do not grow as well at neutral pH (buffered to 7.0 to
optimize B-galactosidase activity) as they do on normal media (pH ~5.0—5.S). Hence, it is easier to
determine a blue—white phenotype if sufficient cells are initially plated so that fewer cell divisions
are required. Conversely, if yeast are plated too densely on ~Leu plates, sufficient cross-iceding will
occur between cells and some growth will occur even in the absence of activation] of the reporter,
obscuring a true positive result.

 

Two LexA fusion plasmids (pRFHM1 and p5H17-4) are used as positive and negative controls for assaying
transcriptional activation by newly created LexA bait proteins. pMW102 itself (or the related plasmid
pEG202) is not a good negative control because the peptide encoded by the uninterrupted polylinker
sequence functions as a weak transcriptional activator.

pMW112 (and related plasmid pSH18-34) is one of the most sensitive lacZ reporters available and will
detect any potential ability to activate lacZ transcription. However, for some baits, the LEU2 reporter in yeast
strain EGY48 is even more sensitive than the pSH18-34 reporter, so it is possible that a bait protein that gives
little or no signal in a B—galactosidase assay would nevertheless permit some level of growth on —Leu medi-
um. If the streak of cells derived by transformation with positive control plasmids (pSH17-4 and pMW112)
does not turn deep blue on X-gal plates within 1—2 days, there may be a problem with the plates.   
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TABLE 18-7 Expected Results for a “WeII-behaved” Bait
 

ANTICIPATED RESULTS
 

 

 

PLASMIDS TO TRANSFORM X-GAL PLATES GROWTH

ASSAY REPORTER LEXA FUSION GLU GAL LEU-GAL

Activation

test pMWl 12 pBait white/ while/ (no)
light blue light blue

negative control pMWl 12 pRPHMl white while no

positive control pMWI 12 pSHl7f4 blue blue yes

Repression

test lelOl pBait (white) (lighter blue)

negative control pIKIOI — white blue do NOT test

positive control pJK1()1 pRl—‘HMl white lighter blue
 

See text for details.

7. Incubate the plates for up to 4 days at 30°C.

8. Assay for repression and activation activities:

a. For repression, observe the X—gal phenotype at ~12—24 hours after streaking.

b. For activation, observe the X-gal phenotype between 18 and 72 hours after streaking.

c. Observe the Leu2 phenotype between 48 and 96 hours. The expected results for a well—

behaved bait are given in Table 18-7 and are summarized below.

0 Optimally, at 12—24 hours after streaking to CM(Gal, X-gal)—Ura, the d + e transfor—

mants should be discernibly lighter in color than f.

0 At 48 hours after streaking to CM(Glu, X-gal)—Ura, b transformants should be bright

blue, c should be white, and a should be white or very light blue.

0 At 48 hours after streaking, b transformants should be as well grown on CMtGlu)—

Ura—His—Leu or CM(Gal)-Ura-His—Leu as on a CM(Glu)-Ura—His master plate,

whereas a and (2 should show no growth.

0 Ideally, a transformants will still display no apparent growth at 96 hours after streak—

ing.

9. Select the appropriate candidate colonies, based on the results of the repression and activa-

tion assays.

 

In an optimal experiment, colonies assayed from each transformation a—f would all possess equivalent phe-
notypes in activation and repression assays. For a small number of baits, this is not the case. Typically, some
colonies are white on X-gal and do not grow on —Leu medium, whereas the remaining colonies display some
degree of blueness and growth. Do not select the white, nongrowing colonies as the starting point in a library
screen; generally, these colonies possess these phenotypes because they are synthesizing little or no bait pro-
tein (as determined by western blot, Step 17). Although the reasons for this are not clear, it appears to be a
bait-specific phenomenon and may be linked to some degree of toxicity of continued expression of particu-
lar proteins in yeast. It will be necessary to adjust the sensitivity of the assay to allow work with blue/grow-
ing colonies (see below). For a small percentage of baits, the repression assay does not work, although the
bait protein is clearly made at high levels. In these cases, it is generally reasonable to proceed with the library
screen.     



 

18.26 Chapter 18: Protein Interaction Technologies

Detection of Bait Protein Expression

10.

11.

12.

13.

14.

15.

16.

17.

 

On the master plate, mark the colonies that are to be assayed for protein expression. Use the

colony that has been shown to express bait appropriately as the founder to grow a culture for

transformation ofa library (in Stage 2).

Analyze at least two primary transformants for each novel bait construct. Include two trans-

formants as positive controls for protein expression (e.g., pRFHMI).

a. Use a sterile toothpick to pick colonies from the CM(Glu)-Ura—His master plate into

C1\4(Glu)—Ura-Hisliquid medium.

(f gloves are worn, the toothpick can be dropped into the culture tube and left there without

Fear of contamination.

b. Grow the cultures overnight on a roller drum or other shaker at 30°C.

c. In the morning, dilute the saturated cultures into fresh tubes containing 3—5 ml of

CM(Glu)-Ura—His, with a starting density of ODh00 of ~0.15. Incubate the cultures for

4—6 hours at 30°C until the optical density has doubled approximately twice (OD

~0.45—0.7).
(100

Transfer 1.5 ml of each culture to a microfuge tube, and centrifuge the cells at maximum

speed for 3—5 minutes in a microfuge. The volume of the visible pellet should be 2-5 til.

Carefully decant or aspirate the supernatant.

Some (although not all) LexA fusion proteins exhibit sharp decreases in detectable levels of pro—

tein with the onset of stationary phase Of growth. Thus, it is not desirable to allow the cultures to
proceed to saturation in the hopes of increasing the yield of protein to assay.

It may be helpful to freeze duplicate samples at this stage if more than one round of assay is antic-
ipated.

Add 50 pl of 2X SDS gel—loading buffer to the tube, and vortex the tube rapidly to resuspend

the pellet. Immediately place the tube either on dry ice or in a dry ice/ethanol bath.

Samples may be either used for immediate assay or frozen at —70“C, where they will remain stable
for at least 4—6 months.

Transfer the samples from the dry ice or «70°C directly to 100°C and boil them for 5 minutes.

A P(JR machine set to 100°C is most convenient, although a water bath or heat block Cam AISO be
used.

Chill the samples on ice and centrifuge them at maximum speed for 5—30 seconds in a

microfuge to pellet large cell debris. Load 20—50 111 into each lane ofa SDS-polyacrylamide gel.

Run the gel and analyze the products to determine whether bait protein of the expected size

is expressed at reasonable levels.

To anticipate and forestall potential problems, analyze the lysates of yeast containing LexA-

fused baits by immunoblotting (please see the note to this step).

Immunoblotting may be performed as described in Appendix 8. LexA fusions can be visualized

using antibody to the fusion domain, if available, or alternatively, using antibody to Lem.

An important step in the characterization of a bait protein is direct assay of whether the bait is
detectably expressed and whether the bait is of the correct size. in most cases, both of the above
will be true. However, some proteins (especially where the fusion domain is ~60—80 kl) or larger)
will either be synthesized at very low levels or be posttranslationally clipped by yeast proteases.
Either ofthese two outcomes can lead to problems in library screens. Proteins expressed at low lev—

els, and apparently inactive in transcriptional activation assays, can be up-regulated to much high?
er levels under leucine selection and then suddenly demonstrate a high background of transcrip—
tional activation. Where proteins are proteolyticaliy clipped, screens may be performed inadver—

tently with LexA fused only to the amino—terminal end of the larger intended bait.
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TROUBLESHOOTING AND MODIFICATIONS OF BAITS

Some basic bait problems can be identified and corrected before screening:

o The bait activates transcription. This problem can be addressed by constructing a series of lruneations of
the protein in an attempt to eliminate the activation domain. If the bait activates transcription very strong- 3
Iy, ie., as efficiently as the positive control, this step will probably be necessary.

If the bait activates moderately, the simplest approach is to redo the control experiments using less-
stringent reporter plasmids and strains (please see Table 18-5), to determine if activation is reduced to an
acceptable |eve|. Alternatively, the protein can be truncated/ as for a strong activator. Finally, it is possible
to use an integrating form of bait vector (see Table 18-1), which will result in a stable reduction of protein

levels.
If the bait is a weak activator, one option is to use Iess-stringent reporter plasmids; alternatively, the

investigator may choose to proceed with the tested reagents, accepting the risk that a background of false

positives may be identified. In general, it is a good idea to use the most sensitive screening conditions pos-
sible; in some cases, use of very stringent interaction strains eliminates detection of biologically relevant
interactions (Estojak et al. 1995).

o The bait plasmid produces an inappropriate level or size ofprotein. If the protein is poorly expressed or ‘
is very large, it may be subdivided into two or three overlapping constructs, each of which can be tested ‘
independently. Alternatively, the vector pJKZOZ incorporates a nuclear localization sequence, which t

increases the concentration of the bait in the nucleus, where it is useful; this approach may make the best i‘

of a situation where a protein cannot readily be expressed at higher levels. 1

0 Very few transformants containing the bait plasmid express the bail protein, or yeasts expressing the bait ‘
protein grow noticeably more poorly than control yeast in the absence of any selection. These resuits
would suggest that the bait protein is somewhat toxic to the yeast Because toxicity (an cause difficulties 1
in iibrary screening, it may be desirable to redone the protein of interest into pGiIda, Whi(h allows indudble
expression of the protein from the GAL1 promoter, thus limiting time of expression of the protein to actu—
al selection. Note, however, that tests with a pGilda construct should be performed on medium contain—

ing galactose as a carbon source.
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ALTERNATIVE PROTOCOL: ASSAY OF [j-GAlACTOSIDASE ACTIVITY BY

CHLOROFORM OVERLAY

For each combination of plasmids transformed in Step 2, a series of independent colonies are tested for acti-

vation using the chloroform overlay assay (adapted from Duttweiler 1996). Although somewhat laborious, this
technique is generally more sensitive than the standard X-gai plate assay described in Steps 5—8 above. The fol-
lowing sequence is to be performed in place of Steps 5—8 of the main protocol.

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Additional Materials

Chloroform <!>
1% Iow-melting agarose in 100 mM KHPO4 (pH 7. O), melted and cooled to 60°C
20 mg/ml X-gal
Yeast selective agar plates (please see Table 18-4 for recipes)

CM(GIu)-Ura-His
CMtGIu)—Ura
CM(GaI)-Ura (use the analogous recipe containing glucose, but substitute 20 g of galactose)

CM(Gal)-Ura-His-Leu

Microtiter plate (96-well)
Multichannel pipettor or lnoculating manifoId/frogger (e.g., Dankar Scientific)

Method

1. Deliver 25—30 pi of sterile HZO into 48 wells of a 96-well microtiter plate.

2. For each set of transformations a—f from Step 2 of the main protocol, use a sterile toothpick to transfer and
disperse eight colonies, individually, into wells containing sterile HZO (one half of the 96-well microtiter plate).

3. Use a multichannel pipettor or an inoculating manifoId/frogger to plate an approximately equal volume (~3
ul) of each yeast suspension onto the following plates:

CM(GIu)-Ura-Hi5 2 plates
CMtGIu)-Ura 1 plate
CMtGaI)-Ura 1 plate
CMtGai)-Ura-His-Leu 1 plate

4. Using the second half of the microtiter plate, make a 1:10 dilution of yeast suspension into sterile HZO for
use in the activation assay. Plate the dilution on additional CMtGaI)-Ura-His and CM(Gal)-Ura-His-Leu
plates. Incubate the cultures overnight at 30°C (-Ura—His or -Ura plates) before assaying for B-galactosidase
activity, or for 3—4 days (-Leu plates) to monitor for growth.

5. Add chloroform to the transformants.

a. Select one CM(GaI)-Ura plate and one CM(GIu)-Ura-His plate containing yeast transformants.

b. Gently overlay each plate with chloroform (~5 ml). Pipette the chloroform slowly in from the side so
as not to smear any colonies.

c. Leave the colonies completely covered with chloroform for 5 minutes. Aspirate the chloroform.

6. Briefly rinse the plates with 5 ml ofchioroform and let the plates dry for 5 minutes in a chemical fume hood.

7. For each plate, take ~7 mlof1% agarose in 100 mM KHPO4 (pH 7.0), melted and cooled to ~60"C, and add
X-gai to 0.25 mg/ml. Overlay the plate with the agarose, making sure that a" yeast spots are completely covered.

Plates will become chilled during evaporation of chloroform, so it may be difficult to spread <7 ml of top agarose.
Work quickly!

8. incubate the plates at 30°C and monitor them for color changes. It is generally useful to check the plates
after 20 minutes, and again after 1—3 hours.

For the activation assay, strong activators such as the LexA-GAL4 control (pSH1 7-4) will produce a blue color in 5-10
minutes, and a bait protein (LexA fusion protein) that does so is likely to be unsuitable for use in an interactor hunt,
Weak activators will produce a blue color in 1—6 hours (compare with the negative control pRFHMl) and may or may
not be suitable (for typical results, please see Figure 18-10).

The repression assay should be monitored within 1—2 hours if using overlay assay/filters, as the high basal LacZ activ-
ity will make differential activation ofJK101 impossible to see after longer incubation. A good result (i.e., true repres-
sion) will generally reflect a two- to threefold reduction in the degree of blue color detected for JK101 + bait versus
JK101 alone on plates containing galactose. Use of X-gal plates, with inspection at 12—24 hours after streaking, is gen-
erally somewhat easier.

9. Return to the main protocol and continue with Stage 1, Step 9.
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FIGURE 18-10 Replica Technique/Gridding Yeast

(A) Replica technique. Yeast colonies (1—2-mm diameter) picked from transformation plates are resus-
pended in 25—30 pl of sterile distilled H10 in wells of a 96-well microtiter plate using sterile tuothpicks,
plastic pipette tips, or a frogger. When all yeast colonies are resuspended, print replicas onto the appro-
priate plates. When making prints on a plate, place the frogger on the surface of the solidified medi-
um, tilt it slightly using a circular motion/ and then lift the frogger. Make sure that the drops left on the

surface are of approximately the same size. Let the liquid absorb to the agar before putting the plates
upside down in the incubator. In subsequent transfer between master plates, invert the frogger on the
lab bench, and then place the master plate upside down on the Spokes, making sure that a proper align-
ment of the spokes and the colonies is made. (3) Typical results. Patches obtained after printing the
yeast suspension on CM(Gal/X-gaI)-Ura (top) and CM(Gal)-Ura-His-Trp-Leu (bottom) plates. Seven
independent transformants are shown for each chA fusion. (1 A—1 G) EGY48 with pMW112 plus strong-
ly activating LexA fusion; (2A-2G) EGY48 with pMW112 plus moderately activating LexA fusion; (3A-
36) EGY48 with pMW112 plus nonactivating LexA fusion. (Redrawn from Spector et al. 1998)
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STAGE 2: Selecting an Interactor

MATERIALS

Screening for interactors generally involves two sequential first platings of yeast. In a first round,

yeast strains containing pBait and the leonp—lacZ reporter are plated to select for the library plas-

mid. Libraries are generally cloned in the vector pIG4—5 (Figure 18—8) or a related plasmid that

expresses cDNAs as a cassette with activation domain and other moieties under the control of the

inducible GALT promoter: The first plating is performed under noninducing conditions, on

CM(Glu)—Ura—His-Trp. In the second round, expression of library-encoded proteins is induced

with galactose, and yeast that contain interacting proteins are selected by plating on

CM(Ga1/Raff)-Ura—His—Trp-Leu dropout plates. Finally, library plasmids encoding cDNAs that

appear positive on selective media are purified by passage through bacteria, and subsequently

retransformed into yeast cells to test the specificity of interaction with the pBait, as described in

Stage 3 of this protocol.

A two-step selection is thought to be advantageous for a number of reasons. Most impor—

tant, many biologically interesting cDNA—encoded proteins have been found to be toxic when

constitutively expressed in yeast, and hence might be selected against in an initial mass plating on

inducing medium. Additionally, immediately after simultaneous transformation and Gal induc-

tion, some interacting proteins may not be expressed at adequate levels to associate effectively

with a LexA-fused partner and support growth on medium lacking leucine.

On rare occasions, baits that pass initial controls give rise to large numbers of “positives”

during an actual screen. On analysis, these positives appear to arise by de novo acquisition by the

bait of the ability to activate transcription. The mechanism by which this occurs is currently
unknown. To avoid wasting time and reagents, some investigators test new baits by performing

scaled—down screens (only 5—10 plates of transformants) and assessing initial results before pro—

ceeding to a full screen: If the background is unacceptably high, the investigator can switch to

lower—sensitivity reporter strains and/or plasmids.

A list of available libraries that are compatible with the interaction trap is provided at

www.fccc.edu/research/labs/golemis/librarysources/. In addition, other libraries prepared by

CLONTECH, OriGene, and Invitrogen are commercially available. The following protocols are

designed for saturation screening of a cDNA library derived from a genome of mammalian com—

plexity. Fewer plates are required for screens with libraries derived from organisms with less Com-

plex genomes.

 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Dimethylsulfoxide (DMSO) <!>

Ethanol
Optional, please see Step 9.

Sterile glycerol solution for freezing transformants
65% sterile glycerol
0.1 M MgSO4

25 mM Tris-HCl (pH 8.0)
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TE (pH 7.5) (sterile)
TE (pH 7.5) containing 0.7 M lithium acetate

TE (pH 7.5) containing 40% PEG 4000 and 0.1 M lithium acetate (sterile)

Nucleic Acids and Oligonucleotides

Carrier DNA

Sheared salmon sperm DNA is typically used as carrier. It is extremely important that this DNA be of
very high quality; use of a poor—quality preparation can drop transformation frequencies one to two
orders of magnitude. For a simple procedure for generating high-quality salmon sperm DNA, please see

Schiestl and Gietz (1989) and Chapter 6, Protocol 10; alternatively, a number OF companies sell such

preparations commercially.

Library to be screened for interaction
Interaction trap libraries are available commercially from, for example, CLONTECH (MatchMaker

System), Invitrogen, OriGene, Display, MoBiTech (for a comprehensive listing of libraries from various
species and tissue sources, please see www.fccc.edu/research/labs/golemis/lib sourceshtm] i.

Media

Please see Appendix 2 for components of yeast media.

CM selective medium
Use Table 18-3 to estimate the amount of media required and Table 18-8 to prepare the necessary selec-
tive media.

Yeast nitrogen base without amino acids (YNB) is sold either with or without ammonium sulfate. Table

18—8 assumes that the YNB contains ammonium sulfate, Ifthe bottle of yeast nitrogen base instructs that
1.7 g/liter be added to make media, then it does not contain ammonium sulfate and 5 g of ammonium
sulfate per liter of media should be added.

Yeast selective X-gal medium
1. Prepare the base medium in 900 ml of H20, according to Table 18—8. Autoclave the base medium

and cool it to 55°C.

ii. In a separate bottle, autoclave 7 g of sodium phosphate (dibasic) and 3 g of sodium phosphate
(monobasic) in 100 ml of distilled H20.

iii. Mix the two autoclaved solutions together, and add 0.8 ml of 100 mg/m] X-gal (in NN-dimethyl
formamide < !> ). Pour the plates.

Centrifuges and Rotors

Sorvall GSA rotor or equivalent

Sorvall RT6000 centrifuge and HTOOOB rotor or equivalent

Special Equipment

Culture plates (24 x 24 cm) for selective media (see Table 78—3)
These plates are quite expensive, but they can be reused many times (see Step 9).

Falcon tubes (50 ml, sterile)

Glass beads (0.45-mm diameter, sterile; Sigma)
Optional, please see Step 9.

Heat block preset to 42°C

Microtiter plate (96—Well)
Optional, please see Step 21.

Multichannel pipettor or Inoculating manifoId/frogger (e.g., Dankar Scientific)
Optional, please see Step 21.

A frogger for the transfer of multiple colonies can be purchased or easily homemade; it is important that
all ofthe spokes have a flat surface and that the spoke ends are level. The frogger can be sterilized by auto—
claving or by flaming in alcohol.

Vectors and Bacterial or Yeast strains

S. cerevisiae candidate strains carrying vectors expressing the bait and Ieonp-IacZ reporter
(from Stage 7)   
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TABLE 18-8 Yeast CM Selective Media for Two-hybrid Analysis
 

 

CM CM CM CM CM CM CM CM

(GlU) (GLU) (GLU) (GLU, X-GAL) (GAL) (GAL, RAFF) (GAL, RAFF) (GAL,RAFF,X-GAI_)

-U-H -U-H-T -U-H-T-L -U-H-T -U-H-T -U-H-T -U-H-T-L -U-H-T

|NGREDIENTS MEDIUM AGAR AGAR AGARa AGAR MEDIUM AGAR AGARa

YNB 6.7 g 6.7 g 6.7 g 6.7 g 6.7 g 6.7 g 6.7 g 6.7 g

Glucose 20 g 20 g 20 g 20 g

Galactose 20 g 20 g 20 g 20 g

Raffinose 10 g 10 g 10 g

Dropoutmix 2g 2g 2g 2g 2g 2g 2g 2g

Leucine 15 ml 15 ml 15 ml 15 ml 15 ml 15 ml

Tryptophan 10 ml

Agar 20 g 20 g 20 g 20 g 20 g 20 g
 

To prepare medium or agar, mix the ingredients together in a final volume of 1 liter of HZO. Autoclave for 20 minutes. Cuol the agar medium to 50"(I
before pouring plates: Leucine stock : 4 mg/ml; Tryptophan stock : 4 mg/ml; Histidine stock : 4 mg/ml,

“For media containing X—gal, prepare the appropriate base medium in 900 ml of H20, and use it in the realpe for yeast selective X»g.1l medium.

METHOD
 

Transforming the Library

1. Select a yeast colony, expressing the bait and leonp—lacZ reporter, that was shown in Stage 1

to be optimal in the initial control experiments. From this colony, grow a 20—ml culture in

CM(Glu)-Ura-His liquid dropout medium overnight at 30°C on a roller drum.

A IMPORTANT The bait and Ieonp—IacZ reporter plasmids should have been transformed into the
yeast <7-1O days before retransformation with the library. It is important to maintain sterile condi-
tions throughout.

. Dilute the 20-m1 overnight culture into 300 ml of CM(Glu)-Ura—His liquid dropout medium

such that the diluted culture has an OD600 Of ~0.10—0.15. Incubate the culture at 30°C on an

orbital shaker until the culture has gone through 1.5 doublings, to reach an OD(100 of ~0.50.

. Transfer the culture to sterile 250-m1 centrifuge bottles, and centrifuge them at 1000—150037

(2500—3000 rpm in a Sorvall GSA rotor) for 5 minutes at room temperature. Remove the

supernatant and add 30 ml of sterile HQO to the pellet. Resuspend the pellet by gently rap—

ping the bottle against a countertop. Transfer the slurry to a sterile SO-ml Falcon tube.

Centrifuge the cells at 1000—1500g (2500—3000 rpm in a Sorvall GSA rotor) for 5 minutes.

Pour off the H20 and resuspend the yeast cells in 1.5 m1 of TE (pH 7.5) containing 0.1 M

lithium acetate.

. Add 1 pg of library DNA and 50 ug of freshly denatured carrier DNA to each of 30 sterile 1.5-

ml microfuge tubes. Immediately add 50 pl of the yeast suspension (from Step 4) to each of

the 30 tubes.

A good transformation should yield ~105 transformantS/ug oflibrary DNA. The use of small vol—
umes of DNA (optimally, <10 pl/transformation tube) generally enhances transformation effi-
ciency.

Transformation of yeast in multiple small aliquots in parallel helps reduce the likelihood of con—
tamination, and it frequently results in significantly better transformation efficiency than that
obtained by using larger volumes in a smaller number of tubes. Do not use an excess of trans—
forming library DNA per aliquot of competent yeast cells, or each competent cell may take up mul—
tiple library p1asmids,c0mplicating subsequent analysis.
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6. To each tube of the cell suspensions, add 300 ul of sterile TE (pH 7.5) containing 400/0 PEG

4000 and 0.1 M lithium acetate. Mix by gently inverting the tubes 21 number of times (do not

vortex). Incubate the tubes for 30—60 minutes at 300C.

7. To each tube, add 40 ul of DMSO, and mix the suspensions by inversion. Place the tubes in a

heating block for 10 minutes at 42°C.

8. Plate the transformation mixtures as follows:

FOR 28 OF THE TUBES TO BE USED SOLELY TO GENERATE TRANSFORMANTS

a. Pipette the contents of each tube onto 24 X 24—cm CM(Glu)—Ura—His—Trp dropout plates.

b. Spread the cells evenly and incubate the plates at 30°C until colonies appear.

24 X 24—c1n plates will each require 250—300 ml of medium, and should be allowed to dry at
room temperature for 1—2 days after pouring, before being used. To reduce the chance of con—
tamination, flame the surface of plates after pouring. Some investigators take the additional

step of placing the open plates and inverted lids under UV light in a standard tissue culture
hood for ~10 minutes.

FOR THE 2 REMAINING TUBES TO BE USED TO ASSESS TRANSFORMATION EFFICIENCY

S” Pipette 350 pl from each tube to 24 x 24—cm CIV1(Glu)—Ura—His—Trp dropout plates.

b. Spread the cells evenly and incubate the plates at 30°C until colonies appear.

c. Pipette the remaining 40 pl from each tube to make a series (at least 3) of 1:10 dilutions
in sterile TE (pH 7.5) or HZO.

d. Plate 100 pl of each dilution on 100—mm CM(Glu)—Ura—His—Trp dropout plates, and

incubate the plates at 30°C until colonies appear.

Analysis of the dilution series will provide an estimation of the number of transtbrmants
obtained. Occasionally, the number of predicted transformant colonies arising on the 100—
mm indicator plates differs significantly from the number on the 24 x 24—cm plates, partictr
larly if the plates are from different batches. A good transfornmtion should yield
20,000—40,000 colonies/large plate,

Harvesting and Pooling of Primar)l Transformants

Steps 9-14 generate a frozen stock representative of the complete set of primary transformants,

which can be used in subsequent selection. In this process, a homogenized slurry is prepared from
the pool of primary transformants (~10" cells), from which aliquots can be used to plate on to

selective medium. This technique substitutes for more conventional methods of transferring yeast

(e.g., replica plating), which transfer such large numbers of cells that some degree of growth is

observed on selective plates, resulting in spurious background. If visible molds or other contami-

nants are observed on the plates, use a sterile razor blade to carefully excise them and the sur-

rounding region before harvesting library transformants.

In Step 9, the first technique (by agitation) is faster to perform, and allows induction of the

library and screening on selective plates to be carried out on the same day, and it also minimizes

the time the plates are open, thus avoiding contamination from airborne molds and bacteria.

About one third of the yeast slurry will be left on the plates; however, normally no more than 20/0

of the collected slurry is used, so it is important to ensure that colonies are washed from the plates

with approximately equal efficiency. The second technique (by scraping) in Step 9 is more eco-
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nomical of reagents and may be easier to use on plates from Which molds and contaminants have

been excised.

9.

10.

11.

12.

13.

14.

Harvest the library using one of the following methods.

TO HARVEST THE LIBRARY BY AGITATION

a. Pour 10 ml of sterile H20 and approximately 30 sterile glass beads on each of five 24 x

24—cm plates containing transformants.

b. Stack the five plates on top of one another, and, holding the plates tightly, shake the stack

until all the colonies are resuspended (1—2 minutes).

C. Use a sterile pipette to collect 5 ml of yeast slurry from each plate (tilt the plate). Pool the

slurry into sterile 50—ml conical tubes.

d. Proceed to the next five plates and repeat Steps a—c. Continue harvesting yeast cells from

all 30 plates, resulting in a total volume of 150 ml of liquid contained in three SO—ml tubes.

The same glass beads can be transferred to the fresh plates or new ones may be used. More than
five plates can be washed off simultaneously, as many as can be held in the hands and shaken.

The plates can be reused many times. After cells have been harvested, remove the remaining agar,
wash the plates, wipe with alcohol, expose to UV for 10 minutes, and store until needed.

To HARVEST THE LIBRARY BY SCRAPING

a. Wearing gloves, place the 30 24 x 24-cm plates containing transformants at 4°C to hard-
en the agar (generally, 2 hours to overnight is acceptable).

b. Sterilize a glass microscope slide by immersing it in ethanol and flaming; use this slide to
scrape yeast cells gently from the transformation plates into SO-ml conical tubes. Reflame
or use a fresh slide at intervals (every 5—10 plates).

Cells from all 30 plates can generally be pooled into one or two sterile 50-ml conical tubes.
The plates can be reused many times. After cells have been harvested, remove the remaining agar,
wash the plates, wipe with alcohol, expose to UV for 10 minutes, and store until needed.

If necessary, fill each conical tube containing yeast to the 40—45—ml mark with sterile TE (pH
7.5) or H20, and vortex or invert the tubes to suspend cells.

Centrifuge the tubes in a benchtop centrifuge at 1000—1500g (2200—2700 rpm using a Sorvall
H10008 rotor) for 5 minutes at room temperature, and discard the supernatant.

Repeat Steps 10 and 11.

After the second wash, the total volume of the cell pellet derived from 1.5 x 10" transformants
should be 25 ml of cells.

Resuspend the packed cell pellet in 1 volume of sterile glycerol solution. Combine the con—
tents of the different Falcon tubes and mix thoroughly.

Transfer l-ml aliquots into a series of sterile microfuge tubes, and freeze at —70°C (cells
remain stable for at least 1 year).

If proceeding directly to plating on selective medium (which requires 5 hours to complete), leave one
aliquot unfrozen and carry out the next sequence of steps. Assume that the viability of the unfrozen
culture is 100%. In general, for yeast frozen for <1 year, the expected viability will be >90%. If there is
any cause for concern (i.e., particularly if no colonies are obtained following plating of the frozen
aliquots on selective medium), measure the viability of the frozen cells by performing a series of lim-
iting dilutions on CM(Glu)—Trp—His—Ura.
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Screening for Interacting Proteins

Aliquots of the transformed library are plated on —Leu selective media to test for the inability to

promote LEUZ transcription. Not all cells containing interacting proteins plate at 100% efficien—

cy on —Leu selective medium (Estojak et al. 1995). To maximize the chance of detecting interac—

tion, each primary colony obtained from the library transformation should be represented on the

selection plate by three to ten Viable yeast cells. For example, if 5 x 105 colonies had been initial—

ly obtained, between 1.5 x 106 and 5 x 106 cells would be plated on two to five plates. Although

this practice may result in redundant isolations of the same CDNA, it helps to ensure that all pri—

mary transformants are represented by at least one cell on the selective plate; in fact, reisolation

of an identical CDNA among a relatively small set of “positives” can be taken as one sign of a spe—

cific protein-protein interaction.

15. Thaw one aliquot of library—transformed yeast (from Step 14), and dilute 1:10 with CM(Gal-

Raff)-Ura-His—Trp dropout medium. Incubate the yeast with shaking for 4 hours at 30°C to

induce transcription from the GAL] promoter on the library.

16. Plate 106 cells (or 50 pl of a culture at OD600 : 1.0) on each ofan appropriate number of 100—

mm CM(Gal/Raff)-Ura-His—Trp—Leu dropout plates.

A IMPORTANT The value of 106 cells per plate is the highest plating density that generally can be

effectively used. Plating at higher densities (e.g., 3 x 10") can result in cross-feeding between yeast
cells, resulting in high background growth.

17. Incubate the plates for 5 days at 30°C.

Depending on the individual bait used, good candidates for positive interactors‘ will generally pro—

duce colonies within 5 days, with the most of colonies appearing at 2—4 days.

18. Observe the plates for growth and mark colonies as they appear.

A good strategy (especially if a large number of colonies appear to be growing) is to observe the

plates on a daily basis, but not necessarily to pick colonies immediately. Instead‘ on the first day
that the colonies are visible by eye, mark their location on the plate with a dot of a given color from
a lab marker (e.g., day 3 : red). Each day, mark nascent colonies with distinctive colors (day 4 :

blue, etc)‘

19. At day 5, create a master plate (CM[Glu]-Ura—llis—Trp) on which colonies are grouped by day

of appearance.

If many apparent positives appear, it may be necessary to create separate plates with colonies

obtained on day 2, on day 3, and on day 4. To generate a negative control for subsequent steps, pick

at random 3—5 colonies from the plates used to determine viability (please see note to Step 14), and

streak them in parallel on the master plates to be tested. Ifusing a manifold/frogger for subsequent

assay steps (see Step 21),make sure that the streaks are gridded in such a way that colonies Wlll cor—

respond to the spokes on a frogger (please see Figure 18—10).

20. Incubate the plates at 30°C until patches/colonies form.

 

TROUBLESHOOTING

- Colonies arising more than 1 week after plating are not likely to represent bona fide positives. In tests of
master plates, true interactors tend to come up in a window of time specific for a given bait, with false pos-
itives Clustering at a different time point; hence, grouping the colonies as they grow by their date of appear-
ance facilitates the decision of which clones to analyze first. If using a replica technique, it is worthwhile
making an extra master plate containing glucose (please see note to Step 19).

o Contamination that has occurred at an earlier step (i.e., during plate scraping) is generally manifest by the
rapid growth (24 hours or less) of many (>500) colonies per plate. lf contamination can be confirmed to
be bacterial, one option is to prepare new selective plates that contain 15 tig/ml tetracycline, and repeat the
library induction and plating. 
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First Confirmation of Positive Interactions: Test for B-galactosidase Activity
and for Leu Requirement

Steps 21 and 22 test for galactose-inducible transcriptional activation of both the leonp—LEUZ

and leonp-lacZ reporters. Simultaneous activation of both reporters in a galactose—specific man—

ner generally indicates that the transcriptional phenotype is due to expression of library—encod-

ed proteins, rather than mutation of the yeast host. A master plate containing glucose and leucine

is used as a source for test colonies.

21 . Assay for transcription activation.

The assays can be performed by either restreaking colonies with a toothpick or utilizing a mani—
fold/frogger, which is particularly useful when analyzing a large number of positive colonies (for
details on the use ofa frogger, please see Figure 18—10).

TO ASSAY BY DIRECT STREAKING

a. On each of the four following plates, use a flat—edged toothpick to replicate the grid from

the master plate. Use the same toothpick to streak an individual colony across the four

plates. Try to get a thick streak of yeast on plates containing X—gai, and a thin streak of

yeast on plates lacking leucine.

CM(Glu/Xga1)—Ura—His—Trp 1 plate

CM(Gal/Raff/Xgal)—Ura—His-Trp 1 plate

CM(Glu)-Ura-His—Trp—Leu 1 plate

CM(Gal/Raf)-Ura—His—Trp-Leu 1 plate

b. Incubate the plates for 3—4 days at 30°C.
X-gal plates will yield results within 48 hours, with the strongest interactions appearing as
early as 18 hours. Differential growth on leucine will generally be apparent between 48 and 72
hours.

TO ASSAY USING A MANIFOLD/FROGGER

a. Deliver 25—30 ui of sterile HZO into 48 wells of a 96-well microtiter plate.

b. Use a frogger to transfer patches simultaneously from a pregridded master plate to the
wells of a microtiter plate. Agitate the plate gently.

C. Use the frogger to transfer yeast from the microtiter plate to each of the following plates.
This approach allows approximately equal quantities of cells to be transferred to each
plate.

CM(Glu)-Ura—His—Trp 2 plates

CM(Gal)—Ura-His—Trp 1 plate

CM(Glu)-Ura—His-Trp—Leu 1 plate

CM(Gal/Raff)-Ura-His—Trp—Leu 1 plate

d. Incubate the plates for 3—4 days at 30°C. After 1 day of incubation, use one CM(Glu)-
Ura-His—Trp plate and one CM(Gal)—Ura-His—Trp plate to assay for activation of the lacZ
reporter, using the chloroform overlay assay (please see the panel on ALTERNATIVE PRO-
TOCOL: ASSAY OF [5—GALACTOSIDASE ACTIVITY BY CHLOROFORM OVERLAY at the end Of
Stage 1).
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e. Continue to monitor growth: Differential growth on leucine will generally be apparent

between 48 and 72 hours on the —Leu plates. The second CM(G1u)-Ura—His—Trp plate can

be taken as a fresh master plate.

22. Interpret the results. Colonies and the library plasmids they contain are designated as first—

round positives if:

0 X—Gal analysis indicates blue color following culture on CM(Ga1)—Ura—His-Trp plates.

0 X-Gal analysis indicates white, or only faintly blue, following culture on (TM(Glu)—Um—

His-Trp plates.

0 Colonies grow well on CM(Gal/Raff)—Ura—His—Trp—Leu plates.

0 Colonies grow poorly or not at all on CM(Glu)—Ura—His—Trp—Leu plates.

 

TROUBLESHOOTING/ANALYSIS

In very rare cases, if an interaction occurs with high affinity, and both proteins are stable in yeast, a weak

enhancement of growth and X-gal activity will occur on glucose as well as galactose medium. This occurs
because low levels of transcription from the GAL1 promoter on glucose medium allow accumulation of suffi-
cient levels of strongly interacting, stable activation domain fusions for an interaction to be detected.

In some cases, strong activation of one of the two leonp reporters will be observed, whereas only poor
activation will be observed of the other. Some bait-interactor combinations preferentially activate lacZ versus
LEU2, or vice versa (Estojak et al. 1995). In general, the confidence level for such system-specific interactors is
substantially lower than for interactors that strongly activate both reporters. This is particularly the case when
strong growth is observed on medium lacking Ieucine, and virtually no blue color is observed with X-gal.
Whether these isolates are pursued is the decision of the investigator.

if no positives are obtained for a given bait, there are several points to consider: (1) The library source is
inappropriate or an insufficient number of colonies have been screened; (2) the bait does not interact with any
single partner protein with sufficient affinity to be detected (Estojak et al. 1995); and (3) the bait is not in a
native conformation, either because of a truncation or because of steric interactions with the fusion domain,

or it is not interacting well with the lexA operator since some moiety on the fusion protein is seq uestering the
protein (Golemis and Brent 1992). It is sometimes possible to modify the bait and screening conditions in order
to obtain interactors; however, some baits simply do not generate interactors. It is left to the discretion of the

investigator as to how much effort to apply in such instances.  
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STAGE 3: Second Confirmation of Positive Interactions

The number of positives obtained in an interactor hunt depends on the individual bait and the

suitability of the library. Anywhere from zero to several hundred positive interactors might be

identified; advanced predictions are generally difficult. If a reasonably small number (1—30) of
interactors are obtained, the steps detailed below can be followed essentially as written, In cases

where a very large number of interactors are obtained, it may or may not be desirable to work up

all of them at once. An alternative strategy is to “warehouse” most of the positives, and work up

24—48 of the faster-growing clones, which frequently contain the strongest interactors. These

clones can be screened for specificity of interaction and grouped by restriction digest analysis

and/or sequenced to determine whether they are all unique cDNAs or whether they are repeated

isolates of a limited number of cDNAs. In the former case (especially if the isolated cDNAs do not

make sense biologically in the context of the bait), it is sometimes advisable to reconfigure the ini-

tial screen conditions and try again, using a less—sensitive combination of strain and plasmid.

Obtaining many different interactors can be a sign of a low—affinity nonspecific interaction. The

approach taken depends on the goals and resources of the investigator.

Plasmids isolated from yeast must be transformed into a strain of bacteria suitable for

manipulations such as sequencing. Standard laboratory strains such as DHStx work well. If using

the plasmids recommended above (pMWllZ, pMWlOZ, etc), which contain drug resistance

markers different from those of IG4-S, the only step required is to transform E. coli DHSoc by elec—
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troporation with isolated plasmid DNA, and plate the tranformants onto medium containing

ampicillin. Only bacteria that have taken up a library plasmid will grow. Transformation by elec—

troporation is important: In general, chemical transformation methods work poorly with DNA

isolated from yeast.

Two methods for working up positives are described in Figure 18—11. The right—hand

sequence of steps is more traditional and has been successfully used in many laboratories: The

method emphasizes thorough characterization of specificity of bait-library protein interaction

before sequencing. The panel on ALTERNATIVE PROTOCOL: RAPID SCREEN FOR INTERACTION

TRAP POSITIVES at the end of this protocol relies on an “upside down” approach and is recom—

mended when both PCR and automated sequencing are readily available and affordable. Under

the latter conditions, the protocol is 2—3 days faster and minimizes the number of isolates that

must be tested for specificity (thus reducing numbers of both E. coli and yeast transformations).

A final series of specificity tests are described that may be used to verify the interaction—depen—

dent phenotype.

 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Ammonium acetate (7.5 M)

Chloroform < ! >

Ethanol

Isopropano/

Lysis solution
Zymolyase lOOT dissolved to 2—5 mg/ml in rescue buffer
or

B-glucuronidase 100,000 units/ml (Sigma) 1:50 in rescue buffer

Prepare fresh solution for each use.

Phenol (equilibrated to pH 8.0) <1>

Rescue buffer
50 mM Tris-HCI (pH 7.5)

10 mM EDTA
0.3% B-mercaptoethanol < ! >

Prepare fresh solution for each use.

SDS (70% w/v)
STES lysis solution

100 mM NaCl

10 mM Tris—HCI (pH 8.0)

1 mM EDTA

0.1% (w/V) SDS

TE (pH 8.0)

Enzymes and Buffers

Gels

Restriction endonucleases EcoRI, Xhol, HaeIII

Agarose gel
Please see Step 5.   
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TABLE 18-9 Yeast CM Selective Media for Two-hybrid Analysis
 

CM(GAL, CM

 

CM CM CM CM CM

(GLU) (GLU) (GLU) (GLU) (GLU, X-GAL) RAFF, X-GAL) (GAL,RAFF)
-T -U-H -U-H-T -U-H-T-L -U-H-T -U-H-T -U-H-T-L

INGREDlENTS MEDIUM AGAR AGAR AGAR AGARal AGARa AGAR

YNB 6.7 g 6.7 g 6.7 g 6.7 g, 6.7 g 6.7 g 6.7 g

Glucose 20 g 20 g 20 g 20 g 20 g

Galactose 20 g 20 g
Rafflnose 10 g 10 g

Dropout mix 2 g 2 g 2 g 2 g 2 g 2 8 2 g
Leucine 15 ml 15 ml 15 ml 15 ml 15 m1
Tryptophan 10 m1
Histidine 5 ml

Uracil 5 ml

Agar 20 g 20 g 20 g 20 g 20 g 20 g
 

“For media containing X-gdl, prepare the appropriate base medium in 900 11110le0, and use it in the recipe for yeast selective X—gul medium.
To prepare medlum or agar, mix the ingredients together in a final volume of 1 liter of H30. Autoclave for 20 minutes. (3001 the medium to 50“) before

pouring plates: Leucine stock = 4 mg/ml; Tryptophan stock : 4 mg/ml; Histidine stock : 4 mg/ml; Uracil stock : 4 mg/ml.

Media

Please see Appendix 2 for components of yeast media.

CM selective medium

Use Table 18—3 to estimate the amount of media required and Table 18—9 to prepare the necessary selec—
tive media.

Yeast nitrogen base without amino acids (YNB) is sold either with or without ammonium sulfate. Table

18—9 assumes that the YNB contains ammonium su1fate.1fthe bottle ofyeast nitrogen base instructs that
1.7 g/liter be added to make media, then it does not contain ammonium sulfate and 5 g of ammonium
sulfate per liter of media should be added.

LB agar plates containing 50 ug/ml ampicillin

Minimal (~trp) medium for bacteria
Prepare the following autoclaved stocks:

i. 20% (w/v) magnesium sulfate

ii. 4 mg/ml uracil
iii. 4 mg/ml histidine

v. 4 mg/ml leucine

v. 20% (w/v) glucose

Prepare the following filler—sterilized solutions:
V1. 50 mg/mlampicillin
vii. 1% thiamine hydrochloride

Autoclave the following two solutions separately:
viii. 15 g of agar in 800 m1 of distilled HzO

ix. 10.5 g of potassium phosphate (dibasic)

4.5 g of potassium phosphate (monobasic)
1 g of ammonium sulfate

0.5 g of sodium citrate
160 m1 of distilled F120

C001 Solutions viii and ix to 50°C, and mix them together. Quickly add 1 ml of Solution i, 10 ml of
Solution 11, 10 m1 of Solution iii, 10 ml of Solution iv, 10 ml of Solution v, 1 m1 of So1ution vi, and 0.5
ml of Solution vii. Mix the final solution well and pour the plates immediately.

Yeast selective X-gal medium

1. Prepare the base medium in 900 m1 of H20, according to Table 18—9. Autoclave the base medium
and coo1 it to 55°C.

ii. In a separate bottle, autoclave 7 g of sodium phosphate (dibasic) and 3 g of sodium phosphate
(monobasic) in 100 m1 of distilled H20.

iii. Mix the two autoclaved solutions together, and add 0.8 m1 of 100 mg/ml X»gal (in N,N—dimethy1—
formamide <!>). Pour the plates.
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Centrifuges and Rotors

Sorvall RT6000 centrifuge, HiOOOB MPC and H6000A MPC rotors (for centrifuging microtiter plates)

Special Equipment

Glass beads (0.45-mm diameter, sterile; Sigma)

Microtiter plate (24—well or 96-We/l [optionalfi

Repeating pipettor
Optional, please see Step 1.

Additional Reagents

Step 2 of this protocol requires the reagents for electroporation listed in Chapter 7, Protocol 26.

Steps 3 and 4 of this protocol require the reagents for the preparation of miniprep DNA from
plasmids listed in Chapter 1, Protocol 7.

Step 10 of this protocol requires the reagents for sequencing of yeast DNA listed in Chapter 4,
Protocol 13.

Vectors and Bacterial and Yeast Strains

E. coli DH5a or E. coli KC8 (pyrF leuB6OO trpC hisB463; CLONTECH), competent for electroporation
Please see Chapter 1, Protocol 26.

Nonspecific bait plasmid
Please see the note to Step 6,

pMW112, pRFHM-1

pBait (from Stage 1)

Yeast colonies with the appropriate phenotype growing on a CM(CIu)-Ura-His-Trp master plate
(identified in Stage 2, Step 21)

Yeast strain ECY48

METHOD
 

Isolation of Positive Plasmids

Two approaches are given for the isolation of discrete library plasmids. For the isolation of a small

number of colonies, cells are lysed in SDS. For the isolation of a large number of colonies, cells
are lysed in Zymolyase.

1. Prepare cell lysates from positive colonies.

FOR ISOLATION OF A SMALL NUMBER OF COLONIES

Generally, this approach is most useful when working with ~24—36 positives or less, although

some investigators prefer to use this approach to work up the entire set of positives initially
obtained, even if such positives number in the hundreds. In this case, it is usually more effec—
tive to utilize the alternative protocol at the end of this protocol as a means to distinguish

unique from commonly occurring positive clones.

a. Starting from the CM(Glu)—Ura—His—Trp master plate (Stage 2, Step 21), pick colonies

that display the appropriate phenotype on selective plates into 5 ml of-Trp glucose medi—

um. Grow the cultures overnight at 30°C.

Omitting the -Ura-His selection in this situation encourages loss of nnnlihrary plasmids and
facilitates isolation of the desired library plasmid.

b. Centrifuge 1 m1 of each culture at maximum speed for 1 minute at room temperature in

a microfuge. Resuspend the pellets in 200 pl of STES lysis solution, and add 100 pl of

0.4S-mm—diameter sterile glass beads. Vortex the tubes vigorously for 1 minute.
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c. Add 200 pl of equilibrated phenol to each tube, and vortex the tubes vigorously for

another minute.

d. Centrifuge the emulsions at maximum speed for 2 minutes at room temperature in a

microfuge, and transfer each aqueous phase to a fresh microfuge tube.

e. Add 200 pl of equilibrated phenol and 100 pl of chloroform to each aqueous phase, and

vortex for 30 seconds. Centrifuge the emulsions at maximum speed for 2 minutes at

room temperature in a microfuge, and transfer each aqueous phase to a fresh tube.

f. Add two volumes (400 01) of ethanol to each aqueous phase, mix by inversion, and chill

the tubes for 20 minutes at —20°C. Recover the nucleic acid by centrifugation at maxi—

mum speed for 15 minutes at 4°C in a microfuge.

g. Pour off the supernatants. Wash the pellets with ice—cold 70% ethanol, and dry the pel-

lets briefly under vacuum. Resuspend each pellet in 5—10 pl of TE (pH 8.0). Proceed to

Step 2,

FOR ISOLATION OF A IARGE NUMBER OF COLONIES

The following procedure for preparing DNA in batches was developed by Steve Kron

(University of Chicago) as a scale—up of a protocol originally developed by Manuel Claros

(Laboratoire Génétique Moleculaire, Paris). A refrigerated centrifuge with plate holders is

required, and a repeating pipettor is helpful.

a. Transfer 2 m1 of 2x CM(Glu)-Trp medium into each well of a 24—well microtiter plate.

Use a toothpick to pick a putative positive colony from a master plate into each well

(Stage 2, Step 21). Grow the cultures overnight at 30°C with shaking.
The use of 2X minimal medium maximizes the yield of yeast. Four plates can generally be

handled conveniently and spun simultaneously in a centrifuge.

b. Centrifuge the plate(s) in a centrifuge with microplate holders at 1500g (3000 rpm in a

Sorvall HIOOOB MPC rotor) for 5 minutes at 4°C. Shake off the supernatant with a snap

of the wrist and return the plate to an upright position. Swirl or lightly vortex the plate

to resuspend each cell pellet in the remaining liquid. Add 1 m1 of H20 to each well and

swirl the plate gently.

Cell pellets can most easily be resuspended in residual liquid before adding new solutions.

Addition of liquid can be accomplished using a repeating pipettor.

c. Centrifuge as in Step b, shake off the supernatant, resuspend the cells in residual super—

natant, and add 1 ml of rescue buffer.

d. Centrifuge as in Step b, shake off the supernatant, and resuspend the cells in the small vol—

ume of liquid remaining in the plate. To each well, add 25 pl of lysis solution. Swirl or vor—

tex the plate. Incubate the plate (with the cover on) on a rotary shaker for ~1 hour at 37°C.

The lysis solution need not be completely dissolved before use, By 1 hour, lysis should be

obvious as yeast cells coagulate into a white precipitate. The susceptibility of yeast strains to
lytic enzymes varies. If lysis occurs rapidly, then use less lytic enzyme. If the lysis step is
allowed to proceed too far, too much of the partially dissolved cell wall may contaminate the
final material. Lysis can be judged by examining cells in a phase microscope. Living cells are
white with a dark halo, and dead cells are uniformly gray. Lysis leads to the release of granu—
lar cell contents into the medium. Once cells are mostly gray and many are disrupted, it can
be assumed that much of the plasmid has been released.

e. Add 25 pl of 10% SDS to each well. Disperse the precipitates completely by swirling the

plates. Allow the plates to rest on the bench for 1 minute at room temperature. After 1

minute, the wells should contain a clear, somewhat Viscous solution.
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f. To each well, add 100 111 of 7.5 M ammonium acetate. Swirl the plates gently, and then

store them for 15 minutes at —70°C or at —20°C until the lysates are frozen.

Addition of acetate should result in the formation ofa massive white precipitate ofceli debris
and SDS. The freezing step appears to improve removal of inhibitors of E. mli transformation.

g. Remove the plates from the freezer. Once they begin to thaw, centrifuge the plates at

3000g (3800 rpm in a Sorvall H6000A MPC rotor) for 15 minutes at 40C. Transfer

100—150 pl of the resulting clear supernatants to fresh 24—well plates.

A IMPORTANT In general, some contamination of the supernatants with pelleted material can—

not be avoided. However, it is better to sacrifice yield in order to maintain purity.

h. To each well, add ~O.7 volume of isopropanoi. Mix the solutions by swirling and allow

the nucleic acids to precipitate for 2 minutes at room temperature. Centrifuge as in Step

g. Shake off the supernatants with a snap of the wrist.

A cloudy fine precipitate should form immediately after isopropanol is added.

i. To each well, add 1 ml of cold 70% ethanol. Swirl the plates, and then centrifuge them at

3000g (3800 rpm in a Sorvall H6000A MPC rotor) for 5 minutes at 4°C. Shake off the

supernatant with a snap of the wrist, invert the plates, and blot them well onto paper tow—

els. Allow the plates to dry in the air.

j. To each well, add 100 pl Of TE (pH 8.0). Swirl the plates and allow them to rest on the bench

for several minutes, until the pellets appear fully dissolved. Transfer the preparations to

microfuge tubes or the wells of a 96—we11 plate for storage at —20°C. Proceed to Step 2.

1—5 pl of each of the resulting preparations can be used to transform competent E. mli by
electroporation. If insufficient numbers of colonies are obtained, reprecipitate the DNAs and
disso1ve them in 20 pl rather than 100 pl ofTE, to concentrate the DNA stock.

Transformation into E. coli

If the bait is cloned in one of the specialized LexA-fusion plasmids (Table 18—1) that carries an

ampicillin resistance marker, a proportion of the E. coli DHSoc transformants will not contain the

library plasmid. One option to resolve this problem is to analyze multiple transformants from

each DNA preparation. Alternatively, it is possible to passage plasmids through a strain of E. coli

possessing a trpC mutation, and select for a library plasmid by the ability of the yeast TRPI gene

to complement the E. coli trpC mutation.

2. Introduce 1—5 pl of each preparation of plasmid DNA into competent E. coli DHSoc or into

strain KC8 (pyrF leuB600 trpC hisB463) by electroporation. Plate the bacteria on LB agar con-

taining 50 ug/ml of ampicillin, and incubate the plates overnight at 370C.

3. If plasmid DNA was transformed into DHSOL, proceed to Step 4. If plasmid DNA was trans—
formed into KC8:

3. Use restreaking or replica plating to transfer colonies from LB/ampieillin plates to mini—

mal (—trp) medium for bacteria. Incubate the bacteria overnight at 370C.
Colonies that grow under these conditions contain the pIG4—5 library plasmid, as the TRPI
gene carried by this plasmid efficiently complements the bacterial trpC9830 mutation.

The initial plating of transformation mixtures on LB/ampiciilin plates is less stressful than direct—

ly plating on to bacterial minimal medium and maximizes the number of colonies obtained.

b. Prepare miniprep DNA from an isolated colony and use the DNA to transform DHSa

cells as described in Step 2.

Minipreparations of KCS DNA can be used for restriction digests, PCR, and retransformation
of yeast. It is, however, advisable to use the KCS miniprep DNA to transform a more amenable

E. coli strain, such as DHSot, before sequencing is attempted. DNA prepared from KGB is gener-
ally unsuitable for dideoxy or automated sequencing even after extensive purification.  



   

18.44 Chapter 18: Protein Interaction Technologies

4. Prepare miniprep DNA from DHSoc cells carrying the library plasmid.

A IMPORTANT In general, it is a good idea to prepare DNA from two or three separate bacterial
colonies generated from each original positive interactor. By contrast to bacteria, yeast can tolerate
multiple 2p plasmids with identical selective markers. If a single yeast cell contains two or three dis-

tinct library plasmids, only one of which encodes an interacting protein, the relevant cDNA clone can

be lost at the stage of plasmid isolation. Again, in general, this is not a major problem; on average,

perhaps 10% of yeast cells will contain two or more library plasmids.

. Confirm by restriction endonuclease digestion that the duplicate samples prepared for each

positive contain identical inserts, and/or determine whether a small number of cDNAs have

been isolated repeatedly.

Digestion oflibrary plasmids with ECORI + Xhol will release CDNA inserts, whereas digestion with EcuRl

+ Xhol + HaeIII will “fingerprint” the inserts. Independent isolation of only a few cDNAs is generally a
good indication that the clones have biological relevance. Do not despair if the CDNA clones are not
identical In cases where only a small number of total positive colonies have grown, or in cases where the
interactor cDNA was poorly represented in the library, true interactors have been obtained db single pos-
itive clones.

A IMPORTANT Some investigators sequence DNAs at this stage. A lot of money can be wasted

on sequencing nonspecific interactors: It is strongly recommended that the transformation into
yeast and specificity tests, as described below, be completed before sequencing.

Second Confirmation of Positive Interactions: Repeated Phenotype and Specificity Tests

The final test of the specificity of interacting proteins is the retransformation of library plasmids

from E. coli into “virgin" leonp—LEUZ/leonpAlacZ/pBait-containing strains. The aim is to verify

that interaction-dependent phenotypes are still observed and are specific to the starting pBait.

This test will eliminate false positives, including mutations in the initially transformed EGY48

yeast that favor growth or transcriptional activation on galactose medium; library—encoded

cDNAs that interact with the LexA DNA—binding domain; and library—encoded proteins that are

“sticky” and interact with multiple pBaits in a promiscuous manner.

6. Transform yeast strain EGY48 with the following sets of plasmids, and select colonies on

CM(Glu)-Ura-His plates.

3. pMWllZ and pBait

b. pMW112 and pRFHM—l

c. pMWl 12 and a nonspecific bait

If the pBait initially used in the screen was able to activate transcription, even slightly, we strongly

recommend that a nonspecific control bait that can also weakly activate transcription be included

as a control. in general, baits that activate transcription poorly are difficult to distinguish from the
background of false positives. Some false positives interact generically with weakly activating LexA—
fused proteins.

. After 2—3 days, transformed yeast from Step 6 should be available. Use electroporation to

introduce library plasmids prepared from E. coli KCS or DHSa into individual transformants

a—c. Plate each transformation mixture on CM(Glu)-Ura—His—Trp dropout plates and incu—

bate the plates at 30°C until colonies grow (2—3 days).

A IMPORTANT As a negative control, also electroporate examples of transformants a—c with the
pJG4-5 library vector.

. Create a CMtGlu)—Ura-His-Trp master dropout plate for each library plasmid being tested.

It is generally helpful to streak tranformants a—c for each library plasmid in close proximity
on the plate to facilitate detection of nonspecific interactions.

A IMPORTANT Each plate should also contain the a—C series transformed with the pJG4-5 negative control.
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9. Test for Begalactosidase activity and for leucine auxotrophy, exactly as described in Stage 2,

Step 21.

10. Analyze the results of these specificity tests and sequence the positive isolates (please see

Chapter 4, Protocol 13).

 

 

0 True “positive" cDNAS should render yeast blue on CM(Gal, Raffl-Ura-His—Trp plates but not on CMtGlu, j
X-gal)-Ura-His-Trp plates, and permit growth on CMtGaI, Rafi)-Ura-His-Trp-Leu dropout plates, but not
CM(G|u)-Ura—His-Trp-Leu dropout plates, specifically with the original pBait but not b or c. These positive ‘

cDNAs are ready to be sequenced (if they have not been already) using primer FP1 (please see the panel ‘
on ALTERNATIVE PROTOCOL: RAPID SCREEN FOR INTERACTION TRAP POSITIVES on the fol- l

lowing page). Those cDNAs that also encode proteins that interact with either b or 1 should be discarded. l

o It is possible to quantify roughly the relative affinity of interactions using numbers generated by B-galac— l
tosidase assays. Whether this is desirable is left to the discretion of the individual investigator.

e As an additional control, a database of common false positives has been compiled and made available on

the World Wide Web, at

http://www.fccc.edu/research/Iabs/golemis/InteractionTraplnWorkhtml

Particularly for cDNAs isolated only once, or for cDNAs that do not appear to make biological sense in the
context of the starting bait, it may be helpful to consult the database to make sure that the clone has not

been reported to be a problem by other groups

 

 

 

SUBSEQUENT CHARACTERIZATION

If all has gone well in the previous steps, the experiment will have generated a small set of sequenced cDNAs,
encoding proteins that interact specifically with their starting bait. What next? In some cases, the subsequent
characterization steps are obvious, with the isolated cDNA making clear biological sense in the context of a
particular starting bait. However, in general, this is the point at Which the bulk of the work really begins, With
the obtained interactor either corresponding to a cDNA without a defined biological activity immediately rele-
vant to the starting bait or corresponding to a novel sequence. There are many ways to approach the analysis
of such novel interactors/ and a com plete discussion would go far beyond the scope of this chapter. For inves-

tigators not experienced in the characterization of novel proteins, the following questions cover a few issues

that might be particularly helpful in getting started.

0 Is the (DNA fuII-length? Many times, isolated interactors correspond to the carboxy-terminal end of incom-
plete cDNAs. Thus, some first steps would involve using a CDNA probe in northern analysis to establish
transcript size. If the isolated (DNA is truncated, scanning sequence databases (those containing expressed
sequence tags are useful) and subsequent screening of conventional cDNA libraries (Chapter 11, Pr0t0(ol
2) or RACE (Chapter 8, Protocols 9 and 10) are used to obtain fuII-Iength clones.

o Is the CDNA expressed in an appropriate cell type and/or tissue location to conceivably interact with the
Bait protein? For mammals, probing of a multitissue northern blot (many are commercially available from
CLONTECH and other sources) will address this point.

0 Does the fuII-Iength bait associate with the fuII-Iength interactor? Do the bait and interador associate in
another assay system different from the two-hybrid system? Ideally, investigators would like to coimmuno-
precipitate the endogenous bait and interactor from their host organism. For mammals, an intermediate
step while the antibody is forthcoming is to synthesize an epitope-tagged version of the interactor, trans-
fect it into cells normally expressing the bait, and coimmunoprecipitate with this combination.

0 Intracellularly, are bait and interactor expressed in overlapping or identical compartments? Cell frac-
tionation and/or immunofluorescence performed with antibody either to a native or tagged interactor may
be used to address these points (for details on these methods, please refer to Specter et al. [1998, Chapters
71 and 98l).

0 Above all, do bait and interactors affect each other’s biological activity? Some further assays may ulti-
mately be useful in yeast, for example, mapping the domain of interaction using a series of truncated bait

proteins. First and foremost, the main goal is to establish biological relevance of the interaction in the organ-

ism of origin.  
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ALTERNATIVE PROTOCOL: RAPID SCREEN FOR INTERACTION TRAP POSITIVES

This protocol is an alternative approach to screening for positive library plasmids. A major strength of this
approach is that it will identify redundant clones before plasmid isolation and bacterial transformation, which
in some cases greatly reduces the amount of work required. However, accurate records should be maintained
detailing how many of each class of cDNAs are obtained. If there is any doubt whether a particular CDNA is
part of a set or is unique, investigators should err on the side of caution. This rapid screening method is most
advantageous when the number of selected colonies exceeds 23.

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Additional Materials

2% Agarose gel
B—glucuronidase lysis solution

50 mM Tris-HCI (pH 7.5)
10 mM EDTA
0.3% (v/v) B—mercaptoethanoi (prepare fresh) <!>
1:50 B—glucuronidase type HP-2, crude solution from H. pomatia (Sigma)

Glass beads (150—212 um diameter; Sigma)

0. 7% Low-melting—temperature agarose gel
Oligonucieotides primers (20 mM in TE [pH 8.01)

Forward primer (FP1) 5 '-CTG ACT GGA CAT GCC TCC
Reverse primer (FP2) 5 '—CTG GCA AGG TAG ACA AGC CG

Microtiter plate (96-well)
Reagents for analyzing yeast colonies by PCR (Chapter 4, Protocol 13)
Reagents for purifying DNA fragments from Iow—melting—temperature agarose (Chapter 5, Protocol 6 or 7)
Restriction endonuclease Haelll
Thermocycler
Thin-walled microfuge tubes (0.5-ml, sterile)

Method

1. Add 25 u| of B-glucuronidase lysis solution into the individual wells of a 96-weil microtiter plate.

2. Starting from the CM(GIu)-Ura-His-Trp master plate (Stage 2, Step 21), transfer and resuspend individual
positive candidate yeast colonies in each of the wells containing B—glucuronidase solution. Use tape to seal
the wells, and incubate the plate on a horizontal shaker for 15—35 hours at 37°C.

 

A IMPORTANT Transfer approximately the volume of one middIe-sized yeast colony (2—3-pl packed pellet);
do not take more, or the quality of the isolated DNA will suffer. The master plate does not need to be absolute-
iy fresh: Plates stored for 5 days at 4°C have been used successfully. If appropriate, a multicolony replica-
tor/frogger can be used.

3. Remove the tape and add ~25 pi of glass beads (150-212 pm) to each well, and sea! the wells again. Attach
the microtiter plate to a vortex with a flat top surface (e.g., using rubber bands) and mix vigorously for 5
minutes.

4. Add 100 pl of sterile distilled HZO to each well. Transfer 0.8—2 tli from each well to a fresh microfuge tube
to be used as a template for each PCR. Reseal the plate with tape, and keep the remainder of the lysate
frozen at —20°C.  
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 10.

11.

12.

. In a series of sterile 0.5-mI thin-walled microfuge tubes (equal to the number of colonies to be analyzed),
mix in the following order:

  

10x colony PCR buffer 2 uI
25 mM MgCl_, 1.2 pl
10 mM dNTPs 0.4 pl
oligonucleotide primers (FP1 and FPZ) 10 pmoies of each
Taq polymerase 5 units (0.2 pl)
HZO tO 20 pl

Add 0.8—2 pl of template (from Step 4) to each PCR tube.

Transfer the PCR tubes to the thermocycier, programmed as follows, and start the program.
Cycle
Number ‘ Denaturation Annealing Polymerization
1 2 min at 94°C

2—32 45 sec at 94°C 45 sec at 56°C 45 sec at 72"C

M0d|fied versions of this protocol with extended elongation times have also been
found to work; the variant given above has amplified fragments of as much as 1.8
kb in reasonable quantity.

Analyze the PCR products:

a. Remove 10 tll of the PCR products into fresh microfuge tubes, and perform a restriction digest with
Haelll in a total vqume of 20 pi.

b. Load the digestion products onto a 2% agarose gel, and run the DNAs a sufficient distance to resoIve
the digestion products in the 200-1000 bp size range.

Analysis by electrophoresis will generally yield distinctive and unambiguous groups of inserts, indicating
whether multiple isolates of a small number of cDNAs have been obtained,

In parallel with the HaeIII digestion, run the remainder of each PCR (~10 pI) on a 0.7% low-meIting-tem-
perature agarose gel. Confirm that groups of inserts predicted on the basis of the Hare!" digest appear to
be compatible with groups predicted by analysis of the nondigested PCR products.

A IMPORTANT Sometimes a single yeast colony contains two or more different library plasmids.
This will be immediately revealed by PCR, so following bacterial transformation, check several
independent clones to reduce the possibility of losing the “real" interactor.

Purify fragments from the Iow-melting-temperature agarose gel (Chapter 5, Protocol 6 or 7).

In cases where a very large number of isolates of a small number of LDNAS have been obtained, the investigator may
choose to sequence the PCR product directly. Only the forward primer, FP1, works well in sequencing of PCR frag-
ments; the reverse primer only works in sequencing from purified plasmids, In general, the TA-rich nature of the ADH
terminator sequences downstream from the melinker in the ij4-5 vector makes it difficult to design high-quaiity
primers in this region.

Transform E. coli (either DHSa or KC8) with DNA from selected positives, using electroporation as

described in the main protocol (Steps 2~5). Use 2—4 pl of the B-glucuronidase-treated frozen yeast (Step
4) as the source of DNA.

Proceed with the second confirmation of positive interactions, as outlined in the main protocol, com-

mencing with Step 6.  
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Detection of Protein-Protein Interactions Using

Far Western with GST Fusion Proteins

Margret B. Einarson
Fox Chase Cancer Center, Philadelphia, Pennsylvania 19111

18.48

GST FUSION PROTEINS HAVE BEEN USED IN THOUSANDS OF PROJECTS since their introduction as

components of recombinant proteins expressed in bacteria (Smith and Johnson 1988). They are

now routinely used to generate antibodies to study protein-protein interactions and to analyze

biochemical reactions. Protocols 2 and 3 describe the use of GST fusion proteins as probes for the

identification of protein—protein interactions, although other systems are available for the pro—

duction of recombinant proteins (for detailed discussions,p1ease see Chapter 15). The techniques

used are fundamentally similar to analogous techniques developed for detection of proteins by

antibodies. For example, in western blots, an antibody is used to detect a candidate protein bound

to a membrane. In a far western blot, the antibody has been replaced by a recombinant GST

fusion protein produced in and purified from bacteria The interaction ofthis probe protein and

a target protein on the membrane can be detected by GST pulldown, which relies on the ability

of glutathione agarose beads to precipitate GST fusion proteins that have previously bound to

specific partner proteins in solution. GST pulldowns can be initiated prior to the availability of

antibodies to the protein of interest, or when antibodies have been found to interfere with pro—

tein—protein interactions. It should be noted that these methods characterize in vitro interactions,

which should subsequently be substantiated in vivo by independent means such as coimmuno—

precipitation (Protocol 4). Although Protocols 2 and 3 yield results that are qualitative, GST

fusion proteins also can be used in highly quantitative and sophisticated assays (e.g., please see

Posern et al. 1998; McDonald et al. 1999).

Far western analysis was originally developed to screen expression libraries with 3 RP—

labeled GST fusion protein (Blackwood and Eisenman 1991; Kaelin et al. 1992). The schema of a

typical far western experiment is depicted in Figure 18-12. The probe protein is first synthesized

and purified from bacteria (please see Chapter 15, Protocol 5). In the figure, the probe protein is

3 GST fusion containing the GST moiety followed by a protease cleavage site and a target site for

a known protein kinase in—frame with the protein of interest. The purified fusion protein bound

to glutathione beads is radiolabeled with 32P using a commercially available protein kinase. The

fusion protein is washed to remove unincorporated nucleotide, and the radiolabeled protein is

cleaved with a protease (e.g., Factor X or thrombin) or eluted with glutathione to release the radi—

olabeled protein probe. The sample to be probed is prepared either by resolving the target pro-

teins on an SDS—polyacrylamide gel and transferring the proteins to a membrane (e.g., please see

Posern et al. 1998; Grgurevich et al. 1999; Hunter et al. 1999) or by plating a protein expression
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FIGURE 18-12 Outline of 3 Far Western

The purified recombinant GST—fusion protein is radiolabeled at a kinase consensus site contained in the
fusion portion of the protein. The gZP-Iabeled probe protein is separated from the GST moiety by protease
digestion. The labeled protein can be used to probe membranes generated either by transfer of proteins
separated by SDS-polyacrylamide gel electrophoresis (left) or plating an expression library (righti.
Variations on this procedure are described in the text.

library and transferring the proteins to a membrane (Macgregor et al. 1990; Blackwood and

Eisenman 1991; Kaelin et a1. 1991; Blanar and Rutter 1992; Ayer et al. 1993; Einarson and Chao

1995). The membrane is washed and blocked before addition of the radioactive protein probe.

After incubation with the probe protein, the membrane is washed and subjected to autoradiog—

raphy. Radiolabeling the fusion protein is rapid and easy, and generally has little impact on the sub—

sequent activity of the protein, because the phosphorylation site is in the fusion portion of the pro—

tein. A variety of protein kinase sites have been integrated into fusion protein vectors (Blanar and

Rutter 1992; Kaelin ct al. 1992; Ron and Dressler 1992) to allow for ”P labeling of recombinant

proteins expressed in bacteria. The most common1y used kinases are protein kinase A, CAMP-

dependent protein kinase, and enterokinase. An early variation on this technique utilized endoge—

nous phosphorylation sites in the protein of interest for ”P phosphorylation (Skolnick et al. 1991;

Ayer et al. 1993). An alternative method of radiolabeling the probe without the need to generate a

fusion protein is to label it with 358 in an in vitro transcription/translation reaction (Lee et a].

1991).

Two other methods are commonly used to detect interactions between GST fusions and tar—

get proteins: Anti—GST antibodies can be used to locate unlabeled fusions proteins on far western  
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MATERIALS

blots. Alternatively, biotinylated GST can be detected histochemieally by streptavidin—conjugated

enzymes. Biotinylation of proteins is now relatively easy due to the availability of kits (Amersham

Pharmacia Biotech). However, biotinylation may have an impact on the ability of the probe pro-

tein to associate with other proteins. The use of commercially available anti—GST antibodies is a

good option for detecting interactions on membranes of cell lysates. The latter two methods have

the advantage of being nonradioactive. However, if a library screen is planned, the cost of the anti—

GST antibody and detection reagents may be excessive.

The design of the fusion protein depends on the chosen detection method and on the type

of screen that is planned. One issue to consider is using cleaved versus full—length GST fusion pro—

teins. The GST moiety is known to dimerize and can generate background. Most fusion vectors

contain cleavage sites to separate the GST portion from the protein of interest. Note, however, that

if the fusion protein is cleaved, the interaction with the target protein can no longer be detected

with anti—GST antibodies. To choose which cleavage site to use, it is important to scan the protein

and ensure that it does not contain the recognition site of the protease. A second issue to consider

is what region of the probe protein ought to be incorporated into the GST fusion protein. For a

library screen, including as much of the probe protein as possible increases the number of inter—

actions detected. On the other hand, if the probe protein contains known interaction domains and

these are being tested to confirm predicted interactions, then a fusion protein containing only these

motifs would be preferred.

Perhaps the most important consideration in planning a far western experiment is the abil—

ity to synthesize the fusion protein without undue degradation and insolubility. [tithe fusion pro-

tein is excessively degraded during purification, the probe protein will be a mixture of degrada—

tion products. Variable results may be obtained from preparations ofthe different fusion proteins.

It is therefore important to monitor the status of the fusion protein during and after purification

and, if the protein has been stored, before use. Two controls that will help to confirm the speci—

ficity of the protein—protein interactions are (1) to probe with a mutated version of the fusion

protein that interrupts the interaction and (2) to probe the membrane with labeled GST.

A final decision is whether to probe the membrane with or without a cycle of denatura—

tion/renaturation, which is designed to allow misfolded proteins to refold into their native confor—

mations. In general, proteins transferred to a membrane from an SDS-polyacrylamide gel do not

require denaturation and renaturation. However, many investigators who probe filters housing

imprints of an expression library find denaturation/renaturation to be an essential step. Thus, if

probing an SDS-polyacrylamide gel yields no protein—protein interactions, incorporating a denat—

uration/renaturation procedure may yield positive results (for details, please see the panel on ADDI-
TIONAL PROTOCOL: REFOLDING OF MEMBRANE-BOUND PROTEINS at the end Of this protocol).

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Basic buffer

20 mM HEPES (pH 7.5)

50 mM KC]

10 mM MgCL

1 mM dithiothreitol

0.1% Nonidet P—40
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Blocking buffer
50/0 nonfat dry milk in basic buffer.

Interaction buffer
1% nonfat dry milk in basic buffer.

2x PK buffer
100 1th KP01
20 mM MgCl:

10mm Na]: <!>

9 mM dithiothreitol

Reduced glutathione (20 mM) in 50 mM Tris-Cl (pH 8.0)
Optional, please see Step 3.

Wash buffer 7
Ph()5phflte-bufffi€d saline containing 0.2% Triton X- 100.

Wash buffer 2
Phosphate-buffered saline containing 0.2% Triton X—100 and 100 mM KCI.

Enzymes and Buffers

Protease
Optional, please see Step 3.

Protein kinase A
Prepare fresh at each use according to the manufacturer’s instructions.

Radioactive Compounds

[7-32PIATP (6000 Ci/mmole) <1 >

Special Equipment

Membranes or filters that will bind proteins to be screened
Please see Step 5.

Sephadex G-50 spun column
Optional, please see Step 4.

Additional Reagents

Step 3 of this protocol requires reagents for cleavage of the fusion protein from its carrier or
the fusion protein attached to glutathione-agarose beads in Chapter 15, Protocol 5.

Step 5 of this protocol requires either a polyacrylamide gel containing the proteins to be
probed (please see Appendix 8) or plates containing a cDNA expression library (please see
Chapter 14, Protocol 2), and reagents for immunoblotting described in Appendix 8.

A negative control of GST alone or a nonspecific protein should be loaded onto the Sl)S~polyacrylmnidc
gel with the target proteins. If the protein of interest is a member ofa conserved family" the interactmn
of the protein of interest can be compared to other proteins from the same family.

Vectors and Bacterial Strains

GST fusion protein bound to glutathione-agarose beads
This protocol is for proteins containing a protein kinase A phosphorylation site in the fusion protein
(Ron and Dressler 1992). Also available is a vector that contains a cAMP—dcpcndent protein kinase

recognition sequence (Amersham Pharmacia Biotech). If using an unlabeled GST fusion protein, please
see the panel on ALTERNATIVE PROTOCOL: DETECTION OF PROTEIN-PROTEIN INTERAC-
TIONS WITH ANTI-GST ANTIBODlES at the end ofthis protocol.
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METHOD
 

Preparation of the Radiolabeled Protein Probe

1 . Prepare the following reaction mixture in a microfuge tube:
[y—“PMTP {6000 (Ii/mmole) 5 pl

protein kinase A 1 unit/pl

GST fusion protein on glutathione-agarose beads 1-3 pg

2X PK buffer 12.5 p]

Hp to 25 “1

Incubate the reaction mixture for 30 minutes at 37°C.  
The fusion protein may be cleaved with a protease before the labeling reaction. In this case, substif
tute the cleaved protein for the protein bound to glutathione—ugarose beads in the labeling reac—
tion, incubate for 30 minutes at 370C, and proceed to Step 4.

If the GST moiety is retained on the fusion protein‘ the experiment must be replicated with GS'I'

alone (bound to glutathione-agarose beads) as a negative control. In the case of a library screen
where this would be impractical, it is important to test positive plaques for their ability to bind GST
alone. This control is usually carried out after quaternary purification, before clone characterization.

2. After the labeling reaction is complete, wash the beads by adding 200 pl of 1x PK buffer to

the tube, and centrifuge the tube at maximum speed for 1 minute in a microfuge. Discard the

supernatant containing the free radiolabeled nucleotide in an appropriate manner. Repeat

the wash one more time.

3. Either cleave the labeled protein with a protease or elute the labeled GST fusion protein from

the beads with 20 mM reduced glutathione in 50 mM Tris (pH 8.0) (please see Chapter 15,

Protocol 5). Store the radiolabeled protein probe in an ice bucket and use it on the same day

it is made.

4. If the labeled protein was cleaved from the GST moiety before the labeling reaction (please
‘ see the note to Step 1), then load the radioiabeled protein onto a Sephadex G—50 column
1 equilibrated with 1x PK buffer to remove the free radiolabeled nucleotide. Once the probe
* protein is separated from the free nucleotide, it is ready for use. Store the radiolabeled pro-

tein probe in an ice bucket and use it on the same day it is made.

Probing the Membranes

5. Prepare the membrane to be probed by transferring proteins to the membrane according to

standard techniques.

Proteins transferred from an SDS‘polyacrylamide gel (Appendlx 8) can generally be probed direct—

ly. If proteins are transferred from a cDNA expression library, it may be necessary to carry out the
ADDITIONAL PROTOCOL: REFOLDING OF MEMBRANE-BOUND PROTEINS before pro-
cecding to Step 6.

 

6. Cover the membrane completely with basic buffer and wash it for 10 minutes at 4°C with
gentle agitation.

t 7. Discard the basic buffer. Cover the membrane completely with blocking buffer and incubate
it with gentle agitation for 4 hours to overnight at 4°C.

8. Prepare a solution of labeled protein by adding 1—3 ug of the stock probe (from either Step 3

or 4) to enough interaction buffer to make a final concentration of 1—5 mm. Transfer the

membrane to a dish containing the diluted probe. Make sure that the probe solution contacts

the entire surface of the membrane evenly. Incubate the membrane for 4—5 hours at 4°C with
gentle agitation,   
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9. Discard the radioactive probe solution in an appropriate manner. Cover the membrane com—

pletely with Wash buffer 1, and incubate the membrane for 10 minutes at 4“C with gentle agi—

tation. Repeat the wash three more times.

10. Cover the membrane completely with Wash buffer 2, and wash the membrane for 10 minutes

at 4°C with gentle agitation, Repeat this once.

1 1. Wrap the membrane carefully in plastic wrap and expose it to X—ray film.

 

INTERPRETATION OF THE RESULTS AND TROUBLESHOOTING THE EXPERIMENT

o The failure to detect any protein interactions could be a correct result. However, if there is supporting evi-
dence that this is not the predicted result, try the ADDITIONAL PROTOCOL: REFOLDING OF MEM-
BRANE-BOUND PROTEINS and then probe the membrane again with the radiolabeled protein.

a The presence of an excessive number of signals can result from a number of causes. Degraded or impure
probe protein is one possibility. Check the integrity of the probe on an SDS-polyacrylamide gel. GST
homodimerization can be another source of background. In this case, try cleaving the GST moiety from
the fusion protein. If this is not practical, add an excess Of unlabeled GST before blocking the membrane
or during incubation of the probe (this approach cannot be used if anti-GST antibodies are being used to
detect the interaction). The incubation time can be shortened to reduce possible nonspecific interactions.
Alternatively, if the probe is in excess, carry out the experiment using several different probe concentrations
to determine the optimal concentration.

0 The best control for establishing specificity of the observed protein interactions is to generate a probe pro—

tein with a mutation in the interaction domain. Demonstrating loss of interaction in an experiment per-

formed with the mutant probe compared to a parallel experiment run with the wiid-type probe is con-
vincing evidence that the interacti0n(s) is relevant.   
 

ADDITIONAL PROTOCOL: REFOLDING OF MEMBRANE-BOUND PROTEINS

In some instances, the proteins on the membrane are unable to interact with the probe protein, possibly due
to improper folding during expression or transfer. Denaturation and slow renaturation of the proteins may be
necessary. This is accomplished by washing the membrane in a denaturation buffer that is diluted serially to
allow for slow renaturation during subsequent washing. Start with a stock solution of 6 M guanidinium
hydrochloride prepared in basic buffer and dilute it serially as the membrane is washed.

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Additional Materials

Denaturation buffer
Prepare 6 M guanidine hydrochloride < ! > in basic buffer (for recipe of basic buffer, please see the main protocol).

Method

1. After protein transfer, wash the membrane twice, each time in 50 ml of denaturation buffer for 10 minutes

at 4°C with gentle agitation.

The exact volume of buffer to use in this and subsequent steps depends on the size and number of membranes
under study. Use enough buffer to cover the membrane(s) completely.

2. Remove the denaturation buffer from the container and retain 25 ml of it. Add 25 ml of basic buffer to the

25 ml of denaturation buffer to make a total volume of 50 ml. This is the first 1:1 dilution of the denatura-
tion buffer. Return the diluted denaturation buffer to the container and wash the blot for 10 minutes at 4"C

with gentle agitation.

3. Repeat this dilution and wash cycle (Step 2) four more times. The final wash therefore contains 187 mM
guanidinium hydrochloride.  4. Return to the main protocol and proceed with Step 6. 
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ALTERNATIVE PROTOCOL: DETECTION OF PROTEIN-PROTEIN INTERACTlONS WITH

ANTI-GST ANTIBODIES

A nonradioactive version of the far western uses an unlabeled GST fusion protein. Commercially available anti-
GST sera are then used to detect protein-protein interactions. The use of this approach when screening a cDNA
expression library is substantially more expensive (due to the cost of the antibody and detection reagents) than
radiolabeling the proteins. In addition, care must be taken to control for nonspecific interactions between the
GST moiety and the membrane-bound proteins.

Additional Materials

Anti-GST antibody
This antibody is available commercially from Amersham Pharmacia Biotech, Sanm Cruz Biotech, Upstate Biotechnology,
and Convance/Babco.

Incubation buffer
10% (w/v) nonfat dry milk

1x phosphate-buffered saline
0.3% iv/v) Tween-ZO

Secondary antibody
The secondary antibody should be an anti-IgG directed against the species used to prepare the anti-GST serum (e.g., use
anti-goat IgG if the anti-GST antibody was obtained from goat serum). In addition, the secondary antibody shouid be part
of a detection system that will permit the protein-protein interactions of interest to be visualized. For example, the sec-
ondary antibody could be conjugated to an enzyme such as horseradish peroxidase, which can be used in a chemilu-
minescent detection system. For additional details, please see Appendix 9.

Wash buffer
1>< phosphate—buffered saline
0.3% (v/v) Tween-20

Method

1. Begin the main protocol at Step 2 and proceed through Step 10.

2. Incubate the membrane with anti-GST antibodies according to the manufacturer’s recommendations.

3. Remove the anti-GST antibody solution. Rinse the membrane twice, each time with 25 ml of wash buffer
to remove residual unbound antibody.

4. Wash the membrane twice, each time with 20—30 ml of wash buffer for 10 minutes at room temperature

with gentle mixing.

5. Diiute the secondary antibody with incubation buffer according to the manufacturer's recommendations.

6. Pour the antibody-buffer mixture into the container with the membrane. Incubate the membrane for 1 hour

at room temperature with gentle mixing.

7. Discard the antibody solution. Rinse the membrane twice, each time with 25 ml of wash buffer to remove
the majority of unbound antibody.

8. Wash the membrane twice, each time with 20—30 ml of wash buffer for 10 minutes at room temperature
with gentle mixing.

9. Develop the blot with the appropriate substrate for the conjugated secondary antibody.
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Protocol 3
 

Detection of Protein-Protein Interactions Using

the GST Fusion Protein Pulldown Technique

Margret B. Einarson
Fox Chase Cancer Center, Philadelphia, Pennsylvania 19111

THE GST FUSION PROTEIN PULLDOWN TECHMQUE (KAELIN ET AL. 1991) uses the affinity of GST for

glutathione~coup1ed beads to purify interacting proteins from a solution of noninteracting pro—

teins. The schema of a GST pulldown experiment is depicted in Figure 1843. The GST fusion

probe protein is expressed and purified from bacteria (please see Chapter 15, Protocol 5). In par—

allel, a cell lysate (which can be 35S—labeled or unlabeled) is prepared. The GST fusion protein

probe and the cell lysate are mixed in the presence of glutathione-agarose beads and incubated to

allow protein associations to occur. The GST fusion probe protein and any associated molecules

are collected by centrifugation and the complexes are washed. The complexes cam be eluted from

the beads with excess free glutathione or boiled directly in SDS-PAGE gel-loading buffer. The pro—

teins are resolved by SDS—polyacrylamide gel electrophoresis and processed for further analysis by

western blotting, autoradiography, or protein staining. The GST pulldown technique is especial—

ly useful for probing protein interactions in solution that might go undetected in a membrane-

based assay.

Two general uses of the GST pulldown experiment are to identify novel interactions between

a fusion (or probe) protein and unknown ( or target) proteins (Kaelin et al. 1991; Orlinick and Chao

1996) and to confirm suspected interactions between the probe protein and a known protein (e.g.,

please see Posern et a1. 1998; Grgurevich et al, 1999; Hunter et al. 1999; Sun et al. 1999). These two

experiments are designed and executed differently.

When attempting to identify novel interactions between a probe and unknown proteins, it

is possible that the unknown proteins will be in limiting concentrations. To identify a novel inter—

action, the unknown protein must be present in sufficient quantities to allow the interaction to

be visualized with the chosen method of detection. Radiolabeled cell lysates are the most fre—

quently used source of protein for experiments of this type. Some important questions to ask

before choosing the source of test proteins are: 15 the probe protein normally expressed in that

particular cell or tissue? If not, the physiologically relevant target proteins may not be present

either. 15 the goal to compare different types ofcell populations (e.g., quiescent cells versus cycling

cells or growth-factor—treated cells versus untreated cells)? Contemplating such variables at an

early stage can mean the difference between success and failure.

If a predicted interaction between the probe protein and another protein is being tested, the

experimental design is more straightforward. A wide variety of protein sources can be used to

identify and map the interaction. The method used to detect the interaction is determined by the

18.55   
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FIGURE18-13 Outline of a GST Pulldown

The recombinant GST fusion protein (left) or control GST (right) is incubated with a cell lysate in the pres-
ence of glutathione—agarose beads. The proteins are allowed to associate during end-over-end mixing at
4°C, and the reaction is then centrifuged to collect the GST or GST fusion proteins and associated pro-

teins. The proteins are resolved on an SDS-polyacrylamide gel and subjected to autoradiography. The sig-
nals on the gel that are specific to the GST fusion protein (and not GST) represent potential interacting
proteins. Variations of this protocol are described in the text.
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MATERIALS

availability of antibodies to the target protein. If none are available, then “S—labeled in-vitro-

translated protein can be utilized or the target protein can be tagged with an epitope. If necessary,

cells in culture can be transfected with a plasmid encoding the target protein to increase the abun—

dance of that protein for analysis. However, it is important to control for effects of mass action

(e.g., nonspecific aggregation) and to ensure the specificity of the association between the probe

protein and its putative partner. The best control for specificity of binding is the inclusion of a

GST fusion protein with a mutated interaction domain. Loss of binding with this mutated probe

protein suggests that the normal association between target and probe is specific. It is also impor—

tant to test for binding between the putative target protein and GST.

The GST pulldown technique must be optimized for each protein complex being assayed.

One important variable is the buffer in which the interactions will take place. This is often the

buffer in which the potential partner proteins are prepared and can vary from a cell lysis buffer

(such as RIPA) to an in Vitro translation reaction mixture. A wide variety of buffers work; howev-

er, the efficiency of the interaction may be affected by the buffers used. Another variable to con—

sider is the amount of target protein mixed with the fusion (probe) protein. The amount of mate-

rial required is determined chiefly by the abundance of the target protein and the affinity of the

interaction (both parameters are generally unknown when the experiment is initiated). Finally, the

conditions used to wash the beads should be optimized. In this protocol, the cell lysis buffer is used

to wash the GST-pulldown complexes; however, buffers of varying salt and detergent concentra—

tions can be used at this step to eliminate nonspecific interactions. GST pulldown experiments

have an advantage over far westerns (Protocol 2): The probe protein is incubated with potential

partner proteins in a more native environment, thereby enhancing the efficiency of interactions.

 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Gels

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Lysis buffer
20 mM Tris»Cl (pH 8.0)

200 mM NaCl

1 mM EDTA (pH 3.0)
0.5% Nonidet P—40

Just before use, add protease inhibitors to the following final concentrations: 2 ug/ul aprotinin, l ug/pl
leupeptin, 0.7 pg/ml pepstatin, and 25 ug/ml phenylmethylsulfonyl fluoride (PMSF) < ! >.

Reduced glutathione (20 mM) in 50 mM Tris-Cl (pH 8.0)
Optional, please see Step 8.

2x SDS-PAGE geI-Ioading buffer

SDS polyacrylamide gel <!>
For details on SDS—polyacrylamide gel electrophoresis, please see Appendix 8.

Special Equipment

Boiling water bath

End—over-end sample rotator
Glutathione agarose beads

Prepare as a 50% slurry in lysis buffer.
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Probes

CST protein

GST fusion protein carrying the “bait” or probe sequence
Construct as described in Chapter 15, Protocol 1.

Cells and Tissues

Cell Iysate in which the proteins are 35S-Iabeled
It is possible to use unlabeled cell lysates depending on the goals ofthe experiment and the desired detec-
tion method. For additional details, please see the protocol introduction.

Additional Reagents

Step 77 of this protocol requires reagents for immunoblotting and staining proteins separated
by SDS-polyacrylamide gel electrophoresis as listed in Appendix 8.

METHOD
 

Preclearing the Cell Lysate

1. Incubate the cell lysate with 50 pl of a 50% slurry of glutathione agarose beads and 25 pg of

GST for 2 hours at 4°C with end—over-end mixing. The amount of lysate needed to detect an

interaction is highly variable. Start with a volume of lysate equivalent to 1 x 10“ to 1 x 107 cells.
Because the aim of the experiment is to compare CST with 3 GST fusion protein) it is necessary tn
prepare enough precleared lysate for each reaction. Efficient mixing of reagents is the key to we
cess, This is best achieved if the reaction is carried out in a reasonable volume: 500—1000 til is a

good starting point.

This preclearing step is designed to remove proteins from the lysate that interact nonspecifically

with the GST moiety or the beads alone. It is not always necessary to preclear the lysates with (151

or glutathione agarose beads if the interaction will be detected primarily with antibodies directed
to a candidate interacting protein. However, when 35S—laheled cell lysates are used to identify novel
protein~pr0tein interactions, these steps can help to reduce background. If the interaction will be
detected with antibodies to a candidate interacting protein, it is important to include two controls:
(151 plus beads and only beads.

lfthe interacting protein of interest is known to be confined to a specific cellular compartment, the

probe can be mixed with a fraction of the cell lysate corresponding to that compartment.

2. Centrifuge the mixture at maximum speed for 2 minutes at 4°C in a microfuge.

3. Transfer the supernatant (i.e., the precleared cell lysate) to a fresh microfuge tube.

Probing the Cell Lysate

4. Set up two microfuge tubes containing equal amounts of precleared cell lysate and 50 pl of

glutathione agarose beads. T0 one tube add ~ 10 pg of GST protein; to the other tube add ~ 10

pg of the GST fusion probe protein. The amount of probe and control protein added should

be equimolar in the two reactions (i.e., the final molar concentration of GST should be the

same as the GST fusion probe protein). Incubate the tubes for 2 hours at 4°C with end—over—

end mixing.

A IMPORTANT If the bound proteins will be removed from the beads by boiling (Step 10), it is
important to include a control tube containing only glutathione agarose beads and cell lysate. This

allows the detection of proteins that bind nonspecifically to the beads.

5. Centrifuge the samples at maximum speed for 2 minutes in a microfuge.   
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6. Save the supernatants at 40C in fresh microfuge tubes. These samples will be analyzed by

SDS—polyacrylamide gel electrophoresis analysis in Step 10.

Wash the beads with 1 ml of ice—cold lysis buffer. Centrifuge the tubes at maximum speed for

1 minute in a microfuge. Discard the supernatants. Repeat the washes three times.

(Optional) Elute the GST fusion protein and any proteins bound to it by adding 50 ul of 20

mM reduced glutathione in 50 mM Tris—Cl (pH 8.0) to the beads. Centrifuge the tubes at

maximum speed for 2 minutes in a microfuge.

Mix the beads (from Step 7) or the eluted proteins (from Step 8) with an equal volume of 2x

SDS—PAGE gel—loading buffer.

Detecting Interacting Proteins

10.

11.

Boil the samples for 4 minutes and analyze them by SDS—polyacrylamide gel electrophoresis.

The method of detecting proteins associated with the GST fusion protein will depend on

whether or not the cell lysate was radiolabeled and on the goal of the experiment.

0 If the goal is to detect all of the 35S—labeled proteins associated with the fusion protein,

dry the gel on a gel dryer and expose it to X—ray film to produce an uutomdiograph.

0 If the goal is to detect specific associated proteins, transfer the proteins from the SDS—

polyacrylamide gel to a membrane and perform immunoblotting (Appendix 8).

0 Ifthe goal is to determine the sizes and abundance of proteins associated with the fusion

protein from a nonradioactive lysate, stain the gel with Coomassie Blue or silver nitrate

(Appendix 8).

 

TROUBLESHOOTING GST PULLDOWN EXPERIMENTS

 

Troubleshooting a GST pulldown experiment is facilitated by analyzing and comparing aliquots from various
stages of the experiment using SDS—polyacrylamide gel electrophoresis. For example, separate the following
samples by electrophoresis through an SDS-polyacrylamide gel, loading approximately equivalent amounts
(e.g., 1%) of the total cell lysate from each sample:

the total cell lysate (Step 1)

o the supernatant saved at Step 6

o the eluate (Step 8)

o the eluate from the control containing GST (Step 8)

o the eluate from the control containing beads and cell lysate (Step 8)

o the beads after elution (Step 9)

Comparing each of these samples for the quantity of a target protein that binds to the GST fusion protein may
suggest the causes and remedies of various problems. For example, a low signal, even though the target pro-
tein is abundant in the total cell lysate, may indicate that the binding conditions are not optimal. A change in
salt and detergent concentrations, in addition to increasing the time allowed for association, may improve the
result. By contrast, the complex may be retained on the glutathione agarose beads due to inefficient elution.
This can be determined by SDS-polyacrylamide gel electrophoresis analysis of the “fusion—protein-beads post
elution” fraction. The problem may be remedied by pooling multiple elutions‘ Preclearing a lysate with GST
and/or beads can help to reduce nonspecific interactions. Decreasing the amount of lysate added and increas—
ing the stringency of the wash conditions can also reduce background.

Finally, if the interaction is analyzed by western blotting, it is important to probe the membrane with anti-

GST antibodies after probing with antibody specific for the target protein. This control will reveal whether all
samples were incubated with the same amount of GST fusion protein and will help to determine whether the
fusion protein is degraded during incubation with the cell lysate.
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Protocol 4
 

Identification of Associated Proteins by
Coimmunoprecipitation

Peter D. Adams

Fox Chase Cancer Center, Philadelphia, Pennsylvania 19111

Michael Ohh

Dana-Farber Cancer Institute and Harvard Medical School, Boston, Massachusetts 02115

18.60

WHEN A CELL IS LYSED UNDER NONDENATURING CONDITIONS, many Of the protein—protein

associations that exist within the intact cell are conserved. This fact can be used to advantage to

detect and identify physiologically relevant protein—protein interactions. As illustrated in Figure

18—14, if protein X is immunoprecipitated with an antibody to X, then protein Y, which is stably

associated with X in vivo, may also precipitate (please see Figure 18-14, Complex 1). The

immunoprecipitation of protein Y, based on a physical interaction with X, is referred to as coim-

munoprecipitation. This approach is most commonly used to test whether two proteins of inter—

est are associated in vivo, but it can also be used to identify novel interacting partners of a par—

ticular protein. Examples of the latter approach include the identification of p21cip1 as a protein

that interacts with cyclin D/Cdk4 kinase (Xiong et al. 1993); elongins B and C; (qu2, and

fibronectin as partners with the von Hippei-Lindau tumor suppressor protein (pVHL) (Duan et

al. 1995; Kibel et al. 1995; Pause et al. 1997; Lonergan et al. 1998; Ohh et al. 1998); and transfor-

mation/transcription domain-associated protein (TRRAP) as a protein that interacts with the

E2F1 and c—Myc transcription factors (McMahon et al. 1998).

Perhaps the most rigorous demonstration of a physiological interaction between two pro—

teins is their coimmunoprecipitation from cell extracts. A putative interaction might first be

identified by use of a powerful high-throughput approach such as a yea st two-hybrid screen and

subsequently shown by coimmunoprecipitation of the two proteins to be a true physiological

interaction. Detection of a protein-protein interaction in this manner can often be facilitated by

transient transfection of cells with plasmids encoding the relevant proteins, followed by expres—

sion of the proteins. However, overexpression of the proteins from the plasmids might drive

interactions between the two proteins that are not physiological. Thus, it is always preferable to

demonstrate the interaction of the two proteins within their native untransfected cells.

The use of coimmunoprecipitation to search for novel proteins that interact with a known

protein is a powerful way to identify physiological interactions within the intact cell, The major

disadvantages of the method, however, are that it is relatively laborious, time—consuming, often

requires a very large number of cultured cells, and may not detect low—affinity and transient pro—

tein—protein interactions. Moreover, coimmunoprecipitation only works with proteins that per-
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1

 1 Iyse cells and immunoprecipitate protein X

Complex 1 Complex 2 Complex 3

FIGURE 18-14 Principle and Pitfalls of Detection of Proteins by Coimmunoprecipitation 
In the intact cell, protein X is present in a complex With protein Y This complex is preserved after cell lysis
and allows protein Y to be coimmunoprecipitated with protein X (Complex 1). However, the disruption of

subcellular compartmentalization could allow artifactual interactions to occur between some proteins, for

example, protein X and protein B (Complex 2). Furthermore, the antibody that is used for the immuno—
precipitation may cross-react nonspecifically with other proteins, for example, protein A (Complex 3). The
key to identification of proteinzprotein interactions by coimmunoprecipitation is to perform the proper
controls so as to identify protein Y but not proteins A and B.

sist in physiological complexes after they have been solubilized from the cell. Thus, coimmuno—

precipitation may not be appropriate for the detection of protein—protein interactions that make

up large, insoluble macromolecular structures of the cell, such as the nuclear matrix.

OUTLINE OF THE PROCEDURE

Whether the goal is to test for a specific interaction between two known proteins or to identify

novel proteins that interact with a known protein, the principle of coimmunoprecipitation is the

same. The cells are harvested and lysed under conditions that preserve protein—protein interac—

tions, a protein of interest is specifically immunoprecipitated from the cell extracts, and the

immunoprecipitates are then fractionated by polyacrylamide gel electrophoresis. In the past, this

has generally been by one—dimensional SDS—polyacrylamide gel electrophoresis. However, two-

dimensional gels using isoelectric focusing (IEF) and SDS-polyacrylamide gel electrophoresis

offer improvements in both resolution and sensitivity, and the development of proteomics tech~

nologies is making such gets more commonplace.

Coprecipitation ofa protein of known identity is most commonly detected by western blot—

ting with an antibody directed against that protein. Alternatively, if the cells are metabolically  
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labeled with [358]methionine before lysis, then coprecipitating proteins can be visualized by
autoradiography. The identity of certain radiolabeled proteins can be determined using immuno—

logical techniques (e.g., reimmunoprecipitation of the protein in question with a relevant anti—

body) (Beijersbergen et al. 1994; Ginsberg et al. 1994; Vairo et al. 1995) or by comparative pep-
tide mapping.

If the goal is to identify novel interacting proteins, then the putative associated protein is

first detected in the gel, usually as a 35S-labeled or stained band. Subsequently, coimmunoprecip—

itation is carried out on a scale large enough to obtain sufficient material for identification of the

associated protein by Edman degradation or mass spectrometry.

The remainder of this introduction serves as a guide for optimizing and troubleshooting

coimmunoprecipitation reactions and the subsequent identification of the precipitated proteins.
Also included is a discussion of the controls that should be performed to ensure that a coprecipi—
tating protein is truly a physiologically relevant partner. For detailed discussions and protocols on
cell lysis, immunoprecipitation, and related techniques, please see Harlow and Lane (1988, 1999).
The coimmunoprecipitation protocol, which follows the introduction, is based on one that was
used to identify CulZ and fibronectin as proteins associated with pVHL, a tumor suppressor pro—
tein whose loss of function is responsible for tumor formation in von Hippel—Lindau disease, The
protocol was originally performed using 786-0 renal carcinoma cells that were stably transfected

‘ with a plasmid expressing hemagglutinin-tagged pVHL (786—O/HA—pVHL). Control cells, that
were stably transfected with the empty vector alone, were processed in parallel.

 

 

 

 

VHL GENE PRODUCT AND VON HIPPEL-LINDAU DISEASE

von HippeI-Lindau disease is a hereditary cancer syndrome that is characterized by the development of renal
carcinomas, pheochromocytomas, and vascular tumors of the central nervous system and retina (Ohh and

5 Kaelin 1999). Tumors result from functional inactivation of both copies of the VHL gene. The protein product
of the VHL gene, pVHL, interacts with a number of cellular proteins, including elongins B and C, be1, and a
member of the Cullin family of proteins, Cul2 (Duan et al. 1995; Kibel et al. 1995; Pause et al. 1997; Lonergan
et al. 1998; Kamura et al. 1999b). Recent work suggests that the pVHUelongin B and C/be1/Cul2 complex
serves as an E3 ubiquitin ligase and targets certain proteins for degradation (Iwai et al. 1999; Kamura et al.

1999a,b; Lisztwan et al. 1999; Tyers and VVillems 1999). This activity of pVHL is thought, at least in part, to
underlie its tumor suppressor function. The pVHL protein also interacts stably with the extracellular matrix pro-
tein, fibronectin (Ohh et al. 1998).    1 CELL LYSIS AND IMMUNOPRECIPITATION

When lysing cells, a major consideration is that the conditions used for solubilization extract the
protein to be immunoprecipitated, but do not disrupt all of the protein-protein interactions that
exist within the cell. Thus, it is best to determine in advance the mildest lysis conditions that effi-

ciently solubilize the majority of the protein of interest. These pilot experiments can generally be
performed on a small scale, requiring cell extract derived from 106 to 107 cells for each immuno-
precipitation. In general, a higher salt concentration (2004000 mM NaCl) and the presence of an
ionic detergent (0.1—1% SDS or sodium deoxycholate) are more disruptive than lower amounts of

h salt ( 120 mM NaCl) and the presence of a nonionic detergent (0.1—10/0 Nonidet P—40 or Triton X-
r“ 100). Similarly, mechanical processes, such as sonication, tend to denature and disrupt protein—
l protein interactions. However, it is important to note that the lysis conditions that solubilize and

yet do not dissociate a particular protein complex should be determined empirically.

: Once the lysis conditions have been determined, the cleared cell lysate is subjected to a stan-

g dard immunoprecipitation with an antibody directed against the protein of interest. It is impor—
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taint to perform a parallel immunoprecipitation with the relevant control antibodies (please see

(jmitrols for Coimmunoprecipitation, below). When establishing the conditions for cell lysis and
protein solubilization, bear in mind that high concentrations of ionic detergent (e.g., >().2% SDS)
and the presence of reducing agents will tend to denature the antibody and interfere with the

immunoprecipitation.

DETECTIQN Of, A§QCIATED PROTEINS
 

If the purpose of the experiment is to test whether two particuIar proteins interact in \i\'(), then
the presence of the second protein is usually detected by western blotting or, if the cells were
metabolically labeled with [5551methionine before lysis, by autoradiography. \\'estern blotting is
straightibrward and, assuming that the antibody used for the western blot is well-characterized
(please see below), relatively unambiguous. Autoradiography has the advantage that the 555—
labeled protein of interest can be compared by tryptic mapping with $5S—labeled protein derived
from in vitro transcription and translation ofa defined cDNA, resulting in unambiguous confir»
mation of the protein’s identity (Xiong et al. 1992, 1993; Kibel et al. 1995).

If the purpose is to identify novel associated proteins, then these can be detected by direct
staining of the proteins in the gel. At this stage, before scaling up the procedure, only the more
sensitive stains, such as silver staining (Appendix 8) and imidazole—zinc negative staining, gener—
ally have the required level ofsensitivity (Matsui et a1. 1999).A1ternatively, ifthe cells dl'C labeled
before lysis with PSSImethionine, then radiolabeled associated proteins can be visuali7ed by
automdiography or with a phosphorimager.

(‘ONTROLSWFOB_CQIMMUNOPRECIPITATION
 

The major pitfall associated with identification ot‘ novel associated proteins by coimmunoprecipf
itation is the identification of faise positives. These false positives arise from the presence of pro—
teins in the washed immunoprecipitate that are not normally associated with the protein of inter-
est in the intact cell. Such contaminants result from formation of nonphysiologieal protein—pro-
tein interactions after cell lysis {Figure 18—14, Complex 2) or as at result of crossAreactivity and
nonspecific binding of the antibody to cellular proteins (Figure 18-14, Complex 3). Fortunately,
much can be done to eliminate or control for such confounding interactions.

Using WelI-characterized Antibodies

Any antibody that is used for the immunoprecipitation Should be weli—defined (e.g., HU C1 111.
1991; Marin et all. 1998), i.e., it should be proven to immunoprecipitate from crude cell extracts,
the protein against which it was raised. There are a number ofways that this ability can be demon-
strated:

0 Showing that multiple antibodies, independently raised to the same protein. recogni/e the
same polypeptide.

0 Showing that the antibodies fail to detect their target protein in a cell line that lacks that protein.
(Iell lines lacking a particular protein are commonly available as human cell lines derived from
individuals with cancer predisposition syndromes (e.g., 786—0 renal carcinoma cells lack the
pVH L tumor suppiessor protein) or from mice with a targeted knock-out of a particular gene.  
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0 Comparingy the peptide map generated by proteolytic digestion of 35S—labeled protein

immunoprecipitated from metabolically labeled cells with that derived from 35S-labeled in
vitro translation of a defined cDNA. In the latter approach, the 35S-1abe1ed protein is digested

with a protease, such as V8 protease or chymotrypsin, and the peptides are fractionated by

SDS—polyacrylamide gel electrophoresis. The 35S-labeled peptide map is compared with the
map obtained from a 35S—labeled protein derived from in vitro transcription and translation of

a known cDNA. If the protein immunoprecipitated from the cell extracts is identical to the
protein encoded by the cDNA, then the peptide maps shou1d be essentially identical (Xiong et

111. 1992, 1993; Kibel et a1. 1995).

Using Control Antibodies

Even mouse monoclonal antibodies interact nonspecifically with proteins that are distinct from

the immunogen (Figure 18—14, Complex 3). Any putative associated protein that immunoprecip—

itates with a control antibody as well as the specific antibody is, by definition, nonspecifically

binding to the antibody. The more the control antibody and the specific antibody match, the less

the chance of erroneously identifying a nonspecifically interacting protein. For a mouse mono—

clonal antibody, the proper control is another monoclonal antibody of the same subclass; for a

rabbit serum, it is the preimmune serum from the same rabbit, and for a purified rabbit poly—

clonal, it is another purified rabbit polyclonal antibody.

Using Multiple Antibodies

The ability to coprecipitate a protein (such as protein Y in Figure 18—14) using more than one

antibody against protein X increases the leve1 of confidence that proteins X and Y are associated

in vivo. A caveat here is that different antibodies recognize different epitopes, some of which
might be obscured in a particular protein complex. Thus, not all antibodies should be expected

to coprecipitate the same panel of associated proteins.

Using Cell Lines Lacking the Target Protein

A coprecipitating protein should not be precipitated from lysates of a cell line lacking the protein

that is the primary target of the antibody (Kibel et al. 1995). Thus, control immunoprecipitates

should be performed from cell lines known to lack the target protein.

Testing Biologically Relevant Mutants

A protein that associates with the immunoprecipitated protein in a functionally significant way

might fail to interact with biologically inactive mutants of the protein and consequently may not

coprecipitate. Thus, if possible, obtain or generate cell lines containing biologically inactive

mutants of the target protein. Such mutants might be naturally expressed in certain human cell

lines (e.g., tumor-derived cells lines containing mutant versions ofa protein) or,a1ternative1y,can

be expressed as epitope—tagged proteins by transient transfection of cells. The epitope—tagged

mutant proteins can then be specifically immunoprecipitated with antibodies directed against the

epitope tag. For example, the Cu11in family member, Cu12, and other physiologically relevant

pVHL—binding proteins, such as fibronectin and elongins B and C, failed to interact with a natu-

rally occurring point mutant of pVHL derived from a tumor (Figure 18—15).
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4- Fibronectin

<-Cu|2

14- pVHL

<- Elongin B
* Elongin C 

FIGURE 18-15 Coimmunoprecipitation of pYHL-assgciafid Ergtejg
 

786-0 renal carcinoma celle stably transfected with a backbone expression
plasmid (left lane), a plasmid encoding HA-epitope-tdgged wiId-type pVHL
(middle lane), and a plasmid encoding HA-epitope-tagged tumor-derived
pVHL (C162F) were labeled with [1351methionine, lysed, and immunopre—
cipitated with anti-HA antibody. Coimmunoprecipitates were washed with
NETN+900 mM NaCl. Bound proteins were resolved by elet‘trophoresis in
a 7.5—15% discontinuous SDS—polyacrylamide gel and dete<ted by fluorog-
raphy.

Testing Whether Association Occurs Before or After Cell Lysis

Cell lysis involves a massive disruption of cellular compartmentalization, bringing into proximi-

ty proteins that might never normafly be in the same subcellular location. This provides an

opportunity for nonphysiological complexes to form after cell lysis (Figure 18-14, Complex 2). In

principle, it is possible to suppress such postlysis interactions by inclusion of the relevant protein

in the cell lysis buffer. For example, Ohh et al, (1998) included purified, nonradiolaheled

fibronectin in the cell lysis buffer and showed that it was unable to prevent coprecipitation with

pVHL of the endugenous ‘SS—labeled fibronectin present in the cell before lysis. h‘om this, and

other cell lysate mixing experiments, these authors concluded that the 55S—labeled fibronectin was

associated with pVHL before cell lysis.

Reducing the Backgound of Nonspecific Proteins

The number of proteins that coprecipitate by virtue Of nonspecific interaction with the antibody

(Figure 18-14, Complex 3) or nonphysiological association with the protein to which the anti—

body is raised (Figure 18—14, Complex 2) can be reduced by careful optimization ot. the condi—

tions for immunoprecipitation. Three procedures are commonly adopted.

0 Increase the ionic strength of the immunoprecipitate wash buffer. Just as a higher concentra-

tion Of salt in the lysis buffer is generally more disruptive of protein—protein associations, so a

higher concentration of salt in the wash buffer will, in general, reduce nonspecific protein—pm—

tein interactions. The salt concentration in the wash buffer should he titrated from 120 to 1000

mM NaCl. However, high concentrations of salt can perturb SDS—polyacrylamide gel elec—
trophoresis. Therefore, the immunoprecipitates should be washed with a standard salt buffer
(120 mM NaCl) immediately before loading on the gel.
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0 Decrease the amount ofprimary antibody in the immunoprecipitation. Decreasing the con—

centration of the primary antibody in the immunoprecipitate will decrease the total number

of proteins that nonspecifically coprecipitate. The concentration of the'antibody should be
decreased to a point where the signal obtained from any specific protein is maximized relative
to any nonspecific protein.

0 Preclear the cell lysate with the control antibody. Before performing the immunoprecipitation
with the specific antibody directed against the protein of interest, carry out an immunopre—
cipitation of the cell lysate with an excess of the control antibody and protein A—Sepharose
(Harlow and Lane 1988)

PROTEIN IDENTIFICATION
 

If a novel coprecipitated protein was originally detected by silver staining or labeling with
[558]methionine, then it can be identified by obtaining primary sequence information, either by
direct Edman degradation (Aebersold et al. 1987; Kamo and Tsugita 1999; Loo and Muenster
1999) or by mass spectrometry (Courchesne and Patterson 1999; Jensen et al. 1999; Wilkins et al.
1999; Yates et al. 1999). Usually, sequence information is obtained on the peptides that result from
internal proteolytic cleavage of the protein with trypsin.

The minimum amount of protein required to obtain useful information by either Edman
sequencing or mass spectrometry depends on a number of factors, including the properties and
character of the protein concerned and the method of sample preparation. In general, Edman
sequencing requires ~10 pmoles of protein for sequencing of internal proteolytic fragments (500
ng of a 50-kD protein). State—of—the-art mass spectrometry methods are more sensitive and can
be used for sequencing at picomole or subpicomole amounts. As a result, mass-spectrometry—
based approaches are increasingly the method of choice. Matrix-assisted laser desorption ioniza-
tion—time of flight (MALDI—TOF) mass spectrometry can be used to obtain a peptide “mass
map,” which contains the masses of all of the peptides derived from digestion of the protein
(Courchesne and Patterson 1999). This mass map provides a unique “fingerprint” of that protein,
which can be compared against the predicted mass maps of all known proteins to aid in identify-
ing the protein. Once the Human Genome Project is completed, the predicted sequence and
therefore the predicted mass maps of all human proteins will be available in databases.
Alternatively, liquid chromatography—tandem MS (LC-MS/MS) can be used to obtain primary
sequence information on peptides within the digest (Jensen et al. 1999; Yates et al. 1999). This
sequence information can also be used to identify a protein. At least until the completion of the
Human Genome Project, there will still be a place for traditional Edman sequencing as a tool for
protein identification.

Although sequence data can be obtained using picomole amounts of protein, larger quan—
tities of protein consistently provide better and more unambiguous data. Thus, a significant scal-
ing-up from the initial immunoprecipitation is generally required. For example, to obtain enough
protein (2 pg) to generate primary sequence information of the cyclin D/Cdk4-associated
p2lcip1, Beach and co—workers started with 400 lS-cm plates of human W138 cells (Xiong et al.
1993). Obviously, the number of cells required depends on the abundance of the proteins con
cerned and the efficiency of the immunoprecipitation, underscoring the importance of optimiz—
ing the immunoprecipitation protocol for the particular protein of interest.
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MATERIALS , ,

CAUTION: Please see Appendix 12 for appmpriate handlingI of malorials marked with <!>.

Buffers and Solutions

Please see Appendix I for components of stock solutions, buffers, and reagems.
Dilute stock solutions 10 the appropriate concentrations.

Acetonitrile (5095) <!>

Coomassie Blue R—250

EBC lysis buffer
50 mM Tris—Cl (pH 8.0)

120 mM NaCl

0.5% (v/v) Nonidet P—40

5 pg/ml leupeptin

10 ug/ml aprotinin

50 pg/ml PMSF <!>

0.2 mM sodium orthovanadate

100 mM NaF <!>

NETN

20 mM Tris-(il (pH 8.0)
1 mM EDTA

100 mM NaCl

0.5% (v/v) Nonidet P—40

NETN containing 900 mM NaCl

Phosphate-buffered saline
1x SDS geI-loading buffer

Trifluoroacetic acid (TFA) (O. 7% w/v, sequencing grade) <!>

Enzymes and Buffers

Trypsin

Prepare bovine trypsin at 250 pg/ml in 200 mM ammonium bicarbonate (pH 3.9) (sequencer grade;
Boehringcr Mannheim)

Trypsin digestion buffer
0.02% (v/v) Tween—ZO

200 mM ammonium bicarbonate (pH 8.9)

Antibodies

Antibody or antibodies that will precipitate the target protein
Control antibody

Gels

Discontinuous SDS-PAGE gradient gel <!>

The separation gel (a discontinuous 7.5—15% gel at pH 8.8) should be 20—30 cm long‘ the stacking gel
(5% at pH 6.8) should be 10 cm long, and the well itself should be 1—2—cm deep (the 0/0 01" the gel will
vary with the protein of interest). Pour the stacking gel without a multiwel] comb, and construct the

wells by inserting spacers vertically between the glass plates, so that they form a well that is large enough
for the sample. For further details on SDS—PAGE gels, please see Appendix 8.

Special Equipment

Boiling water bath

Protein A—Sepharose
Prepare the protein A—Sepharose as a 1:1 slurry in NETN buffer.

Rocking platform  
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Additional Reagents

Steps 70 and 17 of this protocol require the reagents and equipment for mapping, purification)

Cells and Tissues

and sequencing ofpeptides (please see Spector et al. 1998, Chapters 62 and 63).

Appropriate cell Ime(s) growing in culture

‘METHODii
 

A IMPORTANT This protocol was used to identify pVHL-associated proteins. Conditions should be

optimized for the protein of interest.

. Wash 30 10—cm plates of the appropriate cells (a total of ~6 X 107 cells) in phosphate—buffered

saline. Scrape each plate of cells into 1 ml of ice—cold EBC lysis buffer.

. Transfer each milliliter of cell suspension into a microfuge tube, and centrifuge the tubes at

maximum speed for 15 minutes at 4°C in a microfuge.

. Pool the supernatants (~30 ml) and add 30 pg of the appropriate antibody. Rock the

immunoprecipitate for 1 hour at 4°C.

Add 0.9 ml of the protein A*Sepharose slurry. Rock the immunoprecipitate for another 30

minutes at 4°C.

Wash the protein A—Sepharose mixture in NETN containing 900 mM NaCl. Repeat this wash

five more times. Finally, wash the mixture once in NETN.

Remove the liquid portion of the mixture by aspiration. Add 800 pl of 1X SDS gel—loading

buffer to the beads, and boil them for 4 minutes.

Load the sample into the large well ofthe discontinuous SDS—PAGE gradient gel, and run the

gel at 10 mA constant current overnight.

Visualize the protein bands by staining with Coomassie Blue (Appendix 8).

9. Excise the band of interest from the gel, place it in a microfuge tube, and wash it twice for 3

10.

11.

minutes each in 1 m1 of 50% acetonitrile.

Digest the protein with trypsin while it is still in the gel, and electroelute the peptides.

a. Remove the gel slice to a clean surface and allow it to partially dry.

b. Add 5 pl of trypsin digestion buffer and 2 pl of trypsin solution.

c. After the gel absorbs the trypsin solution, add 5—01 aliquots of trypsin buffer until the gel

slice regains its original size.

d. Place the gel slice in a microfuge tube, immerse it in trypsin digestion buffer, and incubate

it for 4 hours at 30°C. Stop the reaction by addition of 1.5 ul of 0.1% trifluoroacetic acid.

Procedures for visualization and digestion ofthe protein vary greatly. In particular, digestion
can be performed while the protein is still in the polyacrylamide gel or after it has been trans—
ferred to a nitrocellulose or PVDF membrane.

Fractionate the peptides by narrow—bore high-performance liquid chromatography. Subject

the collected peptides to automated Edman degradation sequencing on an AB] 477A or 494A
machine.

Processing of the samples for Edman sequencing or MS analysis also varies and this is best dis—
cussed with the individual who is operating the machinery. For a review of methods, please see

Matsudaim (1993), Link (1999), and Spector et al. (1998, Chapters 62 and 63).

 



Protocol 5

Probing Protein Interactions Using GFP and
Fluorescence Resonance Energy Transfer

  

Alisa G. Harpur and Philippe |.H. Bastiaens

Imperial (“amor Research Fund, London

FOLLOWING THE DISCOVERY AND CLONING OF THE GREEN FLUORESCENT PROTHN (GFI’) from the

iellyfish, Aequorea Victoria (Prasher et al. 1992), many opportunities for the analysis otgene func—

tion and protein—protein interactions have emerged. Such opportunities range from the visual

tracking of proteins in a spatial and temporal manner to the quantitation of the intrinsic photo—

physieal properties Of the GFPS themselves, allowing them to be used as indicators or sensors 01"

biological aetivities/proeesses and protein interactions.

GFP: IMPACT ON MOLECULAR AND CELLULAR BIOLOGY AND APPLICATION
TO PROIEMNTERACT‘IONS
 

GFP is intrinsically fluorescent and does not require exogenous cofactors or substrates, a proper—

ty that renders it highly useful as a genetically encoded reporter tag (please see the information
panel on GREEN FLUORESCENT PROTEIN in Chapter 17). This is particularly valuable for analysis

ofgene expression in embryonic and intact organisms using either endogenmisly regulated (gene

trapping) or tissue—specific pi‘omotors (Chaifie et 31. 1994; Moss et ai. 1996). The utility of GFP

has also been demonstrated in establishing the subcellular localization of fusion proteins (Cheiltie
ct 21]. 1994; Moss et al. 1996; Arnone et a]. 1997). Organelle—specific localization signals have been
successfully fused to GFP mutants, thus targeting the GFP to locations such as the endoplasmic
reticulum, the Golgi apparatus ( Dayel et ai. 1999), mitochondria (Niwa et a]. 1999), and the phi»
ma membrane (Okada et E11. 1999). In addition to localization of proteins, GFP has been used 115
an intracellular sensor of biological activity by exploiting its photophysical properties. For exam-
ple, (iFP can be used as an indicator of protein proximity by detection of the excitedAstate reac—
tion, fluorescence resonance energy transfer (FRET). To date. this technique has been used in the
analysis of ealcium—sensitive constructs (Miyawaki et a]. 1997, 1999) and protease substrates
(Heini and Tsien 1996; Mitra et al. 1996; Xu et al. 1998; Mahaian et 81. 1999) and for detecting the
interaction between a number of proteins (Day 1998; Mahaian et 21]. 1998). Additionally, FRET
between GFP and (1373 has been used to image cellular processes such as the phosphorylation Of
intracellular and tmnsmembrzme proteins (Ng et ai. 1999; Woutei‘s and Bastiaens 1999). In this
protocol, a detailed description of the latter type of experiment is given using fluorescence life—
time imaging microscopy [FL1M).

18.69  
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?FLiLrJQRESCENCE RESONANCE ENERGY TRANSFER

Photophysical Principles of FRET

Until recently, molecular and cellular biologists have had to address the question of specific pro—

tein‘protein interactions with a limited number of techniques that rely heavily upon the use of

chemical cross-linking agents and antibodies (please see Protocols 2 through 4 of this chapter).

However, techniques such as immunoprecipitation or affinity chromatography do not preserve

the physiological conditions under which proteins may normally interact in the cell. In addition)

these approaches do not provide information on the spatial distribution of the interacting pro—

teins. lmmunocytochemical colocalization, while providing indirect evidence of the presence of

two particular proteins within the same cellular compartment, fails to confirm whether the sus-

pected components actually interact directly. FRET can be measured to address such questions of

specificity in intact cells (Bastiaens and Squire 1999).

FRET is a nonradiative, dipole—dipole coupling process whereby energy from an excited

donor fluorophore is transferred to an acceptor fluorophore in close proximity (typically within

10 nm). Excitation of the donor will thus produce sensitized emission from the acceptor that

ordinarily would not occur in the absence of FRET. If proteins are fused to genetically encoded

GFP variants or chemically modified by covalent attachment of synthetic fluorophores with

appropriate characteristics to allow visualization of donor-acceptor interactions (Bastiaens and

Iovin 1998; Griffin et al. 1998), then the molecular interaction of the proteins in question can be

inferred by FRET between the fluorophores. The rate (kt; ms”) at which Férster-type energy

transfer occurs is given by the equation:

6

k‘Z‘tl’)’ (RT?) (1)

such that

R) : (newt) - n—4 - Q)”6 -9.7- 102 (2)

where R (nm) is the actual distance between the centers of the fluorophores, R0 (rim) is the dis—

tance at which energy transfer efficiency (E) is 50% (Figure 18—16), and tD(ns) is the fluorescence

lifetime of the donor in the absence of the acceptor. Substitution of Equation 1 into the defini—
tion of energy transfer efficiency (Equation 3) shows that there is also a steep distance-depen—
dence in the FRET efficiency (E):

k R 8
E 2+ Z __

(kl+t;)1) (Rg+R6) (3)

Factors such as the quantum yield (Q) of the donor, the relative orientation of the transition
dipoles of the fluorophores (K3), the refractive index of the intervening medium (71), and the over—
lap integral (Kl); cm6 mole") of the donor emission and acceptor absorption spectra will affect
RO (Clegg 1996). The overlap integral (I(7t);cm(7 mole”) is given by:

Ummamvdi
10») 2afi (4)

01mm

where a(k) (M’lcm 1) is the extinction coefficient of the acceptor, and F(?t) is the fluorescence
intensity of the donor, at wavelength K.  
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To select a suitable chromophore pair for FRET—based protein interaction detection, two

main factors must be considered in order to optimize R0; (1) the quantum yield of the donor Q

and (2) the spectral overlap between donor emission and acceptor absorption determined by the

overlap integral I(k), which is dependent on the acceptor extinction coefficient E(M. In addition

to these considerations, the choice also depends on the pair being spectrally distinct enough to

facilitate unambiguous detection ofthe donor with an appropriate band pass filter. Final consid-

erations are practicalities such as the feasibility of the construction of functional fusion proteins

or fluorophore conjugates and their delivery into cells. Therefore, the optimal RH must be con—

sidered bearing in mind the examined protein system.

The engineering of blue— and red-shifted variants of GFP, such as cyan (GFP) and red

(DsRed) fluorescent protein, has facilitated the measurement ofFRET between GFP mutants (for

review, please see Heim and Tsien 1996; Tsien 1998; Matz et al. 1999; Pollok and Heim 1999)

(these variants are available commercially from CLONTECH). An example of a genetically

encoded, spectrally compatible, chromophore combination is the enhanced cyan fluorescent pro—

TABLE 18-10 R0 Values (nm) for GFP and Cy Dyes

 

ACCEPTOR :> ECFP EGFP EYFP CY3 CY3.5 CY5

DONOR

ECFP n.d. 4.7 4.9 n.d. n.d. n.d.

ECFP 4.6 5.5 6.0 5.7 n.d.

EYFP 5.1 n.d. n.d. n.d.

Cy} 4.4 5.1 5.3
(1y3.5 4.6 6.4
 

The values were calculated as dexcrihed hy Bastiaem and Iovin 1 1996), using published extinction coct'fiticntx fur GH’ um—
.mts (Tisien 1998) and thme supplied by the manufacturer for the Cy dyes (Amersham Phdrnmcia Biotcth‘. n.d. indicates not

determined.  
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tein (ECFP) as a donor to enhanced yellow fluorescent protein (EYFP). The R” value for this pair

is 4.9 nm (Table 18—10) which enables FRET detection over distances of ~l.6 x R“ : 7.8 nm cor—

responding to a detection limit of 50/0 FRET efficiency (Figure 18-16). The application for genet—

ically encoded fluorescent FRET pairs is evident: It allows the analysis of protein interactions

without the need to conjugate fluorophores to purified proteins and reintroduce them into cells.

If, however, the use of sulfoindocyanine dye conjugates is feasible, the large extinction coefficient

and spectral overlap makes Cy3 (Amersham Pharmacia Biotech) a suitable acceptor for energy

transfer from the donor EGFP (Ng et al. 1999; Wouters and Bastiaens 1999). The R“ of this pair

is 6 nm enabling efficient FRET detection over a distance up to 9.6 nm. Obviously, the higher the

R“, the greater the distance over which FRET can be detected. However, even under optimal

donor/acceptor spectral conditions, R0 will generally not exceed 7 nm, which confers an upper

distance limit of ~ll nm for the detection of FRET. In practical terms, these factors may be con—

sidered in relation to average protein sizes. Assuming that the specific volume of a protein is

~0.74 cm3/g, the radius of a lOO—kD molecular-mass globular protein can be calculated by sub—

stitution of the following equation, where R is the radius (rim):

R z 6.76 x 1072 VMW (5)

resulting in a radius of 3.1 nm. A protein of 200 kD has a calculated radius of 3.95 nm. These cal-

culations of radii demonstrate that FRET is likely to occur between fluorophores on two inter—

acting proteins with molecular masses below 100 kD, whereas the likelihood of FRET between

dyes on proteins of molecular masses above 200 kD is low.

LRET DETECTION METHODS
 

Steady-state Fluorescence Intensity Measurements

FRET is detectable and quantifiable using a range of techniques, typically by analyzing the

donor/acceptor emission ratios of steady—state fluorescence (Adams et al. 1991; Miyawaki el al.

1997). Preferential excitation of a donor fluorophore that is located in molecular proximity to an

app ropriate acceptor fluorophore will result in sensitized emission from the acceptor and quench-

ing of the donor fluorescence. The change in the ratio of the donor and acceptor emissions can

be measured following an event that induces protein association. This measurement has a num—

ber of limitations. For instance, because the ratio is not an absolute determination of the FRET

efficiency, such measurements must be performed over a time course whereby a change in ratio

is detected that can be ascribed to protein association. Since fluorescence intensity is proportion-

al to concentration, the donor/acceptor intensity ratio will depend on local concentrations of

labeled proteins. This is particularly problematic when there is differential redistribution of the

fluorescent proteins as a result of biological activity during the measurement. Ratiometric con—

centration effects are not an issue with the use of reporter probes that encode the donor and
acceptor GFPs on the same polypeptide, as is the case with molecules such as the calcium sensing

“cameleons” (Miyawaki et al. 1997, 1999). These types of probes consist of a donor and acceptor

flanking an “activity”~specific module. The stoichiometry of the donor/acceptor is constant for all

pixels. and any change in emission ratio, therefore, can be ascribed to changes in FRET efficien-

cy. However, care should be taken to ensure that Observed changes in ratio are not due to alter—

ations in pH, which differentially affect the intensity of GFP variants (Llopis et al. 1998).
Alternatively, the detection of acceptor-sensitized emission alone can be used as a measure of
FRET (Mahajan et al. 1998; Xu et al. 1998) This approach is useful in situations where donor
intensities are low and/or there is contamination with high background (auto)flu0rescence in the
donor channel. However, absorption spectra characteristically exhibit long tails in the shorter
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wavelength (blue) region, which may cause the direct excitation ot'both donor and acceptor m01-

ecules, thus resulting, in mixing of direct and sensitized emission. Convei‘se1y, fluorescence emis—

sion tends to tail into the red part ofthe spectrum, causing donor fluorescence blcedthmugh into

the acceptor detection channel. Corrections for these effects have been documented (Gordon et

‘d1. 1998) and involve the acquisition of fluorescence images of samples containing the donor, the

acceptor, and both for three different filter settings. A quantity that is proportimml to the FRET

efficiency can then be derived.

Donor Quenching and Acceptor Photobleaching

FRET detection is also possible by examining quenching of the donor emission (Bastiaens 11nd

Squire 1999). Shou1d FRET occur, then the intensity of detectable donor emission is reduced in

proportion to the efficiency of the energy transfer:

I
E z 1 - <4) (6)

1/0

where 11 and 11“ represent the steady-state donor fluorescence intensity in the presence and

absence Of FRET. The intensity (I) at each pixel i is proportional to the donor concentration and

requires calibration with the intensity in the absence of acceptor (1m) in order to calculate the

FRET efficiency at each pixel using Equation 6. This reference measurement “m1 is made on the

same specimen by specifically photobleaching the acceptor by excitation at its absorption maxi—

mum (Bastiaens et a1. 1996; Bastiaens and lovin 1998; Wouters et 31. 1998). 111 practice, this

approach involves (1) the acquisition of a donor image, (2) photobleaching of the acceptor, and

then (3) acquisition of a second donor image. The FRET efficiency map is ca1cu1ated as one minus

the ratio of the donor images before and after photobleaching of the acceptor. By contrast to sen—

sitized emission measurements, photobleaching can be performed with high selectivity oi. the

acceptor since absorption spectra tend to tail in the blue part of the spectrum but are steep at their

red edge. Care should be taken with acceptor photobleaching FRET measurements that the pho—

lochemica1 product of the bleached acceptor does not have residual absorption at the donor emis—

sion and, more importantly, that it does not fluoresce in the donor spectral region. Because 01‘

mass movement of protein during the extended time required for photoblenching ttypically lfilt)

minutes). this type of FRET determination is preferably performed on fixed cell samples. 1.ive«ce11

FRET measurements are more feasible using fluorescence lifetime imaging because lifetimes are

independent of probe concentration and light path length.

Fluorescence Lifetime

FRET reduces the fluorescence lifetime of the donor fluorophore (t, a measure ofthe excited—state

duration), since it depopulates its excited state (Clegg 1996). This effect is also manifest as a

reduction in the donor quantum yie1d (the ratio of the number (>fi1ti()resceiice photons emitted

compared to the number of photons absorbed). Given that t is an intrinsic fluorescence parame-

ter — that it is independent of probe concentration and light path length, but dependent on excit—

ed state processes — FRET can be detected purely Via donor fluorescence. Since the acceptor 1111—

nrescence is not detected, specificity ofthe acceptor probe is not am issue. Experiments can there—

fore be carried out using saturating amounts of acceptor molecules or pools of aeeeptor—lnbe1ed

protein with nonfunctional subpopulations. By imaging donor fluorescence lifetimes using fluo—

rescence lifetime imaging. it is possible to calculate FRET efficiencies at each pixel 011m image:  
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1
E 2 1 — —’ (7)

1 TR >

The FRET efficiency is calculated at every pixel i from the lifetime t, scaled by the average donor

reference lifetime (TR) in absence of acceptor. This reference lifetime can be obtained at the end

of an experiment by acceptor photobleaching.

FLUORESCENCE LIFETIME IMAGING MICROSCOPY

Frequency versus Time-Domain FLIM

Fluorescence lifetime imaging microscopy (FLIM) is well-established as a nondestructive, nonin-

vasive method for the localization and behavior of fluorescent probes or cellular components. By

extending such detection methods to fluorescence lifetime determination, it has become possible

to resolve biochemical processes and activities. FLIM enables the quantitation of fluorescence life-

times on a pixel-by—pixel basis (Lakowicz and Berndt 1991; Clegg et al. 1992; Gadella et al. 1993,

1994) and the calculation of a FRET efficiency map from that image (Wouters and Bastiaens

1999). Broadly speaking, determination of fluorescence lifetimes can be performed by two gener-

al approaches

0 In the time domain, a delayed, gated measurement of the fluorescence intensity is made fol-

lowing excitation of the sample with a short pulse of light (Sytsma et al. 1998). The fluores-

cence intensity is sampled at sequential time points along the exponential fluorescence decay.

Where a sample contains a single fluorescence species, the fluorescence lifetime is given as the

time over which the fluorescence intensity falls to ~37% of its initial value. In this scenario,

repetition of excitation ensures an adequate ratio of signal to noise. In practice, an average life—

time (T) can be calculated from the ratio of the integrated intensities (R) for two equally time-
gated segments (At) of the fluorescence decay such that

At
T = m (8)

o In the frequency domain (Lakowicz and Berndt 1991; Gadella et al. 1993; please see the panel
on AN EXPERIMENTAL SETUP FOR FREQUENCY DOMAIN FLIM), a sample is excited by a sinu—

soidally modulated light source. The resultant fluorescence emission is sinusoidally modulat—

ed at the same frequency as the excitation source, but is phase-shifted and has a reduced mod—
ulation depth. The phase (r f) and modulation (T ”f) fluorescence lifetimes can be calculated
from this phase shift and demodulation according to:

 

 

_ tan(A¢i)
1? - w (9)

HMM _ ,
Ti — T—

(10)

where Aq), and M, represent the phase shift and demodulation, respectively, at each pixel i, and
(o is the angular modulation frequency.
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Image Processing

FLIM data consist of a sequence of phase—dependent images over a full cycle (2K radians) of a

sinus (Figure 18417, Step 1). From these data, the phase shifts (Ah), and modulations (M) of

each sinus at each pixel (i) are extracted in order to calculate the fluorescence lifetimes using,

Equations 9 and 10. Standard Fourier transformations are used to calculate these parameters

from the raw data. Formally, the phase-dependent raw FLIM data Dl(k) can be written as a

Fourier series:

N12

I)I(k) : 1701+ 2 [am cos(knA\|/) + hm sin (knAwH (11)

71:1

The signal is sampled by acquiring an image at each sequential step (k : O,1,2,3...N—l) 0wa in

the phase of the image intensifier modulation. The critical parameters Du," am and b,” at the har—

monic frequency (n) are calculated with discrete sine and cosine transformations using standard

computer algorithms (such as those described by Press et a]. 1990) (Figure 18— 17, Step 2):

sample reference

  

      
Step 1. Image acquisition:

A phase—dependent image series
|s acquired at regular untervals Q Q

\

 

 

        
 

 

    
 

 

along a full phase cyote of / /

360 degrees.

A (D 4)

Step 2. Fourier amplitude calculations from the i ¢

phase shift:

A Fourier transform along the phase 0 Do. 0 30, o bo, D b
axis for each pixel in the image series 0” 30” 0“      
 

is performed; three amplitudes are

determined from the average

reference image series.

Step 3. Phase-shift and demodulation: o @
Phase shift and demodulation images are

determined from the Fourier amplitudes A M

of the FLIM data and reference amplitudes. 4)

 

    

 

Step 4. Lifetime calculation: @ Q
Phase and modulation hfetlmes are calcurated

from the phase shlft and demodulation

values. I,

     

FIQEEE 18-17 Image Processing Flow Diggram fl?
 

See text for details.  
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KN EXPERIMENTAL SETUP FOR FREQUENCY DOMAIN FLIM fl

The key elements of a frequency domain fluorescence lifetime imaging system are (1 ) a standing wave acous-
to-optic modulator (SW-AOM) that modulates the intensity of the excitation light source at high frequency and
(2) a frequency mixing device such as an image intensifier to perform phase-sensitive detection of the fluo-
rescence emissmn.

Figure 18-18 is a schematic of a singIe-frequency FLIM configuration. The instrument is based on a vibra-
tionally isolated, inverted microscope (e.g., Zeiss Axiovert 135 TV). The basic light source requirement is an

argon laser with sufficient output power (>100 mW per line)‘ The 457.9-nm , 488.0-nm, and 514.5—nm lines
are ideal for excitation of the GFP variants, ECFP, EGFP, and EYFP, respectively. The output of this light source
is sinusoidally modulated by the SW—AOM (lntra—Action Corp. Belwood). A minimal setup requires a single
SW—AOM with a central resonant frequency at 80 MHz (optimal for GFP fluorescence lifetimes ~2 nsec). An
iris diaphragm placed ~1.5 meters from the SW—AOM is used selectively to isolate the central (zero-order)
modulated beam from the higher-order diffracted beams. To minimize thermal phase drift, the SW—AOM is
coupled to a thermostatic water bath/circulator, and the microscopy room is temperature-stabilized. This
keeps the SW—AOM to within i0.1°C of a set temperature that is essential for phase coherence between the
fluorescent signal and the modulated gain of the detector. The modulated central light beam is then directed
into a 1.5—meter step index silica fiber with a 1-mm core and numerical aperture of 0.37 (Technical Video Ltd.)
using a 12-cm focal length lens. The coherence of the laser light is disrupted by vibrating the fiber at frequen-
cies of ~100 Hz, resulting in a randomly moving speckled illumination of the specimen, which is integrated

during detection.
Koehler illumination at the sample plane is achieved by incorporating an achromatic lens (7.6-cm focal

length) just before the epi-illumination port of the microscope to collect and collimate the laser light. This focal
length is sufficient for the fiber core to appear as a point source, thus giving a collimated beam resulting in flat
illumination in the sample plane. A 100-W mercury arc lamp (Zeiss HBO 100 W/2) attached to the second
epi-illumination port provides an alternate illumination source. A rotating mirror facilitates rapid switching
between the laser and the lamp. The laser illumination is used for donor fluorescence lifetime imaging where-

as the lamp is used for imaging and bleaching the acceptor. A large part of the microscope is enclosed within
a perspex thermostatic chamber heated to 37°C to facilitate Iive-cell experiments. EncIOSing most of the micro-
scope in this chamber eliminates temperature gradients between the microscope components (such as objec-
tives) and the sample.

The provision of a C02 source to the chamber is optional. The TV port situated directly below the sam-
ple and objectives is used for coupling the detector, thus providing the shortest route for fluorescence emis-
sion with minimal losses. Light from the sample is imaged onto the photocathode of a high-frequency-modu-
lated image intensifier head (Hamamatsu C5825 or LaVision Picostar HR). This device uses proximity focus-
ing of photoelectrons ejected from the photocathode onto the face of a micro-channel plate (MCP). The elec-
tron image at the output of the MCP strikes a phosphor screen to generate an intensified light image. For
homodyne detection, the effective gain of the image intensifier is modulated at a frequency equal to that of
the SW—AOM (80 MHz) by the application of a biased sinusoidal voltage to the photocathode. The amplified,
phase-locked outputs from highfifrequency synthesizers (2023 Marconi) provide highly stable sinusoidal vo|t-
age sources for modulating both the excitation field via the SW—AOM and the gain of the image intensifier unit.
Using a telescopic lens with a magnification of 0.5, the amplified image at the phosphor screen of the MCP is
projected onto the chip of a scientific-grade CCD camera (Quantix, Photometrics). Magnification of 0.5 match-
es the full surface area of the CCD chip to that of the phosphor on the MCP. The 12—bit CCD camera houses
a Kodak KAF1400 chip with a 1317 x 1035 array of 6.8-pm square pixels. Typically, two-by-two binning is
applied during image acquisition on the CCD in order to accommodate the lower resolution (12 Ip/mm) of
the MCR A phase-dependent signal at each pixel of the image is achieved by sequentially phase stepping the
gain source and recording a series of images throughout an entire cycle [0—360").

Fourier analysis is applied to each pixel in the image sequence in order to obtain the phase and modula-
tion images, from which the fluorescence lifetimes are calculated. Typically, 16 phase-dependent images of
~300 x 300 pixels are acquired in a FLIM sequence. With a maximal readout rate of 5 Mpixels 5“, each phase-
dependent image can be read in ~20 msec. Photobleaching is minimized by illuminating the sample only dur-
ing image acquisition. This is achieved with an external high-speed shutter (UNIBLITZ V525 and D122 shut-
ter and driver, Vincent Associates) located between the filter block and the epi-illumination port of the micro-
scope. Synchronous triggering of the shutter is controlled with a BNC output on the CCD/ indicating shutter
status. The phase setting of the frequency synthesizer modulating the image intensifier gain is precisely
stepped via commands sent over a GPIB interface housed in a PC. The incorporation of extensions into IPLab
Spectrum (Scanalytics Inc.) for phase-stepping control and downloading images from the CCD provides the
software interface for the collection of FLIM data.
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2 I

DU, : ‘—\ Dl(k) (12)
kt]

2 x-l
am. 2 7 Di(k)cos(krzA\|1) (13)

A A:o

7 A4
b,” : i? Di(k)sin(knA\u) (14)

>r
' ll (

The phase shifts and modulations at each pixel (i) are found from these parameters (Figure 18-

17, Step 3):

qui : arctan(bli/a1,~)—A¢R
(14)

M) : W/DOIMR (15)

where A(DR and MR are the calculated phase shift and modulation, respectively, of a reflective ref-

erence sample (foil) that has a zero lifetime value. The phase and modulation lifetime images can

now be calculated by substitution ofthe phase shifts and demodulations into Equations 9 and 10,

respectively (Figure 18—17, Step 4).

Imaging Protein Phosphorylation with FLIM-FRET

FRET can be used as a highly specific indicator of protein modifications, such as phosphoryla-

tion, through the interaction of a target protein with an antibody recognizing the modified

residues. Signal specificity for protein modification is achieved by FRET between chromophores

present upon the phosphorylated protein and an antibody. Typically, this type of experiment is

generally carried out using a GFP moiety, fused to the phosphoprotein as the donor, and Cy3 con—

jugated to an antibody as the acceptor. The antibody-Cy3 conjugate is introduced by either

microinjection into live cells or by incubation with permeabilized, fixed cells In this approach,

FRET can only be detected by changes in the quantum yield of the donor, typically measured by

changes in fluorescence lifetime. FLIM is particularly suited to live—cell FRET measurements,

since the acceptor-bearing antibody is present in large molar excess over the donor fusion pro-

tein. In addition, the antibody need not necessarily be uniquely specific for the epitope, as is often

the case. Semipurified antibody preparations are accommodated that possess only minor quanti—

ties of specific IgG molecules. We describe the detection of interactions with (1) one genetically

encoded donor component and one microinjected, labeled acceptor component and (2) two
labeled donor/acceptor components. These procedures are equally compatible with the detection
of interactions between two genetically encoded probes such as ECFP and EYFP, or EGFP and
DsRed. Although we present here a specific protocol for measuring the activation state of protein
kinase Ca (PKCoc) by following the phosphorylation of Thr-250 (Ng et al. 1999), the approach is
generic for measuring covalent protein modification(s) and can also be applied to the detection
of protein interactions per se. Examples are described for both a live- and a fixed-cell experiment
using EGFP-tagged PKCoc and a labeled antibody specific for phosphorylated Thr—ZSO, and also
for a fixed-cell experiment using two labeled antibodies (one to PKCa and the other to phospho-
Thr-250).  
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For any FLIM—FRET experiment, the sample and reagent preparation follow a basic orden
The various alternatives at each point in the sequence are outlined in a flow chart (please see

ngre 18-19). We have divided the protocol into three stages: Stage 1 describes the preparation

of proteins and their labeling with fluorescent dyes; Stage 2, the delivery of the appropriate probe

components into cells by transfection or microinjection; and Stage 3, the process of image col?
lection and analysis.
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FIGURE 18-19 A Flow Diagram Representing the Possible Protocol Options for Performing
the Three Stages of a FLlM-FRET Experiment

See text for full details.  
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STAGE 1: Labeling Proteins with Fluorescent Dyes

The first stage of this protocol describes the preparation of labeled components (usually anti—

bodies or other proteins) that may be introduced into the cells of interest in Stage 2. Fab frag-

ments (if they are required) must be produced before the fluorescence labeling, as described in

Steps 1—7. Fab fragments are preferred for FRET experiments in live cells in order to prevent

potential cross-linking of antigen by intact antibodies. Although this procedure may be used to

prepare Fab fragments from most types of antibodies, the example given here describes condi-

tions for preparing Fab fragments of the polyclonal phospho—Thr—250 antibody (T[p]250). The

second sequence of steps (10—16) describes labeling the amino groups of these fragments or other

purified proteins with fluorescent sulfoindocyanine (Cy) dyes. If antibodies or proteins are to be

labeled directly, omit Steps 1—7 and proceed to Step 8. If the probe components are encoded in a

plasmid DNA, proceed directly to Stage 2.

MATERIALS
CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Bicine (0.7 M, pH 7.5) adjusted with NaOH

Bicine (1 M, pH 9.0—9.5) adjusted with NaOH
Digestion buffer

20 mM Na-phosphate
10 mM EDTA

20 mM cystcine/HCI buffer (pH 7.0)

N,N-Dimethylformamide (DMF) <!>
DMF is dried with the addition of ~l/3 volume of hygroscopic resin to the storage vessel. For example,
AG 501 —X8 mixed bed resin (from Bio—Rad) can be placed permanently in the stock DMF bottle. Ifthere
is any doubt as to the integrity of the DMF, either add further fresh resin or replace with fresh resin. This
issue is a consideration should problems be encountered labeling proteins to a desired ratio. The pres-
ence of H30 in the labeling reaction (potentially from the DMF) will compete for the free dye.

Na-phosphate (20 mM) with 70 mM EDTA (pH 7.0)
Phosphate-buffered saline (PBS)

TE (pH 7.0)

Enzymes and Buffers

Papain immobilized to agarose beads (50% slurry in digestion buffer; Sigma)

Labeled Compounds

Cy3 and Cy5 OSu monofunctional sulfoindocyanine succinimide esters (Amersham)
Succinimide esters of sulfoindocyanine (Cy) dyes covalently bind to free amino groups (the (x—amino ter—
minal or e—amino groups on lysine side chains). Cy dyes are provided as lyophilized samples that must

be maintained in a desiccated environment at all times to prevent reaction with H7O. The amount (ifdye
in each vial must be individually quantitated as there can be variations between batches. In the example
giveln here, the succinimide ester of Oregon Green (Molecular Probes) is used to label the MCS PKCa
anti )ody.
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Antibodies

Purified antibody such as MC5, monoclonal or T250, polyclona/ or protein to be labeled
The labeling reaction must he performed in a buffer free of amine groups. Many mnmtcrcittl antibody

prepardtmm are provided with stabilizing agents that contain free amino groups (such tta bovine aerum

albumin or gelatin) which will compete for the Cy dye. A number of suppliers proxitlc the antibody
preparations free of these compounds upon request; in this case, request that they are prm'ided at
1 mg/ml in phosphate—lmftered saline

Gels

SDS—polyacry/amide gel < !>

For preparation ofSDS—polyacr) lamide gels for resolution ofproteins, please see Appendh 8.

Special Equipment

Centricon concentrators, YM70/ YMBO, and YM7OO (70-, 30-, and 100—kD mo/eCu/ar-mdss cut-

off, respectively; Amicon)

Gel filtration/size exclusion chromatography columns (prepacked Econo-Pac 70DG disposable;
Bio-Rddl

Protein AfSepharose column (Econo—Pac 2—m/ column from Bio—Rad)
Equilihrttte the column by washing with 20 bed volumes of 20 m\t Na-phosphute. l’mtem (l is recom~
mended for purifying mouae antibodies.

UV/visible absorption spectrophotometer

Additional Reagents

Step 7 of this protocol requires the reagents for determining protein concentration (eg.
Bradford assay reagents) (Spector et al. 7998, Chapter 56).

METHOD

Generation and Purification of Fab Fragments

1. Concentrate the antibodies to 15—20 mg/ml in 20 mM Na—phosphate‘ 10 mM EDTA (pH 7.0),

by centrifugation using a disposable concentrator such as a Centricon YMIOO.

2. To 250 pl of the concentrated antibody preparation (~4—5 mg), add 500 pl ofdigestion buffer

and 500 pl of a 50% slurry (in digestion buffer) of papain immobilized on agarose beads.

Allow the digestion to proceed for 6—10 hours at 37°C with shaking (300—400 rpm in a shak—
ing incubator).

A IMPORTANT Excessive digestion (i.e., in excess of 16 hours) will result in the cleavage of the
Fab fragments into smaller polypeptides. It is therefore advisable to perform a pilot experiment
where small aliquots of the digestion (~5 pl) are withdrawn at 1-hour intervals for analysis by

reducing SDS-polyacrylamide gel electrophoresis. Under reducing conditions, the heavy and light

chains of lgG migrate as 50-kD and 25—kD polypeptides. The papain—digested antibody migrates at
~25 kD.

3. Purify the Fab fragments from the Fc portion and nondigested antibodies by passage through

a protein A—Sepharose column. Apply the digestion mixture to the equilibrated column and

immediately begin collecting l—ml fractions of the flowthrough.
Protein A will bind the Fc portion of the antibody, thereby removing both the whole antibody tmd
the Fc fragments from the digestion mixture. The resultant flowthrough should contain Fab frag;
ments alone. Beware! A number of subclasses of lgG molecules do not bind to protein A (please
see Appendix 9). Use protein (5 when generating Fab fragments of mouse monoclonal antibodies.  
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4.

\
J

Dye Preparation

8.

Dye Conjugation

10.

11.

To identify which fraction contains the purified Fab fragments, measure the OD280 Of each

fraction. Collect and pool three or four fractions containing the highest concentration of Fab.

Typically, the Fab fragments are found in approximately three to four fractions.

Concentrate the pooled fractions by centrifugation through a Centricon YMIO (lO-kl) cut-

off; Amicon) to a volume of <0.S m1.

Apply the sample to a low—molecular-mass (6-kD exclusion) gel filtration chromatography

column equilibrated in PBS. Elute the Fab fragments with PBS (according to manufacturers

instructions).

To label the Fab fragments, they must be exchanged into a buffer that does not contain free amino

groups (i.e., the free cysteine must be removed from the digestion buffer).

Following elution, concentrate the Fab fragments through a Centricon concentrator and

determine the protein concentration. Add 1/10 volume of 1 M bicine (pH 9.0).

The IgG concentration determined by Bradford assay, using bovine serum albumin as a standard,
must be multiplied by a factor of 2.

The concentrated preparation of Fabs is now ready to be labeled with fluorescent sulfoindocyanine
(Cy) dyes.

Resuspend the contents of a single Vial of lyophilized dye in 20 pl of dry N,NAdimethylfor-

mamide, to give a Cy solution with a concentration of ~10 mM.

Dilute 1 pl of the dye mixture 1:10.000 in PBS and calculate the dye concentration from the

visible peak absorption.

The extinction coefficients for (?y3 and CyS are 150,000 mM’1 and 250,000 mM’1 at 554 nm and

650 nm, respectively.

To label the proteins, suspend them in a buffer that does not contain free amino groups. If

the protein solution is not in an appropriate buffer, perform Steps 6—7.

If the protein has a speCial buffer requirement for stability, the gel filtration column can be equili—
brated with that particular buffer. Take care that no buffer component has free amino groups or Fac—
tors that are in hibitory to the labeling reaction. It is worth noting that reducing agents such as dithio—
threitol or B-mercaptoethanol interfere with the labeling reaction. However, if a reducing agent must
be included to maintain biological/protein function, B—mercaptoethanol has the lower interference
and is the reducing agent of choice. Both T(p)250 and MCS are exchanged into PBS before labeling
in 0.1 M bicine (pH 9.0).

It is advisable to maintain an alkaline pH (while maintaining protein integrity) in the labeling reac—
tion to promote deprotonation of e—amino groups of lysines and thereby efficient coupling.

React the protein sample (antibody, Fab fragment, or protein) with a 10—40-fold molar excess

of Cy3 for 30 minutes at room temperature (prepared as described in Steps 8—9). Add the dye

very slowly while stirring the solution with a pipette tip (carefully avoiding direct dye contact

with the microfuge tube).

To avoid protein denaturation by DMF, the volume of CyS/DMF added must not exceed 10% of
the total volume.

The determination ofthe optimal molar excess and reaction time is empirical. The goal is to label
each protein with 1—3 dye molecules (for a discussion of labeling ratio criteria, please see the
introduction to this protocol). The level of labeling will vary greatly with individual proteins or
antibodies. Ifthe final labeling ratio is too low, it is possible to re-label the antibody. Monoclonal
antibodies such as T(p)250 and MCS have been labeled successfully with a 40—fold molar excess
of dve.  



12.

14.

16.
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'1‘e1‘minate the labeling reaction by the addition of a free~amine—containing buffer such as

Tris. to a final concentration of 10 mM.

' . Remove the excess unreacted dye by exchanging the buffer using gel filtration column chro-

matography (IODG, Bio—Rad), and eluting the protein into PBS.

21. Equilibrate the column with three bed volumes of PBS or the buffer of choice (~30 ml).

b. To maximize separation, load the labeling reaction mixture directly onto the resin, taking

care to apply it in as small a volume as possible.

C. Wash the column with 2.5 ml of buffer (~3.3 m1 is void) and discard.

d. Add a further 2 ml of buffer and collect the visible protein fraction, discarding the

remainder. The labeled product will run at the leading front and should be visible. Free

dye migrates more slowly through the column.

(Ioncentrate the labeled protein once again using a Centricon concentrator (of the appropri—

ate molecular—mass cut—off).

. Analyze the labeled product by electrophoresis through an SDS—acrylamide gel to verify suc—

cessful covalent labeling ofthe protein. Following electrophoresis, examine the gel directly on

a UV transilluminator (302 nm) to visualize the labeled product.

A fluorescent band should migrate at the expected molecular weight of the protein. There should
he no fluorescence from free dye at the migration front.

UV emtation at 303 nm is suboptimal for most dyes, Consider using shorterwxmelength excitdv

tion it no hands are visible upon gel illumination.

Following the labeling reaction, calculate the labeling ratio using the following7 formula:

Al x M/[(Am ~f>< Al) x ex]

Where AA is the absorption of the dye at its absorption maximum at wavelength k, Am) is the

absorption ofthe protein at 280 mm, M is the molecular mass of the protein in kD, 8x is the

molar extinction coefficient of the dye at wavelength X in mM‘lcm“. The equation also cor-

rects for absorption ofthe dye at 280 nm. This factorfis the ratio between absorption ofthe

dye at 280 nm and its maximal Visible absorption at wavelength X. For example, the labeling

ratio formula for Cy3—labeled antibody becomes:

A x 170/[(A280 - 0.05 x A554) x 150}554

To verify that dye coupling has not damaged the biological function ot‘thc Fab, whole antibody, 01"
protein, compare the specific activity of the labeled product with its unlabeled counterpttrti

Specific activity may represent either catalytic activity or a protein—binding activit). These types at"

protein—hinding assays can be performed on agarose—immobilized peptide ligand or phosphotyto-
sine heads. Standard protocols for testing such binding activities may be found in (Bing Antibodies
(Harlow and Lane 1999).

 



18.84 Chapter 18: Protein Interaction Technologies

STAGE 2: Cell Preparation for FLlM-FRET Analysis

fiMATERIALS

In preparation for FLIM—FRET analysis, the appropriate donor and acceptor components must be

introduced into the live or fixed cells under study. The selected method of introduction depends

on the nature of the components as well as the state of the cells, i.e., whether the component is

plasmid DNA encoding the protein of interest fused to a GFP variant or whether it is a protein or

antibody labeled as described in Stage 1. For live cells, the introduction of plasmid DNA is accom-

plished using either transfection or nuclear microinjection, whereas protein or antibody is deliv—

ered by microinjection. For studies on fixed cells, plasmid DNA is introduced into cells by tran—

fection or microinjection, and the cells are subsequently fixed in paraformaldehyde before stain-

ing with labeled protein or antibody. The following method describes the introduction of plasmid

DNA into live cells by transfection. The first alternative protocol at the end of this protocol

describes the processing of fixed cells and treatment with antibodies in preparation for FLIM-

FRET analysis. A second alternative protocol describes the delivery of either plasmid DNA or pro—

tein into cells by microinjection. Each approach is outlined independently and can be applied as

appropriate to a specific experimental regime.

 

GFP CLONING VECTORS

A wide range of GFP variants are now commercially available from CLONTECH (details can be found on the
Web Site: http://www.c|ontech.com/techinfo/vectors/catlchtml) including various spectrally optimized ver-
sions (enhanced green, yellow, and cyan fluorescent protein); a red-shifted isolate from the coral species,
Anthozoa; and forms fused to intracellular compartment targeting sequences (such as the farnesylation
sequence of Ha—ras for plasma membrane localization, a nuclear localization sequence, and Golgi com plex or
endoplasmic reticulum retention sequences). These cloning vectors contain promoter sequences compatible
with high-level mammalian expression, and the GFP variants have been modified to contain human codon

preferences for further enhancement of expression in mammalian cells. Standard molecular cloning protocols
(Chapter 1) may be used to generate amino- or carboxy-terminal fusions of the protein of interest with the
various GFP mutants (please see the information panel on GREEN FLUORESCENT PROTEIN in Chapter 17).   
 

 

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Gelatin solution (O.1%)
Optional‘ please see Step 1.

Dissolve 0.5 g ot~ gelatin (Porcine, Sigma) in 500 ml of 1x phosphate—buffered saline. Sterilize by auto—
ciaving.

Phosphate-buffered saline (PBS)
Poly-L-Iysine

Optional, please see Step 1.
Available commercially from Sigma as a 0.1% (w/v) solution in HZO; dilute 1:10 in HIO before use.

Nucleic Acids and Oligonucleotides

Plasmid DNA carrying the probe
GFP fusion vector (CLONTECH) encoding the protein of interest.

Mum n.» ”m  
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Media

COZ-independent imaging medium
'1 his Imvelmekgmtntd fluorescence medium is commercially available from I ife Technologies or adjust
the standard formulation of Dulbecco’s modified Eagle’s medium by omitting each at" the following: pH

indicator phenol red, penicillin streptomycin, foiic acid, and riboflavin. lust before Use, supplement the

medium with sterile HEPhS (final concentration 50 mM) adjusted with NaOH to pH 7.4.
The inmging medium must not contain components that are autofluorescent.

Special Equipment

TISSUE culture plates (6- or 72-well) (Nunc) or

Class bottomed tissue culture dishes (35-rnm, MatTek Corporation) or

Class chamber slides or coverglass chamber slides (Labtek, Nunc)

Additional Reagents

Step 2 of this protocol requires the reagents for a transfection method as described in Chapter 16.

Cells and Tissues

Cell line (adherent or suspension culture) to be transfected

The only consideration for the choice ofcell type, other than their suitability for the system tn he 11]\'C§—
tigdted, is that a facility be available to immobilize them in some manner (see notes to fitep l for bug—
gestionst.

METHOD

1. Seed the cells onto an appropriate surface for microscopy:

For [we tell preparations: Seed cells onto glass—bottomed dishes or coverglass chamber slides.

For (all preparations to befixed after transféction: Seed the cells onto glass coverslips placed in
(r or 12—well tissue culture dishes.

'I he final choice of vessel depends on whether the cells are to be microittiected after tt‘dnsti‘ctitm;
it so, consider the Shape and clearance space for needle access,

 
tor suspension cells, immobiliyation can be facilitated with the use of meditt such as gelatin (0.1“0
\\/\’ in PBS; autoclaved) or poly-Lflysine (OtOIO/o w/v in H70). In either case, coat the surface by

uwermg either the wells, coverslips, or covet'glass slides for130 minutes with the chmen medium
and then aspirate the excess. (Iells can then be directly seeded onto the coated surface. The cells can
also he maintained in suspension throughout the transfection procedure and then inmmhtIi/ed
immediately before imaging. Once immobili7ed, microinjection is also possible.

Plate cells at a density such that the cells are ~40% confluent the following day.

2. Transfect the cells with the plasmid(s) encoding the GFP—tagged protein(s) of interest, using

any one ofthe transfection methods described in Chapter 16.

3. Incubate the transfected cells under the appropriate conditions for 16—24 hours to allow the
cells to express the protein of interest.

in some cases, the level of protein expression must be controlled accurately. it‘this is the Cdse‘, it is
advisable to consider optimizing transfection efficiencies as well as the expression period before the
l'ltIM measurement, using a regulated promoter to drive expression of the protein (please see
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Chapter 17) or using nuclear microinjection rather than transfection (please see the panel on
ALTERNATIVE PROTOCOL: MICROINJECTION OF LIVE CELLS at the end Of this protocol).

4. Identify cells that are expressing the protein of interest.

5. (Optional) If appropriate for the experimental design, introduce another probe (e.g., labeled

protein) using one of the alternative protocols following Step 6: microinjection (for live cells)

or fixation and staining (for fixed cells).

6. Immediately before performing an experiment at the microscope, replace the culture medi—

um with COZ—independent imaging medium (commercial medium or Dulbecco’s modified

Eagle’s medium adjusted as described in the Materials list).
If the experimental design requires serum starvation of the cells before the relevant treatment,
starve the cells for the prescribed time frame before imaging. If, however, the cells undergo apop—
tosis in response to serum deprivation, then maintain the cells in 0.50/ofetalca1fserum for this peri—
od and replace with serum—free medium immediately before imaging.
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ALTERNATIVE PROTOCOL: PREPARATION OF FIXED CELLS FOR FlIM-FRET ANALYSIS 1

The reagents used for the preparation of fixed cells for FLIM-FRET experiments have been optimized to mini-
mize the quenching of GFP mutants and fluorescent dyes. This protocol can be applied easily to the prepara-
tion of fixed cell samples that do not require treatment with labeled antibodies, for example, samples that have
both the donor and acceptor fluorophores expressed as fluorescent fusion proteins. If this is the case) omit the
Triton X-100 permeabilization step (Step 5 below) and proceed with the remainder of the protocol for fixing
and mounting. Paraformaldehyde is the fixative of choice when performing FRET experiments, as it is a cross-
linking agent that preserves the integrity of protein interactions and does not precipitate cellular proteins.

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Additional Materials  
Cy3-Iabe/ed Fab fragments or whole antibody diluted in 1% (w/v) bovine serum albumin in PBS

Labeled protein is prepared as described in Stage 1.

Mowio/ mounting medium
Mowioi is the desired mounting medium as it does not quench GFP fluorescence.

i. Mix 6 ml of glycerol, 2.4 g of Mowioi 4-88 (Calbiochem, 475904), and 6 mi of distilled deionized H,O.
ii. Shake the mixture for 2 hours at room temperature, then add 12 ml of 200 mM Tris-HCi (pH 8.5), ahd incubate

at 50°C with occasionai shaking until the Mowiol dissolves (~3 hours).

iii. Filter the solution through a 0.45-pm membrane filter and store in aliquots for weeks at 40C or for months at
—20“C.

Paraforma/dehyde (4%) fixative solution < 1 >
i. Dissolve 4 g of paraformaldehyde (Sigma) in 50 ml of distilled deionized H20, and then add 1 ml of 1 M NaOH

solution.

ii. Stir the mixture gently on a heating biock (435°C) until the paraformaldehyde is dissolved.
iii. Next add 10 ml of 10x PBS and allow the mixture to cool to room temperature. Adjust the pH to 7.4 using 1 M !

HCI (~1 ml is needed) and then adjust the final volume to 100 mi with distilled deionized HJO.
iv. Filter the solution through a 0.45-um membrane filter to remove any particulate matter, and store in aliquots at

—20"C for several months Avoid repeated freeze/thawing of the paraformaldehyde solution.

Permeab/ization solution
0.1% (w/v) Triton X—100 (Sigma) in PBS '

Quenching solution 5
50 mM Tris-Cl (pH 8.0) i
100 mM NaCI ;

Rubber cement or molten 1% (w/v) agarose
Optional, please see Step 10. i

Stimulus for biological activity to be monitored

Method

1. Seed the cells onto either glass coverslips or glass chamber slides and, if necessary, transfect as described
in the preceding protocol.

2. Following transfection and incubation to allow expression of the transfected gene, treat the cells with the
desired stimulus for an appropriate period of time.

3. Wash the cells twice in PBS, aspirate the fluid, and add 4% paraformaldehyde to fix the cells. incubate the '

cells for 10 minutes at room temperature.

4. Quickly wash the cells with quenching solution to rinse the excess fixative and then wash again for 5 min-
utes to quench the remaining aldehyde groups.

if it is not necessary to introduce labeled protein into the cells) proceed to Step 81

5. Incubate the cells in permeabilization solution for 15—20 minutes.

7. incubate the coverslips or chamber slides in a labeling solution of Cy3-Iabeled Fab fragments or whole
antibody diluted in 1% bovine serum albumin in PBS for 1 hour at room temperature in a humidified
chamber.

To minimize the quantity of antibody or Fab used, place the coverslips ceII-side down on 25-tti droplets of the anti-

i

1

6. Wash the cells twice with PBS to remove the permeabilization solution. i

body soiution, This can be performed on a sheet of Parafiim or other clean, nonstick surface. To retrieve the cov- '
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erslips at the end of the incubation, place a 100-ul droplet of PBS at the edge of the coverslip; this will raise the
coverslip sufficiently to grasp the edge with jeweler’s forceps.

Typical concentration ranges for incubation are between 1 and 100 nM corresponding to 0.15—15 pg/ml for a whole
antibody. It is advisable to perform a titration to determine the optimal dilution that results in epitope saturation.
For example, to detect the activation state of PKCOL, incubate MCF10A cells with 10 pg/ml Cy3-labeled T1250 anti-
body (aT250—Cy3) and 10 pg/ml Oregon—Green-labeled anti-PKCoc (MCS-OG) in PBS containing 1% bovine serum
albumin.

8. Wash the coverslips five times in PBS.

9. Blot off excess PBS with a tissue at the edge of the coverslip, taking care not to allow the cells to dry out.

10. Mount the coverslips on 10 pl of Mowiol on glass microscope slides, and allow the mounting medium to
harden overnight at 4°C. The Mowiol must solidify before imaging or the coverslip must be secured by
rubber cement or molten agarose (1% in HZO).

Alternatively, if glass chamber slides have been used to prepare the cells, place 10-pl drops of Mowiol over each
well of cells and then place a long, square coverslip over the entire slide, taking care to minimize air bubbles. The
slides are now ready to image; proceed to Stage 3.

A IMPORTANT Do not use nail polish as this has been shown to quench GFP fluorescence.

 

 

 

ALTERNATIVE PROTOCOL: MICROINJECTION OF LlVE CELLS

The introduction of DNA into cells by microinjection is the method of choice when a high level of controlled
protein expression is required (for a detailed technical description of microinjection, please see Pepperkok et
al. [1998] and Spector et al. [1998, Chapter 83]). When live-cell FRET experiments are to be performed, labeled
proteins, such as Fab fragments or recombinant proteins, must also be microinjected. Labeled proteins are
injected into the cytoplasm at its highest point near the nucleus. Conversely, DNA is injected directly into the
nucleus.

The number of cells to be injected must be determined empirically for each experiment. If single cells are
to be imaged in a time course, only a few cells will need to be injected; however, allowances must be made

for unsuccessful injections and cell damage or death as a result of injection.

Additional Materials

Cells of interest seeded onto glass—bottomed cell culture vessels
GELIoader tips (Eppendorf)
HEPES (1 M)/NaOH (pH 7.4)
High—purity (e.g., HPLC—grade) HZO
Inverted microscope with 10x and 40x air objectives
Microinjector (Eppendorfmodel 5246)
Microinjection needles

If a needle-pulling device is available, pull needles that have an opening of ~0.25-pm diameter. The opening varies with
the filament temperature setting and can be determined empirically using a syringe-operated bubble meter by measur-
ing the air pressure required to expel air bubbles from the pipette into a liquid. Alternately, Eppendorf supplies commer-
cially produced microinjection needles (Femtotip).

Micromanipulator (Eppendorfmodel 5171)
Micropipette bubble meter (Clark Electromedical Instruments)
Micropipettes (Eppendorf Femtotip)
Millex-GV4 (0.22 pm) syringe filtration units
Millipore syringe filter units (0.22 pm, Millex—GV4)
Sample to be injected (plasmid DNA or labeledprotein)

Successful microinjection depends on the purity of the DNA used and on the removal of aggregates from protein solu-
tions. Therefore, we recommend that DNA be purified by either double cesium chloride—ethidium bromide gradients
(Chapter 1, Protocol 10) or Qiagen ion-exchange columns (midiprep or maxiprep) (Chapter 1, Protocol 9) and that both
the DNA and protein solutions be filtered of particulate matter as described in Step 2.

(Continued on following page.)
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Method

.For plasmid samples dilute the purified DNAin HPLC-grade HO to a concentration appropriate for the
1experimental design. For optimal expression overnight, dilute to 1 pg/ml and for expression after a few

hours, dilute to 100 pg/ml.

2. To avoid blockage of the microinjection needle, clear the DNA or protein solution of particulate matter.

a. Place a 0.22-pm Miilipore syringe filter unit within a 0.5-ml microtuge tube, and place this inside a
1.5-ml microfuge tube.

b. Filter the DNA or protein solution by centrifugation at maximum speed for 1 minute in a microfuge.

As little as 10 pi may be filtered this way. If filter units are unavailable, clarification may also be performed by
centrifugation of the DNA soiution at 25,000g for 20 minutes.

We favor the use of 0.22-tim Miilipore syringe filter units (Millex-GV4) for their ease of use and Iow-protein—

binding characteristics.  3. Load the glass needle with 2 pl of the DNA or protein solution using GEL loader pipette tips. Avoid air bub—
bles (which interrupt and prevent microinjection) by placing the end of the pipette as close to the needle
opening as possible when loading the solution. Fit the needle directly into the holder of the microinjection
device.

4. Adjust the settings for microinjection.

The optimal pressure and injection time settings will vary with cell type and needle diameter; however, a typical
range would be 0.3 second and 150—400 hPa i njection pressure. A back pressure of ~20 hPa is needed to prevent
the medium from entering the needle by capillary action. During optimization of injection conditions, try to achieve
injection without disruption of the integrity of the cellular structure (i.e., without excessive pressure). Injection is
ideally performed on an inverted microscope using either 40x or 10x air objectives.

A visual indication of excessive pressure during nuclear injection is an apparent separation of the nucleus from the
surrounding cellular material visible by a light ring around the nucleus.

5. Carry out injection at room temperature in standard COZ—dependent growth medium for intervals of ~1O
minutes to avoid acidification of the medium. If prolonged periods of injection are necessary, substitute a
COz-independent medium.

6. If protein or antibody was injected, proceed to Step 7. if plasmid DNA was injected, incubate the trans-
fected cells under the appropriate conditions for 16—24 hours to allow the cells to express the protein of
interest.

The time frame for expression is determined empirically for the protein under study.

7. Immediately before performing an experiment at the microscope replace the culture medium with CO,-
independentimaging medium (commercial medium or Dulbecco5 modified Eagle’5 medium adjusted as
describedin the Materials list of the main protocol).  
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STAGE 3: FLIM-FRET Measurements

AMATERIALS

Stage 3 presents a basic plan for capturing a fluorescence lifetime imaging microscopy (FLIM)

series of images using the microscopy setup described in the introduction to this protocol (please

see the panel on AN EXPERIMENTAL SETUP FOR FREQUENCY DOMAIN FLIM, p. 18.76). The proto—
col specifically describes the data acquisition for EGFP or Oregon Green as a donor fluorophore;

however, it can be adapted for image acquisition of other chromophore systems by adjusting the

excitation wavelength and filter sets (please see Table 18—11). For further details on immunofluo—

rescence microscopy, please see Spector et al. (1998, Chapter 102).

 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Special Equipment

Amplifier (ENI 403LA or Intra-action PA-4)

Argon laser (Coherent, Innova 70C) <!>

Broad—band dielectric mirrors (2; Newport Corporation)
Detectors

MCP, Hamamatsu C5825 or LaVision Picostat HR

(XII), Photometrics Quantix with Kodak KAF 1400 chip

Filters
GFP, OG (Q495LP, HQSIO/ZO; Chroma)

(Iy3 (HQ545/30, Q565LP, HQ610/75; Chroma)

haIf—silvered mirror (Zeiss)

Flexure mirror mounts (2), lens holders (2), posts (5), and post holders (5) (Newport)

Inverted microscope (Zeiss 135TV)

lPLab Spectrum (Signal Analytics)
Iris diaphragm (Comar)

Lenses (12 and 7.6 cm focal length, 2.5 and 3.8 cm focal length, respectively; Newport)
Mercury arc lamp (100 W Zeiss; HBO 700 AttoArc)

Multimode fiber step-indexed 1—mm core (Newport)
Oil objective (700x/1.4 NA; Zeiss Fluar)

Optical breadboard (2 x 1 m; TMC)

Power meter and head (Ophir, Nova Display and 2A-5H)

Power PC (Macintosh) equipped with PCI-GPIB card (National Instruments)
Shutter (high-speed, Vincent Associates, Uniblitz V525)

Shutter driver (Vincent Associates, Uniblitz D122)

Standing wave acousto-optic modulator (AOM) (Intra-action, 80 MHz)
Two-frequency synthesizers (IFR 2023)

Variable density filter Wheel (Laser Components)
Water circulating cooler (Grant)

Cells and Tissues

Cells (live or fixed) expressing the probe proteins, prepared as described in Stage 2  



TABLE 18-11 Filter Specifications for FLIM—FRET Using Selected Donor and Acceptor Pairs

DONOR AND ACCEPTOR

1 ( 11’.mdl\'11’7”

1 (11 P and DsRed

1 (11 1’ and ( \'3

METHOD
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DONOR FILTER SET ACCEPTOR FILTER SET" #
 

 

EXCITATION DICHROIC EMISSION EXCITATION DICHROIC EMISSION

laser line 4551)RLP 480DF30 HQSOOHU QSZSU’ HQ555/50

457.9 nm (Omega) t()mega) (Chroma) (Chroma) (Chroma)

laser line Q495LP HQSIO/ZO HQ545/30 HQ5651P HQ610/75

488 nm (Chroma) (Chroma) lChromd) (Chrmm) (Chroma)

1aser line HQ565LP HQ610/75 HQ620/60 HQ6601 P HQ700/75

5145 nm (Chroma) (Chromat (Chroma) (Chroma) (Chroma)

laser line (2495111) HQ510/20 HQ545/30 HQ5651 1’ HQG 10/75

488 nm (Chroma) (Chroma) (Chroma) (Chroma) (Chroma)
 

. Select the 488—nm excitation wavelength on the argon laser by adjusting the wavelength selec-
tor prism. Optimize the output power by fine tuning the position of the high~reflect0r mir—
ror using the control knobs at the back ofthe laser.

. Set the frequency synthesizer to drive the AOM to ~40 MHz at a resonance frequency (for the
experiments described herein, 3 driving frequencyof40.112 MHZ is used). This gives rise to
intensity oscillations in the laser light beam at twice the driving frequency (80.224 MHz).

. Optimize the diffraction in the AOM and thereby the modulation depth by adjusting the
angle of incidence and monitoring the intensity of thc undiffracted zero order beam with a
power meter. The optimal angle of diffraction (corresponding to maximal diffraction) gives
rise to a minimum in the output power ofthe zero-order beam.

. Turn on the MCP and the CCD. Set the bias of the photocathode voltage to —2 V and adjust
the gain to match the full dynamic range on the CCD. This is dependent on the fluorescence
intensity of the sample and must be determined empirically. Ideally, keep the gain as 10W as
possible to reduce noise. Typically, the gain is set at 1 for the Hamamatsu (75825, with the
gain of the Photometrics Quantix CCD set at 3. Set the readout of the CCD to 2 x 2 binning.

. Set the master frequency synthesizer driving the MCP to a value exactly double (for the above
example: 80.224 MHZ) that driving the AOM.

. Choose the most suitable objective for the experiment. For this example, a Zeiss Fluar
10()X/1.4 NA oil objective is used.

. To obtain a zero lifetime reference image, record a cyc1e of 16 phase-dependent images, each
separated by 22.50 from a strong scatterer (e.g., a small piece of aluminum foil placed on the
imaging surface of a coverslip or glass bottom dish).

a. Exchange the fluorescence filter set for a half-silvered mirror and reduce the intensity of
the incident beam to a minimum With a variable density filter whee1.Adjust the focus on
the foil surface.

A WARNING When setting up the foil image, take extreme care not to look directly into the
microscope occular until the incident laser source has been reduced to a minimum.  
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8.

9.

10.

11.

b. Take a single image of the aluminum foil with an exposure time of ~100 msec. This image

is taken to select an ROI and to gauge the likely exposure time required. Because the phase
of the master frequency synthesizer may not be at a maximum, and to avoid saturation

of the detector, select an exposure time that generates ~ 1000 counts.

c. Record a cycle of 16 phase images, each separated by 22.50. Determine the phase setting

at which maximum intensity is reached in the image series. Reset this phase to zero

degrees on the master frequency synthesizer.

d. Record another cycle of 16 phase images from the foil to save as a zero lifetime reference.

While performing lifetime imaging, we recommend that phase stability be monitored over
time. In our setup‘ the phase is stable within 0.30 during a period of 1 hour. For our set-up, a
reference foil sequence is recorded and saved each hour.

Restore the incident excitation source to a maximum (using the variable density filter wheel);

the system is now ready for the acquisition of cell imaging data.

Acquire a donor image using the GFP filter set (Dichroic: Q495LP, emission: HQSIO/ZO).

Select an exposure time such that 75% of the dynamic range of the CCD (3000 counts for a

12-bit CCD) is filled. Select a region of interest in the image on which to measure fluores-

cence lifetimes.

Create a donor fluorescence lifetime map:

a. Take two contiguous series of 16 phase—dependent images (45° phase—stepped), one for-

ward and one reverse cycle to correct for photobleaching. Optimize the set exposure time

for each phase image as in Step 9.

b. Take an additional image in the absence of sample illuminationi This background offset
image is subtracted from all phase images in the series. Each of the pairs of equivalent

phase images of the forward and reverse cycles are then summed to first—order to correct

for bleaching of the donor.

C. From these data and the zero lifetime reference (foil), calculate a donor fluorescence life-

time map as described in the discussion on Image Processing in the protocol introduc-

tion.

Record an image of the acceptor, and then photobleach the acceptor by changing to the 100-

W mercury arc lamp (Zeiss Attoarc) as a source ofillumination. Move the Cy3 filter set (exci-

tation: HQ54S/30, dichroic: Q565LP, emission: HQ610/75 chroma) into the detection path.

Take an image of the acceptor by optimizing the exposure time to occupy the full dynamic

range of the CCD. Close the detector port and illuminate the acceptor until there is no dis—

cernible Cy3 fluorescence.

A IMPORTANT When performing acceptor photobleaching experiments, it is crucial to establish that

there is no fluorescence from the photoproduct of the photobleached acceptor in the donor channel.  
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FIGURE 18-20 FLIM Experiment on Live Cells Monitoring the Activation Status of PKCa fol-
lowing PMA Treatment

COS-7 cells transfected with donor EGFP—PKCoc were microinjected with acceptor antibodies, T(p)250-
Cy3. FLIM data at 101.118 MHz were acquired before (0 minutes) and after (10, 15, 23, 45 minutes) treat-
ment with 100 nM PMA. Average fluorescence lifetime maps were calculated (1) for each cell and these
are depicted as a pseudo-color map corresponding to average lifetimes ranging from 1.3 nsec (dark blue)
to 2.5 nsec (red). Phase and modulation lifetimes (before and after treatment) are also plotted as two-
dimensional histograms. The change from higher lifetimes (green and red, 0 minutes) to lower lifetimes
(blue, 45 minutes) in this cell demonstrates the progressive phosphorylation of Thr-250, and hence an
induction of FRET resulting in a reduction in the donor fluorescence lifetimes. We thank Tony Ng and
Sandra Schmidt (Protein Phosphorylation and Cell Biophysics Laboratories, Imperial Cancer Research
Fund) for the experimental results presented in this figure.
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EXAMPLE: FLlM-FRET EXPERIMENT ON |_IVE CELLS

An example of a FLIM-FRET experiment to monitor the activation status of PKCa in live cells via its phospho‘
rylation on Thr-250 is shown in Figure 18-20. The donor in this experiment is EGFP fused to the amino termi-
nus of PKCoc, and the acceptor is Cy3 conjugated to Fab fragments against phosphorylated Thr7250 (aTtp)250-
Cy3). This protocol can be adapted to other protein systems in live cells.

1.

2.

Prepare the cells by transfection of the GFP—PKCo. fusion construct as described in Stage 2.

Identify the transfected cells that are expressing GFP—tagged PKCa and microinject selected cells with
(thp)250-Cy3 (0.5 mg/ml) as described in the panel ALTERNATIVE PROTOCOL: MICROINJECTION
OF LIVE CELLS in Stage 2.

3. Following microinjection, acquire a phase image series of the foil as a zero lifetime reference.

. Proceed to acquire fluorescence phase image sequences of the donor (GFP filter set) as described in Stage
3, before and after treatment with the desired stimulus (100 nM PMA for PKCa). Include at least one unin-

jected cell in the imaged region of interest as a donor reference lifetime measurement in the absence of
acceptor.

. Calculate fluorescence lifetime maps as described in the discussion on Image Processing in the protocol
introduction.

 

 

 
EXAMPLE: FLIM-FRET EXPERIMENT ON FIXED CELLS

An example of a fixed-ceil FLIM-FRET experiment to monitor the activation status of PKCOt via its phosphoryla-
tion on Thr—250 is shown in Figure 18-21. In this experiment, the donor and acceptor components are carried
on two different antibodies; the donor Oregon Green is conjugated to the PKCa—specific monoclonal antibody
(MCS-OG) and the acceptor Cy3 is conjugated to the polyclonal antibody directed against phosphorylated Thr-
250 (aTtp)250-Cy3). This protocol can be adapted for analysis of other protein interaction systems in fixed cells.

1 .

U
1

\
l

Prepare the cells as described in the panel in Stage 2 on ALTERNATIVE PROTOCOL: PREPARATION OF
FIXED CELLS FOR FLIM-FRET ANALYSIS, completing the desired stimulus and time regime. Modify the
antibody incubation to incorporate1 :1 (10 pg/ml) mix of donor (MCS-OG) and acceptor—iabeled (aT(p)250-
Cy3) antibodies.

. Acquire a phase-image series of the foil as a zero lifetime reference.

. Use the GFP filter set (dichroic: Q495LR emission: HQ510/20) to acquire an Oregon Green donor phase-
image sequence for a region of interest as described above.

. Record an image of the acceptor, and then photobleach the acceptor by changing to the 100-W mercury
arc lamp (Zeiss AttoArc) as a source of illumination. Move the Cy3 filter set (excitation: HQ545/30, dichroic:
Q565LR emission: HQ610/75 chroma) into the detection path. Take an image of the acceptor by optimiz-
ing the exposure time to occupy the full dynamic range of the CCD. Close the detector port and illuminate
the acceptor until there is no discernible Cy3 fluorescence.

. Return to the donor filter set and acquire a second, postbleach donor phase image series. This constitutes
the donor reference lifetime image, in the absence of acceptor.

. Proceed to calculate fluorescence lifetime maps as described in the discussion on image Processing in the
protocol introduction.

. Calculate FRET efficiency maps by taking the ratio (R) of the lifetime maps acquired before and after accep-
tor photobleaching. The FRET efficiency equals 1 — Ri.
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FIGURE 18-21 FLIM Experiment on Fixed Cells Demonstrating the Activation Status of PKCa

MCF 10A cells were fixed and incubated with the donor, Oregon-Green-labeled anti-PKCa antibodies

(MCS-OG, 10 ug/ml) and the acceptor, Cy3-Iabeled PKCa phospho-Thr-250 antibodies (T(p)250-Cy3, 10
pg/ml). FLIM data at 80.244 MHz were acquired from which average fluorescence lifetime maps (1) were
calculated before (left panels) and after (right panels) acceptor photobleaching; a calculated FRET efficien-
cy image map (E) is shown. The data presented here represent a cluster of cells, and the nuclei of these
cells are visible in the Cy3 and 00 images. It is apparent in the lifetime maps (t) that each cell prior to
acceptor photobleaching has lower fluorescence lifetimes than following acceptor photobleaching, thus
demonstrating the presence of FRET as a result of phosphorylation of Thr-250. We thank Tony Ng and
Sandra Schmidt (Phosphorylation and Cell Biophysics Laboratories, Imperial Cancer Research Fund) for the
experimental results presented in this figure.
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Analysis of Interacting Proteins
with Surface Plasmon Resonance
Spectroscopy Using BIAcore

Maxine V. Medaglia and Robert 1. Fisher"

National Cancer Institute-FCRDC, Frederick, Maryland 21702

PROTElN-TO-PROTEIN BINDING INTERACTIONS HAVE BEEN STUDIED using many different methods,

both qualitative (gel filtration) and quantitative (calorimetry and ultracentrifugation). The intro—

duction of commercial instruments, such as BIAcore (Ionsson et al. 1991), that are capable of

measuring surface plasmon resonance (SPR) has simplified the study of macromolecular interac—

tions by providing a format that may be used to measure molecular interactions in real time with

small analytical amounts of material. Several SPR instruments are available, ranging from very

simple and inexpensive models to more integrated instruments with attendant robotics, optical

interfaces, and software. The simplest device, called a Spreeta chip, was developed by Texas

Instruments (www.ti.c0m/spreeta). Texas Instruments maintains an informative Web Site with an

interesting description of the physical basis of SPR. A somewhat more sophisticated instrument

is the IBIS Biosensor, which is offered by XanTec Instruments (www.xantec.com). The IBIS

Biosensor uses cuvettes, but it is also compatible with BIAcore sensor chips. Two instruments uti-

lize cuvettes rather than chips. One is a programmable biosensor called Plasmoon, which is man-

ufactured by BioTul (www.biotul.de). The other, Iasys, is an optical biosensor that uses a stirred
cuvette (www.affinity—sensors.com/iasys.htm).

Three major quantitative approaches are used to study the interaction between macromol-

ecules: analytical ultracentrufgation, isothermal titration calorimetry, and SPR spectroscopy. The

strength of SPR spectroscopy is the ability to obtain kinetic data, i.e., the microscopic rate con-

stants for an interaction between macromolecules. Analytical ultracentrifugation provides the

best evidence for the aggregation state of a protein, and isothermal titration calorimetry provides

a complete thermodynamic profile including the equilibrium constant, reaction stoichiometry,

enthalpy, and entropy. Ideally, these methods should be used together to characterize a molecular

interaction completely. Calorimetry and analytical ultracentrifugation require milligram

amounts of pure protein, and SPR spectroscopy requires microgram amounts of protein.

"The authors prepared this protocol with the help of M. Fivash, C. Hixson, and L. Wilson (National Cancer Institute—FCRDC, Frederick,
Maryland).
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FIGURE 18-22 Schematic of SPR

BlAtechnoIogy relies on the phenomenon of surface plasmon resonance (SPR), which occurs when sur-
face plasmon waves are excited at a metaI/quuid interface. Light is directed at/ and reflected from/ the side
of the surface not in contact with sample/ and SPR causes a reduction in the reflected light intensity at a

specific combination of angle and wavelength. Biomolecular binding events cause changes in the refrac-
tive index at the surface layer, which are detected as changes in the SPR signal. (Redrawn, with permis-
sion, from BIAcore, Inc.)

SURFACE ?PLASMON RESONANCE SPECTROSCOPY

SPR is an optical resonance effect in which the backside of a thin conductive mirror affects the

angle at which there is a minimum of reflected light (Figure 18—22). The SPR response is extreme-

ly sensitive to any change in the dielectric constant of the medium adjacent to the gold surface of

a sensor chip. Changes in the SPR signal are monitored by recording the angular changes where

the reflected light is minimum. A resonance unit (RU) is arbitrarily defined as 1/3000 of a degree

in the BIAeore instrument. The BIAtechnology Handbook includes a chapter that discusses the

phenomenon of SPR and how the SPR signal relates to the interactions between the analyte (free)

and ligand (bound) molecules. Another discussion of SPR can be found in the Encyclopedia ofLife

SL‘iUHL’L’S (www.elshet). There are four major components of a BIAcore instrument:

0 an optical interface unit to mount the sensor chip

0 a microfluidics system (Sjolander and Urbaniczky 1991) to deliver analyte (molecule of inter—

est) precisely to the ligand (molecule attached to the surface of the chip)

0 an autosampler to transfer samples from the sample rack to the microfluidics delivery system

0 data collection and data analysis software

It is difficult to predict how long it should take to perform a BIAcore experiment and ana—
lyze the data obtained. After preparing the appropriate sensor chip and optimizing conditions for
the interaction between the ligand and analyte, the regeneration conditions must be determined.

Once these preliminary studies are completed) the actual experiment is run, and the data are ana—
lyzed using the BIAevaluation software. For some systems, such as epitope mapping, once the
optimal conditions have been estimated, the experimental design and analysis of the results are
quite straightforward. However, experiments designed to elucidate the kinetics of an interaction  
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may lead to the development of kinetic pathways that are more complex than the initial model.

The BIAsimulation software (available on the Web Site) provides a means to predict what the

results of the interaction would look like with different kinetic models.

BIAcore analysis has been used for protein—protein, proteinfismall molecule,pr0tein—nuc1e—

ic acid, and protein—lipid interactions (Celia et al. 1999; Raut et al. 1999; Saenko et al. 1999). More

than 1300 references to these applications as well as others can be found in a reference list kept at

www.biac0re.com. These references illustrate the wide range of experimental designs that have

utilized BIAcore SPR technology. In addition, the site can be used to learn more about the tech—

nology and applications of SPR and BIAcore instrumentation. The company offers instruction in

the use of BIAcore and the BIAevaluation software, and BIAcore application scientists are avail-

able to help with questions or problems that may arise.

jHE SENSOR CHIP

The chip technology introduced by BIAcore consists of a 1—cm2 glass slide coated with gold and

embedded in a plastic support for ease of handling. The standard is the CM-S sensor chip, but

several varieties of chips are available for specialized purposes (www.biac0re.com). The CM—5

sensor chip has the equivalent of 2% carboxymethlyated dextran covalently attached to the gold

surface. A number of protocols have been developed for attaching ligand molecules to the dex-

tran surface (O’Shannessy et al. 1992); these create active groups on the carboxymethyl dextran

that are capable of reacting covalently with the ligand molecule. The choice of coupling chemistry

to be used depends on the characteristics of the ligand molecule (Figure 18-23). Each chip has

four different flow cells so that ligand density may be varied on three of the surfaces and the

fourth may be used for a control or blank surface.

It is important to give careful consideration to the method used to immobilize the ligand to

the CM-5 sensor chip. Whenever possible, the method of choice should minimize the hetero-

amine ligand thiol surface thiol aldehyde

C&NH—R C—NH~SS——-R C—NH~SS—R C—NHN=CH—-R

II II II
0 O O 0

COO’

    

EDC + NHS

_'—>

  
   

covalent derivanzation

FIGURE 18-23 Ligand Immobilization via Native -NH2 -SH2 -CH0 and COOH

(Redrawn, with permission, from BIAcore/ Inc.)
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FIGURE 18-2747Capture of thget Molecules

(A) Capture of biotinylated macromolecules. (8) Capture of histidine-tagged protein. tRedrawn, with per-

mission, from BlAtore, Inc.)

 

geneity of the bound ligand. Techniques that allow capture of the ligand by another molecule

covalently bound to the carboxymethyl dextran are useful because they result in uniform orien—

tation of the ligand and are preferred over direct coupling of the ligand to the chip surface.

Examples of such capture surfaces are streptavidin (Morgan and Taylor 1992; O’Shannessy et a].

1992), nickel—chelate (NTA) (Nieba et al. 1997)) rabbit anti—mouse C domain (RAMC), and anti-

GST. Chips can be purchased with the streptavidin (Figure 18—24A) or NTA (Figure 18—248)

already coupled to the carboxymethyl dextran. Capture molecules such as antibodies and strep-

tavidin can be coupled to the surface through primary amine groups (as described in the proto—

col below). When a capture molecule is used, surface heterogeneity is not an issue, as it would be

it‘ a heterogeneous ligand were directly coupled to the carboxymethyl dextran.

Chips are available that offer additional features. For example, certain chips promote the

formation ofa lipid bilayer (HPA) (Figure 18-25); others have shorter dextran molecules (Pioneer
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flat hydrophobic surface

coated with user-defined Iiposomes

hydrophilic surface—created
analyte binding

FIGURE 18-25 Membrane Biochemistry and Membrane-bound Receptor Studies

(Redrawn, with permission, from BIAcore, Inc.)

Chip F1), dextran molecules with a lower charge (Pioneer Chip Bl ), a carboxymethylated surface

with no dextran matrix (Pioneer Chip C1), or a flat gold surface without any attached molecules

(Pioneer Chip Ii ).

REQENERATION OF THE CHIP SURFACE

To take full advantage of the CM—S sensor chip, it is important to develop a robust regeneration

system so that the chip surfaces may be reused. A wide variety of materials (acid, base, solvents,

salt, detergents, or combinations of these reagents) may be used for regeneration. To determine if

the ligand remains bound to the surface, an experiment should be designed to test the robustness

of the regeneration by repeated injections of analyte and regeneration solution in order. It should

be possible to reuse a surface for up to 100 regeneration cycles.

kQOLLECTION OF DATA

The instrumentation uses a flow system and a sensor chip to which a ligand has been attached

( immobilized). The analyte solution is injected through the system and moves by diffusion from

the buffer flow to the chip surface, where it interacts with the ligand. Figure 18—26 illustrates the

progress of an interaction as monitored by a BIAcore sensorgram. The interaction between the

ligand and analyte molecules is followed in real time as a change of the SPR angle. Regeneration

is accomplished by removal of noncovalently bound material from the surface in as gentle a man—

ner as possible, allowing reuse of the ligand in subsequent binding/regeneration cycles.

The process of diffusion of the analyte is called material transport, and all binding systems

are affected to some degree by this phenomenon. Part of the experimental design for BIAcore

studies involves finding a low enough surface density of ligand and a high enough flow rate to

minimize transport effects. After satisfying the minimal criteria for an experiment, data are col—

lected for subsequent fitting to an appropriate binding model. We strongly recommend that three

channels (also referred to as flow cells) of the sensor chip be modified to contain different levels

of ligand and that the fourth channel be used as an appropriately modified control surface.
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FIGURE 18-26 Progress of an Interaction Monitored as a Sensorgram
 

Analyte binds to the surface-attached ligand during sample injection, resulting in an increase in signal. At
the end of the injection, the sample is replaced by a continuous flow of buffer and the decrease in signal
now reflects dissociation of interactant from the surface-bound complex A response of 1000 RU corre-
sponds to a change in surface concentration oft ng’mm2. (Redrawn, with permission, from BIAcore, Inc.)

Myszka (1999) has suggested that results obtained from a low—density ligand surface should be
corrected by double referencing. The signal from the analyte injection over a reference channel is
subtracted from the specific binding signal of the analyte injection over the active surface. A fur-
ther subtraction of a buffer injection from each of the injections of analyte is used to reduce
machine effects in the data. Care must be taken when applying any of these techniques, especial—
ly when the signal noise is greater than the binding signal itself. Ifthere is nonspecific binding to
the reference channel (the control surface), this technique of subtracting the reference channel’s
signal from that of the active surface must be used cautiously.

The resulting sensorgram or series of sensorgrams may be modeled using one of several
binding models provided with the BIAevaluation software or by user—defined models. When ana—
lyzing data from the BIAcore, it must be remembered that the sensitivity of the instrument returns
a very low noise signal that is profoundly sensitive to machine effects, such as the opening and clos—
ing of valves, injection noise, temperature, and pressure, as well as refractive index mismatch
between the running buffer and the sample itself. The interpretation of the binding signal can be
complicated by the presence of these frequently unavoidable disturbances. Basic training in the use
of the BIAcore and specialized training in the BIAevaluation software are excellent resources for
learning instrument operation, experimental design, and data evaluation.

KINETIC/MEASUREMENTSi
  

When BIAcore instruments were first introduced, they had few applications and only a rudimen~
tary method for analysis of the data. This situation generated discussions as to whether data
should be analyzed using nonlinear methods (O‘Shannessy et ai. 1993) or iinenr methods  
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(Karlsson et al. 1991; Altschuh et al. 1992; Pellequer and Van Regenmortel 1993). The models now

used are nonlinear, and they utilize actual data rather than replotted data as do the linear mod-

els. The modeling of kinetic data was much improved after Fisher and Fivash (1994) proposed a

two—compartment model to describe the delivery of analyte from the flow buffer (compartment

1 ) to the binding region of the chip (compartment 2). Their work also introduced a new method

of analysis to be applied to BlAcore data. In this method, known as global analysis, a series of sen—

sorgrams scaled by different surface ligand densities and different analyte concentrations are

solved with a single set of association and dissociation rate constants (Fisher and Fivash 1994;

Fisher et al. 1994). The two-compartment model (Myszka et al. 1998b) and global modeling

(Roden and Myszka 1996; Karlsson and Falt 1997) have been widely accepted in the field.

The consensus on appropriate modeling of BIAcore data has led to improvements in the

BlAcore evaluation software that allow data grooming (baseline adjustment, time zeroing, and

subtraction ofa blank injection for a set of sensorgrams), and kinetic analysis using a set of mod—

els included in the software. This allows calculation of kt (k transport-delivery of analyte to the

chip surface), and the microscopic rate constants ka (k association—association rate constant), and

k(1 (k dissociation—dissociation rate constant). The ratio of ka to kd can be used to estimate Kd, the

equilibrium constant. The possibility of obtaining these microscopic rate constants for a molec—

ular interaction (sometimes referred to as the on and off rates) excites the imagination of
researchers. However, the kinetic constants obtained using BIAcore analysis should be regarded as

tentative until verified using other methods. The Molecular Interactions Research Group (MIRG)

within the Association of Biomolecular Resource Facilities (ABRF) plans to address this issue by

sending samples for analysis by SPR spectroscopy, analytical ultracentrifugation, and isothermal

titration calorimetry. These results should provide a direct comparison of these different method-

ological approaches.

Finally, an SPR measurement is derived from an analyte that comes out of solution and binds

to a surface matrix, which involves mixed phases (solid phase and solution phase). The relationship

of measurements made using mixed phases to those made using single phase has been and will con—

tinue to be a source of controversy (Ladbury et al. 1995; Nieba et al. 1996; Muller et al. 1998).

HMEASUREMENT OF CONCENTRATION
 

Under conditions where binding is limited by material (mass) transport, the initial slope of the

binding curve should be linearly related to the concentration of analyte (Karlsson et al. 1993;

Nieba et al, 1996; Christensen 1997). When the analyte and free ligand molecules are incubated

before injection (to allow the system to reach equilibrium), the initial slope shows the amount of

free (un—complexed) analyte. This concept is particularly useful because it allows the calculation

of an equilibrium constant for a ligand-analyte interaction without any assumptions about a par-

ticular binding model. This technique also allows the use of a calibrated system to determine the

concentration of an analyte in solution.

The equilibrium association constant may be calculated, without resorting to modeling, in

at least three ways. One useful method is finding the concentration of analyte in a competition

experiment (see above). The constant found in this way is a solution constant. For a surface con-

stant, one may inject sufficient analyte to show about half of the saturation signal. Then a second
injection with the correct analyte concentration will keep the signal steady, and thus demonstrate
the equilibrium association constant. An alternative to this method is to actually circulate the ana—
lyte in the flow buffer over long periods of time to attain equilibrium (Myszka et al. 199821; Schuck
et al. 1998).
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DESIGNING A PROTOCOL

Developing a well—behaved experimental protocol can require some care and include several pre—

liminary experiments to characterize the reagents. We present here the sequence of steps for am—

lyzing a typical antibody—antigen system and illustrate several details involved in the development

ofa BIAcore experiment. The antibody and antigen are available commercially and could be used

to reproduce the results shown below for optimizing the parameters of the system under study.

The protocol is divided into two stages: Stage 1 describes the preparation of a RAMC cap—

ture surface followed by tests for the binding ofa specific antibody (anti—TSH) to the RMAC sur-

face, and binding of the antigen (TSH) to the antibody (anti—TSH). Stage 2 presents a series of

method blocks or analysis programs that allow the determination of the equilibrium constants

for the interaction. In summary,

Stage 1:

1. Prepare RAMC capture surface on CMS chip.

2. Test binding of the anti-TSH to the RAMC surface.

3. Test binding of TSH to the anti—TSH surface; regenerate and repeat.

Stage 2:

1. Run analysis programs for preparing three levels of anti—TSH and binding concentration

series of TSH.

2. Determine equilibrium constants of the interaction.
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STAGE 1: Preparation of the Capture Surface and Test Binding

MATERJALS

The following protocol describes a method to capture antithyroid—stimulating hormone (anti-

TSH) on a rabbit anti-mouse C domain (RAMC) surface, to prepare the anti-TSH surface for later

use in the kinetic analysis of the binding of thyroid—stimulating hormone (TSH) with anti—TSH.

The RAMC is immobilized to the carboxymethyl dextran of the sensor chip by primary amine

coupling, and, when used as the capture molecule for the antibody, results in the divalent anti-

body molecules being oriented in a manner that allows binding of two antigen molecules to each

antibody molecule. An alternative method of preparing a surface for kinetic analysis would be to

couple one of the reactants directly to the sensor chip with the primary amine. If this method

were to be used with an antibody, the heterogeneity of the resulting surface would result in less

than two antigen molecules binding to each of the antibody molecules.

 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Antibodies

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

EDC (0.2 M N-ethyl-N ’~(dimethylaminopropyl)-carbodiimide in HZO) <!>

Ethano/amine (1 M ethanolamine hydrochloride, adjusted to pH 8.5 with NaOH) <!>
Extraclean

Extraclean is a solution for surface regeneration and is commercially available from BIAcore.

HEPES-buffered saline buffer
10 mM HEPES pH (7.4)

150 mM NaCl

3 mM EDTA

().()05% (WW Tween—ZO

This buffer is commercially available from BIAcore.

HC! (20 mM) <!>

NHS (0.05 M N-hydroxysuccinimide in HZO)

EDC, Ethano/amine, and NHS are commercially available as part of the Amine-Coupling Kit
from BIAcore.

 

The Molecular Interactions Research Group (MIRG) within the Association of Biomolecular Resource Facilities
(ABRF) (www.abrf.org) recommends that protein samples be prepared for BlAcore analysis by buffer exchange
dialysis (3 times in 500 volumes) against HEPES-buffered saline, and then centrifuged at maximum speed in a
refrigerated microfuge and finally passed through a 0.22-pm filter. The resulting protein concentration is deter-
mined by absorbance at 280 nm using the calculated extinction coefficient for the particular protein or pep-

, tide.

 

Mouse anti-TSH monoclonal antibody (1 mg/ml in HEPES-buffered saline)
This antibody is commercially available from Alexon Trend, Inci

Rabbit anti-mouse Fc domain (RAMC) (30 ug/ml in 10 mM Na-acetate pH 5.0)
This antibody is commercially available from BIAcore.

TSH (20 pM in HEPES-buffered saline)

TSH is commercially available from Alexon Trend, Inc.  
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BIAcore instrument

The instrument includes the BlAcore control software and the BIAevaluation software.

The eqtupment anal software are available from BlAcore, Inc. Information is available at \\\\1\'.bi.1e01‘e.c0m.

Sensor Chip CM—5

METHOD

Primary Amine Coupling of RAMc to Sensor Chip CM-S Surface

This procedure takes ~45 minutes. The commands are accessed through the pulldown menus or
by the icons of the toolbar of the BIAeore control software.

1.

2.

U
1

6.

10.

11.

12.

13.

14.

Dock Sensor Chip CM-S in the BIAcore instrument.

Prime using filtered and degassed HEPES—buffered saline.

Place tubes containing 100 til each of NHS, EDC, ethanolamine, and RAM Fe and 20 m.\l

HCl in appropriate positions in the autosampler rack in the BIAcore.

Place an empty tube in the autosampler rack in the BIAcore.

The Immobilization Wizard, if available, can be used to perform this procedure. ( The Wizards are
standard with BlAcore control software versions 3.0 and higher for the BIA2000 and BlA3000.) If
using the Wizard, dispense the volumes specified. The target number of RUs of bound RAM Fe is
13,000.

Start the instrument at a flow of 5 til/minute over one flow cell.

Transfer 75 pl of NHS to the empty tube.

Transfer 75 pl of EDC to the same tube.

Mix the contents of the tube containing the NHS and BBC.

Inject 35 til ofthe NHS/EDC mixture to activate the surface.

Inject 35 pl of the RAM Fc to couple the antibody to the activated surface.

Inject 35 pl of ethanolamine to deactivate excess reactive groups.

Quickinject 10 pl of 20 mM HCl followed by Extraclean to remove noncomlently bound
material.

Determine the level of RAMC bound by placing a baseline report point before the start of the
RAMC injection and a second report point 2 minutes after the end of the 20 mM HCl injec—
tion.

The final RUs of RAMC immobilized should be between 10,000 and 13,000; if .1 lower level ix‘

obtained, it could be due to a lower concentration of RAMc used, or using NHS and EDC solutions
that have been stored for longer than 2 months. A surface with fewer RUs of RAMc is useable, but
the volumes of anti—TSH used will need to be adjusted empirically; in general, more will be
required to achieve the desired level of binding.

Stop the flow, close the command queue window, and save the report file.
The BlAcore can be left on Standby (Continue) at this point, or the surface can be used directly in
the next section. The R»\l\lc surface is quite stable left in the machine with buffer tlmving through
the instrument. Alternately, the chip can be undocked and stored at 4°C in a 50—ml conical tube
eonlaining a small amount of H20; the surface will be stable For several weeks stored in this way.  
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Testing Binding of the Anti-TSH t0 the RAMC Surface

This procedure takes ~20 minutes. The commands are accessed through the pulldown menus or

by the icons of the toolbar of the BIAcore control software.

15.

16.

17.

18.

19.

20.

Start the instrument at a flow of 10 ul/minute over the flow cell with the coupled RAMC.

Inject 10 pl of 2 pg/ml anti—TSH (this requires a total of 40 pl of anti—TSH solution).

10 pl of the anti-TSH should result in an increase of ~250 RUs. If this level of binding to the RAMC
surface is not obtained, regenerate (see Step 17) and repeat the injection of anti—TSH using differ—
ent volumes until the necessary injection volume is determined.

Quickinject 10 pl of 20 mM HCl followed by Extraclean to regenerate the RAMc surface.

To test the reproducibility of the binding to the RAMC surface, repeat the injection using the

volume of anti—TSH required to give 250 RUs bound to anti—TSH.

Quickinject 10 pl of 20 mM HCl followed by Extraclean to regenerate the RAMc surface.

Stop the flow, close the command queue window, and save the report file.

Testing Binding of TSH to the Captured Anti-TSH Surface

This procedure takes ~20 minutes. The commands are accessed through the pulldown menus or

by the icons of the toolbar of the BIAcore control software.

21.

22.

23.

24.

25.

Start the instrument at a flow of 10 pl/minute over the flow cell with the coupled RAMc.

Inject 10 pl of2 pg/ml anti—TSH (or the volume determined to give 250 RUs bound anti—TSH

as determined in Steps 15—20).

Inject 25 pl of 200 nM TSH, specifying a 120-sec0nd dissociation time ( this requires a total

of 65 ul of TSH solution). The 120-sec0nd dissociation time allows the rate at which the anti-

body—antigen complex dissociates to be gauged.

After ~20 pl of200 nM TSH has been injected, the curve should flatten (the slope should approach

zero), representing a stochastic steady state of the interaction between the antibody and antigen
molecules. [f the curve does not flatten, regenerate the surface and repeat Steps 2143 using 400
nM TSH in Step 23 (Figures 18726 and 18—27).

Quickinject 10 pl of 20 mM HCl followed by Extradean to regenerate the RAMc surface.

Stop the flow, close the command queue window, and save the report file.

 

l DISCUSSION OF THEORY

l The binding of the TSH to the anti-TSH is expected to have a 2:1 stoichiometry due to the bivalent nature of
‘ the antibody. To determine the efficiency of the binding of the TSH (Mr = 50,000) to the anti-TSH (Mr :
150,000), calculate the maximum number of resonance units (RUs) of analyte that can bind to the captured
anfibody

: (MWanalyte)/(MWligandl x (RUs ligand) x 2

: 2/3 x RUs anti-TSH bound

In the case of 250 RUs of anti-TSH captured by the RAMc surface, 167 RUs of TSH would be expected to
bind if all of the antibody were active.
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FIGURE 18-27 Anti-TSH Binding to RAM FC

This plot shows the results when the same concentration series of TSH is injected over three levels of anti-
TSH captured by a RAM FC surface as well as over the RAM Fc surface itselfi The data have been Y-trans-
formed and the regeneration injection has been removed from each cycle. The high level of reproducibil-
ity of the anti-TSH binding to the RAM Fc is apparent, as is the stability of the interaction of these two mol-
e( ules. The low level of interaction between the TSH and the RAM Fc surface is also illustrated in this dia-
gram.
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STAGE 2: Kinetic Analysis of the Antibody-Antigen Interaction

Running the Experiment

This experiment is designed to allow capture of a known number of resonance units (RUs) of
anti—TSH by the RAMC surface at the start of each cycle, followed by an injection of TSH. The

RAMC surface is regenerated at the end of each cycle by the injection of 20 mM HCl. A total of six

different concentrations of TSH (prepared by serial dilution) are injected over identically pre-

pared anti—TSH surfaces. The high degree of reproducibility of the binding of the antibody to the
capture surface results in essentially the same anti-TSH surface being available for the interaction

of the different concentrations of TSH injected in each cycle.

The Interaction Wizard (available with BlAcontrol software version 3.0 and higher for the
BIA2000 and BIA3000) can be used to design this type of experiment under the Kinetic Analysis,

Concentration Series, Binding Using Capture Molecule choices. If the Wizard is used, however,

only one surface density of anti-TSH can be used in the experiment. An advantage of writing a

method directly is that different anti—TSH surface densities can be created that are then exposed to

the same concentration series of TSH, thus satisfying the data requirements of global analysis. The
BIAcore Instrument Handbook gives a thorough discussion of writing methods using the BIAcore

Method Definition Language (MDL). The increased flexibility in experimental design realized by

writing BIAcore methods directly is worth the time spent becoming familiar with MDL.

Preparation and Injection of Samples

MATERIALS

The following protocol consists of four different analysis programs (aprogs), each of which

requires that a different volume of mouse anti-TSH monoclonal antibody be injected over the

same RAMc surface. The injection of each volume of anti—TSH is followed by the injection of a

series of TSH dilutions. lf replicate injections of the TSH samples are desired, the appropriate

lines of the sample loops should be added. As the method is written, 1000 pl of the anti-TSH dilu-

tion is required: 400 01 for APROGl (eight 20—01 injections, each requiring 50 pl), 320 01 for

APROG2 (eight lO—ul injections, each requiring 40 ul), and 280 pl for APROG3 (eight S-ul injec-

tions, each requiring 35 pl). If a different volume of the anti—TSH is needed to achieve the target

RUs, the aprogs will need to be modified and the total volume of antibody required will differ. It

is important to remember that each INIECT command requires the specified volume plus an

additional 30 pl for each injection. There are two buffer injections before the TSH series is inject—

ed over each anti—TSH level, to allow the binding level of antibody to stabilize.

 

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

HEPES-buffered saline buffer or appropriate running buffer
10 mM HEPES pH (7.4)

150 mM NaCl
3 mM EDTA

0.005% (v/v) Tween—ZO

This buffer is commercially available from BIAcore.
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Antibodies

Mouse dnti-TSH monoclonal antibody (1 mg/m/ In HEPES-buffered saline)
This antihodv is commercially available from Alexon Trend, Inc.
Dilute the antibody to 2 ttg/ml and prepare 1000 pl (or the volume required) to achieve the targct rcsw

name units as determined in Steps 15—20 ofStagc 1.

TSH (20 “M in HEPES-buffered saline)

TSH is commercially available from Alexon Trend‘ Inc.
Prepare serial dilutions ot'TSH for injection:

i. Prepare serial dilutions ot‘200, 100, 50, 25‘ 10, and 511MTSH,eachin 28011] ot' the runmng butter

used for the experiment.

ii. Dispense 70 pl of each concentration into four plastic ?vmm vials and cap each \ i111.

iii. Place the vials in the appropriate position in the BIAcorc1‘ack,as directed by the sample loop pam-
meters.

Special Equipment

B/Acore instrument

This includes the BIAcore control software and the BIAevaluation softmlre.

The equipment is available from BIAcore Inc. Information is available at www.hincore.mm.

Sensor Chip CM-5, coupled to RAMC as described in Stage 1

METHQQi A

The sequence below consists of three method blocks or sections: the MAIN, the DEFINE APROG,

and the DEFINE SAMPLE. Note that there are four DEFINE APROG blocks, nne for each of the

four APROGs referred to in the MAIN (bindl, bind2, bind3, and bind4). When the BIAcore soft-

ware edits a method, the method commands will be written in capitals and the user—defined para—

meters will be in lowercase letters.

The comments following an exclamation point (1) are seen by the instrument as text rather

than command code, and are inserted to explain the significance of the preceding command.

 
 

MAIN

R.-\(,1\' I thcrmufa lSpecifics imtrumcnt block to he used.

[GOP sample] STEP

APROG hind] "hpl “umnc 14nti-TSH;finaI RUs : 5007000
1 NULOOP

I OOP mmpk‘} ST 111)

WROG hind} “npfi “uconc Lmti-TSH; final KUs ‘— 1007200

YNDLOOP

IOOP sdmpk‘l STEP

APROG hmdl ‘upl Unmnc Lmtifl‘SH; final RUs : 250—351)

ENDLOOI’
 

1001’ sample4 51 1'1’

»\}7RO(} bind-l ”up4 “ncunc [Reference mrflkc
1,N1)1,()()[’

APPTNI) mntmuc Keeps the running butter “mung through

Einstrmnent after the thc end 01" thc run.
END    
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2.1. DEFINE APROG bind]

PARAM %pl %conc

KEYWORD CONC %conc
FLOW 10

’ INIECT r2al 20
-0:05 RPOINT Baseline —b

1:55 RPOINT Anti—TSH;Peak
‘ KlNll‘lCT %pl 25 240

-0:05 RPOINT Anti—TSHAbound ~b
2:25 RPOINT TSHfPeak
’ QUICKINIECT R2f3 10

EXTRACLEAN
—0:05 RPOINT TSH_Washout
3:00 RPOINT Regeneration

END

 

!anti—TSH ; final RUS : 500—600
!sets a baseline report point
!sets a response report point
ITSH

!20mM HCI to regenerate RAM surface

 

 

2.2.

 
DEFINE APROG bind2

PARAM %p2 %conc

KEYWORD CONC %conc

FLOW 10

’ INJECT r2b1 10

—0:05 RPOINT Baseline —b

0:55 RPOINT Anti-TSI—LPeak

’ KINJECT %p2 25 240

—0:05 RPOINT Anti-TSH_bound —b

2:25 RPOINT TSH_Peak

* QUICKINJECT R28 10

EXTRACLEAN

—0:05 RPOINT TSH_Wash0ut

3:00 RPOINT Regeneratlon

END

lanti—TSH ; final RUs : 250—350

120mM HCl to regenerate RAMc surface 
u
 

 
2.3. DEFINE APROG bind3

PARAM %p3 %conc

KEYWORD CONC %conc

FLOW 10

’ INJECT r2c1 5

—0:05 RPOINT Baseline -b

0:25 RPOINT Anti-TSH_Peak

’ KIMECT 96133 25 240

-0:05 RPOINT Anti-TSH_bound ~b

2:25 RPOINT TSH_Peak

* QUICKINJECT R28 10

EXTRACLEAN

—0:05 RPOINT

3:00 RPOINT

END

TSH‘Washout

Regeneration

Ianti—TSH ; final RUs : 100—200  120mM HCl to regenerate RAMc surface

 

 

2.4.  DEFINE APROG bind4

PARAM %p4 %conc

KEYWORD CONC %conc

FLOW 10

‘ KINIECT %p4 25 240

0:05 RPOINT Baseline —b

2:25 RPOINT TSHfPedk

‘ QUICKINJELT R213 10

EXTRACLEAN

—0:OS RPOINT TSH_Wash0ut

3:00 RPOINT Regeneration

\ END

  120mM HCl to regenerate RAMs surface

   
 

n A ~~‘w M4 ..... ~_.
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DEFINE LOOP sample]

LPARAM %p1 O/ocunc

11119 011

111110 011

HA] 20011

1146 511

11412 10011

11115 [On

11113 5011

11114 2511

END

 

lbuffer

Ehuffer

120011M TSH

 
 

  

 

 DEFINE LOOP sampleZ

LPARAM 0/0112 %c0nc

11 b9 011

111110 011

11 bl 200n

rlb6 511

11b2 10011

r1b5 1011

11133 5011

HM 2511

END

 Ebuffer

!huffer

    
 

DEFINE LOOP sample3

LPARAM %p3 %c0nc

11c9 O11

rlc 10 011

rlcl 200n

rlcb 511

11c2 10011

1155 10n

Md 5011

11c4 2511

END

 

lbuffer

lbuffer

 
 

 

  DEFINE LOOP sample4

LPARAM %p4 %co11c

rld‘) On

11d10 On

11d] 200n

rldé 511

11d2 10011

11d5 1011

11d3 50m

rld4 25n

END

Ebuffer

lbuffer       
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ANALYSIS OF DATA

After the run is completed, open the BIAevaluation software and import the cycles from the report file. If the
method was run as presented above, the file will consist of 64 cycles. For a preliminary evaluation of the data,
bring all the cycles (sensorgrams) into one plot, and Y—transform the curves just before the start of the injec- ‘
tion of the anti-TSH. This should show the results of the injections of the different concentrations of TSH over
the three different surface densities of anti-TSH and the control surface (Figure 18-27).

To perform a more detailed evaluation, select the cycles corresponding to each of the surface densities of
anti-TSH into separate plots; there should be four plots corresponding to the three different levels of anti-TSH
captured by the RAMC surface and the control surface. Working with one plot at a time, remove the regener-
ation injection and any air spikes that may be present. It may also be helpful to remove the region corre-
sponding to the binding of the anti-TSH. The sensorgrams (curves) should then be Y—transformed before the
TSH injection start. Finally, the sensorgrams should be X-transformed so that each of the injections starts at the
same time. When examining these plots, it is apparent that the level of binding of the TSH to the antibody sur-
face is lower than anticipated from the stoichiometry and ratio of molecular weights of the molecules. For
example, for the plot corresponding to the TSH concentration series injected over 340 RUs of captured anti-
TSH (Figure 18-28), the maximum response is ~140 RUs, whereas 230 RUs is expected (2/3 x 340 z 227).
This difference reflects a lower degree of interaction between the antigen and antibody than 2:1.

Once these procedures are completed, the data can be reference-corrected by subtracting the sensor-
gram resulting from the injection of each concentration of TSH over the RAMc surface from the sensorgram
resulting from the injection of the same concentration of TSH over the anti-TSH surfaces. This subtraction is
valid because the TSH does not bind to the RAMC control surface Care must be exercised when using the in-
line subtraction feature of the BIA2000 and BlA3000, and the response of the individual flow cells must be

examined before the subtracted data are analyzed further. For each of the three plots representing the anti-TSH
interacting with TSH, a further correction can be made by subtracting the buffer injection sensorgram from
those resulting from the TSH concentration series (Figure 18-29). This subtraction will remove any changes
that are common in all the curves such as drift or a machine effect.

The resulting plots are now ready to fit to the kinetic model that best describes the reaction kinetics for
the determination of the /<a and kd. The BIAevaluation software comes with a number of models and allows
the user to make modifications to these or to add others. In the case of TSH in the flow binding to the anti-
TSH captured by the RAMC surface, although each antibody is bivalent, the binding of each of the two TSH
molecules is independent of the other. Therefore, the appropriate models to use are the 1 :1 (Langmuir) bind-
ing models (A + B <——> AB). Other predefined models provided in the BIAevaluation software should be tested
to see what differences the various modifications make in the fitting of the data.

The model selected to illustrate the fitting was Langmuir binding with a correction for mass transport and
refractive index differences at both the start and end of the injection. This model was used to fit data from both
uncorrected (raw) data (Figure 18—28) and double-referenced data(Figure18-29) using global settings for kd and
kd. The only difference in the analysis of the raw and corrected data was that the value of kt for the raw data was
kept constant at 1 x 108 (the default value); this ensured a reasonable value for this parameter. The actual value
for k‘ depends on the molecular mass and the flow rate; for TSH at a flow of 10 pI/minute, the value is 5.4 x 10“.
If l<l is not kept constant, the value obtained is greater than the maximum possible rate of diffusion. The model
fits the corrected data more closely than it does the raw data, as the lines representing the fit data more close-
ly follow the lines from the actual data (Figure 18-28) than the lines of the raw data (Figure 18-29). The residual
plot shows the difference between the experimental and fitted data for each curve and is another means of
assessing the goodness of the fit. The residual plot for the corrected data (Figure 18-29) shows less deviation
than that of the raw data (Figure 18-28), confirming the appropriateness of the double referencing.

For a test of the global fitting of the data, the curves resulting from the injections of 5, 50, and 100 nM TSH
over the three anti-TSH surfaces were combined for analysis. The model fits the combined corrected sensor-
grams similarly to the fit seen for the individual corrected surfaces (Figure 18-30).

In Table 18—12, the values obtained for the kinetic rate constants for all three levels of anti-TSH are com-

pared for the data before and after the corrections were performed, as well as those obtained from the com-
bined data. For the 340 RU surface, the values obtained for the constants for both sets of data are within 30%

of each other, indicating that the model fits both sets of data similarly. When the values for the combined data
are examined, the constants for the raw and corrected data are within 20% of each other. The high degree of
consistency between the rate constants for the combined and individual anti-TSH surfaces reflects the appro-
priateness of the selected model.
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FIGURE 18-28 Langmuir-binding Model

This plot showe the results of fitting the sensorgrams resulting from the raw data to a 1:1 (Langmuir) bind-
ing model with a correction for mass tranSport and refractive index differences at both the start and end
of the injection. The data in the analysis only included the first 380 seconds because of apparent machine
effects resulting in higher RUG tor the latter part of the dissociation part of the sensorgrams‘. Differences
between the experimental and fitted data are apparent both in the curves and in the residual plot Both
show systematic deviations in the association and dissociation phases.
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FIGURE 18-29 Corrected Langmuir-bindiing Medel

This plot shows the results of fitting the double reference subtracted data to the same model as used in
Figure 18-28 (1:1 [Langmuir] binding with a correction for mass transport and refractive index differences
at both the start and end of the injection). The corrected data show better fitting to the curves and in the
residual plot.

 

 

 



18.114 Chapter 18: Protein Interaction Technologies

RU 3 Surfaces 3 concentrations (5, 50, 100n)
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FIGURE 18-30 Global Fitting of the Binding Model

To illustrate an approximation of global fitting, this plot combines the corrected sensorgrams obtained
when the same three concentrations of TSH (5, 50, and 100 nM) were injected over the three different

surface levels of anti-TSH (160, 340, and 550 RUs). The values for Rmax obtained from the fits of the indi-

vidual surfaces were used as constant parameters in the fit. The values obtained for the combined data
are quite close to those obtained for each individual surface, indicating that the rate constants for inter-
action between the antigen and antibody are constant for different ligand and analyte concentrations.

 

TABLE 18-12 Kinetic Rate Constants for All Three Levels of Anti-TSH
 

 

ANTl-TSH

SURFACE SOURCE Rmax KA M" 5'1 K0 5“ KT 5‘1 KAtvrT KD M x2

160 RUS Raw dataa 62.8 4.4265 1.816“3 1.0068 2.4468 4.106!"9 1.18

Corrected data 43.9 7.01e5 3.8063 3.3797 1185e8 5.416."9 1.08
340 RUs Raw data3 111 5.0265 2.256’3 1.0068 2.2368 4‘48e‘9 2.71

Corrected data 89.9 6.2365 3.19e‘3 6.5167 1.9568 5.12e‘9 1.74

550 RUs Raw data“ 166 4.90e5 2.586’3 1.00e8 1.90e8 5.26e—9 3.35
Corrected data 142 5.7365 3.066‘3 8.0867 1.8768 5.346"9 2.28

Combined Raw data“ 5.3565 2346—3 1.0068 2.2968 4.37679 2.06
Corrected data 5.72e5 2.826“3 8.34e7 2.03e8 4.936“9 1.45
 

\hown here are the values for the kinetic constants and x2 for both the raw and corrected data for all three surface levels of anti-TSH, as well as the
combined values representing a global fit. For the raw data fits, the k[ was held constant at leg, which provides a good estimate and eliminates numerical
diffitullics based on the sum—squared algorithm. The high degree of consistency between the rate constants for the combined and individual anti»TSH
xurtliccs reflects the appropriateness of the selected model. Despite the improvement seen in the fit and in the residuals when the data were doubleerefer-
cncc subtracted, the kinetic constants are quite close, again indicating that the selected model is appropriate. The x: values are on the same order of mag—
nitudc as‘ instrument noise (typically <2 RU). which is consistent with a good fit.

"Fur fitting the raw data, the material transport value (kt) was held constant at leg.
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HLAMENTOUS PHAGE DISPLAY

Since the method was first described by George Smith (1985), the display of foreign peptides and proteins

on the surface of filamentous bacteriophages has become a cornerstone of techniques to investigate molec—

ular interactions — in particular, those involving surface structures of proteins. Phage display is used:

0 To identify and analyzefeatures on the surfaces ofproteins that interact with other proteins.

0 To isolate new ligands that bind to particular amino acid sequences. These ligands may be antigenic

epitopes, inhibitors, antagonists, agonists, or substrates.

0 To improve the affinity and specificity of the interaction between ligands and their target structures.

The strength of the phage display system results from the powerful combination of affinity selection

and biological amplification. Because filamentous bacteriophages can be exposed to ligand at concentra-

tions in excess of 10]3 particles/ml, a vast number of foreign peptides can be displayed on the surface of the

viral particles and surveyed for their ability to interact with a target ligand. Although bacteriophages that

bind to the target may be very rare in the original population, they can be recovered and enriched by repeat-

ing rounds of affinity selection and growth.

Filamentous Bacteriophages

Vectors Used for

In filamentous phage display, a segment of foreign DNA is inserted into a phagemid or an infectious fila—

mentous bacteriophage genome, between the sequences encoding the leader peptide and the mature

sequences of protein gpIII or ng111. As discussed in detail in the introduction to Chapter 3, the protein

encoded by gene 111 of bacteriophage fd is only a minor component of the virus particle: Between three and

five copies of the protein (M,_ 1 43,000) are present at one end of the filamentous virion (Pratt et al. 1969;

Grant et al. 1981; Zaman et 31. 1992), where they are involved in absorbtion of the bacteriophage particle to
a receptor located on the tip of F pili (Armstrong et al. 1981; for reviews, please see Model and Russel 1988;

Russel 1991). Mature pIII is derived from a 424-residue precursor containing an 18—residue hydrophobic

amino—terminal signal sequence that is cleaved posttranslationally by bacterial signal peptidase 1. The

mature protein folds into a stem and knob structure composed of three domains: The amino-terminal knob

(Crissman and Smith 1984) is required for attachment to and penetration of the F piIi; the central, linker

domain contains several glycine-rich regions, stabilized by disulfide bonds; and the carboxy—terminal

domain anchors the mature protein in the envelope of the particle (Hollingcr and Riechmann 1997;

Lubkowski et al. 1998).

Gene V111 of bacteriophage fl (pVIII) encodes the major capsid protein of the virus particle. Mature

pVIII, which is just 50 amino acids long, is derived from a precursor that carries a 23—residue, amino—termi-

naI leader sequence. After translocation across the bacterial membrane, the leader sequence is removed by

bacterial signal peptidase I. Bacteriophage fl particles contain ~2700 copies of pVIII, which assemble around

the single—stranded Viral DNA with their basic carboxy—terminal residues in contact with the nucleic acid.
The central hydophobic residues of the pVIII are involved in contacts with neighboring pVIII molecules,

whereas their acidic amino termini are exposed to solvent (Marvin 1990). The amino acid residues at the

amino terminus of pVIII are not critical for translocation, but they are important for phage assembly.

Phage Display

In the bacteriophage display system, a segment of foreign DNA is inserted into gene III or gene VIII, a few

nucleotides down stream from the cleavage site. E. coli transfected with the recombinant viral DNA synthe—

size and secrete a pure population of infectious “fusion phage” particles that display on their surface the

amino acids encoded by the foreign DNA (Smith 1985; Parmley and Smith 1988). Every copy of p111 or

pVIII on the surface of an infectious bacteriophage particle carries the sequences encoded by the foreign

DNA, which are therefore displayed in a densely packed, “rnultivalent” fashion.

The phagemid display system consists of a plasmid that carries a single copy of gene III or gene VIII

and the viral origin of DNA replication. In phagemid display, as in conventional phage display, a segment

of foreign DNA is inserted into gene III or gene VIII just downstream from the cleavage site that separates

the hydrophobic signal sequence from the mature protein. The recombinant plasmid is then used to trans-

form an appropriate strain of E. coli. Bacteriophage particles displaying the amino acid sequences encoded
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by the segment of foreign DNA are obtained by superinfecting the transformed cells with helper phages

(e.g., VCSM13 or M13KO7; for details,p1ease see Chapter 3 and Appendix 3). Because replication and pack-

aging of the helper is less efficient than that of the phagemid, the population of bacteriophages secreted

from the superinfected cells consists overwhemingly of particles that display the cloned target sequence.

However, the form of the display is slightly different from that obtained by cloning into the genomes of con-

ventional infectious bacteriophages. The surface of noninfectious particles generated from phagemids con—

tains two types of p111 or pVIII — one encoded by the phagemid containing the foreign sequences and

another, which lacks foreign sequences, encoded by the helper virus. The population of virus particles

secreted from superinfected cells are therefore phenotypically mixed and their surfaces are mosaic. At least

some of the foreign sequences will therefore be displayed in a “monovalent” fashion, which may have advan-

tages when selecting for ligands that bind to the target sequences with high affinity.

Specialized phagemid display vectors have been developed for particular purposes. The best known of

these are phagemid vectors that contain an amber (UAG) chain—terminating mutation immediately down-

stream from the inserted segment of foreign DNA and upstream of the body of p111 or pVIII. When the

recombinant phagemid is used to transform nonsuppressing strains of E. coli (e.g., HB2151), the protein

encoded by the foreign DNA terminates at the amber codon and is secreted into the culture medium. In the

case of phagemids that carry fragments of immunoglobulin genes, the supernatant medium from individ—

ual suppressor—minus transformants can be screened for soluble antibody fragments with the capacity to

bind antigen (for review, please see Winter et al. 1994). However, when the phagemid is used to transform

cells expressing an amber suppressor, the entire fusion protein is sythesized and fragments of antibody are

displayed on the surface of secreted bacteriophage particles in the normal way.

Phage Display of Peptides

By inserting into gene 111 or V111 populations of synthetic oligonucleotides that differ in sequence but are
of equal length, it is possible to generate large libraries of recombinant bacteriophages that display tens of

millions of peptides (Cwirla et al. 1990; Devlin et al. 1990; Scott and Smith 1990; Houghten et al. 1991; for

reviews, please see Hoess 1993; Schatz 1994; Cortese et al. 1995; Rader and Barbas 1997; Smith and Petrenko

1997; Rodi and Makowski 1999). As discussed above, bacteriophages bearing a specific target peptide for a

receptor, an antibody, or another protein can be purified from the library by alternating rounds of affinity

enrichment and bacteriophage growth. Since the gene encoding the target peptide is part of the bacterio-

phage genome‘ bacteriophage peptide display can be used to isolate a specific DNA sequence by affinity

selection of its protein product. Among the wide variety of biological systems that have benefited from bac—

teriophage peptide display are epitope mapping, analysis of protein—protein interaction, and the isolation of

inhibitors, agonists, and antagonists.

 

 

SU BSTRATE PHAGES

Substrate phages, which are used to analyze and improve protease cleavage sites, display random peptide
sequences between pIII and a tag. The library of phage particles are first captured on an immobilized ligand
that binds to the tag and then incubated with a protease. The small number of bacteriophages carrying a pep-
tide cleaved by the protease are released from the matrix and amplified. After two or three rounds of selec-
tion/amplification, the sequences encoding the peptides in individual bacteriophages are determined. By this
means, it has been possible to identify new or improved cleavage sites for proteases such as tissue plasmino-
gen activators (Ke et al. 1997; Coombs et al. 1998), collagenase (Deng et al. 2000), and stromelysin (Smith et
al. 1995).   

Random Peptides Libraries

Most random peptide libraries have been constructed at or near the amino terminus of the mature gene III
protein while larger proteins have been expressed in a flexible hinge between the amino- and carboxy-ter-
minal domains (Smith 1985; Cwirla et al. 1990; Devlin et al. 1990; Scott and Smith 1990; for reviews, please
see Gallop et al. 1994; Gordon et al. 1994; Schatz 1994). Because signal cleavage is required to produce infec-
tious bacteriophage particles and because the residues downstream from the cleavage site may influence the
efficiency of processing, it is preferable to insert random peptides a few residues downstream from the  
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mature amine terminus. 1n the fd bacteriophage gene III display system described by Devlin et al. (1990),

synthetic oligonucleotides are cloned into a site two to three amino acid residues downstream from the

cleavage site. Peptides encoded by the inserted oligonucleotides are therefore disp1ayed near the amino ter~

minus of mature pIII (NHZAla~Glu—(XXXLI—Pro—Ala-Glufioo“) in knob—like structures that extend from the

surface of the virus particle (Crissman and Smith 1984) and are accessible to antibodies and other large hg—

ands. Although the gene 111 protein interacts directly with F pili; the presence ofshort foreign peptides at or

near its amino terminus does not automatically bring about a systematic reduction in either bacteriophage

yield or infectivity (Parmley and Smith 1988; Cwirla et ai; 1990; Devlin et al. 1990; Houghten et al. 1991).

In an ideal world, there should be no selection pressure for or against bacteriophages that express par»

ticular peptides on their surfaces. However, sampling of peptide libraries constructed in the pIII protein

suggests that cysteine and glutamine are underrepresented, whereas proline is absent from the position

immediately carboxy—terminal of the signal sequence cleavage site (Cwirla et al. 1990; Blond-Elguindi et al.

1993; DeGraaf et al. 1993; Kay et al. 1993). Furthermore, bacteriophages that encode recombinant p111 pro—

teins containing a high proportion of positively charged residues grow very poorly — presumably because

of a lowered efficiency of the insertion of the pIH preprotein into the bacterial membrane (Peters et al.

1994).

Molecules of pVIII carrying a foreign pentapeptide at the mature amino terminus are able to form a

complete bacteriophage capsid (Ilyichev et al. 1992), while at least some of those carrying an octapcptide

cannot (Felici et al. 1991). These results suggest that peptides consisting of eight or more residues may

deform the pVIII protein to such an extent that it becomes nonfunctional. This problem can be circum-

vented by forming a mixed capsid composed predominantly of wild-type pVIII (supplied by a helper

phagemid) and partly of hybrid pVIII that carries a foreign peptide at its amino terminus (Felici et a]. 1991;

Greenwood et al. 1991; Kang et al. 1991). The ratio 0fwild—type:hybrid pVIII in these phenotypically mixed

particles varies from 30 to 300, depending on the sequence of the foreign peptide (Felici et al. 1991). An

alternative solution is provided by a vector carrying a second copy of gene VIII inserted into a sequence of

the intergenic region (Haaparanta and Huse 1995). Because insertion in this region of the vector and sub—

sequent expression of the cloned sequence do not adversely affect replication, the recombinant vector

appears to grow normally, producing wild—type plaques.

Bacteriophages displaying foreign peptides at the amino terminus ofeither pIIl or pVIII react with spe‘

cific polyclonal or monoclonal antibodies directed against the coat proteins. These antibodies can be used

to detect recombinant bacteriophages that express a specific ligand and have been captured on appropriate

affinity matrices. This assay has been used successfully to study, for example, the interaction of phages dis-

playing IgG—binding domains of staphlyococcal protein A with various subclasses ofhuman lgG (Kushwaha

et al. 1994; Bhardwaj et al. 1995). In summary:

o Foreign peptides can be expressed at the amino termini of both minor and major coat proteins of fila-

mentous bacteriophages.

0 These altered proteins can be incorporated into infectious virions that display the foreign peptide on

their surfaces. In both cases, these peptides can be recognized by antibodies, enzymes, and other specif-

ic ligands.

a Gene 111 protein is a minor component of the bacteriophage coat, but its functions in morphogenesis and

infection are not compromised by the presence of foreign peptides at its amino terminus. By contrast,

peptides of six or more residues inserted into the amino terminus of 131/111 can disturb its conformation

and thereby prevent assembly of the viral coat (Ilyichev et al. 1989, 1992; Greenwood et al. 1991 ). Foreign

peptides can, however, be displayed on phenotypically mixed particles whose coat consists predmninant—

1y of wild-type pVIII and also contains a small proportion of hybrid pVIII molecules.

The features of various vectors derived from filamentous bacteriophage commonly used for peptide

display are summarized in Table 18—13 and are described in detail in a review by Smith and Petrenko (1997).

Construction of Peptide Display Libraries

The steps involved in generating peptide display libraries are simple in principle: Random populations of

oligonucleotides of the correct length are synthesized, converted to double—stranded molecules by PCR,

digested with a restriction enzyme, and ligated into a compatible restriction site that has been previously

engineered at an appropriate location in bacteriophage genes 111 or VIII. The ligation products are trans?
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TABLE 18-13 Classification of Phage-display Vectors

COAT PROTEIN No. OF DlSPLAY ON

 

VECTOR Twasa FOR DISPLAY GENES COPIES EXAMPLE REFERENCES

Type 3 (phage) plIl 1 All M13KE Cwirla et al. (1990); Scott and Smith (1990);

Kay et al. (1993)

Type 8 (phage) leII 1 All fl Ilyichev et a]. (1992); Petrenko et al. (1996)

Type 33 (phage) plII 2 Some — (not commonly used)

Type 88 (phage) pVIII 2 Some f88-4 McLafferty et al. (1993); Haaparanta and

Huse (1995); Blancafort et al. (1999)

Type 3+} (phagemid) pIII 2 Some pCOMB3H Barbas et al. (1991)

Type 8+8 (phagemid) pVIII 2 Some pCOMBS Kang et all (1991); Wrighton et al. (1996)
 

“The classification system is based on that described by Smith (1993). Libraries may be constructed such that the inserted sequence is either carried
in Gene 111 and displayed on plll (Type 3), or carried in Gene VIII and displayed on le11 (Type 8); in these cases, the inserted sequence is displayed on
all copies of the coat protein. Alternatively, a second coat protein gene may be introduced, resulting in display of the foreign protein on only some Of the
copies of the coat protein. If both the native coat protein gene and the gene carrying an inserted sequence reside in the phage genome, these libraries (or
vectors) are designated type “33” or “88.” If the recombinant coat protein gene is carried on a phagemid and the native gene is carried on a helper phage,
these systems are termed type “3+3” or “8+8.”

(Modified, with permission, from Scott and Barbas 2001.)

fected into E. coli and the bacteriophages produced by the culture are collected. Many bacteriophage display

vectors, for example, those of the (USE series (Parmley and Smith 1988; Scott and Smith 1990), carry a tetra—
cycline resistance gene (TcR) that allows the infected cells to be selected and maintained as colonies on medi—

um containing the antibiotic. The phage genome can then be propagated as if it were a plasmid. This selec-

tion minimizes the demand on p11] function that occurs during multiple rounds of infection. Bacteriophage

particles can be collected at any time by growing the cells for a few hours in liquid medium.

The pools of synthetic nucleotides inserted into the display vectors consist of mixtures of oligonu-

cleotides whose heterogeneous central portions are flanked at the 5’ and 3” ends by sequences recognized by

restriction enzymes. Completely random populations of oligonucleotides of defined length and composi—

tion can be synthesized by utilizing mixtures of all four nucleoside precursors during synthesis of the degen-
erate region. This approach will generate a population of oligonucleotides that contains approximately

equal ratios of all 64 codons at every position of degeneracy. However, this approach has two disadvantages.

First, there is a 3 in 64 chance that any one codon will be a chain terminator. This problem is not serious as

long as the random oligomers are small in size. However, more than one third of 24—mers (coding for ran—

dom octapeptides) and two thirds of 48—mers (coding for random hexadecapeptides) will contain at least

one chain-terminating codon. Second, because of the degeneracy in the genetic code, amino acids will be

represented in the displayed peptides with different frequencies. For example, leucine, serine, and arginine,

with six codons apiece, will appear six times more frequently than tryptophan and methionine. At present,

the only practicable method of synthesizing pools of degenerate oligonucleotides is to use mixtures of

deoxynucleosides as precursors. Yet by using such mixtures, it becomes impossible to synthesize a set of

degenerate oligonucleotides that code for peptides in which all 20 amino acids are displayed in each posi-

tion with equal frequencies.

Because the number of potential peptides is so large (see Table 18—14), it is important to keep the

sequence complexity of the pool of degenerate oligonucleotides to a minimum so that peptide “sequence

space” can be searched more efficiently. There are two possible ways to reduce the sequence complexity of

the oligonucleotide pool: (1) by accepting a limited set of amino acids at some or all of the positions in the

peptide; (2) by employing nucleotide “doping” schemes that restrict the third nucleotide in each codon to

G or C (Reidhaar-Olson et al. 1991), or G or T (Scott and Smith 1990). These restrictions produce truncat-

ed versions of the genetic code (see Table 18-15) that encode the entire set of amino acids using only half as
many codons. Only 1 of the 32 codons in the truncated code is a chain terminator, and the maximum ratio

between codon—rich and codon—poor amino acids is reduced from six to three.
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TABLE 18-14 The Number of oligonucleotides Required to
Code for All Possible Peptides of Various Lengths
 

 

LENGTH OF PEPTIDE NUMBER OF OLIGONUCLEOTIDES

(AMINO Acm RESIDUES) IN THE DEGENERATE POOL

4 204 z 1.6 x 105

s 205 z 3.2 x 10“

6 206 z 6.4 X107

7 207 z 1.28 ><10g

8 208 = 2.56 x10”

10 20‘“: 1.024x10‘3

12 L2013:2.028X10I4
 

Algorithms and computer programs have been developed to formulate more complex doping schemes

to synthesize degenerate pools of oligonucleotides that encode specific subsets of amino acids and exclude

others (Arkin and Youvan 1992). In theory, the overall amino acid composition of the displayed peptides

should match the distribution of amino acids in the code predicted by the doping algorithms. This can (amd

should) be checked by sequencing a statistically significant number of randomly chosen bacteriophages

(Cwirla et al. 1990; Blond~Elguindi et al. 1993). Significant deviation from the predicted amino acid com—

position is a sign either of imperfections in the doping scheme, of selection for or against certain classes of

peptides during propagation of the bacteriophages, or of both.
So far, bacteriophage display libraries have been produced using only the simplest doping protocols.

Devlin et al. (1990) have described the generation and use ofa library 01‘2 X 107 bacteriophages that express—

es random 15—residue peptides; Scott and Smith (1990) have generated a library displaying approximately

4 x 107 different hexapeptide epitopes; and Cwirla et al. (1990) have described a library of3 x 103 recombi-

nants that also expresses hexapeptides. The peptides displayed in these last two display libraries probably

cover most of the hexapeptide sequence space. Clones selected from them by affinity panning have already

been used to define and explore specific antigenic epitopes and other ligands. However, the potential of the

bacteriophage display system cannot be fully exploited until larger libraries have been constructed that
explore the sequence space of longer peptides. Complete heptapeptide display libraries can be constructed

and screened with present-day technology. For example, New England Biolabs offers a library kit consisting

of randomized heptapeptides; the libraries contain ~3 X 109 independent clones, a sufficent number to

encode most, it. not all, of the 207 possible 7-mer sequences (1.28 x 109). Methods to construct bacterio-
phage display libraries and to assess their completeness are discussed in Christian et al. (1992) and reviewed

by Smith and Petrenko (1997) and Rodi and Makowski (1999).

TABLE 18-15 A Restricted Genetic Code with Only G or C in

the Third Position of Each Codon
 

 

 

T C A G

T TTC Phe TCC Ser TAC Tyr TGC Cys

TTG Leu TCG Ser TAG Stop TGG Trp

C CTC Leu CCC Pro CAC His CGC Arg

CTG Leu CCG Pro CAG Gln CGG Arg

A ATC Ile ACC Thr AAC Asn AGC Ser

ATG Met ACG Thr AAG Lys AGG Arg

G GTC Va] GCC Ala GAC Asp GGC Gly

GTG Val GCG Ala GAG Glu GGG Gly
 

An identical genetic code is obtained if coduns are restricted to NN\F(G,T)
instead ofNN\F(G,C)t
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TABLE 18-16 Commercial Phage Display Systems
 

RESOURCE/COMPANY

PHAGE DISPLAY
SYSTEM/KIT

VECTOR/SYSTEM
COMPONENTS COMMENTS
 

Amersham-Pharmacia

Biotech

www.apbiotech.com

Display Systems Biotech

www.displaysystems.c0m

lnvitrogen
www,invitrogen.com

New England Biolabs
wmv.neb.c0m

Novagen
wmv.novagen.com

Syncomm Biotechnology
Development Labs

wuwsyncommbdlxom

Recombinant Phage
Antibody System

displayPHAGE System

FliTrx Random Peptide
Display Library

pDisplay Expression
Vector

pYDl Yeast Display

Vector Kit

PhD. Phage Display
Peptide Library Kits

T7 Select Phage Display
System

Phage Display System/
Service

pCANTAB 5 phagemid.

pSKAN (pIII phage coat

fusion proteins).

pFliTrx vector (flagella [Fli]-

thioredoxin [Trx] fusion

proteins are exported and
assembled in partially func—
tional flagella),

pDisplay (mammalian
expression vector) contains

the SV40 origin of replica-
tion, T7 promoter/priming
sites‘ and the neomycin
resistance marker for stable

selection in mammalian cells.

pYDl (yeast expression

vector) carries the GAL]

promoter, T7 promoter/

priming sites.

M13KE vector (pIII phage
coat fusion proteins with
Gly-Gly-Gly—Ser linker).

T7 (expresses peptides/
proteins as fusions to the
carboxyl terminus of the
IOB capsid protein).

Filamentous phage cloning
vector; libraries generated
upon request.

The system includes a series of modules pro—

vided for cloning, screening, and expression of
single—chain fragment variable (ScFv) anti-
bodies.

Display Systems provides three E. coli libraries
(6-, 7-, 8-mers), three to four rounds ofbio-

panning, and positive clone identification by

ELISA and DNA sequencing.

The bait or protein of interest is screened in
successive rounds against peptide clones; pos-
itive clones are rescreened and sequenced.

The vector is designed to target recombinant
proteins to the surface of mammalian cells.
Recombinant proteins encoded by the vector
carry an amino—terminal cell surface targeting
signal and the carboxy-terminal transmem—
brane anchoring domain of PDGF.

The vector is designed to target recombinant
proteins to the surface of S. cerevisiae via the
u—agglutinin yeast adhesion receptor.

Recombinant proteins encoded by the vector
carry the Agaz subunit, which associates with
Agal expressed by the host cell.

Three random peptide libraries are available:
2 of7 and 1 of 12 residues. One of the 7—mer
libraries (C7C) expresses the randomized
insert sequence with flanking cysteine residues.

The system is particularly useful for cDNA

source material. Displayed products on
mature phage particles are released by cell lysis.

Consultation service; customers provide the
bait (target of interest), Syncomm provides
libraries ( if needed); complete three rounds of
panning and amplification, and positive clone
identification by ELISA and DNA sequencing.
 

Constrained Libraries

Linear peptides displayed on the surface of bacteriophages may be identical to a “natural” peptide in amino
acid sequence but may adopt a completely different three-dimensional configuration. One solution to this
problem is to constrain the mobility and configuration of the displayed peptide by including cysteine residues
in the sequences flanking the randomized peptide sequence. The idea is that the cysteine residues will form a
rigid disulfide scaffold that will stabilize the peptide in a favorable structure (Felici et al. 1991; McLafferty et
a]. 1993). Using this strategy, several groups have been able to select peptides that bind to a selector molecule
from constrained libraries but not from unconstrained libraries of equivalent complexity (e.g., please see
Folgori et al. 1994; Hoess et a]. 1994). However, this approach may not be a universal panacea for structural
difficulties since the inclusion of cysteine residues in the displayed peptides markedly reduces the infectivity
of filamentous phages and so greatly lowers the titer of constrained display libraries.  
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The search to identify alternative scaffolding systems that allow a proper secondary or tertiary display

of constrained peptides has included the use of a helices (Wu et al. 1989; Bianchi et al. 1995; Nord et al.

1995), the B—sheet structure of the amylose inhibitor tendamistat (McConnell and Hoess 1995), the zinc—

finger protein (\Vu et al. 1989; Rebar and Pabo 1994), and even the use of synthetic supports, known as

“peptides on beads” (Needels et al. 1993). The review by Smith and Petrenko (1997) provides a reasonably

comprehensive list of constrained peptide libraries.

Affinity Selection and Purification of Bacteriophages

Most of the schemes to select bacteriophages expressing a specific peptide involve screening the display

library with a target protein or another ligand, a process known as “panning.” In a typical protocol, libraries

are exposed overnight to biotinylated antibody or ligand and then panned for a few minutes on plastic sur—

faces (plates or immunobeads) or paramagnetic beads coated with streptavidin (Parmley and Smith 1988).

Unbound bacteriophages are washed away in buffer containing a detergent and the bound bacteriophages

are then recovered either by elution with a buffer such as glycine-HCI buffer (pH 2.2) or with a magnetic

separator. In principle, it is possible to improve the specificity of recovery by using a buffer containing a lig—

and or cofactor that will promote dissociation of a particular type of interaction. For example, Blond-

Elguindi et al. (1993) screened display libraries for bacteriophages expressing peptides with an ability to

bind to an immobilized mammalian chaperone. The bacteriophages were eluted by adding ATP, which caus—

es dissociation of chaperones from their denatured protein substrates.

Whatever the method of dissociation, bacteriophages expressing high—affinity ligands can be expected

to elute more slowly from the target protein than those expressing ligands of low affinity. However, the pres-

ence of “multivalent” copies of the peptide on the bacteriophage surface fosters the formation of multiple

contacts between the bacteriophage particle and the target protein. Nearly all of these contacts would need

to be broken at the same time for the bacteriophage to be recovered in the eluate. Recovery of bacterio—

phages that bind with high affinity may be facilitated by using a “monovalent” 3 + 3 or 8 + 8 display system

(please see Table 18-13). In practical terms, however, it is often impossible to distinguish between bacterio—

phages that bind to the target with different affinities (Barrett et al. 1992; Hawkins et al. 1992).

After neutralization and concentration, the eluted bacteriophages are generally amplified and panned

several more times. Depending on the ligand, the fold—overall enrichment after two rounds of panning and

amplification can be 106 or greater. Eventually, small populations of plaques or, in case of phagemid vectors,

transformed bacterial colonies can be screened with ligand, essentially as described by Young and Davis

(1983). Single-stranded DNA of individual clones of bacteriophages can then be prepared and sequenced

to determine the amino acid sequence of the peptide that binds to the antibody or ligand.

Commercial Display Systems and Kits

A number of commercial systems are now available that provide a variety of resources for construction, dis—

play, and analysis of peptide libraries using systems ranging from bacteriophage to yeast to mammalian

cells. These systems are summarized in Table 18—16. Unless there is a strong scientific reason to choose a

more esoteric display system, we recommend using standard, filamentous phage display libraries (e.g., those

sold by New England Biolabs) to work out conditions for panning, screening, and amplification. The man-

ufacturers have accumulated a fund of useful knowledge about these libraries and will be able to suggest
possible solutions to most problems that arise.

Bacteriophage Display of Foreign Proteins

Foreign proteins, like peptides, can be displayed in a functional form on the surface of filamentous bacterio-

phage particles by fusing the coding sequence to gene III or gene VIII (for review, please see Hoess 1993).

1nsertion into gene V111 has the advantage that thousands of copies of the protein of interest are

expressed on each bacteriophage particle, but it has the marked disadvantage of placing severe constraints

on the size of the insert. However, inserts encoding >6 amino acids do not form Viable bacteriophage par-

ticles (Greenwood et al. 1991) unless the cell is also infected with a helper bacteriophage that codes for wild—

type gene VIII protein (Willis et al. 1993). This results in the production of phenotypically mixed particles
in which only a minority of the gene VIII coat protein molecules carry the desired insertion.  
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A cloning site located near the amino terminus of gIII protein has been used to express domains of sev—

eral mammalian secretory proteins without compromising infectivity of the recombinant bacteriophages.

The resulting fusion proteins retain at least some of their original biochemical and enzymatic properties.

Bacteriophage particles that display Fusion proteins on their surface can be captured by affinity panning or

chromatography using specific ligands that bind to the cognate protein with high affinity. These ligands can

include inhibitors and substrates in the case of displayed enzymes, antigenic epitopes in the case of anti-

bodies, and receptors in the case of displayed polypeptide ligands.

 

PHAGE DISPLAY OF ANTIBODIES

Filamentous phage particles and phagemids can be used to display antibodies (usually in the form of scFv or
Fab' fragments). If phagemids are used as vectors, either the VH-CH1 or VL-CL chain is fused to pIII, where-
as the other chain is expressed without fusion to plll. Using libraries containing naive and semisynthetic germ-
line variable genes, antibodies with affinities comparable to those in a secondary immune response can be
generated against foreign and self antigens. The affinity of single antibodies displayed on bacteriophages can
be further improved by random mutagenesis, site-directed mutagenesis (Gram et al. 1992; W-P. Yang et al.
1995), and fragment or chain shuffling (Burton and Barbas 1994; Vtfinter et al. 1994). For an excellent descrip-
tion of the construction and assay of libraries of antibodies in filamentous bacteriophages, please see Barbas
et al. (2001).   
 

Filamentous bacteriophage display systems offer a powerful means to select rare genes encoding proteins

with ligand—binding activities. For example, antigen—binding bacteriophages have been selected by affinity

chromatography from populations of bacteriophage expressing fragments of single-chain Fv antibodies

(McCafferty et al. 1990; Verhaar et al, 1995) and two-chain Fab libraries (Kang et al. 1991). Other uses of this

system include the selection of variants of human growth hormone that have a high affinity for the human

growth hormone receptor (Bass et al. 1990; Lowman et al. 1991); the assembly of combinatorial Fab libraries

on bacteriophage surfaces (Hoogenboom et al. 1991; Kang et al. 1991; for review, please see Johnson and

Chiswell 1993; Winter et al. 1994); the selection of bacteriophages expressing potent inhibitors of elastase

(Roberts et al. 1992a,b); the selection of DNA-binding proteins with altered specificities (for review, please

see Choo and Klug 1995); and the expression of a variety of functionally active proteins on the bacteriophage

surface. These include alkaline phosphatase (McCafferty et al. 1991), BPTI (Roberts et al. 1992a,b), the B

chain of ricin (Swimmer et al. 1992), trypsin (Corey et al. 1993), plasminogen activator inhibitor-I

(Pannekoek et al. 1993; van Meijer et al. 1996), and ciliary neurotrophic factor (Saggio et al. 1995).

 

INTERACTION RESCU E

As discussed above, bacteriophages lacking the amino-terminal domain of plII are unable to penetrate F pili
and are not infectious. However, infectivity can be restored if the domain is reintroduced to the phage. In inter-
action rescue, the amino-terminal domain of p11! is fused to a soluble protein whose dimerization partner is
fused to the truncated pill and displayed on the surface of the bacteriophage. When interacting domains (e.g.,
leucine zippers) of heterologous proteins are cloned into the two parts of the glIIp gene, the resulting fusion
proteins are able to associate and thereby to restore activity to g1|lp and infectivity of the progeny bacterio-
phage (Duefias and Borrebaeck 1994; Gramatikoff et al. 1994). Interaction rescue has promise as a method
to select clones encoding functionally interacting protein domains from cDNA libraries.   

So far, filamentous bacteriophage systems have been successful chiefly for the display of small and
moderately sized secretory proteins — presumably because these proteins can be efficiently secreted
through the inner membrane of E. coli, can fold into their correct three-dimensional structures in the
periplasmic space, and can maintain their correct configuration on the surface of the bacteriophage parti-
cle after exposure to an oxidizing environment. Whether bacteriophage display can be successfully applied
to larger intracellular proteins is therefore rather doubtful.  
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GlENOMICS AND THE INTERACTION TRAP

At this point in the progress of the genome projects, vast quantities of sequence data for genes and proteins
have been generated. An extremely high percentage of this information corresponds to novel sequences,

with no available hints about potential cellular function to be gleaned from patterns of homology. Of the

multiple complementary approaches under development to assign function to the great number of pre~
dicted proteins, a systematic use of the two-hybrid system to establish direct physical interactions between

novel genes and previously characterized proteins promises to be particularly useful. To this end, a number
of strategies have been developed.

Interaction Mating, Arrayed Libraries, and Libraries of Baits

An early entry to the field ofgenomic analysis for two—hybrid studies was the description of interaction] mat-
ing (Finley and Brent 1994). This idea exploited the fact that yeast containing panels of baits or panels of
preys could be mated in defined grids, allowing the rapid assessment of interactions between a relatively
large number of defined baits of interest; furthermore, because the panels could be arrayed conveniently in
microtiter plates, the technique was amenable to high-throughput analyses on a scale required for genonr
ic studies. This idea evolved rapidly into the formatting of complete cDNA libraries into pooled subsets,

which enables electronic handling of the data (e.g., including tracing back the identity of clones derived
from the arrayed high-complexity normalized EST [Hua et al 1998] or Unigen libraries [Weiner 1998] );

allows functional subtraction of the “promiscuous positive” class of interactor from the library; and facili—

tates the automated handling of samples, which should promote large-scale proteome analysis (Buckholz et
al. 1999).

A second development has been the use of libraries of bait proteins, in conjunction with the standard

libraries of prey. In general, use of randomly generated bait libraries had been avoided because a high per—

centage of inserted cDNAs (estimated at 5—10%) possessed the intrinsic ability to activate transcription,

leading to high background in conventional two—hybrid screening assays. However, by adapting approach—

es in which such activating fusions could be avoided (e.g., please see Bartel et al. 19961 or potentially coun-

terselected in a prescreening step (Vidal et al. 1996a,b; Walhout and Vidal 1999), such libraries could be used

in interaction mating approaches on the large scale desired for analysis of genome—complexity groups of
cDNAs (Figure 18—31).

A Map of All Possible Interactions

Some investigators have begun pilot projects to explore the utility of two—hybrid genomic analysis. The goals

of such attempts are in some cases immense in scope, with the objective of solving all possible protein-pro—

tein interactions for a given genome. In other cases, a more circumscribed set of goals involve the mapping

of interactions between all proteins involved in discrete multiprotein complexes that regulate specific cellu-
lar processes.

Two primary papers exemplify the two strategies. In the first, Bartel et al. (1996) attempted to solve the

complete protein interaction networks of the ~55 known proteins of E. coli bacteriophage T7, using a series

of approaches that combined interaction mating and library screening of defined and randomly generated

bait and prey fusions. This effort yielded a wealth of information about interactions among different pro—

teins, as well as interactions taking place between separate domains of a single protein that might be taken

to be predictive of homomeric interactions occurring during protein folding. However, given that a num—

ber of interactions known to occur between T7 proteins were not detected, and given the laboriousness of

the general approach, it is not yet clear the degree to which this brute—force interaction solution will be

translatable to organisms of higher genome complexity.

In an alternative approach, Fromont—Racine et al. (1997) focused their efforts on identifying a c0m~

prehensive set of proteins involved in a discrete part of the cellular machinery, the spliceosome. To this end,

these authors built ten targeted baits from discrete Saccharomyces cerevisiae proteins implicated in pre-

mRNA splicing, each of which was used for a library screen. Preys isolated in the screens were “rated" on a
scale that considered the nature of the CDNA and the frequency of isolation; those receiving the highest rat-

ings were used in reiterative screens to isolate new preys. Finally, baits and preys were systematically exam-
ined for eross—interactions within the complete group; additionally, sequences of previously undefined open  
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FIGURE 18-31 Strategies for Genomic Analysis

Genomic strategies involve reiterative screening and cross-screening between baits and preys to identify
interaction networks. One potential path is shown, in which a panel of baits is initially mated en masse
against an activation-domain-fused cDNA library; positives are selected, ranked, and used both as start-
ing point for a second round screen and for directed biological experiments suggested by the interactions.

 
   

   
 

 

    
 

 

 

    
   

reading frames were disrupted, followed by genetic analysis of relevance to known splicing factors. This
approach was extremely successful in predicting a network of interactions between known and novel splic—
ing factors and may offer a particularly useful paradigm for studies of other cellular “machines” comple-
mentary to direct physical assay systems such as mass spectrophotometric analysis.

A larger—scale experiment is under way to map interactions among all the proteins encoded by the S.
cerevisiae genome, based on the creation of complete sets of DNA—binding domain and activation domain
fusions to each of ~6000 yeast genes (Hudson et al. 1997; Uetz et al. 2000). Both libraries are arrayed to be
mated to each other, and this approach is meant to be a prototype for even more high—throughput applica-
tions, such as mapping interaction of the human proteome. A recent report has demonstrated the possibil-
ity of coupling such functionally targeted two-hybrid genomic analysis with the use of oligonucleotide
arrays representing the full complement of genes in S. cerevisiae (Cho et al. 1998), a development that
should greatly speed the general analysis. Finally, another model project to annotate functionally large num—
bers of uncharacterized proteins predicted by complete genome sequences using large-scale two-hybrid
analysis is ongoing for Caenorhabditis elegans. Starting with 27 proteins involved in vulval development, a
functional annotation for ~100 uncharacterized gene products has been obtained. The resulting map of
interacting sequence tags (or ISTs) revealed both known and new potential interactions (Walhout et al.
2000) and has been integrated productively with other forms of annotation available for C. elegans through
the ACeDB database project.

Detection of Inactivating Mutations in Human Genes

In a peripheral approach, the yeast two—hybrid system is being adapted as an additional means of screening
(e.g., of clinical samples) for human genes implicated in disease. A simple method detects functional muta-
tions by virtue of their ability to abolish a protein-protein interactions. A high-throughput approach involv-
ing use of direct recombinational cloning in yeast of a reverse transcription PCR product is followed by a
simple growth selection for the interaction with a functional partner (Schwartz et al. 1998). This method
should be able to distinguish both homozygous and heterozygous mutations in any human genes whose
encoded proteins have suitable partners in the two-hybrid assay. It has been used successfully to detect
mutations in the p53 tumor suppressor gene (Schwartz et al. 1998).
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INTERACTION TRAP AND RELATED TECHNOLOGIES

Althnugh the yeast two—hybrid system and its derivatives have clearly been fruitful, a number of comple—

mentary technologies have been developed. In particular, nontranscription—based systems (discussed

below) circumvent several intrinsic limitations of the two—hybrid applications, including the inability to

deal easily with se1f~activat0rs and proteins excluded from the nucleus. A number of these systems are still
in early stages Of evaluation.

One-hybrid, One-and-a-half Hybrid, and One-Two Hybrid

Split-Ubiquitin

The two—hybrid technologies discussed in the introduction to Protocol 1 of this chapter address the inter—

actions of proteins with proteins, peptides, drugs, and RNA. The one—hybrid system allows the identifica—

tion of proteins that interact with DNA. A number of groups independently described the development of

such an approach (Wilson et al. 1991; Li and Herskowitz 1993; Wang and Reed 1993; Dowel] et al. 1994;

Inouye et al. 1994; Chong et al. 1995). In a general strategy, a DNA sequence of biological interest (known

to encompass a specific binding motif for a protein) is cloned as a single copy or multimer upstream of

reporter genes, similar to those used in a two—hybrid system (Figure 18—32). Specific selection strains are

then generated with the binding—motif-reporter integrated or encompassed in a plasmid, and an activation—

domain library essentially equivalent to those used in two-hybrid screening is then used to identify proteins

that can bind and activate transcription. Although the need to construct specific motif-reporter strains

makes development of screening reagents more laborious, one-hybrid screens work well for a number of

proteins. Reflecting the growing popularity of this strategy, Wolf et al. (1996) reported the generation of a

series of reporter constructs that allow greater flexibility in the use of a one-hybrid approach with libraries

from either the GAL4 or LexA two—hybrid systems.

A related approach combines elements of the one—hybrid and two-hybrid systems to screen for DNA—

binding proteins. This approach, termed one—and-a—half hybrid, is intended to identify proteins that bind

DNA only when complexed as a heterodimer with a second, known partner or that fail to bind DNA

autonomously, but make a stable ternary complex in the presence of an accessory protein. A reporter is first

constructed using a heterodimer—binding site to direct transcription, and library transformations are then

performed in yeast expressing the known heterodimeric partner. This approach was first used to identify

SAP-I, which associates with serum response factor (SRF) to bind the c-fos serum response element (SRE)

(Dalton and Treisman 1992), and it has been successfully used by other groups (Naya et al. 1995). A some—

what similar approach was used in the double interaction screen (DIS). DIS was successfully used (Yu et al.

1999) to identify simultaneously DNA—binding transregulators offtz gene expression (which would bind to

the ftz proximal enhancer, placed upstream of reporter genes) and cofactors that directly interact with th

protein.

Finally, Luo et al. (1996) has proposed that in some specialized cases, involving identification of pro-

teins that both bind DNA independently and dimerize with a known partner, it may be productive to screen

for both parameters simultaneously to eliminate false positives and generally increase specificity of the

assay. In this strategy, termed one—two hybrid, yeast selection strains are engineered to contain one reporter

driven by binding sites for p53, a second standard reporter strain for the two—hybrid system, and a bait fused

to the p53 homodimerization sequence. Supertransformation of this Strain with wild-type p53 results in

simultaneous activation of both reporters, proving that the concept is practicable; it has not yet been broad—

ly tested by library screening.

The ubiquitin-based split-protein sensor (USPS) method has been proposed as a means of assaying tran-

sient protein—protein associations in real time, unconstrained by considerations of intracellular localization

(Johnsson and Varshavsky 1994). In this strategy, a protein is fused to a carboxy—terminal fragment of ubiq—

uitin, and a second protein is fused to a mutated amino-terminal fragment ofubiquitin. If the two test pro—

teins interact, the amino- and carboxy—terminal fragments of ubiquitin are brought into proximity, target-

ing the carboxy—terminal fusion protein for cleavage. This degradation, monitored by western blot analysis,

constitutes the reporter for the system (Iohnsson and Varshavsky 1994; Dunnwald et al. 1999), This system

has not yet attained broad use in the scientific community, and information about its performance with a

variety of proteins is lacking. Some features, including the ability to switch between assays in vivo or in vitro,
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FIGURE 18-32 One Hybrid, One-and-a-Haif Hybrid

A specialized yeast strain is constructed with one or more reporters that are transcriptionally responsive
to a particular protein-binding motif. In the one-hybrid screen, an activation domain-fused cDNA library
is transformed into the selection strain, and preys with the ability to activate transcription of reporters are
directly selected (bottom left). The one-and-a-half hybrid screen relies on the use of known preys that
bind only in the presence of a cofactor that contains the DNA—binding domain and dimerization domain
(termed co~bait in figure). in this case, preys from an activation domain library are selected for their abil—
ity to activate the transcription of reporters in the presence of the co-bait.

 

are attractive in some applications. To create a more practical incarnation, a system was devised (Stagljar et
al. 1998) where, upon interaction—mediated ubiquitin reconstitution, the cleavage releases a transcription
factor, which activates reporter genes in the nucleus. As a result, interaction between membrane proteins
can be analyzed by means of auxotrophic selection and a colorimetric assay.

Sos/Ras Recruitment

The recently developed Sos recruitment system (SRS) is designed to study protein-protein interactions of
proteins that are not suitable for two—hybrid screens, either because they strongly activate transcription or
because they associate strongly with membranes, and cannot be effectively localized to the nucleus
(Aronheim 1997; Aronheim et al. 1997). This strategy exploits basic properties of signal transduction as a
selective strategy. Yeast require Ras function to be viable; Ras activity depends on the activity of a guanyl
nucleotide exchange factor (GEF), which allows conversion to the active GTP—bound form. The normal S.
cerevisiae GEF for R35 is Cdc25; mutations in CchS can be complemented by the mammalian CchS
homolog, 505, if 505 is effectively localized to the cell membrane. In the SRS strategy (commercially available
from Stratagene), the S. cerevisiae strains used for selection contain a temperature-sensitive mutation of  
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Cdc25. Bait proteins are expressed as fusions to a myristylation (membrane—targeting) signal, whereas inter—

acting partners, either defined or from a CDNA library, are expressed as fusions to 505. If the two protein com-

ponents interact, 505 is brought to the membrane, allowing viability at the CchS restrictive temperature.

Some difficulties have been encountered with this technique, and in an attempt to overcome a number

of problems using SRS, the developers have improved the protein recruitment system, designated the R35
recruitment system (RRS), based on the absolute requirement that Ras be localized to the plasma mem-

brane for its function (Broder et al. 1998). Ras membrane localization and activation can be again achieved

through interaction between two-hybrid proteins. Both the SRS and RRS systems have been used effective—

ly both in tests of known interactions and to isolate novel interacting proteins from a library (Aronheim et

al. 1997, 1998; Broder et al. 1998; Yu et al. 1998); they are a promising addition to the available panel of

interaction assay strategies.

Non-Yeast Two-Hybrid Systems

Because of its genetic robustness and ease of use, yeast has been the organism of choice for development of

two-hybrid systems, and will probably remain so. Nevertheless, some applications, foremost among them

assay of pharmacological compounds, would benefit from a mammalian counterpart to the yeast two—

hybrid system, and a number of groups have developed basic reagents toward this end (Dang et al. 1991;

Vasavada et al. 1991; Fearon et al. 1992; Luo et al. 1997). To improve the sensitivity of mammalian two—

hybrid assays, allowing interactions between poorly expressed proteins to be detected, a strategy of

“bundling” activators has been developed recently. Incorporation of a tetramerization domain (derived

from lactose repressor) allowed activation domain fusion proteins to be expressed as noncovalent tetramer-

ic “bundles,“ which are significantly more potent than simple monomeric activators at similar levels of

expression (Natesan et al. 1999). In general, these systems have proven to be most useful in assay of inter—

actions between pre—defined proteins.

Rossi et al. (1997) have recently described a mammalian strategy utilizing two—hybrid principles, but

with a very different readout, intended to allow assessment of dimerization in a biologically relevant con—

text. This system exploits a phenomenon called a—complementation, which was been used for many years

in prokaryotes (e.g., in the blue—white selection vectors used for cloning). Cells that bear either the a

(amino—terminal) fragment or u) (carboxy—terminal) fragment of B-galactosiclase (enmded by 3' or 5' dele-

tions of the bacterial lacZ gene, respectively) show no enzyme activity. However, if a cell expresses oz and (0

fragments in combination, they can assemble to form an active enzyme (Ullmann et al. 1967). Some [3-

galactosidase mutants that reduce the affinity of oz and (1) fragments for each other fail to reconstitute an

active enzyme; however, this can be overcome if the interaction is artificially enforced. Fusion Of interacting

proteins to such noninteracting a and 0) mutant fragments provides a tool for enforcement, and the B-galac-

tosidase activity of the reconstituted enzyme serves as measure of protein-protein interaction (Rossi et al.

1997). This application was tested by expressing FRAP and FKBP12 (which are known to form a complex

in the presence of rapamycin) as chimeras with lacZ deletions and monitoring B-galactosidase activity

reflecting FRAP—FKBP12 complex formation.

Although bacterial systems would clearly possess the genetic power and cost-effectiveness of yeast two-

hyhrid systems, until quite recently, much less effort has gone into developing E. coli-based screening tech—

nologies. This may derive in part from the fact that the vast majority of proteins studied are derived from

higher eukaryotes, which may be expected to be posttranslationally modified or folded more appropriately

in yeast than in bacteria, enhancing the chance of obtaining biological results. However, some reagents suit—

able for studying protein—protein interactions by two—hybrid-related approaches have been developed and

may be particularly useful for investigators working with prokaryotic proteins: Some of these systems have

been described previously (Hu et al. 1990; Bunker and Kingston 1995; Hu 1995; Dmitrova et al. 1998;

Kornacker et al. 1998; Di Lallo et al. 1999). Probably the most sophisticated system currently available

(Karimova et al. 1998) is based on reconstitution of adenylyl cyclase signaling functions in E. coli. CAMP

produced by this enzyme activated CAP and in turn enabled transcription from the lac or ma! operons,

which resulted in growth on selective plates and specific color on indicator media. The involvement of a sig—

nal transduction pathway step in this system allows spatial separation between interacting hybrid proteins

and the transcriptional activation readout. So far, however, only a “model screening” has been performed.

A more dynamic system, based on selection for histidine heterotrophy, is designed to detect either pro—

tein-protein or protein—DNA interactions (Ioung et al. 2000). In this case, the bait is a modified version of

the ot—subunit of the E. coli RNA polymerase. Prey are selected from libraries encoding either variant pro—

tein or DNA-binding domains.
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ALZ Appendix 1: Preparation ochagents and Bujj‘érs Used in Molecular Cloning

BUFFERS
Tris Buffers

 

Biological reactions work well only within a narrow concentration range of hydrogen ions.

Paradoxically, however, many of these reactions themselves generate or consume protons. Buffers

are substances that undergo reversible protonation within a particular pH range and therefore

maintain the concentration of hydrogen ions within acceptable limits. Perfect buffers are, like the
Holy Grail, always beyond reach. An ideal biological buffer should

0 have a pKd between pH 6.0 and pH 8.0

0 be inert to a wide variety of chemicals and enzymes

0 be highly polar, so that it is both exquisitely soluble in aqueous solutions and also unlikely to

diffuse across biological membranes and thereby affect intracellular pH

be nontoxic

be cheap

not be susceptible to salt or temperature effects

not absorb visible or ultraviolet light

None of the buffers used in molecular biology fulfill all of these criteria. Very few weak acids

are known that have dissociation constants between 1077 and 1079. Among inorganic salts, only

borates, bicarbonates, phosphates, and ammonium salts lie within this range. However, they are

all incompatible in one way or another with physiological media.

In 1946, George Gomori (Gomori 1946) suggested that organic polyamines could be used

to control pH in the range 6.5—9.7. One of the three compounds he investigated was Tris(2—

amino-Z—hydroxymethyl-1,3—propanediol), which had been first described in 1897 by Piloty and

Ruff. Tris turned out to be an extremely satisfactory buffer for many biochemical purposes and

today is the standard buffer used for most enzymatic reactions in molecular cloning.

TABLE A1-1 Preparation of Tris Buffers of Various Desired pH Values
 

 

DESIRED pH (25°C) VOLUME or 0.1 N HCI (ml)

7.10 45.7
7.20 44.7
7.30 43.4

7.40 42.0
7.50 40.3

7.60 38.5
7.70 36.6
7.80 34.5
7.90 32.0
8.00 29.2
8.10 26.2

8.20 22.9

8.30 19.9

8.40 17.2
8.50 14.7

8.60 12.4
8.70 10.3
8.80 8.5
8.90 7.0
 

Tris buffers (0.05 M) of the desired pH can be made by mixing 50 ml of 0.1 M Tris bdse with
the indicated volume of0.1 N HCl and then adjuxting the volume of the mixture to 100 ml with
water.
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TRIS BUFFERS

One of Tris/ first commercial successes, which received wide attention, was the reduction of mortality during
handling and hauling of fish. In the 19405, live fish were carried to market in tanks of seawater. Unfortunately,
many of the fish died because of the decline in pH resulting from an accumulation of C03. This problem was
only partially alleviated by including anesthetics in the water that minimized the fishes’ metabolic activities.

l What these anesthetics did to the people who ate the fish is not recorded. Tris (ertainly reduced the mortality
rate of the fish (McFarland and Norris 1958) by stabilizing the pH of the seawater and may also have kept the
fish eaters more alert. Tris also turned out to be an extremely satisfactory buffer for many biochemical pur-
poses and today is the standard buffer used for most enzymatic reactions in molecular (‘Ioning

Tris [Tris(hydroxymethyliaminomethane] has a very high buffering capacity, is highly soluble in water, and

is inert in a wide variety of enzymatic reactions. However, Tris also has a number of deficiencies:

o The pKa of Tris is pH 8.0 (at 20°C), which means that its buffering capacity is very low at pHs below 7.5
and above 9.0.

0 Temperature has a significant effect on the dissociation of Tris. The pH of Tris solutions decreases ~0.03
pH units for each 1°C increase in temperature. For example/ a 0.05 M solution has pH values 019.5, 89,

' and 8.6 at 5“C, 25°C, and 37°C, respectively. By convention, the pH of Tris solutions given in the scientif-
ic literature refers to the pH measured at 25°C. When preparing stock solutions of Tris, it is best to bring
the pH into the desired range and then allow the solution to cool to 25°C before making final adjustments
to the pH.

0 Tris reads with many types ofpH electrodes that contain linen—fiber ju nctions, apparently because Tris
reacts with the linen fiber. This effect is manifested in large quuid-junction potentials, electromotive force
(emf) drift, and long equilibration times. Electrodes with Iinen-fiber junctions, therefore, cannot accurately
measure the pH of Tris solutions. Use only those electrodes with ceramic or glass junctions that are war-
ranted by the manufacturer to be suitable for Tris.

0 Concentration has a significant effect on the dissociation of Tris. For example, the pHs of solutions con- 1
taining 10 mM and 100 mM Tris will differ by 0.1 of a pH unit, with the more concentrated solution having
the higher pH.

0 Tris is toxic to many types of mammalian cells.

a Tris, a primary amine, cannot be used with fixatives such as glutaraldehyde and formaldehyde. Tris also l
reacts with glyoxal. Phosphate or MOPS buffer is generally used in place of Tris with these reagents. 
 

Good Buffers

Tris is a poor buffer at pH values below 7.5. In the mid 19605, Norman Good and his colleagues

responded to the need for better buffers in this range by developing a series of N—substituted

aminosulfonic acids that behave as strong zwitterions at biologically relevant pH values (Good et

al. 1966; Ferguson et al. 1980). \Vithout these buffers, several techniques central to molecular

cloning either would not exist at all or would work at greatly reduced efficiency. These techniques

include high—efficiency transfection of mammalian cells (HEPES, Tricine, and BES), gel elec-

trophoresis ot~ RNA (MOPS), and high—efficiency transformation ofbacteria tMES).  
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Table A1 -2 Properties of Good Buffers

USEFUL RANGE

 

ACRONYM CHEMICAL NAME FW pKa (IN pH UNITS)

5175” 2—(N—morpholino)ethancsu1fonic acid 195.2 6.1 5.5—6.7

[315—1175 bi5( 2-hydroxycthyl)iminotri5(hydroxymethyl)methane 209.2 6.5 58—72

.\1).\ N—12-acetamido)-2~iminodiacetic acid 190.2 6.6 60—72

AC] 5 2—[(2»amino—2—oxoethyl)amin0]ethanesulf0nic acid 182.2 6.8 6.1—7.5

HP] 5 piperazinC-N,N’—bls(2-ethanesulfbnic acid) 302.4 6.8 6.1—7.5

MOPSO 3—(N~morpholino)—2—hydroxypropanesulfonic acid 225.3 6.9 6.2—7.6

Bis~ I'm“ Propane 1311151trrs(hydroxymethyl)methylamino]propane 282.3 6.8‘1 6.3—9.5

1315 N,N-Iri5(2-hydroxyethyl )~2-aminoethanesu1fonic acid 213.2 7.1 6.4—7.8

MOPS 3»(N-morpholino)pr0pdncsu1fonic acid 209.3 7.2 6.5—7.9

HHJES N—(2-hydr0xyethyl)piperazine—N'—(2—ethanesulfonic acid) 238.3 7.5 6.8~8.2

11 S N— tris(hydroxymethyl)methyl»Z—aminoethanesulfonic acid 229.2 7.4 6.8~8.2

DIPSO 3—[N,N~bis(2—hydroxyethyl)amino]—2—hydroxypropanesulfonic acid 243.3 7.6 7.0—8.2

TAPSO 3- [1\1~rri5(hydroxymethyl)methy1amino] —2—hydroxypr0panesulf0nic acid 259.3 7.6 70—82

TRIZMA tris( hydroxymethyl)amin0methane 121.1 8.1 7.0-9.1

HFPPSO N—(Z—hydroxyethyl)piperazine—N'-(2—hydr0xypropanesulfonic acid) 268.3 7.8 7.1—8.5

POPSO piperazine- N,N‘-bi512-hydroxypropanesulf0nic acid) 362.4 7.8 728.5

FPPS N—(2-hydroxyethyl)piperazine—N’—(3-pr0panesulf0nic acid) 252.3 8.0 7.3—8.7

TEA triethanolamine 149.2 7.8 7.3—8.3

1ricinc N-rri5( hydroxymethy]1methylglycine 179.2 8.1 74—88

Bicinc N,N-Ilt's(2—hydroxyethy11glycine 163.2 8.3 7.6—9.0

1.»\1’.\ N-rri5( hydroxymethyl)methyl~3—aminopropanesulfonic ac1d 243.3 8.4 7.7—9.1

\.\1Pb() 3-{1 1,1—dimethy1-2-hydroxyethyl1amino]-2—hydr0xypropanesulfonic acid 227.3 9.0 8.3—9.7

(‘H 138 2—(N-cyclohexylamino)ethanesulf0nic acid 207.3 9.3 8.6—10.0

(APSO 3-(cyclohexylamino1—2—hydroxy—1-propanesu]fonic acid 237.3 9.6 89—103

;\.\1P 2—amin0—2-mcthyl-l—propano] 89.1 9.7 9.0—10.5

CAPS 3—(cyclohexylamino)—l—propanesulfonic acid 221.3 10.4 9.7—1 1.1 
 

I).u.1 anpilcd frnm various sources, including Bim‘hemiml and Reagentsfbr Life Science Research 1994 (Sigmaflldrich) and references therein.

‘pkl : 9.0 fur the xccond dissociation stage.  



Phosphate Buffers (Gomori Buffers)

The most commonly used phosphate buffers are named after their inventor: Gomori (Gomori

1955). They consist of a mixture of monobasic dihydrogen phosphate and dihasic monohydro—

gen phosphate. By varying the amount of each salt, a range ofbuffers can be prepared that buffer

well between pH 5.8 and pH 8.0 (please see Tables A1—3A and A1—3B). Phosphates have a very

high buffering capacity and are highly soluble in water. However, they have a number of poten-

tial disadvantages:

Bltfii’r's AI.5

Phosphates inhibit many enzymatic reactions and procedures that are the foundation of mol~

ccular cloning, including cleavage of DNA by many restriction enzymes, ligation of DNA, and

bacterial transformation.

Because phosphates precipitate in ethanol, it is not possible to precipitate DNA and RNA from

buffers that contain significant quantities of phosphate ions.

Phosphates sequester divalent cations such as Ca2+ and Mg”.

TABLE A1-3A Preparation of 0.1 M Potassium
Phosphate Buffer at 25°C

pH

8.1)

 

VOLUME OF 1 M VOLUME OF 1 M

 

|<2HP()4 (ml) KH2P04 (ml)

8.5 91.5

13.2 86.8

19.2 80.8

27.8 72.2

38.1 61.9

49.7 50.3

61.5 38.5

71 .7 28.3

80.2 19.8

86.6 13.4

90.8 9.2

94.0 6.0
 

77 717.1171 1‘111111111L‘L’11 (1935).

lhlulc thc mmhmcd 1 M stntk solutions to 1 liter with distilled
11 (1, p11 |\ ultulatcd autnrdtng to thc chdcrsmvHassclhalch equa—
11011

p11 pk tlug Apmtonatccptorh

< pmtondmmr f

uhm'c pix — 6.86 at 25“( .

TABLE AI-BB Preparation of 0.1 M Sodium
Phosphate Buffer at 25°C
 

VOLUME or 1 M VOLUME OF 1 M

 

pH NAZHPO4 (ml) NAH2P04 (ml)

5.8 7. 92.1

6.0 12.0 88.0

6.2 17.3 33.3
6.4 25.5 74.5

6.6 35.2 64.8

6.8 46.3 53.7

7.0 57 7 43.3
7 2 68.4 31.6

/.4 77.4 22.6

7.6 84.5 15.5

7.8 89.6 10.4

8.0 93.2 6.8
 

Data from 15(]() ( 19821.

Dilute the C01111)11]CC1 1 \1 stock 5011111011x to 1 liter With L11\11|1L‘t1

HZO. p11 is calculated according to thc HC11k1L‘1N011'1ldsw‘nmlkh equa—
tum:

pH : pK' + log (proton acceptor)

I PI'UUHI dOIIUI'

where pK : 6.86 at 25“(I.
1  
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AgDs AND BASES
 

TABLE A1-4 Concentrations of Acids and Bases: Common Commercial Strengths
 

SUBSTANCE

Acctig acid. glacial
Auctic acid

Formic acid

Hydrochloric acid

Nitric Acid

Pcrchloric acid

Phosphoric acid
Sulfuric acid
Ammonium hydr0x1de

Potassium hydroxide

5011111111 hydroxide

 

FORMULA M.W.

(JHJJOOH 60.05

60.05

HCOOH 46.02

HCI 36.5

HNO; 63.02

HC1()4 1005

1151904 80.0
112304 98.1
10114011 35.0
KOH 56.1

NaOH 40.0

 

mI/LITER

Mouss/ GRAMS/ % BY SPECIFIC TO PREPARE
|_1TERa LITER WEIGHT GRAVITY 1 M SOLUTION

17.4 1045 99.5 1.05 57.5

6.27 376 36 1.045 159.5

23.4 1080 90 1.20 42.7
11.6 424 36 1.18 86.2

2.9 105 10 1.05 344.8

15.99 1008 71 1.42 62.5
14.9 938 67 1.40 67.1

13.3 837 61 1.37 75.2

11.65 1172 70 1.67 85.8
9.2 923 60 1.54 108.7

18.1 1445 85 1.70 55.2

18.0 1766 96 1.84 55.6

14.8 251 28 0.898 67.6

13.5 757 50 1.52 74.1
1.94 109 10 1.09 515.5

19.1 763 50 1.53 52.4

2.75 111 10 1.11 363.6
 

‘th some adds and b.1ses,st0ck solutions of different molarity/normality are in cOmmon use. These are often abbreviated “mug" for concentrated

xtncka .1nd“d11" tor dilute stocks.

TABLE A1-5 Approximate pH Values for Various Concentrations of Stock Solutions
 

 

SUBSTANCE 1 N 0.1 N 0.01 N 0.001 N

Acetic acid 2.4 2.9 3.4 3.9

Hydrochloric acid 0.10 1.07 2.02 3.01

Sulfuric acid 0.3 1.2 2.1

Citric acid 2.1 2.6

Ammonium hydroxide 11.8 11.3 10.8 10.3

Sodium hydroxide 14.05 13.07 12.12 11.13

Sodium bicarbonate 8.4

Sodium carbonate 11.5 11.0
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PREPARATION OF BUFFERS AND STOCK SOLUTIONS FOR USE IN MOLECULAR BIOLOGY

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

pH Buffers

Phosphate-buffered Saline (PBS)

137 mM NaCl

2.7 mM KC]

10 mM NaZHPOl

2 mM KHlPO4

Dissolve 8 g of NaCl, 0.2 g of KCl, 1.44 g of NaZHPO4, and 0.24 g of KH_.PO4 in 800 ml of

distilled HZO. Adjust the pH to 7.4 with HCl. Add HZO to 1 liter.1)ispensethe solution into

aliquots and sterilize them by autoclaving for 20 minutes at 15 psi (1.05 kg/cmz) on liquid

cycle or by filter sterilization. Store the buffer at room temperature.

PBS is a commonly used reagent that has been adapted for different applications. Note that the
recipe presented here lacks divalent cations. If necessary, PBS may be supplemented with I mM

(Ltd. and 0.5 mM MgCll.

10x Tris EDTA (TE)

pH 7.4

100 mM Tris—Cl (pH 7.4)

10 m.\1 EDTA (pH 8.0)

pH 7.6

100 mM Tris—Cl (pH 7.6)

10 mM EDTA (pH 8.0)

pH 8.0
100 mM Tris-Cl (pH 8.0)

10 mM EDTA (pH 8.0)

Sterilize solutions by autoclaving for 20 minutes at 15 psi (1.05 kg/cml) on liquid cycle. Store

the buffer at room temperature.

Tris-Cl (l M)

Dissolve 121.1 g of'l’ris base in 800 ml of H30. Adjust the pH to the desired value by adding

concentrated HC1 <!>.

pH HCl

7.4 70 ml

7.6 60 ml

8.0 42 ml

Allow the solution to cool to room temperature before making final adjustments to the pH.

Adjust the volume of the solution to 1 liter with H,O. Dispense into aliquots and sterilize

by autoclaving. -

If the 1 M solution has a yellow color, discard it and obtain Tris ofbetter quality. The pH

of Tris solutions is temperature—dependent and decreases ~0.03 pH units‘ for each 1°C

increase in temperature. For example, a 0.05 M solution has pH values of 9.5, 8.9, and 8.6 at

5“C, 25°C, and 37°C, respectively.  
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Tris Magnesium Buffer (TM)

50 mM Tris-Cl (pH 7.8)

10 mM MgSO4

Tris-buffered Saline (TBS)

Dissolve 8 g of NaCl, 0.2 g of KC], and 3 g of Tris base in 800 ml of distilled HZO. Add 0.015 g

of phenol red and adjust the pH to 7.4 with HCl. Add distilled HZO to 1 liter. Dispense the

solution into aliquots and sterilize them by autoclaving for 20 minutes at 15 psi (1.05

kg/cmz) on liquid cycle. Store the buffer at room temperature.

Enzyme Stocks and Buffers

Enzyme Stocks

Lysozyme (10 mg/ml)

Dissolve solid lysozyme at a concentration of 10 mg/ml in 10 mM Tris-Cl (pH 8.0) imme-

diately before use. Make sure that the pH of the Tris solution is 8.0 before dissolving the pro-

tein. Lysozyme will not work efficiently if the pH of the solution is less than 8.0.

Lyticase (67 mg/ml)

Purchase from Sigma. Dissolve at 67 mg/ml (900 units/ml) in 0.01 M sodium phosphate

containing 50% glycerol just before use.

Pancreatic DNase I (1 mg/ml)

Dissolve 2 mg of crude pancreatic DNase I (Sigma or equivalent) in 1 ml of

10 mM Tris—Cl (pH 7.5)

150 mM NaCl
1 mM MgC11

When the DNaseI is dissolved, add 1 m1 of glycerol to the solution and mix by gently invert-

ing the closed tube several times. Take care to avoid creating bubbles and foam. Store the

solution in aliquots of —20°C.

Pancreatic RNase (1 mg/ml)

Dissolve 2 mg ofcrude pancreatic RNase I (Sigma or equivalent) in 2 ml of TE (pH 7.6).

Proteinase K (20 mg/ml)

Purchase as a lyophilized powder and dissolve at a concentration of 20 mg/ml in sterile 50

mM Tris (pH 8.0), 1.5 mM calcium acetate. Divide the stock solution into small aliquots and

Store at —20°C. Each aliquot can be thawed and refrozen several times but should then be

discarded. Unlike much cruder preparations of protease (e.g., pronase), proteinase K need

not be self—digested before use. (Please see entry on Proteinase K in Appendix 4.)

Trypsin

Prepare bovine trypsin at a concentration of 250 ug/ml in 200 mM ammonium bicarbon-

ate (pH 8.9) (Sequencer grade; Boehringer Mannheim). Store the solution in aliquots at
—20°C.

Zymolyase 5000 (2 mg/ml)

Purchase from Kirin Breweries. Dissolve at 2 mg/ml in 0.01 M sodium phosphate contain—
ing 50% glycerol just before use.

 



Enzyme Dilution Buffers

DNase I Dilution Buffer

10m.\1’1‘1‘is—(Il(pH 7.5)

150 mM NaCl

1 mM MgCl2

Polymerase Dilution Buffer

50 mM Tris—Cl (pH 8.1)

1 m.\1 dithiothreitol

0.1 m,\1 EDTA (pH 8.0)

0.5 mg/ml bovine serum albumin

5% (v/v) glycerol

Prepare solution fresh for each use.

Sequenase Dilution Buffer

10 mM Tris—Cl (pH 7.5)

5 mM dithiothreitol

0.5 mg/ml bovine serum albumin

Store the solution at —200C.

Taq Dilution Buffer

25 mM Tris (pH 8.8)

0.01 m.\1 EDTA (pH 8.0)

0.15% (V/v) Tween-20

0.15% (v/v) Nonidet P—40

Enzyme Reaction Buffers

Preparation QtBufibzs mm’ Slat‘k 5011010115 111.9

A IMPORTANT Wherever possible, use the 10x reaction buffer supplied by the manufacturer of the
enzyme used. Otherwise, use the recipes given here.

10x Amplification Buffer

500 mM KCI

100 mM Tris—Cl (pH 8.3 at room temperature)

15 mM MgCl2

Autoclave the 10x buffer for 10 minutes at 15 psi (1.05 kg/cml) on liquid cycle. Divide the
sterile buffer into aliquots and store them at —20°C.

10x Bacteriophage T4 DNA Ligase Buffer

200 mM Tris—Cl (pH 7.6)

50 mM MgCl2

50 mM dithiothreitol

0.5 mg/ml bovine serum albumin (Fraction V; Sigma) (optional)

Divide the buffer in small aliquots and store at —20°C. Add ATP when setting up the reac-
tion. Add ATP to the reaction to an appropriate concentation (e.g., 1 mM).  
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10x Bacteriophage T4 DNA Polymerase Buffer

330 mM Tris—acetate (pH 8.0)

660 mM potassium acetate

100 mM magnesium acetate

5 mM dithiothreitol

1 mg/ml bovine serum albumin (Fraction V; Sigma)

Divide the 10x stock into small aliquots and store frozen at —20°C.

10x Bacteriophage T4 Polynucleotide Kinase Buffer

700 mM Tris—Cl (pH 7.6)

100 mM MgCl2
50 mM dithiothreitol

Divide the 10x stock into small aliquots and store frozen at —20°C.

5X BAL 31 Buffer

3 M NaCl

60 mM CaCl2

60 mM MgCl2

100 mM Tris—Cl (pH 8.0)

1 mM EDTA (pH 8.0)

10x Dephosphorylation Buffer (for Use with CIP)

100 mM Tris—Cl (pH 8.3)

10 mM MgC12
10 mM ZnCl2

10x Dephosphorylation Buffer (for Use with SAP)

200 mM Tris-Cl (pH 8.8)

100 mM MgCl2
10 mM ZnC]2

1x EcoRI Methylase Buffer

50 mM NaCl

50 mM Tris-Cl (pH 8.0)

10 mM EDTA

80 0M S—adenosylmethionine

Store the buffer in small aliquots at —20°C.

10x Exonuclease III Buffer

660 mM Tris-Cl (pH 8.0)

66 mM MgC11

100 mM B-mercaptoethanol < ! >

Add B-mercaptoethanol just before use.

10x Klenow Buffer

0.4 M potassium phosphate (pH 7.5)

66 mM MgCl2
10 mM B—mercaptoethanol <!>
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10x Linker Kinase Buffer

600 m.\1 ’1'ris—Cl (pH 7.6)

100 mM MgCl,

100 mM dithiothreito1

2 mg/ml bovine serum albumin

Prepare fresh just before use.

Nuclease SI Digestion Buffer

0.28 M NaC1

0.05 M sodium acetate (pH 4.5)

4.5 m.\1 21180471110

Store aliquots of nuclease 51 buffer at ~200C, and add nuclease $1 to a concentration of 500

units/ml just before use.

10x Proteinase K Buffer

100 mM Tris—Cl (pH 8.0)

50 mM EDTA (pH 8.0)

500 mM NaCl

10x Reverse Transcriptase Buffer

500 mM Tris~C1 (pH 8.3)

750 mM KC]

30 mM MgCl2

RNase H Buffer

20 mM Tris—Cl (pH 7.6)

20 mM KC]

0.1 mM EDTA (pH 8.0)

0.1 mM dithiothreitol

Prepare fresh just before use.

5x Terminal Transferase Buffer

Most man ufacturers supply a 5X reaction buffer, which typically contains:

500 mM pntassium cacodylate (pH 7.2) <!>

10 mM COC12'6H20

1 mM dithiothreitol

5X terminal transferase (or tailing) buffer may be prepared according to the following

method (Eschcnfeldt et al. 1987):

1. Equilibrate 5 g of Chelex 100 (Bio—Rad) with 10 m1 of 3 M potassium acetate at room

temperature.

2. After five minutes, remove excess liquid by vacuum suction. Wash the (fhclex three

times with 10 ml of deionized HIO.

3. Prepare a 1 M solution of potassium cacodylate. Equilibrate the cacodylatc solution

with the treated Chelex resin.

4. Recover the cacodylate solution by passing it through a Buchncr funnel fitted with
Whatman N0. 1 filter paper.  
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5. To the recovered cacodylate add in order: HZO, dithiothreitol, and cobalt chloride to

make the final concentrations of 500 mM potassium cacodylate, 1 mM dithiothreitol,

and 20 mM CoClz.

Store the buffer in aliquots at —20°C.

lOX Universal KGB (Restriction Endonuclease) Buffer

l M potassium acetate

250 mM Tris—acetate (pH 7.6)

100 mM magnesium acetate tetrahydrate

5 mM B-mercaptoethanol <!>

0.1 mg/ml bovine serum albumin

Store the 10x buffer in aliquots at —20°C.

Hybridization Buffers

Alkaline Transfer Buffer (for Alkaline Transfer of DNA to Nylon Membranes)

0.4 N NaOH < ! >

1 M NaCl

Church Buffer

10/0 (w/v) bovine serum albumin

1 mM EDTA

0.5 M phosphate buffer*

7% (w/v) SDS

”05 M phosphate buffer is 134 g of NazHPO4-7HZO, 4 m1 of 85% HEPO4 <!> (concen-

trated phosphoric acid), HZO to 1 liter.

Denaturation Solution (for Neutral Transfer, Double—stranded DNA Targets Only)

1.5 M NaCl

0.5 M NaOH <!>

HCl (2.5 N)

Add 25 ml of concentrated HCI < ! > (11.6 N) to 91 ml of sterile HZO. Store the diluted solu-

tion at room temperature.

Hybridization Buffer with Formamide (for RNA)

40 mM PIPES (pH 6.8)
1 mM EDTA (pH 8.0)

0.4 M NaCl

80% (v/v) deionized formamide <!>

Use the disodium salt of PIPES to prepare the buffer, and adjust the pH to 6.4 with 1 N HCl.

Hybridization Buffer without Formamide (for RNA)

40 mM PIPES (pH 6.4)
0.1 mM EDTA (pH 8.0)

0.4 M NaCl

Use the disodium salt of PIPES to prepare the buffer, and adjust the pH to 6.4 with l N HCl.
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Neutralization Buffer I (for Transfer of DNA to Uncharged Membranes)
1 .\1'1'1'is—(j1(pH 7.4}

1.5 .\1 MCI

Neutralization Buffer II (for Alkaline Transfer of DNA to Nylon Membranes)
0.5 M Tris—Cl (pH 7.2)

1 M Na(f1

Neutralizing Solution (for Neutral Transfer, Double—stranded DNA Targets Only)

0.5 M Tris—Cl (pH 7.4)

1.5 .\1 NaCl

Prehybridization Solution (for Dot, Slot, and Northern Hybridization)

0.5 M sodium phosphate (pH 7.2)*

70/0 (w/v) SDS

1 mM EDTA (pH 7.0)

*0.5 M phosphate buffer is 134 g of NaEHPO4~7HZO, 4 ml of 85% H.P()‘<!>(c0nccntmt—

ed phosphoric acid), HZO to 1 liter.

Prehybridization and Hybridization Solutions

Prehybridization/Hybridization Solution (for Plaque/Colony Lifts)

5()% (v/v) formamide (optional) <!>
6x SSC (01‘6x SSPE)

0.05X BLOTTO

As an alternative to the above solution, use Church Buffer (p1easc see recipe on p. A112),

For advice on which hybridization solution to use, please see the panel on PREHYBRIDIZA-

TION AND HYBRIDIZATION SOLUTIONS in Step 5 of Protocol 32 in Chapter 1. For advice on

the use of formamide, p1ease see the information panel on FORMAMIDE AND ITS USES IN

MOLECULAR CLONING in Chapter 6.

Prehybridization/Hybridization Solution (for Hybridization in Aqueous Buffer)

6X SSC (or 6x SSPE)

5x Denhardt’s reagent (see p.A1.15)

0.5% (w/v) SDS

1 pg/ml poly(A)

100 pg/ml salmon sperm DNA

Prehybridization/Hybridization Solution (for Hybridization in Formamide Buffers)
6x SSC (or 6X SSPE)

5x Denhardt’s reagent (see ALIS)

0.5% (w/v) SDS

1 ug/ml poly(A)

100 pg/ml salmon sperm DNA

50% (WW formamide <!>

After a thorough mixing, filter the s01ution through a 04511111 disposah1c cellulose acetate
membrane (Schleicher & Schue11 Uniflow syringe membrane or equivalent). To decrease
background when hybridizing under conditions of reduced stringency (agq 20—30% for—
mamidc), it is important to use formamide that is as pure as possible  
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Prehybridization/Hybridization Solution (for Hybridization in Phosphate-SDS Buffer)

0.5 M phosphate buffer (pH 7.2)*

1 mM EDTA (pH 8.0)

70/0 (w/v) SDS

1% (w/v) bovine serum albumin

Use an electrophoresis grade of bovine serum albumin. No blocking agents or hybridization

rate enhancers are required with this particular prehybridization/hybridization solution.

‘05 M phosphate buffer is 134 g of NaZHPO4-7H30, 4 m10f85% H3P04 <1 > (concentrat-

ed phosphoric acid). HzO to 1 liter.

20x SSC

Dissolve 175.3 g of NaCl and 88.2 g of sodium citrate in 800 ml of H20. Adjust the pH to

7.0 with a few drops of a 14 N solution of HCl <!>. Adjust the volume to 1 liter with 1130.

Dispense into aliquots. Sterilize by autoclaving. The final concentrations of the ingredients

are 3.0 M NaCl and 0.3 M sodium acetate.

20x SSPE

Dissolve 175.3 g of NaCl, 27.6 g of NaHZPO4~HZO, and 7.4 g of EDTA in 800 ml of H20.

Adjust the pH to 7.4 with NaOH <!> (~6.5 ml of a 10 N solution). Adjust the volume to 1

liter with HZO. Dispense into aliquots. Sterilize by autoclaving. The final concentrations of

the ingredients are 3.0 M NaCl, 0.2 M NaHIPO4, and 0.02 M EDTA.

Blocking Agents

Blocking agents prevent ligands from sticking to surfaces. They are used in molecular cloning to

stop nonspecific binding of probes in Southern, northern, and western blotting. If left to their

own devices, these probes would bind tightly and nonspecificafly to the supporting nitroce11ulose

or nylon membrane. Without blocking agents, it would be impossible to detect anything but the

strongest target macromoiecules.

No one knows for sure what causes nonspecific binding of probes. Hydrophobic patches,

lignin impurities, excessively high concentrations of probe, overbaking or underbaking of nitro-

cellulose filters, and homopolymeric sequences in nucleic acid probes have all been blamed from

time to time, together with a host of less likely culprits. Whatever the cause, the solution is gen—
erally simple: Treat the filters with a blocking solution containing a cocktail of substances that will

compete with the probe for nonspecific binding sites on the solid support. Blocking agents work

by brute force. They are used in high concentrations and generally consist of a cocktail of high—

molecular-weight polymers (heparin, polwinylpyrrolidine, nucleic acids), proteins (bovine

serum albumin, nonfat dried milk), and detergents (SDS or Nonidet P-40). The following rec-

ommendations apply only to nylon and nitrocellulose filters. Charged nylon filters should be

treated as described by the individua1 manufacturer.

Blocking Agents Used for Nucleic Acid Hybridization. Two blocking agents in common use in

nucleic acid hybridization are Denharclt’s reagent (Denhardt 1966) and BLOTTO (Bovine Lacto

Transfer Technique Optimizer; Johnson et al. 1984). Usually, the filters carrying the immobilized

target molecules are incubated with the blocking agents for an hour or two before the probe is

added. In most cases, background hybridization is completely suppressed when filters are incu—

bated with a blocking agent consisting of 6x SSC or SSPE containing 5X Denhardt’s reagent, 1.0%

SDS, and 100 mg/ml denatured, sheared salmon sperm DNA. This mixture should be used
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whenever the ratio of signal to noise is expected to be low, for example, when carrying out north»

ern analysis of low—abundance RNAs or Southern analysis Of single»mpy sequences of mnm~

malian DNA. However. in most other Circumstances (Grunstein—Hogncss hybridization, Benton-
Davis hybridization, Southern hybridimtion of abundant DNA sequences, etc), a less expensive
alternative is 6x SSC or SSPE containing 0.25—().5% nonfat dried milk (BLO'I‘TO; lohnson et di.
1984).

Blocking agents are usually included in both prehybridization and hybridiytttion solutions
when nitroceiiulose filters are used. However, when the target nucleic acid is immobili/ed on
nylon membranes, the blocking agents are often omitted from the hybridization solution. [his is
because high concentrations of protein are believed to interfere with the annealing of the probe

to its target. Quenching of the hybridization signal by blocking agents is particularly noticeable

when nhgomtcleotidcs are used as probes. This problem can often be solved by carrying out the

hybridization step in a solution containing high concentrations of SDS (b—Twh sodium pht)s~

phatc (0.4 NI ), bovine seium albumin (19/0), and EDTA (0.02 M) (Church and (iilbcrt 1984).

Heparin is sometimes used instead of Denhardt’s solution or BIOTTO when hybridization

is carried out in the presence of the accelerator, dextran sulfate. it is used at a concentration at

500 ug/ml in hybridization solutions containing dextran sulfate. In hybridizntion solutions that

do not contain dextran sulfate, heparin is used at a concentration of 50 pg/ml (Singh and lanes

1984). Heparin (Sigma porcine grade II or equivalent) is dissolved at a concentration otit) mg/ml

in 4X SSPE or SSC and stored at 4°C.

  

DENHARDT’S REAGENT ’

Denhardt's reagent is used for

0 northern hybridization l

. singie-(opy Southern hybridization ,

o hybridizations involving DNA immobilized on nylon membranes i

Denhdrdt’s reagent is usually made up as a 30x stock solution, which is filtered and stored at 720“C. The
sl()(‘k solution is diluted tenfold into prehybridization buffer (usually b>< 55C or bx SSPE (ontaining 1.0“0 SDS
and 100 pg ml denatured salmon sperm DNA). 50x Denhardt’s reagent contains in HQ (Denhardt 1966):

1% (w v) polyvinylpyrrolidone

I% (w v) bovine serum albumin (Sigma, Fraction V) 
i
i

i
1% (w v) Fi(()|l 400 i

i
i
1 

 

BLOTTO <!>

BLOWO is used tor

a (Jrunstein—Hogness hybridization

o Benton-Davis hybridization

o a“ Southern hybridizations other than single-copy dot blots and slot blots

1x BLOWO is 5% «WM nont‘at dried milk dissolved in HQ containing 0.0294) sodium azide <!>. 1x
BLOTTO is stored at 4"C and is diluted 1&25~foid into prehybridization buffer before use. BLOflO should
not be used in combination with high concentrations of SDS, which will (ause the milk proteins to pm ipitdte.
If ba( kground hybridization is a problem, Nonidet P—40 may be added to a final concentration of 1% (v/v).

BLOWO may contain high levels of RNase and should be treated with diethylpyrocarbondte (Siegel and
Bresnit‘k 1986) or heated overnight to 72“C (Monstein et al. 1992) when used in northern hybridizations and
when RNA is used as a probe. BLOTTO is not as efiective as Denhardt’s solution when the target DNA is
immobilized on nylon filters.

[
4
4
—
4
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Blocking Agents Used for Western Blotting. The best and least expensive blocking reagent is non—

fat dried milk (Johnson et al. 1984). It is easy to use and is compatible with all of the common

immunological detection systems. The only time nonfat dried milk should not be used is when

western blots are probed for proteins that may be present in milk.

One of the following recipes may be used to prepare blocking buffer. A blocking solution

for western blots is phosphate—buffered saline containing 50/0 (w/V) nonfat dried milk, ().01%

Antifoam, and 0.02% sodium azide.

Blocking Buffer (TNT Buffer Containing a Blocking Agent)

10 mM Tris—Cl (pH 8.0)

150 mM NaCl

0.05% (v/v) Tween—ZO

blocking agent (10/0 [w/v] gelatin, 30/0 [w/v] bovine serum albumin, or

5% [w/v] nonfat dried milk)

Opinion about which of these blocking agents is best varies from laboratory to laboratory.

We recommend carrying out preliminary experiments to determine which of them works

best. Blocking buffer can be stored at 4°C and reused several times. Sodium azide <!>

should be added to a final concentration of 0.05% (w/V) to inhibit the growth of microor-

ganisms.

Extraction/Lysis Buffers and Solutions

Alkaline Lysis Solution I (Plasmid Preparation)

50 mM glucose

25 mM Tris-Cl (pH 8.0)

10 mM EDTA (pH 8.0)

Prepare Solution 1 from standard stocks in batches of ~100 ml, autoclave for 15 minutes at

15 psi (1.05 kg/cmz) on liquid cycle, and store at 4°C.

Alkaline Lysis Solution II (Plasmid Preparation)

0.2 N NaOH (freshly diluted from a 10 N stock) < !>

We (w/v) SDS

Prepare Solution II fresh and use at room temperature.

Alkaline Lysis Solution III (Plasmid Preparation)

5 M potassium acetate 60.0 ml

glacial acetic acid <!> 11.5 ml

Hp 28.5 ml

The resulting solution is 3 M with respect to potassium and 5 M with respect to acetate. Store

the solution at 4°C and transfer it to an ice bucket just before use.

STET

1() mM Tris—Cl (pH 8.0)

0.1 M NaCl

1 mM EDTA (pH 8.0)

50/0 (v/v) Triton X—100

Make sure that the pH of STET is 8.0 after all ingredients are added. There is no need to
sterilize STET before use.
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Electrophoresis and Gel-Ioading Buffers

Commonly Used Electrophoresis Buffers

 

Buffer Working Solution Stock Solution/Liter

TAP. 1x 50x

40 mM Tris—acetate 242 g of Tris base

1 m.\1 EDTA 57.1 ml of glacial acetic acid <!>

100 m10f0.5 M FDTA (pH 8.0)

TBli“ 0.5x 5X

45 mM Tris—borate 54 g of Tris base

1 mM EDTA 27.5 g Of horic acid

20 m10f0.5 M E1)TA(pH 8.0)

TPF. 1X 10x

90 mM Tris—phosphate 108 g ofTris base
2 mM EDTA 15.5 m] of phosphoric acid <!>

(85%, 1.679 g/ml)
40 m1 of 0.5 M EDTA (pH 8.0)

'11'is—g1ycine1‘ 1x 5X

25 mM Tris—Cl

250 mM glycine

0.1% SDS

15.1 g of Tris base
94 g of glycine (electrophoresis grade)

50 ml of 10% SDS (electrophoresis grade)

“1131. is usually made and stored as a 5X or 10x stock solution. The pH of the concentrated stmk buffer should he

~8.3. Dilute the concentrated stock buffer just before use and make the gel solution and the electrophoresis buffer
from the same concentrated stock solution. Some investigators prefer to use more C011CCI111 ated stock solutiom 01
1111-1 ( 10x as opposed to 5X). However, 5X stock solution is more stable because the solutes do not precipitate dun“?

ing storage. Passing the 5X 01“ 10>< buffer stocks through a 0.22-um filter am prevent or delay formation of pre—
cipitdtes.

hUse'1‘ris-Lt:l‘vcine buffers for 51)S—po1yac1‘ylamide ge1s (see Appendix 8).

Specialized Electrophoresis Buffers

10x Alkaline Agarose Gel Electrophoresis Buffer

500 m.\l NaOH <!>

10 mM EDTA

Add 50 ml of 10 N NaOH and 20 m1 of 0.5 M EDTA (pH 8.0) to 800 ml of P130 and then

adjust the final volume to 1 liter. Dilute the 10x alkaline agarose gel electrophoresis buffer

with H,O to generate a 1x working solution immediately before use. Use the same stock of

10x alkéline agarose gel electrophoresis buffer to prepare the alkaline agarose gel and the 1X

working solution of alkaline electrophoresis buffer.

10x BPTE Electrophoresis Buffer

100 mM PIPES

300 mM Bis-Tris

10 mM EDTA

The final pH of the 10x buffer is ~6.5. The 10x buffer can be made by adding 3 g of PIPES
(free acid), 6 g of Bis-Tris (free base), and 2 m1 010.5 M EDTA to 90m10fdisti11ed 11.0 and
then treating the solution with diethylpyrocarbonate <!> (final concentration 0.1_%; for
more details, please see the information panel on DIETHYLPYROCARBONATE in Chapter 7).  
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10x MOPS Electrophoresis Buffer

0.2 M MOPS (pH 7.0) <!>

20 mM sodium acetate

10 mM EDTA (pH 8.0)

Dissolve 41.8 g of MOPS in 700 ml of sterile DEPC-treated < !> HZO. Adjust the pH to 7.0

with 2 N NaOH. Add 20 ml ofDEPC—treated l M sodium acetate and 20 ml of DEPC—treat—

ed 0.5 M EDTA (pH 8.0). Adjust the volume of the solution to 1 liter with DEPC—treated

HZO. Sterilize the solution by passing it through a 0.45—um Millipore filter, and store it at

room temperature protected from light. The buffer yellows with age if it is exposed to light

or is autoclaved. Straw-colored buffer works well, but darker buffer does not.

MOPS (3[N-MORPHOLINOIPROPANESULFONIC ACID

Molar strength of saturated

 

FW pKu (20°C) A pKdIOC solution at OCC

209.3 7.15 —0.013 3.1

H H H o H H T o

/“‘\ I I I II /—\ | I II
H++ N—c—o—c—o—s’wt—‘o HN+—c—c—c—o——s+

u I I I II \—J I I I II
H H H o H H H o

MOPS is one of the buffers developed by Robert Good’s laboratories in the 19705 to facilitate isolation
of chloroplasts and other plant organelles (for reviews, please see Good and Izawa 1972; Ferguson et all.
1980; please also see figure above). In molecular cloning, MOPS Is a component of buffers used for the
electrophoresis of RNA through agarose gels (Lehrach et aI. 1977; Goldberg 1980). 
 

TAFE Gel Electrophoresis Buffer

20 mM Tris-acetate (pH 8.2)

0.5 mM EDTA

Use acetic acid to adjust the pH of the Tris solution to 8.2, and use the free acid of EDTA,

not the sodium salt. Concentrated solutions of TAFE buffer can also be purchased (e.g.,

from Beckman).

A IMPORTANT The TAFE gel electrophoresis buffer must be cooled to 14°C before use.

GeI-loading Buffers

6x Alkaline Gel—loading Buffer

300 mM NaOH <!>

6 mM EDTA

18% (w/v) Ficoll (Type 400, Pharmacia)

0.15% (w/vI bromocresol green

0.250/0 (w/v) xylene cyanol

Bromophenol Blue Solution (0.4%, w/v)

Dissolve 4 mg of solid bromophenol blue in 1 ml of sterile HJO. Store the solution at room
temperature.
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TABLE A1-6 6x GeI-Ioading Buffers

BUFFER TYPE 6>< BUFFER STORAGE TEMPERATURE

  

 

l 0.25"0 (w/v) bromophsnol blue 4“(‘

0.25‘ 0 (w/v) xylene cyanol FF

40% (w/v) sucrose in H10

11 035“0 (w/x) bromophenol blue mom tcmpcmturc

0.25“o (w/V) xylene cyamfl PF

1500 (w/v) Ficoll (‘I'lvpc 400; l’harnmcid) in HJO

Ill 0.25"u (w/v) bromophenol blue bl:

0.2500 (w/v) xylene cyanol PF

3000 (v/v) glycerol in H1()

l\' 0.25”0 (w/v) bronmphcnol blue 4°C

4000 (w/v) sucrose in HZO
 

Bromophenol Blue Sucrose Solution

0.25% (w/v) bromophenol blue

40% (w/v) sucrose

Cresol Red Solution (10 mM)

Dissolve 4 mg Of the sodium salt of cresol red (Aldrich) in 1 ml of sterile HJO. Store the

solution at room temperature.

10x Formaldehyde Gel—loading Buffer
50% (v/v) glycerol (diluted in DEPC—treated <!> HZO)

10 m.\1 EDTA (pH 8.0)

0.2500 (w/v) brmnophenol blue

0.25% (w/v) xylene cyanol FF

Formamide—loading Buffer

80% (w/v) deionized formamide <!>

10 mM EDTA (pH 8.0)

1 mg/ml xylene cyano] FF

1 mg/ml bromophenol blue

Purchase a distilled deionized preparation of formamide and store in small] aliquots under nitro-

gen at —2()“C. Alternatively, deionize reagent—gradc formamidc as described in Appendix 8.

RNA Gel-loading Buffer

95% (v/v) deionized formdmide <!>

0.02590 (w/v) bromophenol blue

0.02590 (w/v) xylene cyanol FF

5 mM EDTA (pH 8.0)
0.02500 (w/v) SDS
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2X SDS Gel-loading Buffer

100 mM Tris—Cl (pH 6.8)

4% (w/v) SDS (electrophoresis grade)

().2% (w/v) bromophenol blue

20% (V/v) glycerol

200 mM dithiothreitol or B—mercaptoethanol <!>

IX and 2x SDS gel—loading buffer lacking thiol reagents can be stored at room temperature.
Add the thiol reagents from 1 M (dithiothreitol) or 14 M (B-mercaptoethanol) stocks just

before the buffer is used.

2.5)( SDS—EDTA Dye Mix

O.4% (V/v) SDS

30 mM EDTA

0.250/0 bromophenol blue

0.250/0 xylene cyanol FF

2()% (w/v) sucrose

Special Buffers and Solutions

Elution Buffer (Qiagen)

50 mM Tris—Cl (pH 8.1—8.2)

1.4 M NaCl

15% (v/v) ethanol

KOH/Methanol Solution

This solution is for Cleaning the glass plates used to cast sequencing gels. It is prepared by

dissolving 5 g of KOH <!> pellets in 100 m] of methanol <!>. Store the solution at room

temperature in a tightly capped glass bottle.

1 Annealing Buffer

100 mM Tris—Cl (pH 7.6)

10 mM MgCl2

LB Freezing Buffer

36 mM KZHPO4 (anhydrous)

13.2 mM KHZPO4

1.7 mM sodium citrate

0.4 mM MgSO4~7H20

6.8 mM ammonium sulfate

4.4% (v/v) glycerol

in LB broth

LB freezing buffer (Zimmer and Verrinder Gibbins 1997) is best made by dissolving the salts

in 100 ml of [B to the specified concentrations. Measure 95.6 ml of the resulting solution

into a fresh container and then add 4.4 ml of glycerol. Mix the solution well and then ster—
ilize by passing it through a 0.45—um disposable Nalgene filter. Store the sterile freezing

medium at a controlled room temperature (15—250C).

 



Jrepamrimt ngufii’rs (11111510Ck Solutiuns A1.21

MgClz—CaCl2 Solution

80 m.\1 MgCl2

20 m.\1 CaCl3

P3 Buffer (Qiagen)

3 M potassium acetate (pH 5.5)

PEG—MgCl2 Solution

40% (w/v) polyethylene glycol (PEG 8000)

30 mM MgCl2

Dissolve 40 g of PEG 8000 in a final volume of 100 ml 0130 mm MgCl,. Sterilize the solu—

tion by passing it through a 0.22—um filter, and store it at room temperature.

QBT Buffer (Qiagen)

750 mM NaCl <!>

50 mM MOPS1pH 7.0) <! >

15% (v/v) isopropanol

0.15% (v/v) Triton X—100

Radioactive Ink <!>

Radioactive ink is made by mixing a small amount of 531) with waterproof black drawing

ink. We find it convenient to make the ink in three grades: very hot (>2000 cps (m a hand»

held minimonitor), hot (>500 cps on a hand—held minimonitor), and cool (>50 cps on a

hand—held minimonitor). Use a fiber—tip pen to apply ink of the desired activity to the

pieces of tape. Attach radioactive—warning tape to the pen, and store it in an appropriate

place.

Sephacryl Equilibration Buffer

50 mM Tris—Cl (pH 8.0)

5 mM EDTA
0.5 M NaCl

SM and SM Plus Gelatin

Per liter:

NaCl 5.8 g
MgSO4-7HZO 2 g
1 M Tristl (pH 7.5) 50 m]

2% [w/v) gelatin solution 5 ml

11.0 to 1 liter

Sterilize the buffer by autoclaving for 20 minutes at 15 psi (1.05 kg/cml) on liquid cycle.

After the solution has cooled, dispense SO—ml aliquots into sterile containers. SM may be

stored indefinitely at room temperature. Discard each aliquot after use to minimize the

chance of contamination.

Sorbitol Buffer

1 M sorbitol

0.1 .\1EDTA(pH 7.5)
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STE

10 mM Tris-Cl (pH 8.0)

0.1 M NaCl

1 mM EDTA (pH 8.0)

Sterilize by autoclaving for 15 minutes at 15 psi (1.05 kg/cmz) on liquid cycle. Store the ster-

ile solution at 4°C.

10x TEN Buffer

0.1 M Tris—Cl (pH 8.0)

0.01 M EDTA (pH 8.0)
1 M NaCl

TES

10 mM Tris—Cl (pH 7.5)

1 mM EDTA (pH 7.5)

0.1% (w/v) SDS

Triton/SDS Solution

10 mM Tris-Cl (pH 8.0)

2% (v/v) Triton X—100

1% (w/v) SDS

100 mM NaCl

1 mM EDTA (pH 8.0)

Sterilize the solution by passing it through a 0.22-um filter, and store it at room tempera-

ture.

Tris—Sucrose

50 mM Tris—Cl (pH 8.0)
10% (w/v) sucrose

Sterilize the solution by passing it through a 0.22-um filter, and store it at room tempera—

ture. Solutions containing sucrose should not be autoclaved since the sugar tends to car-

bonize at high temperatures.

Wash Buffer (Qiagen)

50 mM MOPS—KOH <!> (pH 7.5—7.6)

0.75 M NaCl

15% (v/v) ethanol

When making this buffer, adjust the pH of a MOPS/NaCl solution before adding the ethanol.

Yeast Resuspension Buffer

50 mM Tris—Cl (pH 7.4)
20 mM EDTA (pH 7.5)
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PREPARATION OF ORGANIC REAGENTS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Phenol

Moat hatches Ofcommercial liquefied phenol <!> are clear and colorless and can be used in moi»

eeulm‘ cloning Without redistiliation. Occasionally, batches of liquefied phenol are pink or yellow,

and these should be rejected and returned to the manufacturer. Crystalline phenol is not recom-

mended because it must be redistilled at 160°C to remove oxidation products, such as quinones.

that cause the breakdown of phosphodiester bonds or cause cross-linking of RNA and DNA.

Equilibration of Phenol

Before use, phenol must be equilibrated to a pH of >7.8 because the DNA partitions into the

organic phase at acid pH. Wear gloves, full face protection, and a lab coat when carrying out this

procedure.

1. Store liquefied pheno1 at —20“C. As needed, remove the phenol from the ti‘eeyei', allow it to

warm to room temperature, and then melt it at 68°C. Add hydroxyquiimline to 11 final con—

centration of().1%. This compound is an antioxidant, a partial inhibitor of RNase, and a weak

ehelator ofmeta1 ions (Kirby 1956). In addition, its yellow color provides a convenient way to

identify the organic phase.

. To the melted phenol, add an equal volume Of buffer (usually 0.5 M Tris—(Zl [pH 8.0) at room

temperature). Stir the mixture on a magnetic stirrer for 15, minutesx Turn off the stirrer. and

when the two phases have separated, aspirate as much as possible ofthe upper (aqueous) phase

using a glass pipette attached to a vacuum line equipped with appropriate traps (please see

Appendix 8, Figure A8—2).

. Add an equal volume 0110. 1 M Tris—Ci (pH 8.0) to the phenol. Stir the mixture on A magnetic

stirrer for 15 minutes. Turn off the stirrer and remove the upper aqueous phase as described

in Step 2. Repeat the extractions until the pH of the phenolic phase is >7.h‘ (as measured with

pH paper).

. After the phenol is equilibrated and the fina1aqueous phase has been remm ed, add 0.1 volume

of 0.1 M '1‘ris»Cl (pH 8.0) containing 0.2% B—mercaptoethanol <!>. The phenol solution may

be stored in this form under 100 mM Tris—C1 (pH 8.0) in a Iight—tight bottle at 4"(1 for periods

of up to 1 month.

PhenolzChloroform:Isoamy| Alcohol (25:24:1)

A mixture consisting of equal parts of equilibrated phenol and chlorotbrmzisoamyl alcohol <!>

(24:1 ) is frequently used to remove proteins from preparations of nucleic acids. The ehlomtbrm

denatures proteins and facilitates the separation of the aqueous and organic phases, and the

isoamyl alcohol reduces foaming during extraction. Neither chlorotbrm nor is‘oumyl alcohol

requires treatment before use. The phen01:ch10r0form:isoamyl alcohol mixture may be stored

under 100 m.\I Tris-Cl (pH 8.0) in a light—tight bottle at 4°C for periods of up to 1 month.
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Deionization of Formamide

Many batches of reagent—grade formamide <!> are sufficiently pure to be used without further
treatment. However, if any yellow color is present, deionize the formamide by stirring on a mag—

netic stirrer with Dowex X68 mixed bed resin for 1 hour and filtering it twice through Whatman
No. 1 paper. Store deionized formamide in small aliquots under nitrogen at —70°C.

Deionization of Glyoxal

Commercial stock solutions of glyoxal (40% or 6 M) contain various hydrated forms of glyoxal,

as well as oxidation products such as giyoxylic acid, formic acid, and other compounds that can

degrade RNA. These contaminants must be removed by treatment with a mixed—bed resin such

as Bio-Rad AG-SlO-X8 until the indicator dye in the resin is exhausted. To deionize the glyoxal:

1. Immediately before use, mix the giyoxal with an equal volume mixed—bed ion-exchange resin

(Bio-Rad AG-SlO-XS). Alternatively, pass the glyoxal through a small column of mixed bed

resin, and then proceed to Step 3.

2. Separate the deionized material from the resin by filtration (e.g., through a Uniflow Plus filter;

Schleicher & Schuell).

3. Monitor the pH of the glyoxal by mixing 200 pl of glyoxal with 2 pl of a 10 mg/ml solution of

bromocresol green in H20, and observing the change in color‘ Bromocresol green is yellow at

pH <4.8 and blue—green at pH >5.2.

4. Repeat the deionization process (Steps 1—2) until the pH of the glyoxal is >5.5.

Deionized glyoxal can be stored indefinitely at —20°C under nitrogen in tightly sealed

microfuge tubes. Use each aliquot only once and then discard.
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CHEMICAL STOCK SOLUTIONS
 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <1>.

Acrylamide Solution (45% w/v)

acrylamide (DNA—sequencing grade) <!> 434 g

N,N'~methylenebisacrylamide <!> 16 g

HzO to 600 m1

Heat the solution to 37°C to dissolve the chemicals. Adjust the volume to 1 liter with dis~

tilled HJO. Filter the solution through a nitrocellulose filter (e.g., Nalge, 0.45—micr0n pore

size), and store the filtered solution in dark bottles at room temperature.

Actinomycin D (5 mg/ml)

Dissolve actinomycin D <!> in methanol <!> at a concentration 015 mg/ml. Store the

stock solution at —200C in the dark. Please see the information panel on ACTINOMYCIN D
in Chapter 7.

Adenosine Diphosphate (ADP) (1 mM)

Dissolve solid adenosine diphosphate in sterile 25 mM Tris—Cl (pH 8.0). Store small aliquots

(~20 til) of the solution at —20“C.

Ammonium Acetate (10 M)

To prepare a l—liter solution, dissolve 770 g of ammonium acetate in 800 m1 of H20. Adjust

volume to 1 liter with HzO. Sterilize by filtration. Alternatively, to prepare a 100~ml solu—

tion, dissolve 77 g of ammonium acetate in 70 m1 of H20 at room temperature. Adjust the

volume to 100 ml with 1110. Sterilize the solution by passing it through a 0.22-pm filter.

Store the solution in tightly sealed bottles at 4°C or at room temperature. Ammonium

acetate decomposes in hot H20 and solutions containing it should not be autoclaved.

Ammonium Persulfate (10% w/v)

ammonium persulfate <!> 1 g

HJO to 10 m1  
Dissolve 1 g ammonium persulfate in 10 m1 of H20 and store at 40C. Ammonium persul-
fate decays slowly in solution, so replace the stock solution every 2—3 weeks. Ammonium
persulfate is used as a catalyst for the copolymerization of acrylamide and bisacrylamide
gels. The polymerization reaction is driven by free radicals generated by am oxido-reduction 1
reaction in which a diamine (e.g., TEMED) is used as the adjunct catalyst (Chramhach and ‘
Rodbard 1972).

ATP (10 mM)

Dissolve an appropriate amount of solid ATP in 25 mM Tris-Cl (pH 8.0). Store the ATP
solution in small aliquots at ~200C.

Calcium Chloride (2.5 M)

Dissolve 11 g of CaClz-fiHZO in a final volume of 20 m1 of distilled Hzo. Sterilize the 5011
tion by passing it through a 0.22—um filter. Store in l—ml aliquots at 4“C.



AI.26 Appendix 1: Preparation ofReagerzts and Buffers Used in Molecular Cloning

Coomassie Staining Solution

Dissolve 0.25 g of Coomassie Brilliant Blue R—250 in 90 m1 0fmethanol:HZO <!> (1:1, v/v)

and 10 m1 ofglacial acetic acid <! >. Filter the solution through a Whatman NO. 1 filter to

remove any particulate matter. Store at room temperature. Please see the entry on

Coomassie Staining in Appendix 8.

Deoxyribonucleoside Triphosphates (dNTPs)

Dissolve each dNTP in HZO at an approximate concentration of 100 mM. Use 0.05 M Tris

base and a micropipette to adjust the pH of each of the solutions to 7.0 (use pH paper to

check the pH). Dilute an aliquot of the neutralized dNTP appropriately, and read the opti-

cal density at the wavelengths given in the table below.Ca1culate the actual concentration of

each dNTP. Dilute the solutions with HZO to a final concentration of 50 mM dNTP. Store

each separately at —70°C in small aliquots.

 

Base Wavelength (nm) Extinction Coefficient (E)(M"cm")

A 259 1.54 X 104

G 253 1.37 x 104

C 271 9.10 x 103

T 267 9.60 X 103

For a cuvette with a path length of 1 cm, absorbance : EM. 100 mM stock solutions of each

dNTP are commercially available (Pharmacia).

For polymerase chain reactions (PCRS), adjust the dNTP solution to pH 8.0 with 2 N NaOH. Commer~
cuilly available solutions of PCR—grade dNTPs require no adjustment.

Dimethylsulfoxide (DMSO)

Purchase a high grade of DMSO < ! > (HPLC grade or better). Divide the contents ofa fresh

bottle into l—ml aliquots in sterile tubes. Close the tubes tightly and store at —20°C. Use each

aliquot only once and then discard.

Dithiothreitol (DTT, 1 M)

Dissolve 3.09 g of dithiothreitol in 20 m1 of 0.01 M sodium acetate (pH 5.2) and sterilize by

filtration. Dispense into l—ml aliquots and store at —20°C. Under these conditions, dithio-

threitol is stable to oxidation by air.

EDTA (0.5 M, pH 8.0)

Add 186.1 g of disodium EDTA-ZHZO to 800 ml of H20. Stir vigorously on a magnetic stir-

rer. Adjust the pH to 8.0 with NaOH (~20 g of NaOH pellets<!>). Dispense into aliquots

and sterilize by autoclaving. The disodium salt of EDTA will not go into solution until the

pH of the solution is adjusted to ~8.0 by the addition of NaOH.

EGTA (0.5 M, pH 8.0)
EGTA is ethylene glycol bis(B—aminoethyl ether) N,N,N’,N’-tetraacteic acid. A solution of

EGTA is made up essentially as described for EDTA above and sterilized by either autoclav-

ing or filtering. Store the sterile solution at room temperature.

Ethidium Bromide (10 mg/ml)

Add 1 g of ethidium bromide <!> to 100 m1 of H20. Stir on a magnetic stirrer for several

hours to ensure that the dye has dissolved. Wrap the container in aluminum foil or transfer

the solution to a dark bottle and store at room temperature.  
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Gelatin (2% w/V)

Add 2 g otigelatin to a total volume of 100 ml oszO and autoclave the xolution for 1511011

Utes at 15 psi (1.05 kg/cmz) on liquid cyde.

Glycerol (100/o v/v)

Dilute 1 volume of molecular—biology-grade glycerol in 9 volumes of sterile pure 11:0.

Sterilize the solution by passing it through a prerinsed 022—1111] filter. Stm‘e in 200—1111

aliquots at 4“().

IPTG (20% w/v, 0.8 M)

IPTG is isopropylthiO-B-D—galactoside. Make a 20% solution 01. IPTG by dissolving 2 g at

IPTG in 8 ml of distilled HZO. Adjust the volume 01 the solution to 10 ml with H30 and

sterilize by passing it through 3 022—1111] disposable filter. Dispense the solution into 1-ml

aliquots and store them at —200C.

KC] (4 M)

Dissolve an appropriate amount of solid KC] in HZO,aut0c1aye for 20 minutes on liquid cycle

and store at room temperature. Ideally, this solution should be divided into smaH (~100 111)

aliquots in sterile tubes and each aliquot thereafter used one time.

Lithium Chloride (LiCl, S M)

Disso1ve 21.2 g of LiCl in a final volume of 90 ml 0fH10.Adiust the volume ofthe solution

to 100 m] with HZO. Sterilize the solution by passing it through 3 022—1111] 111ter, or by auto-

claving for 15 minutes at 15 psi (1.05 kg/cmz) on liquid cycle. Store the solution at 4°C.

MgC12-6HZO (] M)

Dissolve 203.3 g of MgC13-6HZO in 800 m1 of H20. Adjust the volume 10 1 liter with Hp.

Dispense into aliquots and sterilize by autoclaving. MgCl2 is extremely hygroscopic. Buy small

bottles (e.g., 100 g) and do not store opened bottles for long periods oftime.

MgSO4 (1 M)

Dissolve 12 g of MgSO4 in a final volume of 100 m1 of H30. Sterilize by autoclaying or fil—

ter sterilization. Store at room temperature.

Maltose (20% w/V)

Dissolve 20 g of maltose in a final volume of 100 ml of H10 and sterilize by passing it

through a 0.22—11m filter. Store the sterile solution at room temperature.

NaOH (10 N)

The preparation of 10 N NaOH <!> involves a highly exothermic reaction, which can cause

breakage of glass containers. Prepare this solution with extreme care in plastic beakers. To

800 m1 of H20, s1owly add 400 g of NaOH pellets <!>, stirring continuously. As an added
precaution, place the beaker on ice. When the pellets have dissolved completely, adjust the
volume to 1 liter with HZO. Store the solution in a plastic container at room temperature.

Sterilization is not necessary.

NaCl (Sodium Chloride, 5 M)

Dissolve 292 g of NaCl in 800 ml of H30. Adjust the volume to 1 liter “ith HJO. Dispense
into aliquots and sterilize by autoclaving. Store the NaCl solution at room temperature.  
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PEG 8000

Working concentrations of PEG < !> range from 13% to 40% (w/v). Prepare the appropri—

ate concentration by dissolving PEG 8000 in sterile HzO, warming if necessary. Sterilize the

solution by passing it through a 0.22—pm filter. Store the solution at room temperature.

 

Polyethylene glycol (PEG)15 a straight-chain polymer of a simple repeating unit H(OCH CH21OH. PEG

is availablein a range of molecular weights whose names reflect the number(n) of repeating units in each

molecule. In PEG 400 for example n—— 8—9 whereasin PEG 4000, n ranges from 68 to 84. PEG induces
macromolecular crowding of solutes in aqueous solution (Zimmerman and Minton 1993) and has a
range of uses in molecular cloning, including:

o Precipitation ofDNA molecules according to their size. The concentration of PEG required for pre-
cipitation is in inverse proportion to the size of the DNA frgaments (Li; and Schleif 1975a,b; Ogata
and Gilbert 1977; Us 1980); please see Chapter 1, Protocol 8, and Chapter 2, Protocol 6.

- Precipitation and purification of bacteriophage particles (Yamamoto et al. 1970).

0 Increasing the efficiency ofreassociation ofcomplementary chains of nucleic acids during hybridiza-
tion, qunt-end ligation of DNA molecules, and end-Iabeling of DNA with bacteriophage T4 polynu-
cleotide kinase (Zimmerman and Minton 1993; please see the information panel on CONDENSING
AND CROWDING REAGENTS in Chapter 1).

0 Fusion of cultured cells with bacterial protoplasts (Schaffner 1980; Rassoulzadegan et al. 1982).   
 

Potassium Acetate (5 M)

5 M potassium acetate 60 1111

glacial acetic acid <!> 11.5 ml

HBO 28.5 ml

The resulting solution is 3 M with respect to potassium and 5 M with respect to acetate. Store

the buffer at room temperature.

SDS (20% w/v)

Also called sodium lauryl sulfate. Dissolve 200 g of electrophoresis——grade SDS <!> 111 900

ml of H0. Heat to 68°C and stir with a magnetic stirrer to assist d1ssolut10n. If necessary,
adjust the pH to 7. 2 by adding a few drops of concentrated HCl <.' > Adjust the volume to
1 liter with HZO. Store at room temperature. Sterilization15 not necessary. Do not autoclave.

Silver Stain. Please see staining section (Appendix 8).

Sodium Acetate (3 M, pH 5.2 and pH 7.0)

Dissolve 408.3 g of sodium acetate-3HZO in 800 1111 of H20. Adjust the pH to 5.2 with glacial
acetic acid < ! > or adjust the pH to 7.0 with dilute acetic acid. Adjust the volume to 1 liter
with HZO. Dispense into aliquots and sterilize by autoclaving.

Spermidine (I M)

Dissolve 1.45 g of spermidine (free-base form) in 10 ml of deionized H,O and sterilize by
passing it through a 0.22—um filter. Store the solution in small aliquotsnat —20°C. Make a
fresh stock solution of this reagent every month.  



71011111111 Stock 50111111

SYBR Gold Staining Solution

HIS A1.29

SYBR Gold <!> (Molecular Probes) is supplied as a stock solution of unknown concentra—

tion in dimethylsult'oxide. Agarose gels are stained in a working solution of SYBR Gold,

which is a 1:10,0()O dilution of SYBR Gold nucleic acid stain in electrophoresis buffer.

Prepare working stocks of SYBR Gold daily and store in the dark at regulated room tem—

perature. For a discussion of staining agarose gels, please see Chapter 5. Protocol 2.

Trichloroacetic Acid (TCA; 1000/0 solution)

To a previously unopened bottle containing 500 g of TCA <!>, add 227 ml of H30. The

resulting solution will contain 100% (w/v) TCA.

X-gal Solution (20/0 w/v)

X—gal is 3—bromo—4—chlor0~3-indolyl—B—D—galdctoside. Make a stock solution by dissolving

X—gal in dimethylformamide <!> at a concentration of 20 mg/ml solution. Use a glass or

polypropylene tube. Wrap the tube containing the solution in aluminum foil to prevent

damage by light and store at —20°C It is not necessary to sterilize X—gdl solutions by filtra—

tion. Please see the information panel on X-GAL in Chapter 1.
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FIGyRE A1-1 Periodic Table
 

Vumbers in parentheses are the mass numbers of the most stable isotope of that element.  



A 1.30 Appendix 1: Preparation omegenb‘ and Buffers Used in Molecular Cloning

REAGENTS AND BUFFERS INDEX

k \nnca|ing buffer. ~\1.20
\ud~ And lms‘cs. general, A1.6

\L1‘\'|.11111L1C solullon, A125
minnmycin l)., A125

.\d:nminc diphosphate <A1)P),A1.25
01011in dgarosc gel electrophoresis

lmffcr, A1.1T
.\]1\Almcgc1 loading buffer, ALIS
\11\1\1mc 13's» solution 1 (plasmid prepa—

I'dtim1,;\1.l(w

\|1\alinclysis solution 11 (plasmid prepa—
rdlim1),:\1.16

Alkaline lysis solution 111 (plasmid
preparation), A116

Alkaline lrumfcr buffer (for alkaline

tmmfcr of DNA to nylon mem~
lmmcs, A1.12

\mmnnium accmw, A125

\mmonium pcrsulfatc, A1.25

Amplification buffer, A119

\1 1’,1\1.25

lintcriophagc'14 DNA ligase buffer,
\1.9

1Lulcrinphngc 14 DNA polymerase
buffer. A1.10

[tutorioplmge T4 polynucleotide kinase
buffet A1. 11)

1§,\1 31 bllffcr,/\1.l()

Blocking agents, general, A 1.14
11lngkinglmffcr (TNT buffer containing

.1blockmgagcnt),A1.12

1110110, ALIS
BI’TF cluttmphnrmis buffer, A1.17
l’yrnmophcnnl blue solution, A1 ,18

Bronmphcnol blue sucrose solution,

-\1.1‘)

("algium chloride,(1\1(1L,A1.25

(‘hurch buffer, AI .12 E

("unmnsxic staining 5011111011, A126
("lcxol rod 5(11th1()11,A1.19

Dcndmration solution 1er neutral
transfer, dnuhlcfstrzmded DNA tar-

gets nnIy,A1.11

Dcnhardt's reagent, A1.15

1Mwyribonuclcoside triphosphate
dNTl’s), A1.26

Ih‘phnsphoryldtinn buffer, for use with

("111 AL“)

1kplmsplmryldtinn buffer, for use with

\\l’, A1.](1

1chthylsulfbxidc (DMSO), A126

Dlthmthrcitol (1)’1"1'),A1.26

1)\.\su 1 dilution buffer, A19

1le mcthylasc 13111"fcr,A1.1()

1'1)17\‘A1.26

1~(}'l.\. A126

lzlution 17111101“(ngcm,A1.20
Hhidium bromidnfl A126
1-xonuc1casc111mffer,A1.10

Formaldehyde gel—loading buffer, A1.19
Formamide loadingbuffer, A119

Formamide, deionization of, A124

Gel loading buffers, 6x, A1.18

Gelatin, A1.27

Glycerol, A127

Glyoxa1,deioniza1ion of, A124

Good buffers, general, A1.3

HC], A1.12
Hybridization buffer with formamide

(for RNA),A1.13
Hybridization buffer without for—

mamide (for RNA), A1.13

IPTG (isopropylthio-B—D—galactoside),

A127

KC1,A1.27
Klenow buffer, A1.1O

KOH/methanol solution, A1.20

LB freezing buffer, A120
Linker kinase buffer, A1.1 1

Lithium chloride (LiCl), A1.27

Lysozyme, A1.8

Lyticase, A118

Maltose, A127

MgClz—CACL solution, A1.21

MgCl7-6H,O solution, A1.27

Mgsq, A127
MOPS electrophoresis buffer,A1.18

NaCl (sodium chloride), A127

NaOH, A127

Neutralization buffer I (for transfer of
DNA to uncharged membranes,
A1.13

Neutralization buffer 11 (for alkaline

transfer of DNA to nylon mem—
branes, A1.13

Neutralizing solution (for neutral trans—
fer, double—stranded DNA targets

only), A1.13
Nuclease Sl digestion buffer, A1.11

P3 buffer (Qiagen), A1.21

Pancreatic DNase I, A1.8

Pancreatic RNase, A1.8

PEG 8000, A1.28
PEG—MgCl, solution, A121

Phen01,A1.-23
equilibration of, A123

Phen01zch1orof0rm:Isoamyl a1coh01
(25:24:1),A1.23

Phosphate buffers, Gomori, A1.5

Phosphate—buffered saline (PBS), A1.7
Polymerase dilution buffer, A19
Potassium acetate. A128
Prehybridization solution (for dot, slot,

and northern hybridization),A1.13
Prehybridization/hybridization solution

(for hybridization in aqueous buffer,
A113

Prehybridization/hybridization solutmn
(for hybridimtion in formnmidc

buffers,A1.13

Prehybridization/hybridization soluhon

(for hvbridization in phosphate—SDS
buffer), Al.14

Prehybridization/hybridization solution

(forplaque/colonyli1"ts).A1.13

Proteinase K, A118
Proteinase K buffer, AL] 1

QBT buffer (Qiagen), A121

Radioactive ink, A121
Reverse transcriptase buffer, A 1 .1 1
RNA gel—loading buffer,A1419
RNase H buffer, A1.11

SDS, A128
SDS gel-loading buffer, A120
SDS—EDTA dye mix, A120
Sephacryl equilibration buffer, A121

Sequenase dilution buffer, A19

Silver stain, see staining section, A128

SM, A121
SM plus gelatin, A1.21

Sodium acetate, A128
Sorbitol buffer, A1.21
Spermidine, A128

SSC, A1.14
SSPE,A1.14
STE, A122
STET, A1.16
SYBR Gold staining solution, A129

TAE, A1.16

TAPE geI electrophoreais buffer,A1.18
Taq dilution buffer, A19
TBE, A1.17

TEN buffer, A122

Terminal transferasc buffer. A1.1 1

Terminal transferase (tailing) buffer,

A] .l l

TES, A122

TPE, A1.17

Trichloroacetic acid (T(?A), A129

Tris buffers, general, A1.2

Tris Cl, A1.7

Tris ED'I'A ( 111), A1.7

Tris magnesium buffer (TM), A1.8
Tris-buffered saline (TBS), A1.8

Tris—glycinc, Al . l 7

Tris—sucrose, A1.22

Triton/SDS solution, A112

Typsin, A1.8

Universal KGB (restriction endonucleasc

buffer),A1.12

Wash buffer (Qiagen), A122

X—gal so1uti0n, A129

Yeast resuspension buffer, A122

Zymolyase 5000, A1.8
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LIQUID MEDIA FOR E. COLI

GYT Medium

LB Medium (Luria-Bertam Medium)

M9 Mmlmal Medlum

NZCYM Medium

NZYM Medium

NZM Medium

508 Medium

SOC Medium

Terrific Broth (TB)

2x YT Medium

MEDIA CONTAINING AGAR OR AGAROSE

STORAGE MEDIA
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ANTIBIOTICS

SOLUTIONS FOR WORKING WITH BACTERIOPHAGE l

Maltese
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MEDIA FOR THE PROPAGATION AND SELECTION OF YEAST
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Drop-out Mix
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Synthem Dextrose Mimmal Medium (SD)

X-Gal Indicator Plates for Yeast

X-Gd| Plates for Lysed Yeast Cells on Filters

YPD (YEPD) Medium

A2.)

Al.

Al.

Al.

/\1. 5

Al. 3

Al. 3

A2. 3

A2, %

A14

Al. 1

I
v

[
u

[
u

Alf)

/\_’ .()

All)

A31)

A3 .()

A2 4“)

Al , F)

A18

‘
JAlf

A2.)

 



A22 Appendix 2: Media

?HQUID MEDIA FOR E. cou
A IMPORTANT Use distilled deionized H20 in all recipes. Unless otherwise stated, sterile media can be

stored at room temperature.

 

GYT Medium (Tung and Chow 1995)

10% (v/v) glycerol

0.125% (w/v) yeast extract

0.25% (w/v) tryptone

Sterilize the medium by passing it through a prerinsed 0.22—um filter. Store in 2.5—ml
aliquots at 4°C.

LB Medium (Luria-Bertani Medium)

Per liter:

T0 950 ml of deionized Hzo, add:

tryptone 10 g

yeast extract 5 g

NaCl 10 g

Shake until the solutes have dissolved. Adjust the pH to 7.0 with 5 N NaOH (~0.2 ml).
Adjust the volume of the solution to 1 liter with deionized HZO. Sterilize by autoclaving for
20 minutes at 15 psi (1.05 kg/cmz) on liquid cycle.

M9 Minimal Medium

Per liter:

T0 750 ml of sterile HJO (cooled to 50°C or less), add:

5X M9 salts* 200 ml

1 M Mgsq 2 ml
20% solution of the appropriate

carbon source (e.g., 20% glucose) 20 m1

1 M Ca(zl2 0.1 m1
sterile deionized P120 to 980 ml

If necessary, supplement the M9 medium with stock solutions of the appropriate amino
acids and vitamins.

‘SX M9 salts is made by dissolving the following salts in deionized HJO to a final volume of 1 liter:
NazHPO4~7HZO 64 g
KHZPO4 15 g

NaCl 2.5 g

NH4CI 500 g
Divide the salt solution into 200~ml aliquots and sterilize by autoclaving for 15 minutes at 15 psi
(1.05 kg/cmz) on liquid cycle.

Prepare the MgSO4 and CaCll solutions separately, sterilize by autoclaving, and add the solutions
after diluting the 5X M9 salts to 980 ml with sterile HZO. Sterilize the glucose by passing it through
a 0.22—um filter before it is added to the diluted M9 salts.
When using E. coli strains that carry a deletion of the proline biosynthetic operon [A(laf-proABH
in the bacterial chromosome and the complementing proAB genes on the F' plasmid, supplement
the M9 minimal medium with the following:

0.4% (w/v) glucose (dextrose)

5 mM MgSO4-7HJO

0.01% thiamine  



Liquid Mediufiir E. coli A2.3

NZCYM Medium

Per liter:

To 950 ml ofdeionized HZO, add:

NZ amine 10 g

NaCl 5 g

yeast extract 5 g

easamino acids 1 g

MgSOt-7HZO 2 g

Shake until the solutes have dissolved. Adjust the pH to 7.0 with 5 N NaOH (~0.2 ml).
Adjust the volume of the solution to 1 liter with deionized HIO. Stei'ili/e by autoclm ing for
20 minutes at 15 psi (1.05 kg/cmz) on liquid cycle.

NZ amine: (Iasein hidrolysate enzymatic (ICN BiOChClfliCalS).NZCYIW,NZ\,1\1,.111L1N/“\1JICJISO
<1\'d1ldblt‘ its dehydrated media from Bl) Blosciences.

NZYM Medium

NZYM medium is identical to NZCYM medium, except that casamino acids are omit-
ted.

NZM Medium

NZM medium is identical to NZYM medium, except that yeast extract is omitted.

SOB Medium

Per liter:

T0 950 ml 01deionized Hzo, add:

tryptone 20 g

yeast extract 5 g

NaCl 0.5 g

Shake until the solutes have dissolved. Add 10 ml of a 250 mM solution of K(Il. (This 50111—
tion is made by dismiving 1.86 g of KC] in 100 ml of deionized HID.) Adiust the pH of the
medium to 7.0 with 5 N NaOH <!> (~O.2 ml). Adjust the volume of the solution to 1 liter
with deionized HZO. Sterilize by autoclaving for 20 minutes at 15 psi (1,05 kg/cnfl on liq~
uid cycle. Iust before use, add 5 ml ofa sterile solution 012 M MgClz. (This solution is made
by dissolving 19 g of MgCl2 in 90 ml of deionized HZO. Adjust the volume of the solution
to 100 ml with deionized H20 and sterilize by autoclaving for 20 minutes at 15 psi [1.05
kg/cnfl on liquid cycle.)

SOC Medium

SOC medium is identical to SOB medium, except that it contains 20 mM glucose. After the

SOB medium has been autoclaved, allow it to cool to 60°C 01' less. Add 20 ml of a sterile
1 M solution of glucose. (This solution is made by dissolving 18 g of glucose in 90 ml of
deionized HZO. After the sugar has dissolved, adjust the volume of the solution to 100 ml
with deionized 1120 and sterilize by passing it through 3 02241111 filter.)  



A2.4 Appendix 2: Media

Terrific Broth (also known as TB; Tartof and Hobbs 1987)

Per liter:

To 900 ml of deionized HZO, add:

tryptone 12 g

yeast extract 24 g

glycerol 4 ml

Shake until the solutes have dissolved and then sterilize by autoclaving for 20 minutes at 15
psi (1.05 kg/cmz) on liquid cycle. Allow the solution to cool to 60°C or less, and then add
100 ml of a sterile solution Of 0.17 M KHzPO4, 0.72 M KZHPO4. (This solution is made by
dissolving 2.31 g of KHIPO4 and 12.54 g of KZHPO4 in 90 ml of deionized HJO. After the
salts have dissolved, adjust the volume of the solution to 100 ml with deionized H20 and
sterilize by autoclaving for 20 minutes at 15 psi [1.05 kg/cmz] on liquid cycle.)

2x YT Medium

Per liter:

To 900 ml of deionized HZO, add:

tryptone 16 g

yeast extract 10 g

NilCl 5 g

Shake until the solutes have dissolved. Adjust the pH to 7.0 with 5 N NaOH <!> . Adjust the
volume of the solution to 1 liter with deionized HzO. Sterilize by autoclaving for 20 minutes
at 15 psi (1.05 kg/cml) on liquid cycle.

 



Media Containing Agar or Agarose A2.5

 

A IMPORTANT Use distilled deionized H_,O in all recipes.

Prepare liquid media according to the recipes given above. Just before autoelm ing, add one ofthe

following:

Bacto Agar (for plates) 15 g/liter

Bacto Agar (for top agar) 7 g/liter

agarose (for plates) 15 g/liter

agarose (for top agarose) 7 g/liter

Sterilize by autoelaving for 20 minutes at 15 psi (1.05 kg/cm3) on liquid cycle. When the medium

is removed from the autoclave, swirl it gently to distribute the melted agar or agarose ewnly

throughout the solution. Be careful] The fluid may be superheated and may boil over when

swirled. Allow the medium to cool to 50—600C before adding thermolabile substances (e.g.‘

antibiotics). To avoid producing air bubbles, mix the medium by swirling. Plates cam then be

poured directly from the flask; allow ~30—35 ml of medium per 90—mm plate. To remove bubbles

from medium in the plate, flame the surface of the medium with a Bunsen burner before the agar

or agarose hardens. Set up a color code (e.g., two red stripes for LB—ampicillin plates; one black

stripe for LB plates, etc.) and mark the edges of the plates with the appropriate colored markers.

When the medium has hardened completely, invert the plates and store them at 40C until

needed. The plates should be removed from storage 1—2 hours before they are used. If the plates

are fresh, they Wiii “sweat” when incubated at 37°C. When this condensation drops on the

agar/agarose surface, it allows bacterial colonies or bacteriophage plaques to spread and increu»

es the chances of cross—contamination. This problem can be avoided by wipingy off the condensa—

tion from the lids of the plates and then incubating the plates for several hours at 37“C in an

inverted position before they are used. Alternatively, remove the liquid by shaking the lid with a

single, quick motion. To minimize the possibility of contamination, hold the open plate in an

inverted position while removing the liquid from the lid.  
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£10RAGE MEDIA

ANTIBIOTICS

A IMPORTANT Use distilled deionized H20 in all recipes.

Liquid Cultures

Bacteria growing on plates, or in liquid culture, can be stored in aliquots of LB medium

containing 30% (v/v) sterile glycerol. Aliquots of 1 m1 of LB with glycerol should be pre—

pared and vortexed to ensure that the glycerol is completely dispersed. Alternatively, bacte—

rial strains may be stored in LB freezing buffer:

LB freezing bufier:

36 mM KZHPO4 (anhydrous)

13.2 mM KHZPO4

1.7 mM sodium citrate

0.4 mM MgSO4-7HZO

6.8 mM ammonium sulfate

4.4% (V/v) glycerol

in LB

LB freezing buffer (Zimmer and Verrinder Gibbins 1997) is best made by dissolving the salts

in 100 ml of LB to the specified concentrations. Measure 95.6 ml of the resulting solution

into a fresh container, and then add 4.4 m1 of glycerol. Mix the solution well and then ster—

ilize by passing it through a 0.45-ttm disposable Nalgene filter. For more information on

storage of bacterial cultures, please see Appendix 8.

Stab Cultures

Prepare stab cultures in glass vials (2—3 ml) with screw—on caps fitted with rubber gaskets.

Add molten LB agar until the vials are two-thirds full. Autoclave the partially filled vials

(with their caps loosely screwed on) for 20 minutes at 15 psi (1.05 kg/cmz) on liquid cycle.

Remove the vials from the autoclave, let them cool to room temperature, and then tighten

the caps. Store the Vials at room temperature until needed.

 

TABLE A2-1 Commonly Used Antibiotic Solutions  
 

 

WORKING CONCENTRATION
 

 

STOCK SOLUTIONa STRINGENT RELAXED

CONCENTRATION STORAGE PLASMIDS PLASMIDS

Ampicillin 50 mg/ml in Hzo —20°C 20 ug/ml 50 ug/ml

(Iarbenicillin 50 mg/ml in HIO —20°C 20 ug/ml 60 ug/ml

Chloramphcnicol 34 mg/ml in ethanol —20°C 25 ug/ml 170 ug/ml

Kammycin 10 mg/ml in HQ —20°C 10 ug/ml 50 ttg/ml

Streptomycin 10 mg/ml in HZO —20“C 10 ug/ml 50 ug/ml

Tetracycline“ 5 mg/ml in ethanol —20°C 10 pg/ml 50 ug/ml
 

Magnesium ions are antagonists of tetracycline. Use media without magnesium salts (e.g., LB medium) for selection 01de-
teria resistant to tetracycline.

“Steriliye stock solutions of antibiottcs dissolved in 11170 by filtration through a 0.22-pm filter.
t‘.»\ntibit)tics dissolved in ethanol need not be sterilized. Store solutions in [ight-tight containem



TABLE A2-2 Antibiotic Modes of Action

Antibiotics A2.7

MODE OF ACTION FURTHER INFORMATION
 

 

MOLECULAR

Ammlonc WEIGHT

utimwmyanfl ‘ 1255.4

uulmomyun 1)1

\mphntcriuin 924.1

hnpltillin 349.4

“leonucin 11.1."

( drhcniulhn 422.4

dismhum M1111

( hlm'amplwniml 323.1

(1C11011Lil1H1418 (192.7

gcncticm disulmu

(Nnmmytin (792.7

Hygmmycm 11 527.5

1\.m.1m\'(1n 582.6

nmnmulhuc

.\1clholrc\.llc 454.45

Wilmnvcin (. 334.33

\'cmmgin 11 xulrlnc 908.9

\'omhm(in smhum salt 634.62

Punmlhn (, \()(11Lm1 salt 356.4

l’ummycin 544.4

(hhuh'ochhn'idc

RilJmpmin 823.0

Mrcplmmun sulfate 1457.4

lotumxlinc hydrochloride 480.9

‘|1.1.|m1|mlmlml aulhlhlc.

1nhibih svnthcsm of RNA by binding to doub1c—stmndcd

DNA.

Hmdd—spcclrum antifungal agent from Sfrcptomyccs.

lnhibitx cclhwall synthesis by interfering with pfptido— l’lcasc we the infm'nmtion panel
glycan crosylinking. on AMPICILLIN AND

(ARBENICILLIN at the end 012
Chapter 1.

Inhibits DNA synthesis; cleaves Slngle—stranded l)\'A.

1nhibitslmderia1 wall synthesis.

Inhibits translation by blocking peptidyl transferasc Please see the infbmmlion panel
on (ha 503 ribosomal subunit; at higher concentrations on CHLORAMPHENlCOL at
can inhiblt eukaryotic DNA synthesis. the end 01" Chapter 1.

Aminoghcoside is toxic to a broad range of cell types

(bacterial. higher phmt, yeast, nmnnnaham, protoyoans,

helmimhs); used in selection of eukaryotic cells trans—

formed with neomycin resistance genes.

Inhibits protein synthesis by binding to Lb protein of the
505 ribosomdl subunit.

Inhibits protein synthesis.

Broad—spectrum antibiotic; binds to 708 ribosomal aub— Please see the inflwrnmlion pAnc]

unit and inhibits growth of gram—positive and gram» on KANAMYCINS at the end of
negative bacteria and nlycoplasnms. (Ihdptcr 1

A folic acid analog; a powerful inhibitor of the emymc

dihydrofolate reductase.

Inhiblts DNA synthesis; antibacterial to granvpositive,

gram—ncgative, and acid—fast bacilli.

Binds to 305 ribosomal subunit and inhibits bacterial

protein synthesis.

Bacteriosmtic antibiotic; inhibits growth of gram—positivc

bacteria.

Inhibits peptidoglycan synthesis in bacterial ce11wa115.

Inhibits protein synthesis by acting as an zma10g of amino—

acyl tRNA (causes premature chain termination 1.

Strongh inhibits prokaryotic RNA polymerase and
nmmmalim RNA polymerase to a lesser degree.

Inhibits protein synthesis; binds to 305 ribosomal subuniL

Inhibits bacterial protein synthesis; blocks ribosomal Please see the infbmmrion panel
binding of aminoacyl—tRNA. on TETRACYCLINE at thc end

of( haptcr 1.
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SOLUTIONS FOR WORKING WITH BACTERIOPHAGE ?x
 

A IMPORTANT Use distilled deionized H20 in all recipes.

Maltose

SM

TM

Maltose, an inducer of the gene (lamB) that encodes the bacteriophage 7» receptor, is often
added to the medium during growth of bacteria that are to be used for plating bacterio—

phage X. Add 1 m1 of a sterile 20% maltose solution for every 100 ml of medium. For a fur—
ther discussion of the use of maltose, please see the Materials list in Chapter 2, Protocol 1.
Make up a sterile 20% stock solution of maltose as follows:

maltose 20 g

P120 to 100 m1

Sterilize the solution by passing it through a 0.22-pm filter. Store the sterile solution at room
temperature.

This buffer is used for storage and dilution of bacteriophage 7x stocks.
Per liter:

NaCl 5.8 g

IvlgSO4'7HZO 2 g

1 M Tris—Cl (pH 7.5) 50 m1
20/0 gelatin solution 5 ml

Hzo to 1 liter

Sterilize the buffer by autoclaving for 20 minutes at 15 psi (1.05 kg/cmz) on liquid cycle.

After the solution has cooled, dispense SO—ml aliquots into sterile containers. SM may be
stored indefinitely at room temperature.

A 20/0 gelatin solution is made by adding 2 g of gelatin to a total volume of 100 ml of H10 and
autoclaving the solution for 15 minutes at 15 psi (1.05 kg/cmz) on liquid cycle.

Per liter:

1 M Tris-Cl (pH 7.5) 50 m1

MgSO4-7HZO 2 g

HZO to 1 liter

Sterilize the buffer by autoclaving for 20 minutes at 15 psi (1.05 kg/cmz) on liquid cycle.
After the solution has cooled, dispense SO—ml aliquots into sterile containers. TM may be
stored indefinitely at room temperature.
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MEDIA FOR__THE PROPAGATION AND SELECTION OF YEAST*

A CAUTION Please see Appendix 12 for appropriate handling of materials marked with <.'>,

A IMPORTANT Use distilled deionized H20 in all recipes. Unless otherwise stated. media and solutions

are sterilized by dutoclavmg at 15 psi (1 .05 kg/cml) for 15—20 minutes.

Complete Minimal (CM) or Synthetic Complete (SC) and Drop-out Media

To test the growth requirements of strains, it is useful to have media in which each of the

commonly encountered uuxotrophics is supplemented except the one of interest (drop—out

media). Dry growth supplements are stored premixed. CM (or SC) is a medium in which

the drop—out mix contains all possible supplements (i.e., nothing is “dropped out“).

yeast nitrogen base without amino acids*

glucose

Bacto Agar

dropout mix

HJO

6.7 g

20 g

20 g

3 g
to 1000 in]

”Yeast nitrogen base without amino acids (YNB) is sold either with or without ammo—

nium sulfate. This recipe is forYNB with ammonium sulfate. If the bottle onNh is Lick-

ing .mmionium sulfate, add 5 g of ammonium sulfate and only 1.7 g onNh.

Drop-out Mix

Combine the appropriate ingredients, minus the relevant supplements, and mix in a scaled

container. Turn the container end—over—end for at least 15 minutes; add 11 few clean marbles
to help mix the solids.

Adenine

Alanine

Argininc

Asparaginc

Aspartic acid

Cysteine

(ilutamine

Glutamic acid

Glycine

Histidine

Inositol

lsolcucine

Lcucine

Lysine

Methionine

pam~Aminobenzoic acid

Phenylalanine

Praline

Scrinc

Threonine

'l‘rypt0phan

Tyrosine

Uracil

Vuliiic

‘ Reprinted 1mm Adamx ct til. 119981.

0.5 g

2.0 g

2.0 g

2.0 g

2.0 g

2.0 g

2.0 g

2.0 g

2.0 g

2.0 g

2.0 g

2.0 g

10.0 g

2.0 g

2.0 g

0.2 g

2.0 g

2.0 g

2.0 g

2.0 g

2.0 g

2.0 g

2.0 g

2.0 g  
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TABLE A2-3 Components of Supplemented Minimal Media

STOCK CONCENTRATION VOLUME FOR 1 LITER OF FINAL CONCENTRATION VOLUME OF STOCK TO

 

CONSTITUENT (G/100 ML) STOCK or MEDIUM (ML) IN MEDIUM (MG/LITER) SPREAD ON PLATE (ML)

\denine sulfate 0.2“ 10 20 0.2

L'meil 0.2“ 10 20 0.2

I - 1'1)pl<>phdii 1 2 20 0.1
I-Hislidine H(II 1 2 20 0.1

1~.\rgininc lid 1 2 20 0.1
l-.\Iethionine 1 2 20 0.1

17 12} msine 0.2 15 30 0.2

I ~1vucine 1 10 100 0.1

I»1soleuc1ne 1 3 30 0,1

1—1}\111L‘H(:1 1 3 30 0.1

1—l’henyldlanine 1“ 5 50 0.1

1 ~(11ummic Acid 1“ 10 100 0.2

I-Asp.irtic acid 1“'h 10 100 0.2

l-\'.|Iinc 3 5 150 0.1

[ —'1hrcomne 4“"‘ 5 200 0.1

1 8 5 400 0.1berinc
 

\I()I'L‘ 111 1110111 temperature.

\dd utter autoclining the medium.

Supplemented Minimal Medium (SMM)

SMM is SD (please see below) to which various growth supplements have been added.

These solutions can then be stored for extended periods. Some should be stored at room

temperature, in order to prevent precipitation, whereas the other solutions may be refriger—

ated. Wherever applicable, HCl salts of amino acids are preferred.
Prepare the medium by adding the appropriate volumes of the stock solutions to the

ingredients of SD medium and then adjusting the total volume to 1 liter with distilled HJO.

Add threonine and aspartic acid solutions separately to the medium after it is autoclaved.

Alternatively, it is often more convenient to prepare the medium by spreading a small

quantity of the supplement(s) on the surface of an SD plate. Allow the solution(s) to then

dry thoroughly onto the plate before inoculating it with yeast strains.

Table A2—3 provides the concentrations of the stock solutions, the volume of stock solu—

tion necessary for mixing 1 liter of medium, the volume of stock solution to spread on SD

plates, and the final concentration of each constituent in SMM.

Synthetic Dextrose Minimal Medium (SD)

SD is a synthetic minimal medium containing salts, trace elements, vitamins, a nitrogen

source (yeast nitrogen base without amino acids), and glucose.

yeast nitrogen base without amino acids* 6.7 g
glucose 20 g

Bacto Agar 20 g

H20 1000 ml
‘Please see note to recipe for CM on p. A2.9.

X-Gal Indicator Plates for Yeast

Because 5~br0mo-4—ch10ro—3-ind01y1-B—D-galactoside (X-gal <!>)c10es not work for yeast
at the normal acidic pH of SD medium, a medium at neutral pH medium is used. This  
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choice is Clearly a trade»off as many yeast strains will not grow well at neutral pH. For each

liter of X~gal indicator plates, prepare the following solutions:

Solution I

10x phosphate—buffered stock solution 100 ml

1000>< mineral stock solution (see recipe below) 1 ml

drop-out mix (sec Drop-out Mix above) 2 g

Adjust the volume to 450 ml With distilled HZO if the medium is to contain glucose 01" 10

400 ml if it is to contain galactose.

10x Plz05plmtc—bzfifl’rcd Stock 5011111011

1<1121>o1 (1 (11 136.1 g
(1411455041015 M) 19.8 g
KOH (0.75 N) <1> 42.13;
1130 1000 m1

Adjust the pH to 7.0 and autoclave.

ZOOOX Mineral Stock Solution

Fe(ll3 (2 mM) 32 mg

MgSO4-7HZO (0.8 M) 19.72 g

H10 100 ml

Autoclave and store. This solution will develop a fine yellow precipitatq which should be

resuspended before use.

Solution 11

Mix in a 2—liter flask:

Baum Agar 20 g

H30 500 ml

0 Autoclave Solutions I and II separately.

0 After cooling to below 65°C, add the following components to Solution 1:

glucose or other sugar to a final

concentration of2%

X—gal (20 mg/ml dissolved in

dimcthylfonnamide <!>) 2 ml

10()x Vitamin stock solution 10 mi

Include any other heat—sensitivc supplements at This point.

Mix Solutions I and II together and pour ~30 mI/plate.

IOOX Vitamin SZOL‘k Solution

thiamine (0.04 mg/ml) 4 mg

biotin (2 ug/ml) 0.2 mg

pyridoxinc (0.04 mg/ml) 4 mg

inositol (0.2 mg/ml) 20 mg

pantothcnic acid (0.04 mg/ml) 4 mg

H20 100 ml

Sterilize by passing the solution through a 0.22—um filter.
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X-Gal Plates for Lysed Yeast Cells on Filters

These plates are used for checking B—galactosidase activity in cells that have been lysed and

are immobilized on Whatman 3MM filters.

Bacto Agar 20 g

1 M NaZI-IPO4 5747 ml

1 M NaHZPO4 42.3 ml

MgSO4 0.25 g

H20 900 ml

After autoclaving, add 6 ml ofX-gal solution (20 mg/ml in dimethylformamide).

YPD (YEPD) Medium

YPD is a complex medium for routine growth of yeast.

yeast extract 10 g

peptone 20 g

glucose 20 g

HZO to 1000 ml

To prepare plates, add 20 g of Bacto Agar (2%) before autoclaving.

 



Appendix 3
 

Vectors and Bacterial Strains

TABLE A3-1 VECTORS

PIasmids/Phagemids

k Vectors

Mammalian Vectors

Yeast Vectors

Shuttle Vectors

Other Vectors

TABLE A3-2 BACTERIAL STRAINS

A32

A32

A33

A3}

A34

A3.4

A35

A31)

A3.1
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Appendix 4
 

Enzymes Used in Molecular Cloning

MODIFICATION/RESTRICTION SYSTEMS IN E. COLI

Methylating Enzymes in E‘ coli

dam Methyltransferase

dcm Methyltransferase

The Modification Component of Modification/Restriction Systems

Methylation—dependent Restriction Systems in E. coli

Modification of Restriction Sites by DNA Methylation

Influence of Methylation on DNA Mapping

Restriction Endonucleases

DNA POLYM ERASES

DNA Polymerase l (Holoenzyme)

Large Fragment of DNA Polymerase I (Klenow Fragment)

Bacteriophage T4 DNA Polymerase

Bacteriophage T7 DNA Polymerase

Thermostable DNA-dependent DNA Polymerase

Reverse Transcriptase (RNA-dependent DNA Polymerase)

Terminal Transferase (Terminal Deoxynucleotidyl Transferase)

DNA-DEPENDENT RNA POLYMERASES

Bacteriophage SP6 and Bacteriophages T7 and T3 RNA Polymerases

LlGASES, KINASES, AND PHOSPHATASES

Bacteriophage T4 DNA Ligase

E. coll DNA Ligase

Bacteriophage T4 RNA Ligase

Thermostable DNA Ligases

Bacteriophage T4 DNA Polynucleotide Kinase

Alkaline Phosphatases

NUCLEASES

Ribonuclease H

Ribonuclease A (Pancreatic)

Preparation of RNase That Is Free of DNase

Ribonudease T1
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Deoxyribonuclease I (Pancreatic)

Preparation of DNase That Is Free of RNase

BAL 31 Nuclease

Vuclease S1

Mung Bean Nuclease

Exonuclease III

Bacteriophage ). Exonuclease

PROTEOLYTIC ENZYMES

Proteinase K

OTHER ENZYMES

Lysozymes

Agarase

Uracil DNA Glycosylase

Topoisomerase l

A4.40

A4.42

A4.43

A4.46

A4.47

A4.47

A4.49

A450

A4.50

A451

A451

A451

A451

A452
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MODIFICATION/RESTRICTION SYSTEMS IN E. COLI

Modification of DNA is used by Escherichia coli to distinguish between its own genuine and for—
eign DNAs introduced by bacteriophage infection, plasmid transfer, or 11'01151L‘C1101l. DNAs with
familiar patterns of methylation on adenosine or cytosine residues are immune to attack, where—
as unmethylated DNAs or DNAs with unfamiliar patterns of methylatinn are earmarked for
degradation by endogenous restriction enzymes.

Methylating Enzymes in E. coli

Wild-type strains of E. mli express DNA methyltransferases that transfer a methyl group from 5»

adenosylmethionine to [in adenine or cytosine residue within a defined target sequence.

Described below are several types of methylating enzymes.

dam Methyltransferase

1n danf strains of E. c‘oli, adenine residues embedded in the sequence 1...GA’1‘(3...1 carry a methyl

group attached to the Nb atom (Hattman et al. 1978). More than 99% of these modified adenine

bases, which are found on both strands of the palindromic recognition sequence, are formed by

action of DNA adenine methylase) the product of the dam gene. DNA adenine methylase is a sin—

gle-subunit nucleotide-independent (type 11) DNA methyltransferase that transfers a methyl

group from S—adenosylmethionine to adenine residues in the recognition sequence

5 .....GATC ..... 3 (for review, please see Marinus 1987; Palmer and Marinus 1994). In E. £011} dmn

methylation is required for efficient DNA mismatch repair, for accurate initiation ot‘ DNA repli—

cation at oriC, for segregation and partition of chromosomes carrying oriC, and for modulation

of gene expression (for review, please see Palmer and Marinus 1994). The transfer of a methyl

group to the Nb atom ofadenine places a bulky alkyl residue in the major groove of B—t‘nrm DNA

and prevents cleavage in vitro by some restriction enzymes whose recognition sites contain the

sequence 3 ..... GATCW.‘ . By contrast, other restriction enzymes require methylation at v(}A'["(I—

residues to cleave DNA.

The recognition sites of several restriction enzymes (Pvnl, Banl, BclI‘ Bglll, X/ioII, IVHJOI,

and SanSAI) contain this sequence, as do a proportion of the sites recognized by Clnl (1 site in

4), lel (1 site in 16), anl (1 site in 16), M11011 (1 site in 16), and thl (1 site in 16).'1‘heinhi-

bition of Mbol digestion of prokaryotic DNA presents no practical problem because the restric-

tion enzyme Snu3A1 recognizes exactly the same sequence as Mbol but is unaffected by dam

methylation. (Note: Mammalian DNA is not methylated at the N“ pmition 01~ adenine, and thns‘

either M1101 or Sau3A1 can be used effectively.) However, when it is necessary to cleave prokaryv

otic DNA at every possible site with Glad, leI, Taql, Mb011,0r thI 01‘ to cleave it at all with Bt‘II,

the DNA must be prepared from strains of E coli that are danf (Backinan 1980; Roberts et al.

1980; McClelland 1981).

Lists of restriction enzymes whose pattern of cleavage is affected by dam methylation haxe

been assembled by Kessler and Manta (1990) and McClelland and Nelson (1992); additiona1

information is available in the brochures of most commercial suppliers ofenzymes and in a data—

base of restriction and modification enzymes (REBASE) that is accessible at relmse.neb.c0m/

rebase.

dcm Methyltransferase

dun introduces methyl groups at the C3 position of the internal cytosine in the sequence
’...(I(IAGG...’ or ’...C(1TGG...‘ and therefore prevents or suppresses cleavage by restriction  
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enzymes such as ECORl (Marinus and Morris 1973; May and Hattman 1975). For most purposes,

this problem can be avoided by using BstNl, which recognizes exactly the same sequence as EcoRII

(although it cuts the DNA at a different location within the sequence). If BstNI cannot be substi—

tuted for EcoRII, the DNA must be prepared from strains of E. coli that are dcrrf (Marinus 1973;

Backman 1980; Roberts et al. 1980). Certain other enzymes may cleave at sequences that partial-

ly overlap the modified dcm recognition sequence. Detailed information on the methylation sen—

sitivity of individual restriction enzymes is provided by the REBASE Web Site

(rebase.neb.com/rebase). dcm_ mutants of E. coli show no phenotype, and the biological signifi—

cance of dcm methylation is obscure (for review, please see Palmer and Marinus 1994).

The Modification Component of Modification/Restriction Systems

0 Type I modification/restriction systems. The classical type 1 modification/restriction system in
many wild-type strains of E. coli is encoded by the three hsd (EcoK) genes. Two of the polypep—

tides encoded by these genes (hde and hst) are needed to transfer methyl groups to the N‘1

position oftwo adenines in the recognition sequence 5[AAC(N6)GIGCSV (Kan et al. 1979). This

type of modification, which accounts for ~1% of N6 adenine methylation in E. coli, protects

DNA against cleavage by the heterotrimeric EcoK restriction endonuclease (encoded by the
lzstMS genes), a type I restriction endonuclease which, at the expense ofATP hydrolysis, pro-

duces double—stranded breaks at a variable distance from the recognition site (Bickle 1987).

Many strains of E. coli used for molecular cloning carry mutations in the hsd genes.

0 Type II modification/restriction systems. Classical (type II) modification/restriction systems
have two components, a restriction endonuclease and a DNA methyltransferase; both compo—

nents recognize the same target sequence. In vivo, type II restriction endonucleases cleave

unmethylated sequences, whereas methyltransferases prefer hemimethylated substrates gener—

ated during DNA replication. The modifying enzymes of many prokaryotic type II modifica—

tion/restriction systems are monomers that transfer a methyl group to the 5—carb0n of the

pyrimidine ring of cytosine, creating 5—methylcytosine. The catalytic mechanism of this reac-

tion involves nucleophilic attack on C“ of the target cytosine by a cysteine residue to generate
a covalent intermediate. The addition of the nucleophile allows the transfer of a methyl group
from S-adenosylmethionine to the activated 5—carb0n. Abstraction of the proton at the S-posi—
tion yields an enzyme that undergoes conjugative elimination to yield the product S-methyl—
cytosine (Wu and Santi 1987; for reviews, please see Kumar et al. 1994; Verdine 1994; Winkler
1994).

Contacts between type II restriction enzymes and their recognition sequence involve amino
acids that are widely separated in the primary protein sequence, resulting in bending and kinking
of the target DNA (Kim et al. 1990; Winkler et al. 1993).Type11 methylases produce a more rad-
ical change in DNA structure by forcing the target cytosine to flip out of the plane of the DNA
helix and into the active site of the enzyme. This flipping mechanism, which was first established
for M-Hhal (Klimasauskas et al. 1994), is believed to be universal among S-methylcytosine trans-
ferases, all of which share a well-conserved set of sequence motifs and a common architecture (for
review, please see Winkler 1994).

Methylation-dependent Restriction Systems in E. coli

E. coli K contains at least three different methylation—dependent restriction systems that recognize
different target sequences only when methylated: mrr (6-methyladenine [““’A]), mcrA (mSCG
[m’C : S—methylcytosinel), and mch (PUmSC) (Raleigh and Wilson 1986; Heitman and Model  
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1987; Raleigh et al. 1988). DNAS that are methylated at such sites are inefficiently cloned 11110

wild-type strains of E coli (Whittaker et al. 1988). For example, human DNA, which is extensiwL

ly methylated in vivo at ”TTCG, is restricted by mcrA. Nonrestrieting strains 01‘ E. coli ( Raleigh and

Wilson 1986; Raleigh et a]. 1988) are therefore preferred for trans‘tbrmation and cloning of

methylated DNA.

M-ECORI methylase catalyzes the transfer of methyl groups from S~adenmyl t—methionine

(SAM) to the adenines marked with a star (*) in the EcoRI recognition sequence in Em

the figure at the right. The modification of adenine to 6—methylaminopurine proA c T T A A G

tects the DNA from cleavage by EcoRl (Greene et al. 1975). *i 

Modification of Restriction Sites by DNA Methylation

For many of the type II restriction enzymes, a corresponding methylase has been isolated that

modifies the cognate recognition sequence and renders it resistant to cleavage. These methylases.

a number of which are available from commercial suppliers, are useful in a number 01- tasks in

molecular cloning. For example, in the construction of genomic DNA libraries (Maniatis et all.

1978), random fragments of genomic DNA generated by partial cleavage with the restriction

enzymes Alltl and Haclll can be treated with M-EcoRl methylase prior to the addition ot’synthetic

EroRl linkers. When the linkers attached to genomic DNA are subsequently digested with EcoRI,

the natural restriction sites within the genomic DNA are protected from cleavage. The same strait-

egy may be used to spare natural restriction sites when preparing double—stranded cDNA for

cloning.

Methylases can also be used to alter the apparent cleavage specificity of certain restriction

enzymes (Nelson et al. 1984; Nelson and Schildkraut 1987). These alterations are accomplished

in vitro by methylation of a subset of the sequences recognized by certain restric- G T C G A C

tion enzymes. Only the methylated subsets will be resistant to cleavage. For exam— G T C A A c

ple, the restriction enzyme HincH recognizes the degenerate sequence GTPyPuAC g 1 I f fi 2

and will therefore cleave the four sequences shown at the right.

The M-Taql methylase recognizes only the sequence TCGA and methylates the adenine

residue (McClelland 1981 ). The subset of Hinell recognition sequences that contains the internal

sequence TCGA will therefore be resistant to cleavage after methylation by M~721ql, whereas the

other three recognition sequences will remain sensitive to Hincll.

A second class of overlapping methylation and restriction sites occurs at the boundaries of

the recognition sequences of a restriction enzyme and a methylase. For example‘ a BamHI site

(GCATCC) that happens to be preceded by CC or followed by GG partially overlaps a site

(CCGG) that can be methylated by the enzyme M-Mspl. Because M‘Mspl methylates the 5' cyto-

sine of its recognition sequence t’mSCCGG), the BamHI site becomes methylated at an internal

cytosine residue (GGA miCCGG) and therefore is reststant to cleavage by

GCCN N NNN% BamHl. Another example is provided by Bgll and M-Huclll illustrated at

T the left. As in the cases of Hincll/M-Taql and BamHl/M-Mspl, the methy—

lation blocks the cleavage of a previously existing restriction site. Finally,

certain adenine methylases can be used in conjunction with the methylation—dependent restric-

tion enzyme Dpnl to produce highly specific cleavages at sequences 842 bp in length

(McClelland et al. 1984; McClelland and Nelson 1987; Weil and McClelland 1989).

 

   

 

  
 

 

MJan methylase (*)

TCGATCGA.... onbothsites ..TCGATCGA
AGCTAGCT... ....AGCTAGCT
L—u___| * |_*_|

Taql Taql Dpnl
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TABLE A4-1 Isoschizomer Pairs That Differ in Their Sensitivity to
Sequence-specific Methylation
 

lSOSCHIZOMER PAIRSa
 

 

METHYLATED SEQUENCEb CUT BY NOT CUT BY

TWCCGGA AcclII BsleI
T(lmlCGGA Acclll BSleI

G(lWC‘mC Afll Avall (Eco471)

'l‘C(1(l(l”“‘/\ Bslel Acclll

C'“Y:W(lG BstNl (Mi'al) EcoRll

GG'I‘ACM‘C Kpnl A5p718l

(Imi‘CGG Mspl Hpall (Hapll)

C””CGG Mspl Hpall

G”"’ATC Sau3Al (PrmEl) Mbol (Ndell)

TCGCG""‘A Sb0131 erll

R(l’m‘ATCY Xhall Nlfll

C(?"TGGG Xmal (Cfr91) Smal
 

In each row, the first column lists a methylated sequence,the second column lists an isoschimmer
that cuts this sequence, and the third column lists an isoschizomer that does not cut this sequence.
For references. please see McClelland and Nelson (1988) (Reprinted, with permission, from

McClelland and Nelson 1988)

“An en7yme is classified as insensitive to methylation if it cuts the methylated sequence at .1 rate
that is at least one tenth the rate at which it cuts the unmethylated sequence. An en7ynie is classified
as sensitive to methylation if it is inhibited at least 20—fold by methylation relative to the unmethy—
lured sequence.

“Sequences are in 5'—>3’ order. R = G or A; Y : C or T; W : A or T; ”“C : 4—methylcymsine,
”‘5C : S—methylcytosine, and ""’A — 6—metliyladeninc.

This example differs from those above in that the strategy creates a site in DNA that other-
wise would not be cleaved by Dpnl. This general strategy of using specific methylases in conjunc—
tion with restriction enzymes has produced >60 new cleavage specificities and many more are
possible (for references, please see McClelland and Nelson 1988). A compilation of the sensitivi—
ties of individual restriction enzymes to site-specific modifications may be found at the REBASE
Web Site: rebase.neb.com/rebase.

Several pairs of isoschizomers differ in their sensitivity to site—specific methylation (see
Table A4—1). Such endonuclease pairs are useful for studying the level and distribution of site—spe-
citic methylation in cellular DNA, for example, msCG in mammals, “ISCG and msCNG in plants,
and GmfiATC in enterobacteria (Waalwijk and Flavell 1978; McClelland 1983; Bird et al. 1985).

Sensitivity to site—specific DNA methylation is clearly not limited to restriction enzymes but
is a property of DNA-binding proteins in general (see Sternberg 1985; Wang et al. 1986). “MC,
”15C, thC. and mf’A site—specific modification at “noncanonical” sites will block several type 11
methylases. The data are summarized in Table A4—2.

Influence of Methylation on DNA Mapping

Mammalian DNA contains ”15C residues in addition to the four normal bases. These residues are
found primarily at the 5’ side of G residues. Although oniy a portion of CpG doublets are methy-
lated, the pattern Of methylation is highly cell—type—specific (Bird and Southern 1978); any given
CpG doublel is methylated in the majority of cells ofa given population or in only a few of them.

Nearly all restriction enzymes used for iong—range mapping of mammalian chromosomal
DNA recognize sequences that contain CpG. Because this dinucleotide occurs approximately five—

._ QM..." _______m._______b v .  
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TABLE A4-2 Methylation Sensitivity of Type II DNA Methylases
 

 

NOT BLOCKED BLOCKED BY
BY PRIOR PRIOR

METHYLASE (SPEHHCIW)a MODIFICATION ATb MODIFI(ATION At"

M-A/ul <A(;““(jt) /\(}‘“‘(TI'

M-BumHl ((;(},»\'1””(J(I) (}(j”"‘/\'1‘(2(3 (}(}A’l‘(2‘”‘(2

M-(fhfil (11A(}““(“1‘G) (iAGm'K l‘t‘,

M-(j/al (A'I‘CG'W’A'I‘) ”‘f’A'l'tiGA'l‘

AtmcjtzA'l‘

M-(JviBlIl ('1‘C(,'”“A) ’1""5(t(;A

M'IzthI ((}A1““,\’1'1‘(I) GAATTW‘C (1”“’AA’1‘1(I

M-IszII ((Z”“( WGG) ($”“(JWGG

E. ml: dam ((}”“‘A'1‘C) GA’l‘m‘O

(1AT‘““5C

M-FokIA ((§G“‘“A’1‘(1) CATCWSC ("A'IW’KX

M-Hlml (G“‘3C(;(i) (iCGm5C

M-Hlmll (GW’ANTC) GANT‘“5C

M-Hpall ((3‘"3C<;(;) “ficcm;

fxl~thI ('I“"3CACC) (jGTG”‘<‘A

M-Mbot (G”“‘A’1 C) GATM;

M-Mboll (GAA(}‘“*A) TWITTm-‘C

M-Mspl (”fiCCGG) (T"‘_‘CG(}

M-Mml (O"*C\\'(;G) (Z‘“*C\\’(;G

MIMI“ (CAGm‘CTG) CAG'H‘CIG

1\1-'I‘2 dun) (GW‘A’I'C) GAT'““5C

M-T4 dam (GW‘A'I C) GATWC
M-thl (T(:(;'"‘x»\) TmeGA

chnntcd, with permission, from l\lc($lcll.md and Nelson (1988). For references, please wt

McCleled and Nclxun (1988).
“Sequences are in 5 —>3 order. W : A 01“ l; N z A or (I m" (1 m l; ”‘lC f 4fmcllnlutm1nc,

”"(fi : S-mcthylcyttmntx l‘”‘*(] : 5~hyd1‘owmcthqutosine, and ”“‘r\ : 6—mctlwlttdcmnc
l‘An cmymc 13 classified as insensttivc tn methylation if it mvthylatca thc mcthyldtcd NCklllCllkC at

a rate that is at least one tenth the rate at \\'l11(l1 it methylatcs the unmcthyldtcd SCqUCllkC :\n cn/\ mu
is clnmficd ah acnmtiw m mcthylatimt if it is inhtlutctl .1t least 2()~told b) mcthylatiun nldliw tn the

unmcthyldtcd sequence.
*1 . mli Jam mmhficx (1,—\'l‘”‘"’C at a reduced rate.

fold less frequently in mammalian DNA than expected (Normore 1976; Sctlow 1976: Shapiro

1976), restriction enzyme recognition sites that contain the CpG dinucleotidc are extremely rare

(Lindsay and Bird 1987; McClelland and Nelson 1987). Furthermore, most ofthese dinucleotides

are methylated, and almost all enzymes with CpG in the recognition sequence fail to cleave

”‘SCpG—methylated DNA (Nelson and McClelland 1987); for example, Bslel, Clnl, Cspl, Eagl,

M1111, Nae], NarI, Natl, NruI, PvuI, RerI, SaH,X/101, and XorII are all sensitive to “fiCpG methy—

lation. Finally, methylation of CpG dinucleotides in preparations of mammalian DNA is rarely

complete. This variability in methylation of sites that are recognized by ratch cutting restriction

enzymes can be a serious problem in mapping of mammalian DNAs by pulsed—field gel elcc~

trophoresis. Among the known restriction enzymes suitable for generating very large fragments

of mammalian DNA, only a handful are capable of cleaving DNA modified at m5CpG doublets.

These include Acclll, ASllll, Cfi91, Sfil, and Xnml. Propagation of mammalian DNAS in E. mli will

free CpG dinucleotides from methylation. The pattern of cleavage of the 5mm segment of mam—

malian genomic DNA will therefore differ in cloned and uncloned preparations.
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The CpG dinucleotide is not as rare in many other species as it is in mammalian DNA, and

it is not methylated in Drosophila and Caenorhabditis DNAs. Thus, the fragments produced by

digestion of these DNAs with rarely cutting restriction enzymes are less than half the size ofthose

produced from mammalian DNA (see Table A4—3). Enzymes that are not sensitive to certain site~

specific methylations are particu1ar1y useful for achieving complete digestion of modified DNA.

For procedures such as the physical mapping of heavily methylated plant DNA, it is desirable to

TABLE A4-3 Average Sizes of DNA Fragments Generated by Cleavage with Restriction

 

 

Enzymes

ENZYME SEQUENCE CEL DRO ECO HUM MUS YSC XEI.

Apul GGGCCC 40,000 6,000 15,000 2,000 3,000 20,000 5,000

Ascl GGCGCGCC 400,000 60,000 20,000 80,000 100,000 500,000 200,000

Avrll CCTAGG 20,000 20,000 150,000 8,000 7,000 20,000 15,000

BamHl GGATTC 9,000 4,000 5,000 5,000 4,000 9,000 5,000

Bgll GCCN;GUC 25,000 4,000 3,000 3,000 4,000 15,000 6,000

Bglll GCGCCC 4,000 4,000 6,000 3,000 3, 000 4,000 3,000

BssH] I GCGCGC 30,000 6,000 2,000 10,000 15,000 30,000 20,000
Dml TTTAAA 1,000 1,000 2,000 2,000 3,000 1,000 2,000
Eztgl CGGCCG 20,000 3,000 4,000 10,000 15,000 20,000 15,000
ECoRI GAATTC 2,000 4,000 5,000 5,000 5,000 3,000 4,000
Hindlll AAGCTT 3,000 4,000 5,000 4,000 3,000 3,000 3,000
Nat’l GCCGGC 15,000 3,000 2,000 4,000 6,000 15,000 6,000
Nm’l GGCGCC 15,000 3,000 2,000 4,000 6,000 15,000 7,000
Nhel GCTAGC 30,000 10,000 25,000 10,000 10,000 10,000 10,000
Not] GCGGCCGC 600,000 30,000 200,000 100,000 200,000 450,000 200,000
Pad TTAATTAA 20,000 25,000 50,000 60,000 100,000 15,000 50,000
Pntt’l GTTTAAAC 40,000 40,000 40,000 70,000 80,000 50,000 50,000
Rsrll CGGVVCCG 50,000 15,000 10,000 60,000 60,000 60,000 70,000
5qu GAGCTC 4,000 4,000 10,000 3,000 3,000 9,000 4,000
Sad] CCGCGG 20,000 5,000 3,000 6,000 8,000 20,000 15,000
Sal] GTCGAC 8,000 5,000 5,000 20,000 20,000 10,000 15,000
Sfil GGCCNSGGCC 1,000,000 60,000 150,000 30,000 40,000 350,000 100,000
SgrAl CXCCGGXG 100,000 20,000 8,000 70,000 80,000 90,000 90,000
Smal CCCGGG 30,000 10,000 6,000 4,000 5,000 50,000 5,000
51701 ACTAGT 8,000 9,000 60,000 10,000 15,000 6,000 8,000
5pm GCATGC 15,000 5,000 4,000 6,000 6,000 10,000 6,000
Srfl GCCCGGGC 1,000,000 90,000 50,000 50,000 90,000 600,000 100,000
5581 CCTGCAGG 200,000 50,000 40,000 15,000 15,000 150,000 30,000
Sspl AATATT 1,000 1,000 2,000 2,000 3,000 1,000 2,000
Swal ATTTAAAT 9,000 15,000 40,000 30,000 60,000 15,000 30,000
Xbul TCTAGA 4,000 9,000 70,000 5,000 8,000 4,000 6,000
X/tul CTCGAG 5,000 4,000 15,000 7,000 7,000 15,000 10,000
 

Average 517,13 fragments predicted for Caenorhabditis elegans (CEL), Drosophila rnelmmgnsrer(1)RO), ESt‘llL‘rifhitl coli ( ECO),
human ( HUM), mouse (M US), Sm‘flmromyt‘es cerevisme (YSC), and Xenapus laet/is (XEL).

Listed are those restriction enzymes that are known or predicted to cleave infrequently in seven wmmonly studied
genomes, Factors affecting the ability of restriction enzymes to cleave a particular genome include ( 1) percentage (j+(f content,
(2) specific dinucleotide, trinucleotide, and/or tetranucleotide frequencies, and (3) methylation. Using availabk‘ information
on percentage (;+C content, dinucleotide frequencies, and a few kilobases of DNA sequence, predictions can be made aboutpotential cleavage with re.»trictto11 enzymes.

Modified, with permission, from New England Biolabs.
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choose restriction enzymes that are insensitive to m3CG and ”WING. Examples of such enzymes

are Bell, BstEH, BstNI, CviQI, ECORV, HilleII, Hpal, Kpnl, Mboll, Ndel, Ndcll, Rsal, Spa], Spill,

"Ihql, TthHBI, and anI. The Ase], DmI, M501, and SspI enzymes have recognition sequences that

do not contain cytosine, so they can be used to cleave heavily cytosine—methylated DNA.

Restriction Endonucleases

Restriction enzymes bind specifically to and Cleave double—stranded DNA at specific sites within,

or adjacent to, a particular sequence known as the recognition sequence. These enzymes have

been classified into three groups or types. Type I and type III enzymes carry modification (methy—

lation) and ATP—dependent restriction activities in the same protein. Type III enzymes cut the

DNA at the recognition site and then dissociate from the substrate. However, tvpe I enzymes hind

to the recognition sequence but cleave at random sites when the DNA loops hack to the hound

enzyme. Neither type I nor type III restriction enzymes are widely used in molecular cloning.

Type II modification/restriction systems are binary systems consisting of a restriction

endonuclease that cleaves a specific sequence of nucleotides and a separate methylase that modi—

fies the same recognition sequence. An increasingly large number of type II restriction endonu-

cleases have been isolated and characterized, a great many of which are useful for cloning and

other molecular manipulations.

The vast majority of type [I restriction endonucleases recognize specific sequences that are

four, five, 01“ six nucleotides in length and display twofold symmetry. A few enzymes“ howeven

recognize longer sequences or sequences that are degenerate. The location of cleavage sites with—

in the axis of dyad symmetry differs from enzyme to enzyme: Some cleave both strands exactly at

the axis of symmetry, generating fragments of DNA that carry blunt ends, whereas others cleave

each strand at similar locations on opposite sides of the axis of symmetry, creating fragments of

DNA that carry protruding single—stranded termini.

The restriction enzyme database, REBASE, contains a complete listing of all known restric—

tion endonucleases, including the recognition sequences, methylation sensitivity, commercial

availability, and references. The database, updated daily, is available at rebase.neh.e01n/retmse.
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DNA POLYMERASES

Many steps in molecular cloning involve the synthesis of DNA in in vitro reactions catalyzed by

DNA polymerases. Most of these enzymes require a template and synthesize a product whose

sequence is complementary to that of the template. Most polymerases strongly prefer DNA tem—

plates, but they will also copy RNA, albeit at lower efficiencies. The most frequently used DNA—

dependent DNA polymerases are E. coli DNA polymerase I (holoenzyme), the large fragment of

E. coli DNA polymerase I (Klenow fragment), the DNA polymerases encoded by bacteriophages

T4 and T7, modified bacteriophage T7 DNA polymerases (Sequenase and Sequenase version 2.0),

and thermostable DNA polymerases. One polymerase, reverse transcriptase (RNA—dependent

DNA polymerase), prefers to copy RNA; it will also accept DNA templates and can therefore be

used to synthesize double-stranded DNA copies of RNA templates. Finally, one DNA polymerase

does not copy a template at all but adds nucleotides only to the termini of existing DNA mole—

cules. This DNA polymerase is called terminal transferase (terminal deoxynucleotidyl trans—

ferase).

The properties of the template—dependent polymerases are summarized in Table A4—4 and

are described in greater detail in the following pages. The data presented in this table have been

collected from several publications. The values serve as accurate guidelines for using the enzymes,

but optimal conditions will always vary slightly with the enzyme preparation (degree of purity)

and the DNA preparation or when carrying out a sequence of enzymatic reactions in one mix—

ture. For a discussion of the relative advantages of various DNA polymerases used in sequencing

reactions, please see Chapter 12.
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DNA Polymerase I (Holoenzyme)
(E. coli)

DNA polymerase I consists of a single polypeptide chain (Mr : 109,000) that can function as a

5'—>3’ DNA polymerase, 21 5’—>3' exonuclease, and a 3'—>5’ exonuclease (Kelley and Stump 1979)

and that has an inherent RNase H activity. The RNase H activity is essential for cell viability in E.

coli but has not been used in molecular cloning. For further details, please see the information

panel 011 E. COLI DNA POLYMERASE I AND THE KLENOW FRAGMENT in Chapter 9.

USES

1. Labeling of DNA by nick translation (please see Figure A471). Of all the polymerases, only E.

foli DNA polymerase I can carry out this reaction, since it alone has a 5/63, exonuclease activ-

ity that can remove nucleotides from the DNA strand ahead of the advancing enzyme.

. The holoenzyme was originally used for synthesis of the second strand of cDNA in cDNA

cloning (Efstratiadis et al. 1976), but it has since been superseded by reverse transcriptase and

the Klenow fragment of E. coli DNA polymerase I, which do not have 5'—>3' exonuclease activ—

ities. The 5’—>3' exonuclease of E. coli DNA polymerase I degrades oligonucleotides that may

serve as primers for the synthesis of the second strand of cDNA.

. End—labeling of DNA molecules with protruding 3' tails. This reaction works in two stages.

F irst, the 3’—>5’ exonuclease activity removes protruding 3’ tails from the DNA and creates a

recessed 3’ terminus. Then, in the presence of high concentrations of one radiolabeled pre—

cursor, exonucleolytic degradation is balanced by incorporation of dNTPs at the 3' terminus.

This reaction, which consists of cycles of removal and replacement of the 3'—terminal

nucleotides from recessed or blunt—ended DNA, is sometimes called an exchange or replace—

ment reaction. If this type of reaction is used for the end-labeling, bacteriophage T4 DNA

polymerase is the enzyme of choice. Although both E. coli DNA polymerase I and bacterio-

phage T4 DNA polymerase can carry out this type of reaction, the bacteriophage enzyme car-

ries a more potent 3'65' exonuclease activity.

In many cases, a single buffer can be used both for cleavage of DNA with a restriction enzyme

and for the subsequent end-labeling. However, not all restriction enzymes work in buffers used

for DNA polymerase reactions, and it is advisable to carry out pilot reactions with the particu—

lar batch of enzyme on hand. If the restriction enzyme does not work in the DNA polymerase

buffer, it will be necessary to carry out the restriction enzyme digestion and end—labeling in two

separate steps. In this case, cleave the DNA in the appropriate restriction enzyme buffer, remove

the restriction enzyme by extraction with phenolzchloroform, precipitate the DNA with

ethanol, dissolve it in TE, and add the appropriate volume of a IOX DNA polymerase buffer.

3 i
 

 

M92,
 

l DNase‘ 5' iGURE A4-1 Nick Translation Using E. coli DNA Polymerase

3- 3‘ SingIe-stranded nicks are introduced into the DNA by treatment with
 

DNase I. E. coli DNA polymerase (Pol l) binds to the nick or short gap
 

dAI P
dCTP
dGTP
dTTP

3' 5‘ in duplex DNA, and the 5’—>3’ exonuclease activity of DNA poly-
fiofggnzslrfigmyme’ase' merase I then removes nucleotides from the one strand of the DNA,

creating a template for simultaneous synthesis of the growing strand of
3 DNA. The original nick is therefore translated along the DNA molecule

A ,, by the combined action of the 5’—>3’ exonuclease and the 5’~—>3’
 

5‘ polymerase. In the reaction presented here, the nick in the upper strand
1 of the duplex DNA is translated from left to right by E coli DNA poly-

merase in the presence of dNTPs. In the lower strand of duplex DNA,
L—fimMAM—MM/Vb—i nick translation occurs from right to left. The stretches of newly syn-
‘——_4"VV\NV\/_——*‘—5 thesized DNA are represented by the colored arrows.
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E. COLI DNA POLYMERASE I (HOLOENZYME)
 

Activity: 5 '—>3 ’ DNA polymerase

Substrate: Singie-stranded DNA template with a DNA primer bearing a 3 ’-hydroxyl group.

Reaction:

E. coli

DNA polymerase I

DNAOH ——————6 DNA— (pdN)n + nPPi
M82?

dATP, dTTF,’ dGTP, dCTP

For example:
.c pc pc OH

GpGp CP Tp Ap Tp Cp Gp Ap.

Mgh _
dATP, dT—rP E. CO/l

dGTP, dCTP DNA polymerase I

..pCpCpGpApTPApG C p.T

.GpGPCp TpAprCp GpAp.

 

Activity: 5 ’—>3 ’ Exonuclease

Substrate: DoubIe-stranded DNA or RNA-DNA hybrids. Degrades double-stranded DNA from the 5 ' termi-
ni; also degrades the RNA component of an RNA-DNA hybrid (i.e., this nuclease possesses inher-
ent RNase H activity).

Reaction:
E. coli

DNA polymerase I

double-stranded DNA ——————9 5 pNOH + 3 pN(pN)npNOH
Mg“ + single-stranded DNA

For example:
pC p..GpCpAprCpT

36? CP GP CP GP TP AP GP AP

7 E coliM J '
g l DNA polymerase I

’p..CpAprCpT

,,GpcpcpcpcPTpApcpAp...5,

5' S' 5”+ pC+ PGor pCpG

(Continued on following page.)
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E. COLI DNA POLYMERASE l (HOLOENZYME)
 

Activity: 3 ’—>5 ' Exonuclease

Substrate: Double-stranded or single-stranded DNA containing 3’-hydroxy| termini. Degrades DNA from 3 ’-
hydroxyl termini. Exonuclease activity on double-stranded DNA is blocked by 5 '—>3 ' polymerase
activity and is inhibited by dNMPs with 5’ phosphates.

Reaction:

E. coli

DNA polymerase I

double- or single-stranded DNA ——-—-—7+———> 5' pNOH
Mg-

For example: ,
5 3’PCPGPCPAPTPCPT

3,...cpcpcp5,

Mg2+ E. coli
DNA polymerase I

5' 3'pcpcpcOH

3,...Gpcp(3p5,

5 5‘ 5'+ pA+ pC+ pT

 

Activity: Exchange (replacement) reaction

Substrate: If only one dNTP is present, the 3’—>5 ’ exonuclease activity will degrade double-stranded DNA
from the 3 ’-hydroxy| terminus until a base is exposed that is complementary to the dNTP. A con-
tinuous series of synthesis and exchange reactions will then occur at that position.

Reaction: 5, 3,pcpcprchpcOH

3, . . . Gp Cp Ap Gp Cp Cp 5. Eanticlease
Actiwty

Mg“ E. coli
[a—32P]d1TP DNA polymerase I

5' 3'. . . pC PG p

..G c AF 0 c c 5,
p P p p p DNA Polymerase

Activity
5' * 3'pchpTOH

..GpCpApGpCpGp5,  
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Large Fragment of DNA Polymerase I (Klenow Fragment)
15 (OH)

The 5/—>3' exonuelease activity of E. coli DNA polymerase I is often troublesome because it

degrades the 5' terminus ofprimers that are bound to DNA templates and removes 5' phosphates

1mm the termini of DNA fragments that are to be used as substrates for ligation. The 5'—>3'

exonuelease activity can be removed proteolytically from the holoenzyme without ailTeeting either

the polymerase activity or the 3'——>5/ exonuclease activity (Klenow and Henningsen 19711). The

Klenow fragment of E. coli DNA polymerase I that is available today from commercial sources

consists of a single polypeptide chain (MI 2 76,000) produced by cleavage of intact DNA poly—

merase I with subtilisin or by cloning (Iacobsen et al. 1974; once and Grindley 1983). For further

details, please see the information panel on E. COLI DNA POLYMERASE I AND THE KLENOW FRAG-

MENT in Chapter 9.

11555

1. Filling the recessed 3' termini created by digestion of DNA with restriction enzymes. In many

cases, a single buffer can be used both for cleavage of DNA with a restriction enzyme and for

the subsequent filling of recessed 3' termini (or end—labeling of DNA molecules with protrud—

ing 3' tails [please see Use 3] ). The Klenow fragment works well in Virtual“) all buffers used for

digestion of DNA with restriction enzymes. However, not all restriction enzymes work in

buffers used for DNA polymerase reactions, and it is advisable to carry out pilot reactions with

the particular batch of enzyme on hand. Ifthe restriction enzyme does not work in the DNA

polymerase buffer, it will be necessary to carry out the restriction enzyme digestion and filling

of recessed 3' termini in two separate steps. In this case, cleave the DNA in the appropriate

restriction enzyme buffer, remove the restriction enzyme by extraction with phenolzchloro—

form, precipitate the DNA with ethanol, dissolve it in TE, and add the appropriate volume Of

a 10x DNA polymerase buffer.

2. Labeling the termini of DNA fragments by using [33PldNTPs to fill recessed 3' termini (end-
labeling)

3. End—labeling of DNA molecules with protruding 3” tails. This reaction works in two stages.
First, the 3'—>5' exonuclease activity removes protruding 3' tails from the DNA and creates a
recessed 3' terminus. Then, in the presence of high concentrations of one radiolabeled pre—
cursor, exomicleolytie degradation is balanced by incorporation of dNTPs at the 3' terminus,
This reaction, which consists of cycles of removal and replacement of the 3'—terminal
nucleotides from recessed or blunt—ended DNA, is sometimes called an exchange or replace
ment reaction. If this type of reaction is used for end—labeling, bacteriophage T4 DNA poly»
merase is the enzyme of choice. Although both the Klenow fragment of If. m/i DNA poly»
merase I and bacteriophage T4 DNA polymerase can carry out an exchange reaction, the batc—
teriophage enzyme carries a more potent 3’—>5' exonuclease activity.

4. Synthesis of the second strand of CDNA in CDNA cloning.

5. Synthesis of double~stranded DNA from single—stranded templates during in vitro mutagene—
sis. The Klenow fragment can displace hybridized oligonucleotide primers from the template.
leading to low frequencies of mutagenesis. This problem can be avoided by using bactei‘iw
phage T4 DNA polymerase, which does not cause strand displacement (Nossal 1974).

6. Sequencing of DNA using the Sanger dideoxy-mediated chain-termination method (Sanger et
ill. 1977).  
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7. At one time, the 3'—>5' exonuclease activity of the Klenow fragment was used to digest pro—

truding 3' termini created by some restriction enzymes. Lately, bacteriophage T4 DNA poly—

merase has become the enzyme of choice for this purpose because of its greater 3'—>5' exonu—

clease activity.

8. The Klenow fragment has also been used in the polymerase chain reaction to amplify genom—

ic DNA sequences in Vitro that are to be used as probes or for direct cloning of mutant alleles

of known genes. However, the Taq DNA polymerase has now become the enzyme of choice for

this purpose because it is stable in heat and therefore need not be freshly added after each
round of synthesis and denaturation.

NOTES

0 End—labeling with the Klenow fragment provides an alternative to the use of bacteriophage T4

polynucleotide kinase for generating labeled DNA fragments that can be used as size markers

during gel electrophoresis. Because DNA fragments are labeled in proportion to their molar

concentrations and not their sizes, both small and large fragments in a restriction digest

become labeled to an equal extent. It is therefore possible to use autoradiography to locate

bands of DNA that are too small to be visualized by staining with ethidium bromide or SYBR
dyes.

0 The end—filling and end-labeling reactions work well on relatively crude DNA preparations

(e.g., minipreparations of plasmids).

E. COLI DNA POLYMERASE I KLENOW FRAGMENT
 

Activity: 5 ’—>3 ' DNA polymerase

Substrate: SingIe-stranded DNA template with a primer containing a free 3’-hydroxy| group.

Reaction:

Klenow fragment
of E. coli

DNA polymerase I
DNAOH ——————> DNA— (pdN)n + nPPI

Mg2+

dATF) dTrP, dGTP, dCTP

For example:
5’...pC C G 3'

p 9 OH

3....GpGpCprAprCpGpAp...5,

Mg“
dATP dTTP [ Klenow fragment of
dGTPldCTP E. coli DNA polymerase I

5’ 3‘pCpCpGpAprApGpCpT-~

3,...GpGPCpTPApTPCpGPAp.”5,  
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E. COLI DNA POLYMERASE I KLENOW FRAGMENT
 

Activity: 3 '—>5’ Exonuclease

Substrate: DoubIe-stranded or single-stranded DNA degrades from free 3 '-hydroxy| termini; exonuciease
activity on doubIe-stranded DNAs is blocked by 5’—>3 ’ polymerase activity.

Reaction:

Klenow fragment
of E coli

DNA polymerase I
double- or single-stranded DNA ———-——> 5, PNOH

Mg}

For example:

a 5.pCpG pC pA pT pC pT

GP CP GP7

2+ Klenow fragment of
Mg E. coli DNA polymerase I

u!

;,.pcpcpcOH

..(;pcpcp 3

5 5 3'PA+ pC+ PT

 

Activity: Exchange (replacement) reaction

Substrate: If only one dNTP is present/ 3 '—>5’ exonuclease activity will degrade double-stranded DNA from
the 3’-hydroxyl terminus until a base is exposed that is complementary to the dNTP. A continuous
series of synthesis and exchange reactions will then occur at that position.

Reaction:

, pc pG PpTpcpcCO

; .GpCpApG cG
Exonuclease

Mg2 + Klenow fragment of Activity
[0M2 iPdTrP E.co/iDNA polymerasel

3.pC pGp

y... GpCpApGp CP Gp5

DNA Polymerase
Activity

.pC pG 5T OH

Cp An GP CD CD 5  
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Bacteriophage T4 DNA Polymerase
(Bacteriophage T4-infected E. coli)

Bacteriophage T4 DNA polymerase (Mr 2 114,000) and the Klenow fragment of E. coli poly—

merase I are similar in that each possesses a 5'—>3’ polymerase activity and a 3'—>5' exonuclease

activity that is more active on single—stranded DNA than on double-stranded DNA. However, the

exonuclease activity of bacteriophage T4 DNA polymerase is more than 200 times that of the

Klenow fragment. Because it does not displace oligonucleotide primers from single-stranded

DNA templates (Nossal 1974), bacteriophage T4 DNA polymerase works more efficiently than

the Klenow fragment in mutagenesis reactions in vitro.

USES

1. Filling or labeling the recessed 3’ termini created by digestion of DNA with restriction

enzymes. Labeling reactions must be carried out in the presence of high concentrations of

dNTPs in order for the polymerization (filling) reaction to overwhelm the powerful 3'—>5’

exonuclease activity.

2. End—labeling of DNA molecules with protruding 3’ tails. This reaction works in two stages.

First, the potent 3'—>5’ exonuclease activity removes protruding 3' tails from the DNA and cre—

ates a recessed 3’ terminus. Then, in the presence of high concentrations of one radiolabeled

precursor, exonucleolytic degradation is balanced by incorporation of dNTPs at the 3’ termi—

nus. This reaction, which consists of cycles of removal and replacement of the 3'-terminal

nucleotides from recessed or blunt—ended DNA, is sometimes called an exchange or replace-

ment reaction.

In many cases, a single buffer can be used both for cleavage of DNA with a restriction

enzyme and for the subsequent end-labeling. Bacteriophage T4 DNA polymerase will func-

tion at ~50% of maximal activity in many buffers that are commonly used for digestion of

DNA with restriction enzymes. However, not all restriction enzymes work in buffers used for

DNA polymerase reactions, and it is advisable to carry out pilot reactions with the particu-

lar batch of enzyme on hand. If the restriction enzyme does not work in the DNA poly—

merase buffer, it will be necessary to carry out the restriction enzyme digestion and end-

labeling in two separate steps. In this case, cleave the DNA in the appropriate restriction

enzyme buffer, remove the restriction enzyme by extraction with phenol:chlorof0rm, pre—

cipitate the DNA with ethanol, dissolve it in TE, and add the appropriate volume of a 10x

DNA polymerase buffer. Filling and end—labeling reactions with bacteriophage T4 DNA

polymerase can be carried out at 12°C to maximize the ratio of polymerase activity to

exonuclease activity. However, these reactions are often carried out at room temperature or

at 37°C without adverse effects.

3. Labeling DNA fragments for use as hybridization probes. The recessed 3' termini created by
partial digestion of double-stranded DNA with the 3’—>5’ exonuclease activity are filled with
[32P1dNTPs (replacement synthesis) (O'Farrell et al. 1980). Hybridization probes prepared by
this technique have two advantages over probes prepared by nick translation. First, they lack
the artifactual hairpin structures that can be produced during nick translation. Second, they
can easily be converted into strand—specific probes by cleavage with suitable restriction
enzymes (please see Figure A4—2).

By contrast to nick translation, however, this method does not produce a uniform distrib—
ution of label along the length of the DNA. Furthermore, 3' exonuclease activity degrades sin—
gle-stranded DNA much faster than it degrades double-stranded DNA, so that after a molecule
has been digested to its midpoint, it will dissociate into two half-length single strands that will  
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be rapidly degraded. It is therefore important to stop the exonueiease reaction before the

enzyme reaches the center of the molecule. Consequently, the replacement synthesis method

yields a population ofmolecules that are fully labeled at their termini but contain progressive—

ly decreasing quantities of label toward their centers.

. Conversion of termini of double-stranded DNA to blunt—ended molecules. Protruding 3' ter—

mini will be removed from double-stranded DNA by the potent 3—55' exonuciease activity at

bacteriophage T4 DNA polymerase. In the presence of high concentrations of dNTPs, further

degradation of the double—stranded region of the template will be balanced by synthesis. The

ability to convert protruding 3' termini to blunt ends is an extremely valuable reaction that is

frequently used when preparing DNAs for addition of synthetic linkers. As described above,

molecules with recessed 3’ termini can be repaired by bacteriophage T4 DNA polymerase in a

filling reaction similar to that catalyzed by the Klenow fragment. Thus, DNAs with a mixture

of protruding 5/ and 3' termini (e.g., doubie-stranded cDNAs synthesized from RNA tem-

plates) can be converted to blunt—ended molecules (polished) by bacteriophage T4 DNA poly-

merase in the presence of high concentrations of dNTPs.

. Extension of mutagenic oligonucleotide primers that are bound to single—stranded DNA tem-

plates. Bacteriophage T4 DNA polymerase is preferred in this reaction to the Klenow fragment

because it cannot displace the short oligonucleotide from the template. The efficiency of muta—

genesis is therefore increased approximately twofold.
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BACTERIOPHAGE T4 DNA POLYMERASE

Activity: 5 '—>3 ’ DNA polymerase

Substrate: 3'-hydroxy|, single-stranded DNA template-primer complex. The enzyme cannot displace the
strand ahead of the nick. However, addition of bacteriophage T4 gene 32 protein allows the enzyme
to begin synthesis at a nick in buffers of low ionic strength.

Reaction:

bacteriophage T4

DNA polymerase

DNAOH —---—> DNA— (pdN)n + nPPi
M824-

dATP, dTTP, dGTP, dCTP

For example:
.pC pC pG OH

..GppppCGCTpApTGPAP...5A

Mg2+

dATP dTTP bacteriophage T4
dGTP' dCTP DNA polymerase

..pCPCPGPAprApGp C p.T

.Gp c;p cpprApT cp GpAp...5,

 

Activity: 3 ’—>5 ' Exonuclease

Substrate: Considerably more active on single—stranded DNA than on double-stranded DNA; exonuclease

activity on doubIe-stranded DNAs is blocked by 5’—>3/ DNA polymerase activity.

Reaction:
bacteriophage T4
DNA polymerase

single-stranded DNA ———————> 5' PNOH
Mg2+

For examples
3

PC PC PC PA PT PC PT

. . Gp cp Gp 5

M 2+ lbacteriophage T4
8 DNA polymerase

PC PC PC OHj

3 cpcpcPS  
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BACTERIOPHAGE T4 DNA POLYMERASE

Activity: Exchange (replacement) reaction

Substrate: If only one dNTP is present, 3 295’ exonuclease activity will degrade double-stranded DNA from
the 3’-hydroxyl terminus until a base is exposed that is complementary to the dNTP. A (ontinuous
series Of synthesis and exchange reactions will then occur at that position.

Readion:

3 DC pG pT pC pG p3COH

”GP Cp AP GP Cp GP 5
Exonuclease

Mg2 ‘ bacteriophage T4 Activity
(01-32 PldTTP DNA polymerase

5

' PC PC P

j, . .. GCPAP GpCp GP

DNA Polymerase
Activity

3...pCpG;TOH‘

..GpCpApGpCpGp5,  
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Bacteriophage T7 DNA Polymerase
(Bacteriophage T7-infected E. coli)

The DNA polymerase synthesized after infection of E. coli by bacteriophage T7 is a complex of

two tightly bound proteins, the bacteriophage T7 gene 5 protein and the host protein thioredox—

in. This complex is the most processive of all known DNA polymerases. In other words, the aver—

age length of DNA synthesized by a single molecule of bacteriophage T7 DNA polymerase is

greater than that of DNAs synthesized by other thermolabile DNA polymerases. This property

has considerable advantages, for example, when sequencing DNA by the Sanger dideoxy chain—

termination method (Sanger et al. 1977) (please see Chapter 12). Bacteriophage T7 DNA poly-

merase, like the Klenow fragment and the holoenzyme of E. coli DNA polymerase I and bacte—
riophage T4 DNA polymerase, has a 3’->5’ exonuclease activity (encoded by bacteriophage T7

gene 5). As in bacteriophage T4 DNA polymerase, the 3’—>5’ exonuclease activity is potent. The

degree of activity of the 3’—>5' exonuclease ofbacteriophage T7 DNA polymerase is ~ 1000 times

that of the Klenow fragment. Bacteriophage T7 DNA polymerase does not have a 5'—>3’ exonu—

clease activity (Tabor et al. 1987). For illustrations of the 5’—>3’ DNA polymerase and 3'—>5'

exonuclease activities and exchange reaction encoded by bacteriophage T7 DNA polymerase,

please see the panel on BACTERIOPHAGE T4 DNA POLYMERASE (p. A420). For more information

on wild-type and modified T7 DNA polymerase (Sequenase and Sequenase version 2.0), please

see the information panel on SEQUENASE in Chapter 12.

USES

1. Primer-extension reactions that require the copying of long stretches of template.

2. Rapid end—labeling by either filling or exchange (replacement) reactions such as those

described for bacteriophage T4 DNA polymerase.

Thermostable DNA-dependent DNA Polymerases

Thermostable DNA—dependent DNA polymerases have been purified and characterized from a

number of organisms, primarily from the thermophilic and hyperthermophilic eubacteria

Archaebacteria, whose most abundant DNA polymerases are reminiscent of DNA polymerase I of

mesophilic bacteria, and thermophilic Archaea, whose chiefDNA polymerases belong to the poly—

merase or family. Although there is considerable structural variation among thermostable DNA

polymerases, all are monomeric with molecular mass values ranging from 60 kD to 100 H). The

significant properties and activities of thermostable DNA polymerases are given in Table A4—5.

The first well—characterized thermostable DNA polymerases were isolated from the extreme

thermophile Thermus aquaticus (Chien et al. 1976). One of these early isolates, Taq DNA poly—

merase, has, along with a number of genetically engineered variants, become an indispensable

component of reactions to amplify specific sequences of DNA in Vitro by polymerase chain reac—

tion and in DNA sequencing (please see the introductions to Chapters 8 and 12, respectively). Taq

and its derivatives have a 5’—>3' polymerization—dependent exonuclease activity. For nucleotide
incorporation, the enzyme works best at 75—800C, depending on the target sequence; its poly—
merase activity is reduced by a factor of 2 at 60°C and by a factor of 10 at 37°C. In many cases,
however, it is necessary to initiate polymerization reactions at suboptimal temperatures in order
to prevent dissociation of the primer from the template. For further information on Tat] and
other thermostable polymerases, please see the introduction to Chapter 8 and the information
panel on TAQ DNA POLYMERASE in Chapter 8.  
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TABLE A4-5 Properties of Thermostable DNA Polymerases

STABILITY
OPTIMUM ERROR (MINUTES AT Krn Km

TEMPERATURE EXONUCLEASE RATE SPECIFIED DNTP DNA
ENZYME MANUFACTURER“ ORGANISM (0C) ACTIVITY ><1O‘6 TEMPERATURE) (HM) (NM)

1211] BM, L'1‘,Pr0, T aquaticus 75—80 5‘73' 20—100 9 min at 97.5“C 10716 2

Slrdt, 1’7E, T

[11113101101 P-E T aqmzricus 75—80 none 50 21 min at 975°C — 2
{ragmcnt

rl'lll BM, 151, P—E T thcrnzophilus 75—80 573 720 20 min at 95°C 115 —

1_'fl Pm Tfltll’llS 70 none 100 120 min at 7()“(i 63 7

Ho! Tub Amr T ubiquitus — none — — 7 7

I‘br Amr, Pinnz T. brockulnus 75780 5'73' 150 min at 96°C — 7

”Tum P-E‘ Roche Thermomga 75—80 375 50 min (1195°(f 7 7

marinma

1‘le 151 Bacillus 60—65 573 — 7 7

srcrorhermophtlus (3'75')b

[mthcrm ET, Bio~Rad Bacillus 60—65 none — 7—83 —

1351 large stcrorhermophzlus
fragment

Pwu BM Pyrococcus 60—65 375 3.2 >2 hr at 100“( — 7

woesez

”I Pm Thermoz‘orcus 70—80 375 20—45 100 min at 10()“C 66 0.1

litomlis

DccpH’u! NEB Pyramccus 70—80 375 20—45 480 min at 100“(f 50 0.01

(strain GB71))

I’m Strat Pyrococcusfurzosus 72—78 375 1.6 240 min at 95“(i — —
 

Dam for this table were taken from rm iews by Perler et a]. (1996) and Bej and Mahbubani (1994), from Internet sources, and (mm lite mturc dixtrih-

Lllcd hv mmmeriidl manufilcturers. For details of the reaction conditions that are optimal for each enzyme, please conmlt thc imtructiom supplied “ill“

[hr cn/ymc bv the manufacturer.

‘(11M1 liochringer Mannheim; (ET) Epicentre Technologies; (LT) Life Technologies: (Pro) Promega; (VEB) New England Bioldbs; (P—E) Perkin-
1 Imcr; 1'1')’|'.11\'de;(Strat) Stratagene; [Amr) Amresco;(1—'innz1 Finnzymes OY1

“Suspected ddlYlI)‘.

TAQ DNA POLYMERASE
 

Activity: 5 '—>3 ’ DNA polymerase

Substrate: SingIe-stranded template, primer with 3’-hydroxyl.

Reaction:
Taq DNA polymerase

 

DNAOH DNA— (pdN)n + nPPi
Mg“

dATR dTTP, dGTB dCTP  
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Reverse Transcriptase (RNA-dependent DNA Polymerase)
(Murine and avian retroviruses)

Two forms of reverse transcriptases are commercially available: a preparation made from purified

avian myeloblastosis virus (AMV) and an enzyme isolated from a strain of E. coli that expresses a

cloned copy of the reverse transcriptase gene of the Moloney murine leukemia virus (Mo—MLV).

Both enzymes lack a 3’—>5’ exonuclease active on DNA and catalyze the reactions shown below

in the panel on REVERSE TRANSCRIPTASE. The murine and avian reverse transcriptases differ from

each other in a number of respects:

0 The avian enzyme consists of two polypeptide chains that carry both a polymerase activity and

a powerful RNase H activity (Verma 1981). The murine enzyme, a single polypeptide chain of

Mr : 84,000, has a polymerase activity and a comparatively weak RNase H activity (Gerard

1983). This weak RNase activity is a considerable advantage when attempting to synthesize

REVERSE TRANSCRIPTASE
 

Activity: 5 ’—+3 ’ DNA polymerase

Substrate: RNA or DNA template with an RNA or DNA primer bearing a 3 ’-hydr0xy| group.

Reaction:

reverse transcriptase
DNAOH or RNAOH ————-—> DNA — (pdN)I1 + nPPi

Mg2+ RNA— (pdN)n + nPPl
dATB d'ITP, dGTB dCTP

For example:
5’ 3’prTprTpTOH

3""APAPAPAPAPUPCPUPGPUPCPCP UPAPS'

Mgz+

dATP, dTTP, reverse transcriptase

dGTP, dCI'P

5' 3'prTprTprApGpApC pApGpGPApTOH

3"“ApApApApApUpCPUPGPUPCP CF UPAPS‘

 

Activily: RNase H (5 ’—>3’ and 3 ’—>5' exoribonuclease)

Substrate: Reverse transcriptase specifically degrades RNA in an RNA—DNA hybrid by a processive mechanism.

Reaction: Degradation of substrates with free ends yielding ribonucleotide products that are 4—20 nucleotides
in length and contain 5 ’-phosphate and 3 ’—hydroxyl termini.

5’ 3' 5' 3'RNA ---pUpCpCpGpUpA m ~-pUpC
DNA 3,...Apc;pcpcpApT5, 3,... ApcpcpcpApTS.

5, 3.
+ pC pG pU pA  
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cDNAs complementary to tong mRNAs. At the beginning of the reaction, the hybrids ttn'meti

between the primer and the template mRNA are substrates for RNase H. Thus, (it the begitt

ning of (DNA synthesis, there is a competition between degradation of the template mRNA

and initiation of DNA synthesis (Berger et al. 1983). In addition, RNase H tun cleave the tem—

piate near the 3' terminus of the growing DNA strand if reverse tt‘anacriptttse pauses during

synthesis (Kotewicz et al. 1988). In consequence, the high level of RNHSC H activity in preptif

rations of the avian enzyme tends to suppress the yield OTCDNA and to restrict its length.

The avian enzyme works efficiently at 42°C (the normal body tempenitute 0T chickenst‘

whereas the wild—type murine enzyme is rapidly inactivated at this temperature. RNAS rich in

secondary structure are therefore copied more efficiently by the avian enyynte than by the

murine enzyme. However, preparations of the avian enzyme can be contaminated by an

endonuciease that cleaves DNA. This is now leSS of a problem than it WAS in the Ctll'i)’ 19805,

when CDNA libraries generated with comparatively impure preparations «it the mini enyyme

seldom exceeded 1 kb in length.

The avian enzyme works more efficiently at pH 8.3 than at pH 7.6, the pH preferred by the

murine enzyme. The length of the CDNA synthesized by either enzyme is greatly reduced when

reactions are carried out at a pH that differs from the optimum by as little tia 0.2 unit. Since

the pH of Tris changes with temperature, it is essential to check that the pH of the l'C‘dL‘iinn

mixture is correct at the temperature chosen for incubation.

For more information, please see the information panel on Mo-MLV REVERSE TRANSCRIPTASE in

Chapter 11.

USES

1. Reverse transcriptdse is used chiefly to transcribe mRNA into double—stranded CDN:\ that cttn

be inserted into prokai'yotic vectors. However, reverse transet'iptuse can also be thed with

either single—stranded DNA or RNA templates to make probes for use in hybridization exper—

iments. Three types of primers are used in these reactions:

0 Oligo(dT)12_18, which binds to the poly(A) tract at the 3’ terminus of mammalian

mRNAs and primes the synthesis of the first strand cf CDNA. Depending on the qualiti

of the reverse transcriptase and the reaction conditions, the sequences at the 3 tCl'lttiltth

of the template may be overrepresented in the cDNA.

o Oligonucleotides ofrandom sequence (Taylor et al. 1976). The aim is to use a population

of oligonucleotides whose sequence diversity is so large that at leaat some individual

oligonucleotides will anneal to the template and serve as primers for reverse transcrip—

taset Because different oligonucleotides bind to different sequences, a large proportion 01

the sequences of the template will be copied by the enzyme, and if all Of the primers are

present at equal concentrations, all sequences of the template should be copied it equal

frequencies. Oligonucleotides of random sequence can be synthesized on an automated

DNA synthesizer or can be generated by hydrolysis of high-moleculamveight DNA.

0 OIigonucleotides of defined sequence. Oligonucleotides otdetined sequence etin he used

to prime the synthesis OfeDNA corresponding to a particular tnRNA. Because the newly

synthesized DNA is complementary to the sequences of the mRNA that lie upstream of

the primer, this method {primer extension) provides an accurate measurement of the dis»

tance between a fixed point on an mRNA and its 5‘ terminus.

2. Labeling the termini of DNA fragments with protruding 5’ termini (tilting t'etietitm ).
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3. The enzyme can also be used to sequence DNAs by the dideoxy chain termination method

(Sanger et al. 1977) when other enzymes (engi, the Klenow fragment or Sequenase) yield

unsatisfactory results.

NOTES

0 Reverse transcriptase lacks 3’—>5’ exonuclease activity, which acts as an editing function in E.

coli DNA polymerase I, and is therefore prone to error. In the presence of high concentrations

of dNTPs and Mn“, ~1 base in every 500 is misincorporated.

0 Because the Km of reverse transcriptase for its dNTP substrates is very high ~— in the millime-

lar range — it is essential to include high concentrations of dNTPs in this reaction to prevent

premature termination of newly synthesized DNA chains.

0 Reverse transcriptase can be used to synthesize single—stranded copies of DNA templates using

oligonucleotide primers (please see Figure A4-3, part A). However, both double-stranded and

single-stranded cDNAs are generated from RNA templates (please see Figure A4-3, part B),

Self—primed synthesis is much less efficient than synthesis from the added oligonucleotide
primers. Therefore, self—complementary hairpin molecules usually constitute only a small frac-
tion ofthe synthesized double—stranded cDNA (see Chapter 11). If necessary, both self—primed

and exogenously primed second-strand synthesis can be inhibited by including actinomycin D

in the reaction mixture at a final concentration of 50 ug/m1.
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3 5 oligonucleotide DNA primer

5 3‘ smgie—stranded DNA template

dATP
dCTP .
dGTP reverse transcriptase

d'ITP

newly synthesnzed DNA
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RNA template
5' 3‘
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FIGURE A4-3 Use of Reverse Transcriptase to Generate Probes from DNA (A) and RNA (B) Templates
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Terminal Transferase (Terminal Deoxynucleotidyl Transferase)
(Calf thymus)

Terminal transferase (Mr : 60,000) is an unusual DNA polymerase found only in prelymphocytes

in early stages of lymphoid differentiation (Chang and Bollum 1986). In the presence of a diva-

lent cation, the purified enzyme catalyzes the addition of dNTPs to the 3'—hydr0xyl termini of

DNA molecules (Bollum 1974)‘ When the nucleotide to be added is a purine, Mgl‘ is the pre—

ferred cation; when the nucleotide is a pyrimidine, C02+ is used instead. The minimum chain

length ofthe acceptor DNA is three dNTPs, and as many as several thousand dNTPs can be incor—

porated ifthe ratio of acceptor to nucleotide is adjusted correctly. Single nucleotides can be added

to the 3' termini of DNA if modified nucleotides (e.g., ddNTPs or cordycepin triphosphate) are

used as substrates. Homopolymers of rNTPs can also be synthesized at the 3' termini of DNA

molecules in the presence of Co2+ (for references, please see Chang and Bollum 1986). The

enzyme strongly prefers to use DNAs with protruding 3’ termini as acceptors. However, blunt or

recessed 3' termini are used, albeit less efficiently, in buffers of low ionic strength that contain
(Io2+ or Mn2+ (Roychoudhury et al. 1976; Nelson and Brutlag 1979; Roychoudhury and Wu 1980;
Michelson and Orkin 1982; Deng and Wu 1983). For further information, please see the infor—

mation panel on TERMINAL TRANSFERASE in Chapter 8.

USES

1. Addition of complementary homopolymeric tails to vector and cDNA.

2. Labeling the 3” termini of DNA fragments with 21 32P—labeled dNTP (Tu and Cohen 1980)
a ddNTP (Cozzarelli et al. 1969). or an rNTP (Wu et al. 1976). For labeling with rNTPs,

[a-33P]rNTP is used in the presence of Co“, followed by treatment with alkali (please see
the panel on TERMINAL TRANSFERASE below).

TERMINAL TRANSFERASE

Activity: Terminal transferase

Substrate: SingIe-stranded DNA with a 3 ”~hydroxyl terminus or double-stranded DNA with a protruding 3 '—
hydroxyl terminus is preferred. BIunt—ended, double-stranded DNA or DNA with a recessed 3'-
hydroxyl terminus serves as a template if Co2+ is supplied as a cofactor (Roychoudhury et al. 1976;
Nelson and Brutiag 1979; Roychoudhury and Wu 1980; Michelson and Orkin 1982; Deng and Wu
1 983).

Reaction:
singIe-stranded DNAOH

Mn2+ or Mg2+
dATF; dTFP, terminal transferase
dGTR dCTP

DNA— (pdN)n + nPPi
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ENA-DEPENDENT RNA POLYMERASES

Bacteriophage SP6 and Bacteriophages T7 and T3 RNA Polymerases
(Bacteriophage SP6-infected Salmonella typhimurium LT2 and bacteriophage T7- or T3-infected E. coli)

Bacteriophage SP6 synthesizes a DNA—dependent RNA polymerase that recognizes and initiates

synthesis of RNA on double—stranded DNA templates carrying the appropriate bacteriophage—

specific promoter. The polymerase is used in vitro to generate large quantities of RNA comple-

mentary to one strand of foreign DNA that has been placed immediately downstream from the

promoter. Vectors carrying the promoter are available to synthesize RNA complementary to

either strand of the template by changing the orientation of the promoter with respect to the

cloned foreign DNA sequences (Butler and Chamberlin 1982; Melton et al. 1984). Alternatively,

the promoter can be added to the target DNA during PCR primed by oligonucleotides equipped

with a concensus promoter (please see Chapter 9, Protocol 6).

Bacteriophages T7 and T3 also synthesize DNA—dependent RNA polymerases that recognize

and initiate synthesis of RNA on double-stranded DNA templates that carry the appropriate bac—

teriophage—specific promoter (for further details, please see the information panel on PROMOT-

ER SEQUENCES RECOGNIZED BY BACTERIOPHAGE-ENCODED RNA POLYMERASES in Chapter 7).

These polymerases are used in vitro just like the bacteriophage SP6 RNA polymerase.

Bacteriophages T7 and T3 RNA polymerases have been cloned and expressed in E. coli (Davanloo

et al. 1984; Tabor and Richardson 1985; Morris et al. 1986), and bacteriophage T7 RNA poly—

merase has been cloned and expressed in yeast (Chen et al. 1987). Vectors carrying the bacterio—

phage T7 promoter may therefore be used to express cloned genes in Vivo (please see point 2

under Uses below).

USES

1. Synthesis of single—stranded RNA for use as hybridization probes, functional mRNAs for in

vitro translation systems, or substrates for in vitro splicing reactions. Each of the three RNA

polymerases has a high degree of specificity for its cognate promoter.

2. The bacteriophage T7 transcription system has been used to express cloned genes in bacteria

(Tabor and Richardson 1985; Studier and Moffatt 1986) and in yeast (Chen et al. 1987). Two

types of bacteriophage T7 expression systems have been developed for E. coli. In the first sys—

tem, stable lysogens are established with bacteriophage 7» carrying the bacteriophage T7 RNA

polymerase gene under the control of the E. coli lacUVS promoter. Plasmids containing the

gene of interest under the control of the bacteriophage T7 promoter are then introduced into

the lysogens containing the bacteriophage T7 RNA polymerase gene. Activation of the bacte-

riophage T7 promoter is then achieved by isopropylthio-B-D-galactoside induction of the

iac'UVS promoter driving the bacteriophage T7 RNA polymerase gene. In the second system,

the bacteriophage T7 promoter/plasmid carrying the gene of interest is introduced into bacte—

ria, and the bacteriophage T7 promoter is activated by infecting the bacteria with bacterio—

phage k containing the bacteriophage T7 RNA polymerase gene.

In yeast, the bacteriophage T7 RNA polymerase gene is placed under the control of a yeast

promoter and stably introduced into yeast cells on an autonomously rep1icating vector.

Expression is achieved by introducing into the yeast cells a second plasmid that contains the
gene of interest under the control of the bacteriophage T7 promoter (Chen et ai. 1987).  
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BACTERIOPHAGES SP6, T3, AND T7 DNA-DEPENDENT RNA POLYMERASES

Adivity: 5 '—>3 ' RNA polymerase

Substrate: DoubIe-stranded DNA molecules containing bacteriophage SP6, T3, or T7 promoters.

Reaction:
bacteriophage SP6, T3,
or T7 RNA polymerase

double-stranded DNA ._._—_____.> RNA + PPI + template
Mg2+

rATP, rUTP, rCTP, rCTP

For example:

51 CATCATCATCATCGATCGGG...Y

SP6promoter
 

  aCTAGTAGTAGTAGCTAGCCC... 

Mg“

rATP, rUTP bacteriophage SP6
rGTP, rCTP RNA polymerase

S'PppGAUCAUCAUCAUCGAUCGGG...3'  
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LIGASES, KINASES, AND PHOSPHATASES
 

DNA ligases catalyze end—to-end joining of pieces of DNA. The ligases used most often in cloning

are encoded by bacteriophage T4, although there is a less versatile enzyme available from unin-

fected E. coli. Both types of ligases are used primarily on DNA substrates with 5’-terminal phos-

phate groups.

RNA ligase is a bacteriophage T4 enzyme that is capable of covalently joining single-strand—

ed RNA (or DNA) molecules containing 5’—phosphate and 3'—hydroxy1 termini. However, the pri-

mary use of this enzyme has been in 3’ end-labeling of RNA. This is accomplished using 32P—labeled

mononucleoside 3',5'—bisphosphate (pr), which is added to the 3'—hydroxyl terminus of RNA.

The DNA ligases used in molecular cloning differ in their abilities to ligate noncanonical sub-

strates, such as blunt—ended duplexes, DNA—RNA hybrids, or single-stranded DNAs. These and
other properties are summarized in Table 1-12 in Chapter 1 and discussed below. For additional

information on DNA ligases, please see the information panel on DNA LIGASES in Chapter 1.

DNAS that lack the required phosphate residues can be prepared for ligation by phospho-

rylation with bacteriophage T4 polynucleotide kinase. Conversely, DNAs can be rendered resis—

tant to ligation by enzymatic removal of phosphate residues from their 5’ termini with phos—

phatases. The properties of bacteriophage T4 polynucleotide kinase are summarized in Table A4-

6 and described in greater detail below. The data in this table have been collected from numerous

papers published over the years. The values serve as accurate guidelines for using the enzymes, but

optimal conditions will always vary slightly with the enzyme preparation (degree of purity) and

the DNA preparation, or when carrying out a sequence of enzymatic reactions (e.g., digestion,

end—filling, and ligation) in one mixture.

TABLE A4-6 Properties of Bacteriophage Polynucleotide Kinase
 

 

FORWARD REACTION EXCHANGE REACTION

Nucleic acid substrate double—stranded DNA double—strandcd DNA

single—stranded RNA or DNA single-stranded RNA or DNA
nick or gap nick or gap

oligonucleotide oligonucleotide
3' dNMP

Km double-stranded DNA, 7.6 uM ADP, 300 pm“

5' dNMP, 22—143 “M ATP, 10 “M“

ATP, 14—140 M

pH optimum 7.4—8.0 (Tris—Cl) 6.4 (imidazole)

Sulfhydryl requirement + +

Mg“ requirement + +

Effect of ionic strength stimulated by NaCl and KC! no information

excess KCl inhibits on all

substrates except single-stranded DNA

Inhibitors (NH4)ZSO4, 7 mM PR 50 mM

(SO‘B/o inhibition) Pa) 20 mM
PF}, 5 mM

Activators polyamine, 2 mM, 300% no information
 

"These are concentrations that give optimal activity at pH 6.4, not Kms‘
hKm for ATP varies with substrate.
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Bacteriophage T4 DNA Ligase
(Bacteriophage T4-infected E. (oli)

Bacteriophage T4 DNA ligase, a polypeptide of Mr I 68,000, catalyzes the formation of phos—

phodiester bonds between adjacent 3'—hydroxyl and 5'—phosphate termini in DNA (Weiss et A].

1968). The properties of the enzymes are summarized in Table 1—12 in Chapter 1.

USES

1. Joining DNA molecules with compatible cohesive termini. Intermolecular ligation is stimulat—

ed by low concentrations of agents, such as polyethylene glycol, that promote the efficient

interaction of macromolecules in aqueous solutions (please see the information panel on

CONDENSING AND CROWDING REAGENTS in Chapter 1).

2. Joining blunt—ended double-stranded DNA molecules to one another or to synthetic linkers.

This reaction is much slower than ligation of cohesive termini. However, the rate of blunt-end

ligation is improved greatly by the addition of monovalent cations (150—200 mM NaCl) and

low concentrations of polyethylene glycol (Pheiffer and Zimmerman 1983; Hayashi et al.

1986).

NOTES

0 At least three different assays are used to measure the activity of bacteriophage T4 DNA ligase.

Most manufacturers (apart from New England Biolabs) now calibrate the enzyme in Weiss

units (Weiss et al. 1968). One Weiss unit is the amount of enzyme that catalyzes the exchange

of 1 nmole of 32P from pyrophosphate into [y, [3—32P1ATP in 20 minutes at 37°C. One Weiss
unit corresponds to 0.2 unit determined in the exonuclease resistance assay (Modrich and

Lehman 1970) and to 60 cohesive—end units (as defined by New England Biolabs). 0.015 Weiss

unit of bacteriophage T4 DNA ligase therefore will ligate 50% of the Hindlll fragments ot'bao

teriophage k (5 ug) in 30 minutes at 16°C. Throughout this manualt bacteriophage T4 DNA

ligase is given in Weiss units.

0 Bacteriophage T4 DNA ligase is not inhibited by the presence of dNTPs and works adequate-

ly in virtually all buffers used for digestion of DNA with restriction enzymes.
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BACTERIOPHAGE T4 DNA LIGASE
 

Activity: Ligation of cohesive DNA termini or nicks

Substrate: Active on double—stranded DNA with complementary cohesive termini that base pair to bring
together 3 ‘-hydroxyl and 5’-phosphate termini. In addition, the enzyme is active on nicked DNA
and active, albeit far less efficiently/ on RNA substrates. (For a more complete description of sub-
strates, see Engler and Richardson 1982.)

Reaction:
3,

..pA pCpGOH pApAprTpCpGpT...

.T GpCprTpApAp HO cpcpAp...5,

Mg2+ bacteriophage T4
ATP DNA ligase

..pppppprpCpGAATTCGT.

..TpGpCp Tp Tp APAPGPCPAP...5,

 

Activity: Ligation of blunt ends

Substrate: High concentrations of blunt—ended, double-stranded DNA containing 5'-phosphate and 3’-
hydroxyl termini.

Reaction: 3,.pchpAOH pCpGprA...

..GPCPTP HocpcpApr...S,

Mg2+ bacteriophage T4
ATP DNA ligase

3A
.pCpGpApCpGprA...

.pG Cp Tp"GpCpApr  
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E. (oli DNA Ligase

E. coli DNA ligase catalyzes the formation of phosphodiester bonds in double~stranded DNA con-

taining complementary protruding 5’ or 3’ termini (Panasenko et al. 1977, 1978). The reaction

requires NAD1 as a cofactor. Initial studies indicated that this enzyme would not ligate blunt—

ended double—stranded DNA, but subsequent studies revealed that blunt—cnd ligation can be

achieved in the presence of polyethylene glycol or Ficoll, compounds that act as volume exclud-

crs (please see the information panel on CONDENSING AND CROWDING REAGENTS in Chapter

1). This effectively increases the concentration of DNA termini and enzyme (Zimmerman and

Pheiffer 1983). E. coli DNA ligase has been used in CDNA cloning methods based on replacement

synthesis, as described by Okayama and Berg (1982), because of its inability to join adjacent RNA

and DNA segments that arise during the synthesis of the second strand of CDNA. It is not, how-

ever, widely used in other molecular cloning procedures, since bacteriophage T4 DNA ligase is

capable of efficiently joining blunt ends in the absence of volume excluders. E. coli DNA ligase

does not ligate RNA.

E. COLI DNA LIGASE
 

Activity: Ligation of cohesive DNA termini or nicks

Substrate:Active on double-stranded DNA with complementary cohesive termini that base pair to bring
together 3 ’-hydr0xy| and 5 ’-phosphate termini. In addition, the enzyme is active on nicked DNA.
Blunt termini can be ligated in the presence of crowding reagents.

Reaction:
' 35 ...pApchOH PAPAPTPTPCPGPT...

5,...TpGpcprTp/stpAp HO GpcpAp...5,

Mg2+ l Ecoli
ATP DNAligase

5' 3’...pAPCpGpApAprTpCpCPT...

3,...TpGpCprTpApApGpCPAP...5,  
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Bacteriophage T4 RNA Ligase
(Bacteriophage T4-infected E. coli)

Bacteriophage T4 RNA ligase catalyzes the covalent joining of 5'-phosphate termini in single-

stranded DNA or RNA to 3’-hydroxyl termini in single-stranded DNA or RNA (Uhlenbeck and

Gumport 1982).

USES

1. Because small molecules (e.g., pr) are effective substrates, bacteriophage T4 RNA ligase can

be used to radiolabel the 3” termini of RNA molecules in vitro (Uhlenbeck and Gumport

1982).

2. Ligation of oligodeoxyribonucleotides.

3. Bacteriophage T4 RNA ligase has been reported to stimulate the activity of bacteriophage T4

DNA ligase (Sugino et al. 1977). However, agents such as polyethylene glycol that increase

macromolecular crowding are equally effective and much less expensive.

BACTERIOPHAGE T4 RNA LIGASE

Activity: RNA Iigase

Substrate: 5’-phosphate acceptors include single-stranded DNA and RNA. Phosphate donors include single-
stranded DNA and RNA and nucleotides such as pr.

Reaction:
DNA or RNA RNA or DNA

5

'pA pc pc OH3l pA pA pT pT PC“

bacteriophage T4
ATP DNA ligase

“9A pc pc PA pA J J 9C

Thermostable DNA Ligases

The genes encoding thermostable ligases from several thermophilic bacteria have been cloned,

sequenced, and expressed to high levels in E. coli (e.g., please see Takahashi et al. 1984; Barany and

Gelfand 1991; Lauer et a1. 1991; Iénsson et a1. 1994). Several of these enzymes are available from

commercial sources. Like the E. colienzyme,a1most all thermostable ligases use NAD’r as a cofac—

tor and work preferentially at nicks in double-stranded DNA. In addition, thermostable ligases,

like their mesophilic homolog, can catalyze blunt—end ligation in the presence of crowding agents,

even at elevated temperatures (Takahashi and Uchida 1986). Because thermostable ligases retain

activity after multiple rounds of thermal cycling, they are used extensively in the ligase amplifica—

tion reaction to detect mutations in mammalian DNAs.  
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Bacteriophage T4 DNA Polynucleotide Kinase
(Baderiophage T4-infected E. (0/1)

Bacteriophage T4 polynucleotide kinase catalyzes the transfer Of the y—phosphate of ATP to a 5’

terminus of DNA or RNA (Richardson 1971). Two types Of reactions are commonly used. In the

jbrward reaction, the y—phosphate is transferred to the 5' terminus of dephosphorylated DNA

(Richardson 1971 ). In the exchange reaction, an excess of ADP causes bacteriophage T4 polynw

cleotide kinase to transfer the terminal 5'—phosphate from phosphorylated DNA to ADP; the

DNA is then rephosphorylated by transfer of a radiolabeled y—phosphate from ly-‘UPIA'I‘P

(Berkner and Folk 1977). In addition to its phosphorylation activity, bacteriophage T4 polynu-

deotide kinase carries a 3’ phosphatase activity (Richardson 1981 ). The properties of this enzyme

are summarized in Table A4—6 and in Richardson (1981).

USES

1. Radiolabeling 5' termini in DNA for sequencing by the Maxam—Gilbert technique (Maxam and

Gilbert 1977), for nuclease 51 analysis, and for other uses requiring terminally labeled DNA.

2. Phosphorylating synthetic linkers and other fragments of DNA that lack terminal 5' phos~

phates in preparation for ligation.

NOTES

0 Bacteriophage T4 polynucleotide kinase is difficult to purify from infected cells, and impure

preparations are not uncommon. Wherever possible, use bacteriophage T4 polynucleotide

kinase that has been purified from cells expressing high levels of a cloned copy of the bacte—

riophage T4 gene.

0 When setting up reactions involving the termini of nucleic acid molecules. the concentration

of the reacting species can be calculated using Table A4—7 as a guide.

0 Spermidine stimulates incorporation of [y—33P]ATP and inhibits a nuclease present in some

preparations of bacteriophage T4 polynucleotide kinase.

0 ATP should be present at a concentration of at least 1 mt in the forward reaction and at least

2 tiM in the exchange reaction. Maximum enzyme activity requires still higher concentrations

(please see Table A4—6)t

o The DNA to be phosphorylated should be rigorously purified by gel electrophoresis, density

gradient centrifugation, or chromatography on columns of Sepharose (1—413 in order to

remove low-molecular—weight nucleic acids. Although such contaminants may make up only

a small fraction of the weight of the nucleic acids in the preparation, they provide a much larg—

er proportion of the 5' termini. Unless steps are taken to remove them, contaminating IOW»

molecular—weight DNAS and RNAS can be the predominant species of nucleic acids that are

labeled in bacteriophage T4 polynucleotide kinase reactions.

0 Ammonium ions are strong inhibitors of bacteriophage T4 polynucleotide kinase. Therefore,

DNA should not be dissolved in, or precipitated from, buffers containing ammonium salts

prior to treatment with the kinase.

0 Low concentrations of phosphate also inhibit bacteriophage T4 polynucleotide kinase.

Imidazole buffer (pH 6.4) is therefore the buffer of choice for the exchange reaction, and Tris

buffer is the buffer of choice for the forward reaction.
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TABLE A4-7 Concentration of Ends in Kinasing Reactions
 
 

AMOUNT or DNA

 

SIZE OF DOUBLE-STRANDED DNA REQUIRED TO CONTRIBUTE

(IN BASE PAIRS) 1 pMOLE OF 5’ TERMINI (IN pg)

50 1.7 x 10"2
100 3.3 x 102
250 804 x 10’2
500 1,7 x 10"

1000 3.3 x 10’1

2500 8.4 x 104

5000 1.7
 

BACTERIOPHAGE T4 POLYNUCLEOTIDE KINASE
 

Activity: Kinase (fon/vard reaction)

Substrate: Single- or double-stranded DNA with 5’-hydroxyl terminus; RNA with a 5’-hydroxy| terminus. The
enzyme phosphorylates protruding 5’ singIe-stranded termini more rapidly than blunt ends or
recessed 5’ termini; however, with sufficient enzyme and ATP; such termini can be completely
phosphorylated. The reaction at nicks or gaps in double-stranded DNA is less efficient than for sin-
gIe-stranded termini; however, with sufficient concentrations ofATP and enzyme, gaps can be com-
pletely phosphorylated and nicks can be phosphorylated to 70%.

Reaction:
bacteriophage T4

polynucleotide kinase ’
DNAOHS’ or RNAOH5' ——-——-————> 5/[32P]DNA or 5 [32P]RNA

[y~3ZP]ATP + ADP
dithiothreitol

Mg“

For example:
5' 3'HOC pG pC . . .

diysdedATFl‘ bacteriophage T4
n '°t {fgi polynucleotide kinase

5' 3'SC pG pC . . .

+ ADP

 

Activity: Kinase (exchange reaction)

Substrate: Single-stranded DNA with a 5’-phosphate terminus is most efficiently labeled (96%). Recessed 5’-
phosphate termini are labeled to 70% with sufficient enzyme. 5’-phosphate groups at nicks are
labeled 30-fold less efficiently than singIe-stranded 5’-phosphate termini.

Reaction:
S'pC pG pC . . . 3' + excess ADP

bacteriophage T4
dithiothreitoi polynucleotide kinase

[y-3ZPidATP l

Mg2+

5’* 3’pCpGpC”. +ADP+ATP
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Alkaline Phosphatases
(E. (oli, calf intestine, and shrimp)

The three alkaline phosphatases — bacterial alkaline phosphatase (BAP), calf intestinal alkaline
phosphatase (CIP), and shrimp alkaline phosphatase (SAP) — catalyze the removal of 5'—phos-
phzite residues from DNA, RNA, rNTPs, and dNTPs. For further details, please see the informa-
tion panel on ALKALINE PHOSPHATASE in Chapter 9.

USES

1. Removing 5” phosphates from DNA or RNA prior to labeling 5' termini with HP.

2. Removing 5' phosphates from fragments of DNA to prevent self—ligation.

NOTES

0 BAP is the most active of the three enzymes, but it is also far more resistant to heat and deter-
gents. It is therefore difficult to inhibit BAP completely at the end of dephosphorylation reac—
tions.

0 Proteinase K is used to digest CIP, which must be completely removed if subsequent ligations
are to work efficiently. An alternative method is to inactivate the CIP by heating to 65“C for 1
hour (or 75°C for 10 minutes) in the presence of 5 mM EDTA (pH 8.0) and then to purify the
dephosphorylated DNA by extraction with phenolzchloroform.

0 SAP is extremely heat—Iabile and can be denatured completely and irreversibly by heating to
65°C for 15 minutes.

ALKALI N E PHOSPHATASES
 

Activity: Phosphatase

Substrate: Single- or double-stranded DNA and RNA; rNTPs and dNTPs.

Reaction:

alkaline phosphatase
3 pDNA or5 pRNA ~———————————> SOHDNA or5OHRNA  
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NQCLEAses
 

Ribonuclease H

Ribonuclease H (RNase H) catalyzes the endonucleolytic degradation of the RNA moiety of

DNA—RNA hybrids, generating oligoribonucleotides of varying chain lengths with 3’—hydroxyl

and 5‘—phosphate termini. RNase H was first recognized and isolated from calf thymus (Stein and

Hausen 1969; Hausen and Stein 1970), but the enzyme is now known to be present in a wide vari-

ety of mammalian tissues, yeasts, prokaryotes, and virus particles. Many types of cells contain

more than one RNase H.

In many retroviruses, RNase H is associated with the multifunctional enzyme reverse tran-

scriptase and carries out important functions at several stages during the transcription of the viral

genome into DNA. In eubacteria, RNase H is believed to be required for the removal of RNA
primers from Okazaki fragments, for processing of transcripts into primers that are used by DNA
polymerase I to initiate DNA synthesis, and to remove R-loops that provide sites for opportunis—

tic initiation of unregulated DNA synthesis at the chromosomal origin of replication in E. coli.

RNase H is presumed to carry out similar functions in eukaryotic cells.

RNase H has been reported to increase markedly the inhibition of gene expression by anti-

sense oligodeoxynucleotides. Hybrids between these oligonucleotides and specific sequences in

mRNAs are sensitive to degradation by the enzyme. RNase H is required for initiation of replica-

tion at the origin (ori) of colicin E1 (colE1)-type plasmids in Vitro. The enzyme also seems to sup-

press initiation of DNA synthesis at sites other than ori.

X-ray crystallographic analysis shows that E. coli RNase H consists of two domains, one of

which contains an Mgztbinding site enmeshed in B strands, a fold previously recognized in
DNase I . For further information and references, please see Crouch (1990), Wintersberger (1990),
Hostomsky et al. (1993), Jung and Lee (1995), Kanaya and Ikehara (1995), Rice et al, (1996),

Crooke (1998), and the information panel on RIBONUCLEASE H in Chapter 8.
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Ribonuclease A (Pancreatic)

(Bovine pantreds)

Ribonuclease A (RNase A) is an endoribonuclease that specifically attacks single—stranded RNA

3' to pyrimidine residues and cleaves the phosphate linkage to the adjacent nucleotide. The end

products are pyrimidine 3' phosphates and oligonucleotides with terminal pyrimidine 3’ phos-

phates (Davidson 1972). RNase A, which works in the absence of cotactors and divalent cations,

can be inhibited by placental RNase inhibitor (Blackburn et a]. 1977) 01' by mnadybribonuclem

side complexes (Puskas et al. 1982).

 

u 11 3151
pAp Gp GpCp CD GpApAp Gp Up Gp CpApGpG

l RNase A

5‘ 3'

pApGpGpCp“Cp*GpApApGpUp+Gpcp*ApGpG  
USES

1. Removing unhybridized regions of RNA from DNA—RNA or RNA—RNA hybrids.

2. Mapping single—base mutations in DNA or RNA (Myers et al. 1985; Winter et al. 1985). In this

method, single-base mismatches in RNA—DNA or RNA-RNA hybrids are recognized and

cleaved by RNase A. A 3JP-labeled RNA probe complementary to wild—type DNA or RNA is
synthesized in vitro using a plasmid containing a bacteriophage SP6 or T7 promoter, The RNA

probe is then annealed to test DNA or RNA containing a single—base substitution. The result—

ing single—base mismatch is cleaved by RNase A, and the location of the mismatch is then

determined by analyzing the sizes of the cleavage products by gel electrophoresis; ~50% of all

possible single-base mismatches can be detected by this method.

 

PREPARATION OF RNASE THAT IS FREE OF DNASE

Dissolve pancreatic RNase (RNase A) at a concentration of 10 mg/ml in 0.01 M sodium acetate (pH 52). i
Heat to 100°C for 15 minutes. Allow it to cool slowly to room temperature. Adjust the pH by adding 0.1 (
volume of 1 M Tris-Cl (pH 7.4). Dispense into aliquots and store at ~20"C. RNase pretipitates When (on—
centrated solutions are heated to 100"C at neutral pH. 1

1
 

Ribonuclease T1

Ribonuclease T1 (RNase T1) is an endoribonuclease that specifically attacks the Slphosphate

groups of guanine nucleotides and cleaves the 5'—phosphate linkage to the tidiacent nucleotide.

The end products are guanosine 3' phosphates and oligonucleotides with terminal guanosi11€-3'—

phosphate groups (Davidson 1972).

H 1 11 L
5‘ 3

p Ap Gp Gp Cp GB GD Ap Ap Gp Up Gp Cp Ap GpC

 

l RNase T1

3
pApGp+Gp+CpCpGp+ApApGp+UpGp+CpApGp+C    

USE

Removing unhybridized regions of RNA from DNA—RNA or RNA—RNA hybrids.
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Deoxyribonuclease I (Pancreatic)

(Bovine pancreas)

The endonuclease DNase I from bovine pancreas is a glycoprotein that degrades double/strand—

ed DNA by an in-line SN—Z mechanism involving nucleophilic attack on the scissile phosphodi—

ester bond. The phosphate group remains attached to the new 5’ terminus. DNase I requires diva-

lent metal ions for DNA hydrolysis (Kunitz 1950) and displays maximal activity in the presence

of Ca2+ and either Mg“ or Mn2+ (Price 1972). These cations work synergistically; in the presence

of both Ca” (0.1 mM) and Mg2+ (10 mM), the rate of hydrolysis is greater than the sum of the
rates for either cation alone. However, high concentrations of Mg2+ (>50 mM), but not of Ca“,

are inhibitory.

The mode of action and the specificity of the enzyme are affect-

ed by the type of divalent cations used. In the presence of Mn”, or

when very high concentrations of the enzyme are used in the absence

of monovalent cations, DNase I breaks both strands of superhelical

double—stranded DNA simultaneously at approximately the same site

(Melgar and Goldthwait 1968; Campbell and Jackson 1980).

In the presence of Mg”, DNase I works in a totally different fashion and introduces nicks

into each strand of double-stranded DNA independently. As more and more nicks accumulate,

the number of base pairs between adjacent nicks on opposite strands gradually decreases and is

eventually insufficient to hold the molecule
together. The terminal products of this reaction 5. i i J, i i OH 31

are a complex mixture of acid—soluble 5'-phos— p_ p— p_ p —p_ p—

phorylated oligonucleotides. _ p _ p- p _ p _ p __ p __ p _ p ‘

Whether this nicking activity of DNase I 3‘ O” T T T T T T T 5
displays sequence specificity remains a surpris—

ingly murky topic, with conflicting data from several groups. On the one hand, biochemical

analysis of the digestion products of bulk E. coli DNA shows only weak sequence specificity
(Ehrlich et al. 1973; Bernardi et al. 1975). On the other hand, footprints generated by digestion of

double—stranded DNA with DNase I often show evidence of preferential cleavage by the enzyme.

In addition, Scheffler et al. (1968) showed that DNase I has a very marked preference for cleaving

poly(dlA-T])-poly(d[A—T]) to the 5” side of T residues, a result that was confirmed with

homopolymeric poly(d[A-T]) by Lomonossoff et al. (1981). However, this apparent specificity

may be due more to a special alternating B conformation thought to be associated with the

homopolymer, rather than to preference of the enzyme for particular sequences (King et 31. 1979).

Support for this idea comes from analysis of the crystal structure of complexes between DNase I

and short double-stranded oligonucleotides (Suck et al. 1984; Suck and Oefner 1986). An exposed

loop of the enzyme binds in the minor groove of B-DNA with both strands of the nucleic acid
bending to make contact with the enzyme. Suck et al. (1988) have suggested that, in contrast to

the results of Scheffler et al. (1968) and Lomonossoff et al. (1981), A-T tracts in double-stranded

DNA might be relatively resistant to cleavage with DNase I.

In summary, whether DNase I nicks double—stranded DNA in a sequence-dependent fash—

ion appears to be influenced by the structure of the template. The enzyme introduces nicks into

complex DNAs with limited regard for sequence. However, on synthetic oligonucleotides of

defined sequence, the enzyme shows a higher degree of preference, perhaps because the confor-

mation of these substrates limits access of the enzyme to certain classes of phosphodiester

bonds.
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When very short double—stranded DNAs are used as substrates, DNase I also exhibits a

topographical specificity that is manifested as “end-effects.“ The probability that a particular
phosphodiester bond will be cleaved increases as a function of its distance from the 5' end 01a
DNA strand, at least as far as the eighth phosphodiester bond (Galas and Schmiu 1978:
Lomonossoff et al. 1981 ). This preference exists because the enzyme efficiently cleaves only when
it can interact with three or four nucleotides that are 5' to the cleavage site. The predominant
products of complete digestion of double—stranded DNA are therefore 5'—phosphorylated
tetranucleotides (Bernardi et al. 1975). Two methods have been used in molecular cloning to limit

the action of DNase I to a single endonucleolytic cleavage per molecule oftelnplate DNA:

0 As discussed above, in the presence of a transition metal ion such as Mn“, DNase I cleaves both
strands of superhelical DNA at approximately the same site (Melgar and Goldthwait 1968) to
yield fragments that are qunt-ended or that have protruding termini only one or two
nucleotides in length. The resulting linear molecules are relativer resistant to further cleavage
by the nuclease. This reaction has been used to generate random deletions in a segment oftar-
get DNA cloned in a plasmid or bacteriophage Ml3 vector (Frischauf et al. 1980; Anderson
1981; Hong 1982). Because the sites of doubIe—stranded cleavage are distributed in a statistical—
ly random fashion, the population of closed circular DNAs is converted into a permuted set of
linear molecules. These are then digested with a restriction enzyme whose unique site of cleav—
age lies at one end of the target DNA. Recircularization of the resulting population generates
clones that lack sequences lying between the site of DNase I cleavage and the restriction site.

In the presence of subsaturating quantities of an intercalating dye such as ethidium bromide‘
DNase I randomly introduces a single nick into one strand of closed circular DNAs. The result-
ing relaxed circular molecules are then relatively resistant to further cleavage by the enzyme.
DNase I can therefore be used to introduce a single nick into closed circular DNAs in prepa—
ration for resecting prior to bisulfite-mediated mutagenesis (Greenfield et al. 1975).

USES

1. To remove DNA templates from in vitro transcription reactions and from preparatitms of
mRNA. These RNAs are contaminated with large amounts of DNA that must be removed
before analysis by northern hybridization, construction of cDNA libraries, reverse transcrip-
tase (RT)-PCR, etc. Removal of contaminating DNA is particularly important when purifying
RNAs from transfected cells or cells infected with DNA viruses. Unfortunately, many com—
mercial preparations of pancreatic DNase I are contaminated with significant amounts of
RNase. DNase I that is free of RNase can be obtained commercially but at great cost. If RNase—
free DNase is used on a regular basis, please see the panel on PREPARATION OF DNASE THAT IS

FREE OF RNASE on the following page.

. T0 digest DNA that is left unprotected by interaction with proteins (DNA Ibotprinting) (Galas
and Schmitz 1978; Schmitz and Galas 1979). DNase I was the reagent originally used to devel—
op DNA footprinting and despite the subsequent discovery of elegant chemical methods to
cleave DNA in a sequence—independent fashion, DNA footprinting with DNase I remains by
far the most popular way to localize specific interactions between proteins and DNA.

. To introduce random single-Stranded nicks into double-stranded DNA to generate templates
for nick—translation reactions (Maniatis et al. 1975; Rigby et al. 1977). In this case, very small
amounts of the enzyme are used to prevent wholesale destruction Of the template DNA.  
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PREPARATION OF DNASE THAT IS FREE OF RNASE

mRNA prepared from uninfected mammalian cells contains only small amounts of DNA that generally
do not compromise northern hybridization or other types of RNA analysis. However, mRNAs prepared
from transfected mammalian cells or from cells infected with DNA viruses are contaminated with large
amounts of DNA that must be removed by digestion with DNase I. Unfortunately, many commercial
preparations of pancreatic DNase I/ even those that claim to be RNase-free, are contaminated with sig-

nificant amounts of RNase. ln addition, the use of commercially prepared RNase-free DNase I can

become expensive when many samples are prepared. DNase I can be treated by heating in the presence
of iodoacetate to reduce RNase activity by ~98%. The resulting preparations of DNase are acceptable for
all but the most stringent applications (e.g., this method should not be used to remove DNA from RNA

to be used in construction of a cDNA library). DNase purified in this manner should always be used in

the presence of a protein inhibitor of RNase (please see the information panel on INHIBITORS OF
RNASES in Chapter 7).

1. Dissolve 10 mg of pancreatic DNase (Sigma) in 10 ml of 0.1 M iodoacetic acid, 0.15 M sodium acetate
(pH 5.2).

2. Heat the solution to 55°C for 45 minutes. Cool the solution to 0°C, and add 1 M CaCI2 to a final con-
centration of 5 mM.

3. Dispense the DNase I into small aliquots and store at —20°C. 
 

 

 



tNlllclcascs A4.43

BAL 31 Nuclease

(Allorommms (’Sp(’jidnd BAL 31)

BAL 31 is predominantly a 3’ exonuclease that removes mononucleotides from both 3' termini of

the two strands of linear DNA. BAL 31 is also an endonuclease; thus, the single—strandcd DNA

generated by the 3' exonuclease activity is degraded by the endonuclease. The median isms ot'these

reactions are complex and are summarized in the information panel on EAL 131 in Chapter 13.

Degradation is absolutely dependent on the presence of calcium, and the reaction can there—

fore be stopped at different stages by the addition of the chelating agent EGTA. Because degradation

occurs relatively uniformly from the termini Of DNA, digestion with BAL 31 can be used to map

restriction sites in small fragments of DNA (Legerski et al. 1978). DNA is digested with BAL 31, and

samples are withdrawn at different times and placed in a solution containing EGTA. After digestion

of these samples with the restriction enzyme of interest, restriction fragments can be seen to disap~

pear in a defined order. By using a DNA consisting of vector sequences at one terminus (for which

the restriction map is known) and unmapped sequences at the other, it is possible to distinguish

fragments from the two termini and to deduce the order of the fragments in the unmapped DNA.

BAL 31 can also be used to remove unwanted sequences from the termini of DNAs before

cloning. After treatment with the exonuclease/endonuclease, the termini of the DNA are repaired

with bacteriophage T4 DNA polymerase or the Klenow fragment of E. (oli DNA polymerase 1.

Synthetic linkers are added to the DNA, which is then inserted into a suitable vector. In this way, it

is possible to generate a set of deletions from a defined endpoint in DNA. Although the enzyme is

predominantly a 3’ exonuclease, it also has a DNA endonuclease activity and cleaves internally in

single—stranded regions of DNA or in double—stranded DNA that contains helical distortions (Lau

and Gray 1979; Gray et al. 1981; Wei et al. 1983). BAL 31 will also digest RNA. albeit inefficiently.

USES

1. Removing nucleotides from the termini of double—stranded DNA in a controlled manner. The

shortened molecules can be used for a variety of purposes such as to produce deletions. to

position a desired sequence next to a promoter or other controlling element, or to attach syn~

thetic linkers at desired sites in the DNA.

2. Mapping restriction sites in DNA (Legerski et al. 1978).

3. Mapping, secondary structure in DNA, for example, junctions between B-l)NA and Z~DNA or

sites of covalent or noncovalent modifications in double—stranded DNA (Gray et al. 1981; Wei

et al. 1983).

4. Removing nucleotides from double-stranded RNA in preparing recombinant RNAs (Miele et

al. 1983).

NOTES

0 When the products of BAL 31 digestion are to be ligated, it is important to consider that the

3' exonuclease activity ofthe enzyme works ~20-fold more efficiently them the DNA endonu-

cleatse. Thus, the average length of single—stranded tails created by digestion of linear double-

stranded DNA is dependent on the enzyme concentration. At high enzyme concentrations

(2—5 units/ml), an average of five nucleotides of single—stranded DNA remain per terminus

and 10—20% of the molecules can be ligated to blunt—ended DNA without further treatment.

At low enzyme concentrations (O.1—0.2 unit/ml), the single-stranded termini may be very long

and the efficiency of blunt—end ligation is very low. Repair with bacteriophage T4 DNA poly—
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merase (or, in some cases, the Klenow fragment) is almost obligatory before cloning DNAs

treated with either high or low concentrations of BAL 31,

0 Most commercial preparations of BAL 31 contain two kinetically distinct forms of the enzyme,

a fast and a slow form. The slow form is a proteolytic degradation product of the fast form. Pure

preparations of the fast form are available, but they are expensive (Wei et al. 1983). Results using

mixed preparations will vary, depending on the relative amounts of the two forms in the initial

preparation and the rate of conversion of the fast to the slow form during the assay.

Preparations rich in the fast form are preferred for such tasks as removal Oflong (>1000 bp)

segments from the termini of double—stranded DNA; degradation of double-stranded RNA;

and mapping of restriction sites, B—Z DNA junctions, and lesions in double-stranded DNA.

The slow form of the enzyme is used to remove short segments (10—100 bp) from the termini

of double—stranded DNA. Mixed preparations of the enzyme can be used for any of these tasks,

although the results will vary as mentioned above.

0 BAL 31 works asynchronously, generating a population of DNA molecules whose termini have

been resected to various extents and whose single-stranded tails vary in length. Following

digestion with BAL 31 and repair with bacteriophage T4 DNA polymerase (or the Klenow

fragment), it is often more efficient to isolate DNAs of the required size by gel electrophoresis

rather than to screen very large numbers of randomly generated clones.

o BAL 31 degrades AT-rich sequences significantly more rapidly than it degrades GC—rich

regions. Thus, molecules that terminate in AT—rich regions are underrepresented in popula-

tions Of DNAs that have been digested with the enzyme.

0 BAL 31 should not be frozen. Store the enzyme at 4°C.

BAL 31 NUCLEASE
 

Activity: Exonucleasejendonuclease

Substrate: BAL 31 degrades double-stranded DNA sequentially from both termini. The mechanism is thought
to involve a rapid exonucleolytic degradation followed by a slow endonucleolytic reaction on the
complementary strand. Double-stranded DNA with blunt or protruding 3’-hydroxyl termini are
degraded to shorter double-stranded molecules. The enzyme is also active at nicks, on single-
stranded DNA with 3’-hydroxyl termini, and on double-stranded RNA molecules.

 

 

 

 

Reaction:

5‘ 3’
3’ 5’

Ca2+ BAL 31
(rapid 1 (2~3 units/ml

reaction) [high concentration])

5' 3’

3' 5'
C32 +

(slow [ BAL 31

reaction)
5,“3,

3, 5, blunt ends (~10—20%)

5' ———-——— 3’ singIe-stranded tails about 5
3’ ——-—————— 5’ nucleotides long (~80—90%)
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BAI. 31 NUCLEASE
 

Adivity: Exonuclease (shortens single-stranded DNA)

Substrate: SingIe-stranded DNA with 3'-hydroxy| termini.

Readion:

5' 3' 

Cab l BAL 31

51—— 3/

 

Activity: Endonuclease

Substrate: Single-stranded DNA; supercoiled DNA; DNA with B-DNA, Z-DNA junctions and other non-B~
DNA comformations.

Readion:

single-stranded DNA BAL 31
——> mononucleotides
Ca2+

 

superhelical double-stranded DNA

doubIe-stranded
linear DNA

BAL 31

 

Ca2+

Ca2+ i BAL 31

 

truncated, doubIe-stranded
linear DNAS

——-—-—

—_

——  
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Nuclease S1

(Aspergillus oryzae)

Nuclease Sl degrades single-stranded DNA or RNA (Vogt 1973) to yield 5'—phosphate mono— or

oligonucleotides. Double-stranded DNA, double—stranded RNA, and DNA—RNA hybrids are rel-

atively resistant to the enzyme. However, double-stranded nucleic acids are digested completely

by nuclease 81 if they are exposed to very large amounts of the enzyme. Moderate amounts of the

enzyme will cleave double—stranded nucleic acids at nicks or small gaps (Kroeker and Kowalski

1978). For further information, please see both the introduction to Protocol 10 and the informa-

tion panel on NUCLEASE S1 in Chapter 7.

USES

1. Analyzing the structure of DNA-RNA hybrids (Berk and Sharp 1977; Favaloro et al. 1980).

2. Removing single—stranded tails from DNA fragments to produce blunt ends.

3. Opening the hairpin loop generated during synthesis of double-stranded cDNA.

NOTE

0 Since the enzyme works at low pH, depurination often occurs, which limits the usefulness of

nuclease 51 for some applications.

N UCLEAS E S]

Activity: Single~strand-specific nuclease

Substrate: Single-stranded DNA or RNA; more active on DNA than on RNA.

Reaction:

nuclease S1

single-stranded DNA or RNA —————-————> 5' pdN or 5' prN
Zn2+

(pH 4.5)

nicked double-stranded DNA

 

Zn2+ nuclease 51
(pH 4.5) (moderate amounts)

+
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Mung Bean Nuclease
(Mung bean sprouts)

Exonuclease III

(E. (oli)

Mung bean nuclease degrades single—stranded DNA to mono— or oligonucleotides with phos-

phate groups at their 5’ termini (Laskowski 1980). Double-stranded DNA, double-stranded RNA,

and DNA-RNA hybrids are relatively resistant to the enzyme. However, double—stranded nucleic

acids are digested completely by mung bean nuclease if they are exposed to very large amounts of

the enzyme (Kroeker and Kowalski 1978).

Although mung bean nuclease and nuclease 81 are similar to each other in their physical

and catalytic properties, mung bean nuclease may be less severe in its action than nuclease S 1. For

example, nuclease 51 has been shown to cleave the DNA strand opposite a nick in a duplex,

whereas mung bean nuclease will only attack the nick after it has been enlarged to a gap several

nucleotides in length (Kroeker and Kowalski 1978). For further details, please see the information

panel on MUNG BEAN NUCLEASE in Chapter 7.

USES

1. Converting protruding termini of DNA to blunt ends.

2. Analyzing the structure of DNA—RNA hybrids.

Exonuclease lll catalyzes the stepwise removal of S' mononucleotidcs from the 3'-hydr0xyl ter—

mini of double-stranded DNA (Weiss 1976). Linear double-stranded DNA and circular DNAs

containing nicks or gaps are substrates. The activity ofthe enzyme results in the formation of long

single-stranded regions in double—stranded DNA. The enzyme also carries three other activities:

an endonuclease specific for apurinic DNA, an RNase H activity (Rogers and Weiss 1980), and a

3” phosphatase activity, which removes 3’-phosphate termini but does not cleave internal phos-

phodiester bonds. The exonuclease will not degrade single-stranded DNA or double-stranded

DNA with a protruding 3’ terminus (Rogers and Weiss 1980).

Exonuclease III is nonprocessive and typically generates populations of molecules that have

been resected to similar extents. This property simplifies the task of isolating DNA molecules

whose lengths have been reduced by the desired amount. For further details, please see the infor-

mation panel on EXONUCLEASE III in Chapter 13.

USES

l. Generating partially resected DNAs that can be used as substrates for the Klenow fragment

(e.g., in the preparation of strand-specific probes) (for a similar application for bacteriophage

T4 DNA polymerase, please see Figure A4-2 [p. A4.l9]).

2. Generating nested sets ofdeletions of the terminal sequences of double—stranded linear DNAs.

This reaction is usually carried out in conjunction with mung bean nuclease or nuclease SI

and is an alternative to using BAL 31. Because exonuclease III will degrade DNA with recessed

3’ termini but not termini with protruding 3’ single strands, it can be used to create unidirec-

tional sets of deletions (Henikoff 1984). Thus, if the substrate molecule carries a protruding 3'

terminus at one end (e.g., created by digestion with Pstl) and a recessed 3' terminus at the

other, exonuclease III will digest only in one direction (from the recessed 3' terminus). After
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removal of the resulting single-stranded segments (with nuclease 81 or mung bean nuclease)

and repair with bacteriophage T4 DNA polymerase, the deleted molecules can be inserted into

an appropriate vector by blunt—end ligation.

3. Some methods of site—specific mutagenesis use thiophosphate derivatives of the dNTPs for sec—

ond—strand synthesis primed by the mutagenic primer. The parental template strand can be

preferentially degraded with exonuclease HI, increasing the frequency of mutants obtained

upon transformation of E. coli, since exonuclease III will not cleave thioester bonds (please see

the information panel on SELECTING AGAINST WILD-TYPE DNA IN SITE-DIRECTED MUTAGENE-

SIS in Chapter 13).

EXONUCLEASE Ill

Adivity: 3' Exonuclease

Substrate: This enzyme is active on 3’-hydroxyl termini of double-stranded DNA with blunt ends or with ends
containing unpaired 5’ termini and recessed 3’ termini. 3’-hydr0xy| termini at nicks in double-
stranded DNA are also substrates. The DNA must contain phosphodiester bonds; thioesters are

 

 

 

 

not cleaved.

Reaction:
5’ P OH 3’

5’ HO P 5’

Mg2+ l exonuclease III

5’ P OH 3’
5, 3,Ho P 5,

+ IDNOH

For example:

‘3' 3'...pCpGpAprT pApGpCOH

3,...GpCPTpApAprCpGp 5,

Mg2+ l exonuclease III

..pcOH

3,...GpCprApAprCpGp5,

5’ 5' 5’ 5'
+ PAOH + PTOH + PGOH + PCOH

 

Activity: 3’ Phosphatase

Substrate: Double- or single-stranded DNA with a 3'—phosphate terminus; internal phosphodiester bonds are

 

not cleaved.

Reaction:

5' -——- P 3' exonuclease lII 5' OH 3'
——-———> + 2Pi

P HO —-—-
5' 3'  
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Bacteriophage K Exonuclease
(Baueriophage A—infected E. coli)

Bacteriophage 71 exonuclease catalyzes the processive, stepwise release of 5' niononuclcotidcs

from double—strandcd DNA. Although the preferred substrate is double—stmnded DNA with 11

terminal 5' phosphate (Little et 111. 1967), the enzyme will also work, albeit 1()()—fold less efficient—
ly on singlc—stranded DNA. Double-stranded DNAs with nicks or gaps will not serve 115 suh~

strates.

USE

Bacterliophage 71 exonuclcasc was used for a wide variety of purposes in the earh davs of 1110161-

111211" cloning (for review, please see Little 1981). Today, it is used chiefly to modih theS —phos—

phate termini of DNAs that are to be used as substrates for other enzymes ((c.g., te1m1nal hams—
ferase).

BACTERIOPHAGE 11 EXONUCLEASE

Adivity: 5” Exonuclease

Substrate: DoubIe-stranded DNA with 5 ’-phosphate termini or with protruding 5’ termini.

Reaction:

“pc 90 9A pT pc pc pC pT 9A pCOH

"GPCPTPAPCPCPGPAPTPGP'

Mgzt l bacteriophagel
exonuclease

“pc pc pA pT pG pG pC pT pA pCOH

WGCTAp p 5'

+JPGOH+3PCOH+5PTOH+PAOH
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iROTEOLYTIC ENZYMES

Proteinase K

Proteinase K is a highly active serine protease of the subtilisin type (for reviews, please see Siezen
et al. 1991; Siezen and Lcunissen 1997) that is secreted by stationary cultures of the mold
Tritirachium album var. Limber (Ebeling et al. 1974). The K in the enzymes name indicates that
the protease can supply the mold’s total requirement for carbon and nitrogen by hydrolysis of
keratin. Proteinase K catalyzes hydrolysis of a wide variety of peptide bonds but exhibits a pref—
erence for peptide bonds carboxy—terminal to aromatic and uncharged amino acids.

The mature enzyme consists of 279 amino acid residues (Mr : 28,930) (Iany et al. 1986;
Gunkel and Gassen 1989) and has two binding sites for Ca“, which lie some distance from the
catalytic site. The Ca2+ ions are not directly involved in catalysis, but they contribute to structur-
al stability of the enzyme (Betzel et al. 1988; Muller et al. 1994). When Ca2+ is removed from the
enzyme, some of the catalytic activity is lost because of long-range structural changes (Bajorath
et al. 1988, 1989). Because the residual activity is sufficient to degrade most proteins, digestion
with proteinase K is usually carried out in the presence of EDTA. In addition, proteinase K
remains active in the presence of urea (1—4 M) and detergents that are routinely used to lyse mam—

malian cells (e.g., 0.5% SDS or 10/0 Triton X—100). Because proteinase K efficiently digests native

proteins, it can rapidly inactivate DNases and RNases in cell lysates, which facilitates the isolation

of high—molecular—weight DNA and intact RNA (Wiegers and Hilz 1971, 1972; Hilz et al. 1975).

Proteinase K is purchased as a lyophilized powder and should be dissolved at a concentra—

tion of 20 mg/ml in sterile 50 mM Tris—Cl (pH 8.0), 1.5 mM calcium acetate. The stock solution

should be divided into small aliquots and stored at —20°C. An aliquot can be thawed and refrozen

several times, but it should then be discarded. Unlike much cruder preparations of protease (e.g.,
pronase), proteinase K need not be self-digested before use. The activity of proteinase K is sever-

alfold higher at 50°C than at 37°C. Please see Table A4-8.

TABLE A4-8 Proteolytic Enzymes
 

 

STOCK STORAGE CONCENTRATION REACTION

SOLUTION TEMPERATURE IN REACTION BUFFER TEMPERATURE PRETREATMENT

Prondsc‘l 20 mg/ml —20°C 1 111le 0.01 M Tris-Cl 37°C self—digestionh
in HZO (pH 7.8)

0.01 M EDTA

0.5% SDS

Proteinase K 20 mg/ml ~20°C 50 ug/ml 0.01 M Tris—Cl 37—560C none required
in HJO (pH 7.8)

0.005 M EDTA

0.5% SDS
 

"l’ronase is A mixture of serme and acid proteases isolated from Streptomyces griseus.
“Selfidigestion eliminates contamination with DNase and RNase. Selfidigested pronase is prepared by dissolving powdered promise in 10 m.\1 Tris—Cl

1p” 7.51, 10 m.\1 NaCl [0 a final concentration of 20 mg/ml and incubating for 1 hour at 37°C. Store the self—digested pronase in small aliquots at 40°C
in nghth upped tubes,  
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OTHER ENZYMES

Lysozymes

Agarase

 

Lysozymes are a family of enzymes that catalyze the acid—base hydrolysis of [3—(1,4) linkages

between N—acetylglucosamine and N—acetylmuramic acid residues in the proteoglyean of bacter-

ial cell walls (Blake et ai. 1967; Fursht 1985). They were discovered by Alexander Fleming, (1922),

who identified an enzyme activity that rapidly lysed suspensions of bacteria. The products of

digestion by vertebrate lysozymes of the cell walls of bacteria were identified in the late 19505,

which allowed the structure and composition of the substrate to be deduced (for review, please

see Iollés 1960).

Lysozymes are widely distributed in nature and are expressed wherever there is a need to iyse

bacterial cells, for example, during release of bacteriophages from infected cells, on the surface of

vertebrate mucosa, and in a great number of secretions of different animals, both vertebrate and

invertebrate. There is no structural similarity between vertebrate and bacteriophage-encoded

lysozymes such as bacteriophage ?\ endolysin and bacteriophage T4 endoacet)'lmuramidase.

In molecular cloning, vertebrate lysozymes (e.g., egg-white lysozyme) are used at pH 8.0 in

combination with EDTA and detergents to liberate cosmid and plasmid DNAS from their bacte—

rial hosts (Godson and Vapnek 1973). For further details, please see the information panel on

LYSOZYMES in Chapter 1.

Agarase enzymatically digests molten agarose to produce soluble monomers and oligosaccha-

ridest It is used in the isolation of DNA fragments from agarose gels. The enzyme is available from

a number of manufacturers and is active in both Tris-acetate and Tris—borate buffers. Optimum

activity is achieved at pH 6.0. Isolation of DNA using agarase is a very gentle method, which

makes it suitable for the purification of large fragments. For a protocol on the purification of

DNA from pulsed—field gels after agarase digestion, please see Chapter 5, Protocol 19.

Uracil DNA Glycosylase

Uracil DNA glycosylase (UDG) cleaves the N—glycosidic bond between the uracil base and the

phosphodiester backbone of DNA. UDG removes the uracil residues from the sugar moiety of

single- and double—stranded DNAs without destroying the phosphodiester backbone, thus pre—

venting its uses as a hybridization target or template for DNA polymerase, The resulting apyrim-

idinic DNA becomes susceptible to hydrolysis at high temperatures. UDG will not remove uracil

from RNA, and it specifically attacks uracii-containing DNA.

Treatment of uracil—containing DNA with UDG disrupts base pairing in the DNA duplex.

The use of dUTP in amplification reactions introduces uracil at the sites opposite to adenine.

Subsequent treatment of the duplex with UDG results in single-stranded termini that may be

used in cloning the amplified fragments of DNA.

5'~ CUAC UCAUCAA ATGATGAGATGAT—Z/

3'— GATGAGTAGTT UACUACUCUACUA-S’

+UDG

5'»C» AC ~ C A—CAA ATGATGAGATGAT~3'

3'—GATGAGTAG1T —AC- AC- C» AC» A~ 5’
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Topoisomerase I

Topoisomerase I (Topo 1) is a crucial component of DNA replication. The enzyme works by

introducing transient nicks into one strand of the backbone of both positively and negatively

supercoiled DNAs, thus allowing the structure to untwist, and then rescaling the breaks (for

review, please see Wang 1996). During the course of the reaction catalyzed by topoisomerase I, a

transient covalent intermediate is formed between a specific tyrosine residue of the enzyme and

one end of the break in its DNA substrate. This bond between the enzyme and its substrate is bro-

ken by the activity of tyrosine-DNA phosphodiesterase, the gene for which has been cloned and

shown to be highly conserved among higher eukaryotes (Pouliot et al. 1999).

In the absence of Mg“, topoisomerase 1 works to generate relaxed, covalently closed circles

(for review, see Kornberg and Baker 1992). The enzyme is sometimes used in molecular cloning

to enhance the electrophoretic separation of plamid DNAs. Thus, fractionation by gel elec-

trophoresis of closed circular DNAs that have been relaxed by treatment with topoisomerase I will

resolve molecules that differ in length by a single nucleotide pair (Wang 1979; Luckow et al. 1987).

Topoisomerase 1 is commercially available from Life Technologies, or it can be purified readily

from calf thymus as described by Prel] and Vosberg (1980).
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Inhibitors of Enzymes

TABLE A5-1 Protease Inhibitors
 

 

PROTEASE INHIBITORS M.W. INHIBITS Does NOT |NHIBlT

\nl|p.\in nlilndmchlnridu (777.6 Inhibits pdpain, trypsin, catllcpsins A and B, and to a
mm“ cxtcm plasmin.

\nmhmmhm [11 58,000 Inhibits d” xcrmc proteascs ofthc blood coagulation Does not inhibit uxtcinc pmlcasux. Asp.” [ix
xyslcm, as “ch a.» trypmn and chymolrypsin. protcascs, ur meldlupmtmxcx.

\1’Nl.\l 252 7 Spcu'fic and urcvc‘rslblc1nh1blt0rof sermc proteases. Does not inhibit (h) I]10ll'\p\i11 or men |—

chulmcstcmsc.

\pm!|mn ~()5()() Scrinc protease inhibitor; inhibits plasmin, Chymotrypsin, Docs nut inhibit lhrmnbin m‘ Iacmr X.

kdllikreiu, and trypsin.

chlalln 344.8 Inhibits nmmlloproteases, primarily dminopcptidases. Does not 1nhibit urlmwpcpt1ddxts.

( alpam inhllmm 1 383.5 Strong competitwe inhibltor of calpam I and to a lesser Does nut inhibit n“ pxin.

extent calpdin II; also inhibits p.1pdi11,cathepsi115 B and L.

and to a small extent Cdthepsin H and oc»chym(>trypsin.

( duwn quInlm II 401.6 Strong wmpclitlve inhibitor of calpain I and to a lesser Does not 1nhibi1 tn len.

extent calpain II: also inhibits papai11,cathepsins B and l.
and to a xmall extent (dthcpbin H; “mkly inhibits (x-

chynmtrnnin.

< h\ mmlqlm 607.7 Inhibits scrme and Lysteine protcascs; specific 1nhibit0r of

an B“! y-, 5—cl1ymotr) psin, pdpam, (1nd cuthepsins A, B,

And (I.

; l lMhlmmwmunmrm 215.0 Inhibitor ofxerinc proteases.

1 Lhmmml 512.6 Irreversible Inhibitor of elasmsc.

Hn udm (3963.5 Inhibits thmmbm.

[udmucm dud “<6.“ Inhibits cyslcine protcdscs.

I cupcpnn 475.6 [nhlbith hcrme and cysteine proteaacs

u —\l.1uug|ulmlm ~725,()()() Universal plotcdxc inhibitor blocking d” classes ofcndo- Docs not inhibit uninpmlcinmca lhAI arc

l’cmhlm \( ..\H§\l‘, H]? 239 5

Lmnnncth) I wlwn/cncsullmul

fluurldc hnlrmhlnrldc

I’cpxmlm ,\ 685.9

l’\l\l wphumlmcthleultonyl 174.2

Hunndc»

I [.\]]’—l

l[( K; I dllm'u—S—lm\Iamidn- 569.3

"».1|11|nu—I -3—hupmnnnc;

\'(1 p 1m)|—I-l}smc thm‘o—

mcllnl Mum: h\drmhlor1dc

H’( ]\,I Llflol‘n—4-‘440Wl— 331.9

.mndu,—4 pimml—l-bumnunc;

\' um I—I —phcm hmeu

khlummcthvl kctmm

protcilmscs.

Inhibits scrinc protedscs and prevents nnmpecific

covalent nmdifimtion of proteins.

Inhibits acid pmtcases, 6.34, pepsin. remn, cathepmn l),

chymosin, and many microbial acid proteases.

Inhibits scrim: protenscs, c.g., chymotrypsin. thrombin,
a nd pdpin.

Inhiblts mamx metallopmtcmase (utlvity in enzymatic

assays and in vitro malignant invasion assavs.

Irrevorsibly 1nhib1ta trypsin as well db many other serine
and cysteine proteascx, e.g., bromelain, ficin, m pupdin.

Irreversibly mlnbits (hymotrypsin, dx “ell AS mun) other

scrim and cutcmupmtedscs. e.g.,br01nelain,ficin,or

papain.

highlv specific for nnc m" a limited numhcr
ufsequcnfcs,e.g,.l1\\uckallikrcin, umki—

ndsc, wagulatiun Llctur NIH, and undn»

proteindsc lvs—(‘.

Dom nut inhiblt cln nmtrypsm.

Does not inhibit tr) psm.
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XETAL STATISTICS OF DNA

TABLE A6-1 Genome Comparisons
 

SIZE OF DNA WEIGHT or DNA

 

ORGANISM (bp) (DALTONS) REFERENCE

Mammals ~3.0 X 109 ~1.9 X 10”

Drosophila melanogaster ~1.8 X 108 ~7.8 X 101“ Adams et al. (2000)

Caenorhabditis elegans ~9.70 X 107 6.59 X 106 C. elegans Sequencing
Consortium ( 1998)

Saccharomyces cerevisiae 1.30 x 107 8.44 x 109 Goffeau et al. (1996)

Haemophilus influenzae Rd 1.83 X 106 1.19 X 109 Fleischmann et al. (1995)

Mycoplusma genitalium 0.58 X 106 3.76 X 108 Fraser et al. (1995)

Methanococcus jannaschii 1.66 X 106 1.08 X 109 Bult et al. (1996)

Synechocystis m 3.57 X 106 2.32 X 109 Kaneko et al. (1996)

Myroplasma pneumomae 8.10 X 105 0.53 X 108 Himmelreich et al. (1996)

Helicobacter pylori 1.66 X 106 1.08 X 109 Tomb et al. (1997)

Escherichia coli 4.60 X 106 3.00 X 109 Blatmer et al. (1997)

Methanobacterium thermoautotrophicum 1.75 X 106 1.14 X 109 Smith et al. (1997)

Bacillus subtilis 4.20 X 106 2.73 X 109 Kunst et al. (1997)

Archaeoglobusfulgidus 2.18 X 106 1.40 X 109 Klenk et al. (1997)

Borrelia burgdorferi 1.44 X 10" 9.35 x 108 Fraser er al. (1997)

Aquifex ueolicus ~1.50 X 10“ 9.74 X 109 Deckert et al. (1998)

Pyrococcus horikoshi; 1.80 x 10" 1.17 X 109 Kawarabayasi et a]. (1998)

Mycobacterium tuberculosis 4.40 X 106 2.90 x 109 Cole et al. (1998)

Treponema pallidum 1.14 X 106 7.40 X 108 Fraser et al. (1998)

Chlamydia trachomatis 1.05 X 10" 6.80 X 108 Stephens et al. (1998)

Rickettsia prowazekii 1.10 X 10" 7.10 X 108 Andersson et al. (1998)

Heliwbacter pylon 1.64 X 10° 1.06 X 10" Alm et al. (1999)

Chlamydia pneumoniae 1.23 X 10" 7.98 X 108 Kalman et al. (1999)

Deinococcus radiodurans 3.28 x 106 2.13 x 109 White et al. (1999)

Thermotoga maritima 1.80 X 106 1.17 X 109 Nelson et al. (1999)

Bacteriophage T2 ~2.0 x 105 ~1.3 X 108

Bacteriophage 71 48,514 3.1 X 107 Daniels et al. (1983)

pBR322 4,363 2.8 X 106 Sutcliffe (1978, 1979)

pUClS/pUC19 2,686 1.7 X 106 Yanisch—Perron et al. (1985)
 

Source: www.ligmrg For updates, see TIGR Web Site (www.tigmrg)  
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TABLE A6-2 Frequency of Restriction Endonuclease Sites in the Human Genome
 

 

 

AVERAGE ESTIMATED

FRAGMENT NUMBER

ENZYME SEQUENCE SIZE (kb) OF SITES

Apal GGGCC 3 1.5 x 10“
A511 GGCGCGCC 80 3.75 X 10I
AvrII CCTAGG 8 5.75 x 105
1311111111 GGATCC 5 11 x 10"

Bgll G(ZCNfiGC 3 1 x 10“

13g111 AGATCT 3 1 x 10“

BssHlI GCGCGC 10 3 x 10"

DmI TTTAAA 2 1.5 x 10"

511311 (QGGCCG 10 3 x 10"
£10111 GAATTC 5 6 x 10“
Hindlll AAGCTT 4 7.5 x 10"

Naul GCCGGC 4 7.5 x HP

5011“! GGCGCC 4 7.5 x 10‘

thI GCTAGC 10 3 x 103

N01] GCGGCCGC 100 3 x 101

P011 TTAATTAA 60 5 x 101

P1110] (1'1‘TTAAAC 70 4.3 x 10I
R511 CGGWCCG 60 5 x 10‘

5111-1 GAGCTC 3 1 x 10“

$0011 CCGCGG 6 5 x 10"

51111 GTCGAC 20 1.5 x 10"

$1711 CCTGCAGG 15 5.33 x 10"
Sf?! GGCCNEGGCC 30 1 x 10"

mm CRCCGGYC 70 4.3 x 10I

5111111 CCCGGG 4 7.5 x 10“
Spa! ACTAGT 10 3 x 105
517111 GCATGC e 5 x 105
Szfl GCCCGGGC 50 (x x 101

55171 AATATT 2 1.5 x 10“
Swal ATTTAAAT 30 1 x 102

lel TCTAGA 5 (1 x 10‘

XlzoI CTCGAG 7 4.3 x 10;
 

(Adapted, With pcrmimon, from 1998/99 New England Binldbs Catalog {SN E101.)

A63
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TABLE A6-3 Restriction Endonuclease Cleavage at the End of a DNA Fragment
 

 

BASE PAIRS % CLEAVAGE BASE PAIRS % CLEAVAGE
ENZYME mom END EFFICIENCY ENZYME FROM END EFFICIENCY

Aatll 3 88 KpnI 2 100

2 100 2 100

l 95 1 99

7111165 2 99 MIMI 2 99

1 75

Afill 1 13 Mlml 2 100

Age] 1 100 Ncol 2 100

1 100

Apal 2 100 NgoM IV 2 100

Asd 1 97 Nhel 1 100

2 82

Avrll 100 Nail 7 100

4 100

1 98

BumHI 97 NSiI 3 100

3 77

2 95

Hg!“ 3 100 Pad 1 76

BSIW I 2 100 PmeI I 94

BspEI 2 100 P511 3 98

1 8 2 50

1 37

BerI 2 99 Sucl ] 99

1 88

BssHII 2 100 Sail 3 89

2 23

1 61

51ng 100 Spel 2 100

2 100

E(oRl 1 100 Sphl 2 99

1 88 2 97

1 100 1 92

EmRV I 100 Xbal l 99

1 94

HindIIl 3 90 XhoI l 97

2 91

1 0

Km] 2 97 Xmal 2 98

1 93 2 92
 

The results represent the ability of various restriction endonucleases to cleave close to the end of A DNA fragment. The cleav—

age efficiency is given for a particular recognition site placed at x bases from the end of a llnearized vecton As a general rule,

enzymes not listed above require 6 base pairs on either side of their recognition site to cleave efficiently. (Reproduced, with per—

minion, 1998/99 New England Biolabs Catalog [©NEBJ.)  



[ABLiErA6-4 Concentration of Double-stranded DNA in Solution

Vim! Statisfh‘s QfDNA A6.5

  

 

 

 
 

 

TERMINI

3.1311“

5.01) ml

7.76 m1

13.1 ml

20.611“

34.811“

56 (1 ml

153 ml

18.911“

MOLECULAR

MASS 50 g/ml SOLUTION

DOUBLE-STRANDED OF DNA MOLECULES MOLAR CONCENTRATION or

DNA (50 11g/ml) BP/MOLECULE (DALTONS) DNA/ml MOLES/m| DNA PHOSPHATE

lhglcrioplmgc ?. 481514 3,10 x 10— 9.41 x 10” 1.56 ><10’11 1561101 7157 11\1

p.»\8108.1c1;11 30.300 2.1)0x 10‘ 1.51 x 10“ 2.50x 10713 3501111 1571111

pt \1’v\(‘.1 19.600 1.29 x10? 2.33x10‘3 3.88 ><10"l 3.88111“ 157 1111

pY:\( 1 11.400 7.53 x 10“ 4.00 x 1013 6.65 x10": 6.65 1111 1571111

1111118111111 7400 4.88 x 10“ 6.17 ><1012 1.03 x 1041 1031111 1571111

111111323 4,363 2.88 x10" 1.05 x 10“ 1.74x10’” 1741110 1571111

pu lH/pL'( 11> 2.686 1.77 x105 1.70 x10” 2.83 x10’” 28.3111“ 1571111

scgnmn 810m 11 kb) 1000 6.61) x 105 4.56 x 10” 7.58 x 10"H 75.8 11.11 157,110

011111110111 111111171Q~s111111dcd 8 5.28 x 103 5.71) x 11)“ 9.47 x 10‘” 9.47 pm 13711“
11nkcr

6 7 4

1N/ 5 N 3N/ 5
L 1 \ 8 0 l
?\N 4 N9 2 N 6

3 l 1

H

the pur1ne ring system the pyrimidine ring system

FIGURE A6-1 Numbering of Atoms on Purine and Pyrimidine Molecules
 

 



A6.6 Appendix 6: Nucleic Acids

TABLE A6-5 Adenine and Related Compounds

Adenine

Adenosinc

HOCHg
O

M H
H\1_1/H

OHOH

Xdcnosinc 5’-pho.sphate (5'—AMP) 0
11

HO— P — OCH2

:\1cnosinc 5'—dipho.sphate (5’—ADP) O O

11 11
HO—P— o — P——OCH2

| | O
OH OH 1/H H

H

Mumsinc 51trip1msphate (5’—ATP) h) 3? (fl

STRUCTUREa

adenine

N—f/

I O

OH 1/H H

H

OHOH

N—f/

ademne

HO—P—O—P— O — P—OCH2

| | °
OH OH OH 1/11 H

3 ~1koxyadcnosinc o o o

S -(rip1m.sphatc (5'-dATPJ 11 11 11

L

IN—VH

OH OH

adenme

HO—P—O—P— O — P———-OCH2

OH OH OH

.\1 phrsinlogual pH. (111 (11. the hydroxy1s bound to phosphate are ionized.

O

\H H

H

OH H

L

I

M.W.

135.1

267.2

347.2

427.2

507.2 259

491.2 259

259

Amax Emax ODZBO/

00260

0.13

(nm) (x10‘3)

260.5 13.4

260 4.9 0.14

259 0.16

0.15

15.4 (1.15
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TABLE A6-6 Cytosine and Related Compounds

 

7\‘max Emu ODZM)’

STRUCTUREa M.W. (nm) (x10‘3) ODM,

(fvtminc NH2 111.1 367 (H 0.58

N/ |

CANH
(fylidinc NHZ 243.2 271 8.3 0.93

N/ |

0 N
HOCH2 O

M N
H H H

OH OH

mum 5 phosplmc (51cm) fl) mom 323.2 271 9.1 (ms

HO— P —- OCHQ 0

J... fl/H N
H H H

OH OH

( vlidmc 5 diplmsplmtc (5'~(lDP) O 0 403.2 271 9.1 0.98
H II cytosme

HO—P— o — T—OCHQ o

\
OH OH H HN—VH

OH OH

'Ildinc 5 -Iriplmsphdtc (51C? P) O O 0 483.1 27] 9.0 0.97
H H H cytosme

HO—T—O—P—O —— P—OCH2 o

I I
OH OH OH H H

HWH
OH OH

I Alkowcvtidinc O O O
_ . / l _, , . H H II cytosme _
n ~t1‘1phosphate (3 —d(.l P) HO—P— o _ P_ o _ P —OCH2 0 46/2 272 9.1 0.98

| | | y w
OH OH OH H H

H H“ H
OH H
 

\I plnsmlngudl pH, d” of thc hydmxvls bound to phmphate arc ionized.  
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TABLE A6-7 Guanine and Related Compounds

 

/
Amax Ema; 00280/

STRUCTUREa M.W. (nm) 640”) OD260

(yunmnc 0 151.1 276 8615 1.04

HN N

235C >HQN N N
H

(Nmnminc 0 283.2 253 H 6 0.67

HN N

Jjj: >H2N N N

HOCH2 O

W H
H H H

OH OH

mmmmc s —phmphdtc (stamp) 11 guanme 363.2 252 13.7 0.66
HO— P —— OCH2 o

AH 1/1 H01—14.
OH OH

1 _, . , 5 o o
(yuanmmc a —dlpho.sphatc (5 (JD?) H H guamne 443.2 253 13 / 066

HO—T—O— TrOCHQ O\l

OH OH l/H HN—VH
OH OH

(1 A _ _, . x 1 -, \ o o o —
ummmm 3 —[r|phosphdtc (5 ~(1TP) H n H guamne 523.2 253 13,/ 0.66

Ho—T—o—T—o — P—OCH2 o
1

OH OH OH H H
HHH

OH OH
, o o o
_ -1)cmygmnusmc H H " guamne

5 »triplm>phatc (SldG'l‘l’) HO— P— o — P— o — P —OCH2 0 507.2 253 13 7 0.66

1 1 1
OH OH OH \ H H /

H

OH H

\I phvxlulogiml p11, all of the hydroxyls bound to phosphate are ionized.

L

I
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TABLE A6-8 Thymine and Related Compounds

>"max max ODZBO

STRUCTUREa M.W. (nm) (x10‘3) ODM“

1111 1111110 0 116.1 364.5 7.9 (1.53

HNJj/CH3

DANH
3 (11‘11\111111111(11111‘ o 742 2 2m 9 7 (1.70

HN OHS

A '
HOCHQ CONN

1/1 H
H H H
OH H

L (1cn\\'ll1l\1111di11v 5 iphosphdtc o

3 71,\11>1 ll mymme 333.3 267 1» 11, 1
HO— P —OCH2 o

CIJH H H\‘

H H
OH H

I dcnwthvmldinu O O O

3 11-1pl1mplmc15 71111) II II II thyme 482.2 3117 9.0 11.71
HO—P—C—P— o — P— 0 —CH2 0

1 1 1 1/ \1
OH OH OH H H

H H H
OH H

\1 phyxwlugm] p11,(11| of 111C hvdrmylx bound to phosphate arc ionized.

TABLE A6-9 Uracil and Related Compounds

max Emax ODZKU/

STRUCTUREa M.W. (nm) (x10‘5) ODzm

1111111 rflii WV» 0 112.1 239 H 3 (1.17

HN

A '0 N
H

1 1'1111111‘ 0 344.3 3113 111.1 0.35
HN

A '
HOCH2 OO\T

M H
N—%

OH OH

1 111111111 5 iphuxplmtc (Slum) 1? mac” 334.3 260 111.11 11.33
HO— P -—OCH2 o

1 \1
OH H H

H H H
OH OH

1'1111111' 5 411131105131th(SZUTP) O O 0 484.2 260 10.0 (1.38
H H H uracfl

HO—P—O—P—O—P—OCHQ o

I 1 I
OH OH OH H H

H\1_1/H
OH OH

 

\1 1‘11\\I<b1nglx.111‘11..111(11-111011)L11”0\‘\1\1301111L1 111 phmphdlc arc ioni/cd,
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TABLE A6-10 Unusual Bases

 

OD

 

 

 

  

A‘max Ezmax 280/

STRUCTURE M.W. (nm) (x10‘3) OD260

Hypoxanthine 0 136.1 249.5 10.7 0.09

HN N

SI >
N N

H

lnosine 0 268.2 248.5 12.3 0.25
HN N
k I >
N N

HO(|3H2/ 0w

H H
HM“

OH OH

Xanthine 0 152.1 267 10.3 0.61

HN N

A>
0 H 5

TABLE A6-11 Nucleoside Analogs Used as Chain Terminators in DNA Sequencing

STRUCTURE“

o o 0

II II II 3356
HO_T_O_T“O_T_O_CH2 ow

, , V.2 ,3 -DIDEOXYRIBONUClEOSIDE 0” on 0“ H\'_T/H
5 ‘TRIPHOSPHATES H H M.W.
2 1371Dideoxyadenosine (ddATP) Base : adenine 475.2

2 ,3 —l)ideoxycytidine (ddCTP) Base : cytosine 451.2

2 ,3’—l)ideoxyguanosine (ddGTP) Base : guanine 491.2

2 ,3'»1)idcoxylhymidine (ddTTP) Base : thymine 466.2

Na4-HZO, 608.2
 

“At physiological pH, all of the hydroxyls bound to phosphate are ionized.
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OLIQQNUCLEOTIDES

TABLE A6-12 Commonly Used Oligonucleotide Primers
 

PRIMER SEQUENCE

'—A(}(IAAG’1"1’(TA(}(1(71‘(1(1'1‘ 1‘.»\.»\(}—3

'-CTTA'1‘GA(3'1‘AT'1"1‘(T1"1‘(1(?A( 1111 {l‘A-S

ZGGTGGCGM?(1AC'1'CC'1‘GGMKICU 1-3

CT'I‘GACMX IAGACCAAC’R 1111 A;\’1‘( 1-3

’-G'1"1"1'TCC( IAG’I‘CN I(}A( X 1 — 3

 

U
171gth forward primer

U
1kgth reverse primer

thl I forward primer

U
1

u
|

thl 1 reverse primer

’J
1pUC/M 1 3—40 forward primer

pUC/M 1 3-48 reverse primer 5/—AGCGGA’I‘AACAA'1"1"1‘CACA(IAGUJ'

pUC/M 13420 forward primer 5?GTAAAACGACGLK?(fAG'llfi

pUC/MH—ZO reverse primer 5/—(1GAAACA(}(ITATGACCA’H1—3

SP6 universal primer 5'—A’l”l‘TA(1GTGACA(f'1‘A'l‘A(173

17 1111i\c1‘5al primer 5'—TAATA(IGAC'I‘CACI'A'YNE(K145

13 promoter primer 5iATTAA(?(TC'I‘CAC'I‘AAMKi( 1:\—3
 

For advuc on 511510111 primer design, please sec thc introduction to Chapter 111.

TABLE A6-I3 Molecular Conversions for Oligonucleotides
 

 

SIZE or
OLIGONUCLEOTIDE MOLECULAR MASS MOLECULES OF M0155 or

(NUCLEOTIDES) (DALTONS) DNA1N 1 pg DNA IN 1 11g

8 2.64 x 10‘ 2.28 x 10H 379111110105

10 3.30 x 10‘ 1.82 x 10H 30} pmolcs

12 3.96 x 101 1.52 x 10” 353 pmolcs

14 4.62 x 10‘ 1.30 x 10” 310 pmolcs

16 5.28 x 10‘ 1.14 x1()” 190111110105

18 5.94 X 101 1.01 x 10” 1611 111110105

20 6.60 x 10‘ 9.12 ><1(1H 153111110105
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NOMOGRAMS
 

 10 nt —— 3250 D

Size of Oligonucleotide

(nucleotides and MW in Daltons)

Assumes 1 bp DNA = 649 D

1 mg/ml —

100 ug/ml —

10 pg/ml

 

1 pg/ml -

100 ng/ml 9— 10 ng/ml ——

Concentration

(mass/volume)

FIGURE A6-2 Nomogram for SingIe-stranded DNA
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1 00 n M —j_—

90 -__—-

80 ~_—

71] —1—

60 A—wh

50 ~—

40 ~—

30 ~— 10 nM ~—

Molarity

 

This nomogram can be used for the conversion of concentration between different conventions and to
obtain approximate values of DNA concentration from OD260 readings. For example, a solution of an
oligonucleotide 20 nucleotides in length that produces an OD260 : 1 has a concentration of 33 ug/ml. To
calculate the molarity of the solution, draw a line from the size of the molecule (in nucleotides or mole-

cular weight) on the left—hand scale, through the point of known concentration (33 ug/ml) on the middle
scale. Extrapolate the line through the third scale and read off the molarity (5.1 uM is equivalent to 5.1
pmoles/ul). (Figure kindly provided by Sién Curtis.)  
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4

70 kb 3—1.— 1 pM fib- 1 pMoIe/ttl
~ 1 900——

“ TE 800 t—
7 —__ 700g:—
6 "_"_ 1)th —ti—

5 t_t 500—1—
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__ 27 nM LE"—

+ __ _

1 ug/ml —— 1

100 bp —— Concentration 10 nM ___

(mass/volume) .
Size of dsDNA Motartty

(bp and MW m Daltons)

 

flGURE A6-3 Nomogram for Doqble-stranded DNA

This nomogram can be used for the conversion of concentration between different conventions, and also
to obtain approximate values of DNA concentration from OD260 readings. A solution containing 50 ug/ml
Of double-stranded DNA has an absorbance of 1 at 260 nm, i.e., Am —, 1 : 50 pg/ml of double-strand-

ed DNA. For example, a solution of pUC 18/19 (2686 bp) that produces an ODM : I has a concentra-
tion of 50 ug/ml. To calculate the molarity ofthe solution, draw a line from the size of the molecule (base
pairs or molecular weight) on the left-hand qcale through the point of known concentration (50 pg/mlt

on the middle scale. Extrapolate the line through the third scale and read off the molarity (57 nM is equiv-
alent1057fm0|e5/p|). (Figure kindly provided by Sién Curtis.)
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SIZE MARKERS

 

 

  

   
 

  
  

  

23130— 8000_

9416— 7000

5557— 1353 ——-——
1078 —

4361 —— —
B72 5000 —

603—

2322—

2027 —--- 3000 —

810—
71 —281/2 2000

234 —
194 —

118_ 1000—

564 ——

125 — 72— 500—

k /Hindl|| (Dx174/Haelll RNA Ladder“

622 —
1517 — 12000 —

18888I 52 —
8000 —— 7

1200 __ 7000 —

6000 ——

5000 ——
1000 — 404 _

4000 ——
900 —

800 —
3000—

700 _ 307 ——-

600 ——

2000 238/242—

500— 217 _

1500 — 201 ——
190 —

400— 180 _

1000— 160+160—

300— 147+147 ——

750 —- 123 —-—

110—200—
500—

90 —

76—
100— 250 —- 67_

100 bp DNA Ladder* DNA Kb Ladder‘ pBR322/Mspl     
 

 
 

 

 
FIGURE A6-4 DNA Size Markers

(1 OO-bp DNA ladder, RNA ladder, and pBR322/Mspl are reproduced, with permission, from 1998/99 New
England Biolabs Catafog [©NENJ). (DNA Size Markers are reproduced with the express permission of
Stratagene. Copyright 1999, Stratagene. All rights reserved.)

  



Appendix 7
 

Codons and Amino Acids

CODONS AND CODON USAGE

AMBER MUTANTS AND AMBER SUPPRESSORS

AMINO ACIDS

A7.2

A75

A7.I  



A7.2 Appendix 7: (Jodons mid Amino Acids

?EODONS AND CODON USAGE

The genetic code is redundant, using 61 codons to specify 20 amino acids. Only two amino acids

(Met and Trp) are specified by a single codon, whereas the remaining 18 amino acids are each

specified by multiple codons (please see Figure A7—1).

The synonymous codons that specify a single amino acid are not used with equal frequent—

cy (Grantham et al. 1980, 1981). Instead, biased usage of synonymous codons is the rule in all

species and is the norm in most genes. In addition, there is considerable variation in codon usage

between genes in a single species (Bennetzen and Hall 1982; Gouy and Gautier 1982). This results

from variation between genes in the G+C content of the third position of synonymous codons

(Ikemura 1985; Mirouchoud and Gautier 1988). The pattern of codon usage is the result of selec—

tive forces, mutational bias, and genetic drift. For example:

0 Selection during translation so that the codons used most frequently match the most abun—

dant tRNAs. Highly expressed and weakly expressed genes display different patterns of codon

usage in both prokaryotes and eukaryotes (Shields and Sharp 1987; Sharp and Devine 1989;

Sharp and Cowe 1991). Direct assays of translatability of mRNAs lend further support to this

view (e.g., please see Ikemura 1982; Sorensen et al. 1989).

o “Knock-on” or context efl‘ects, in which mutation of one base influences other bases in the

neighborhood (Bulmer 1990; Eyre—Walker 1991).

0 Any selection that results in a change in GC content in codons. Bernardi and Bernardi ( 1986)

have argued that regions of the genome with increased (G+C) content are thermodynamical-

ly more stable and that mRNAs rich in (G+C) have more secondary structures and are there

fore more stable. If correct, this relationship would have effects both on amino acid composi—

tion of proteins and on codon usage. There would be selection for “strong” codons that con—

tain G and C at the first two positions (Gly, Ala, Pro) and a selection against weak codons that

have A and T at both positions (Phe, Ile, Lys, Asn, Tyr) (Karlin and Bucher 1992). In addition,

there would be a slow drift to replace A and T in the third position with G or C. Over the course

of time, this gentle evolutionary wind might blow codons, like fallen leaves, into local clumps

within individual genes or organisms. However, there are also stabilizing forces that protect

codons rich in (A+T). Chief among these is the strong selection against the sequence CG in

mammalian genomes. The cytosine of this sequence tends to be methylated and is then prone

to mutation. One result is a bias against C in the third position of codons that precede codons

beginning with G (e.g., please see Zhang et al. 1991).

Codon usage is a concern in molecular cloning ifa sequence of amino acids is used to design
an oligonucleotide for screening cDNA or genomic libraries. N0 rules guarantee selection of the

correct codon at a position of ambiguity. However, a probe of 30 or more oligonucleotides would

be expected to have at least 76% homology with its target sequence even if all codon choices were

made on a random basis (Lathe 1985). If substitutions are chosen on the statistical basis of known

codon utilization in the species of interest, the expected homology increases to 82%; it rises still

further (to 86%) if regions lacking Leu, Arg, and Ser are chosen (each of these amino acids is spec—

ified by six codons). In yeast, still higher accuracy can be achieved by taking into account whether

the gene is highly or weakly expressed. In mammalian cells, this latter refinement is not generally

used because of the great variation in the level of expression of genes between tissues.  



(30110115 (11111 (2111011 Usage A7.3

A 1111111111156 0111111011 usage in different organisnm is available 111 1111110111111.k11/.11s11.111'.ip/

(0111110. 1110 1151 is 11115611 1111 1111111 derived from an analysis 0101111111610 coding sequences in

(101113111111 (Nakamum ct 111. 1999). For a more detailed analysis 1111 the fluctuation 01“ 111111111 usage

in 111111610111 yeast genes, please see Sharp and (lows (1991 1. (Iodon usage in 111111111115 is 51101111 111

1111118 A7— 1.

TABLE A7-1 Codon Usage in Humans

 
  

FREQUENCY IN HUMAN CODONS AND THFIR

AMINO ACID PROTEINS (%)a USAGE IN HUMAN PROTEINS (%)"

111111111111 7 (1.99 111111111111) 11131: 111.111
(KIA (20.0) (1(I(1(10.31

Argininc 5.28 (I(1U18.9) (1(1(I(21.41

(1(1A (5.4) (1(1(1(10.41

.~\(1A(9.9) 1»\(1(1(ll.11
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A7.4 Appendix 7: Codons and Amino Acids

2nd position of codon

 

 

 

 

U C A G

UUU Phe UCU Ser UAU Tyr UGU Cys

U UUC Phe UCC Ser UAC Tyr UGC Cys
UUA Leu UCA Ser UAA Stop(0chre) UGA Stop

UUG Leu UCG Ser UAG Stop(Amber) UGG Trp

g?
E CUU Leu CCU Pro CAU His CGU Arg
E) C CUC Leu 000 Pro CAC His CGC Arg
[0 CUA Leu CCA Pro CAA Gln CGA Arg

g cue Leu coca Pro CAG Gln CGG Arg
13

8
“6 AUU He ACU Thr AAU Asn AGU Ser
5 A AUG ”9 ACC Thr AAC Asn AGC Ser
5 AUA IIe ACA Thr AAA Lys AGA Arg
8 AUG Met ACG Thr AAG Lys AGG Arg
0)

GUU Val GCU Ala GAU Asp GGU Gly

G GUC Val GCC Ala GAC Asp GGC Gly
GUA Val GCA Ala GAA Glu GGA Gly
GUG Val GCG Ala GAG Glu GGG Gly      

FIGURE A74 The Genetic Code
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Amegiz MUTANTS AND AMBER SUPPRESSORS

Amber Mutants and Amber Supprc’smrs 117.5

In amber mutants, at codon that specifies an amino acid in a protein is replaced by the ehain—ter~

initiating eodon, UAG. Because there is no tRNA that recognizes UAG, translation of mRNA ceas~

es at the position ot‘the ehain—terminating codon, thereby generating an incomplete fragment ot‘

the protein.

Some strains of E. foli can suppress the chain-terminating phenotype of amber codons, irre~

spective of the gene in which the amber mutation is located. Such strains carry a mutation that

changes the sequence ofthe anticodon loop in a particular species of tRNA. The suppressor tRNA

recognizes the amber codon and inserts its cognate amino acid at the chain~terminating eodon,

allowing protein synthesis to continue. The efficiency of this process is not absolute. In a strain

carrying a strong amber suppressor, suppression of polypeptide chain termination might occur
5()% of the time. In weakly suppressing strains, the efficiency may be 1()% or less. All of the sup—

pressor strains used in molecular cloning are strong suppressors. Different suppressor tRNAs

insert different amino acids at the chain—terminating UAG codon, A few amber suppressors can

also suppress ochre (UAA) mutations because of wobble in the third position of the codon.

At one time, it was mandatory for bacteriophage l vectors to carry amber mutations in

genes encoding coat proteins. It was believed that such mutations might l'eClLlLC the risk of recom—

binant bacteriophages spreading from the laboratory into field strains of E. coli. Hosts for these

vectors carry one or two strong amber suppressors ~ supE and supF— that insert glutamine and

tyrosine, respectively, at UAG codons. These suppressors are not interchangeable. Some amber

mutations in bacteriophage ?t vectors are suppressed only by supE (e.g., Pam3) and others are

suppressed only by 514pF(e.g., Sam7 and SamlOO). The presence of suppressors does not general?

ly affect the growth of the bacteriophage K vectors that do not carry amber mutations. Most bac—

teriophage it vectors can therefore be assayed and propagated on a strain of E. mli such as [£392
that carries supE and supF.

  

i HISTORICAL FOOTNOTE

Conditional mutations are a special class of mutations that can occur in a great variety of genes in a single
organism. Although temperature-sensitive mutants of Drosophila, Neurospora, and E. (0/1 had been isolated
and characterized years before, the full power of temperature-sensitive and amber mutants only became

apparent in the early 19605 when Edgar, Epstein, and their colleagues isolated and analyzed a large collection
of conditional lethal mutations of bacteriophage T4 (Edgar and Lielausis 1964; Epstein et al. 1964). The first
conditional lethal mutants of bacteriophage T4 were isolated quite serendipitously by a (ZaITech graduate stu—
dent, Harris Bernstein, during a fruitless search for an entirely different Class of phage mutants (Edgar 1966).
Bernstein, then a student of Neurospora genetics, had wandered into the Epstein—Steinberg laboratory one
evening hoping to persuade someone to go with him to the movies. Instead he found himself pi( king bacte-

3. During the course of the evening, there was much debate about whether mutants of this class could exist,
with Bernstein arguing strongly that they should. Epstein and Steinberg were more skeptical but, as encour-
agement to Bernstein, promised that any mutants be isolated would be named after his mother. The next day, ‘
when the results of the hunt were analyzed, ~20 mutants with the expected phenotype were found, The
promise was kept by translating the German word "Bernstein" into its English equivalent “amber.” l

Subsequent work showed that the “anti-rll” mutants were not what they first appeared to be, since they
i grew in many strains of E. coli K not lysogenic for K. Genetic mapping showed that amber mutants were wide—
] ly distributed over the bacteriophage T4 genome, and physiological tests showed that their replication was
l bl0(ked at many different stages in nonpermissive hosts. The hunt for parochial “anti—rll" mutants had there-

i

 
fore uncovered a general class of conditionally lethal, suppressor-sensitive mutants located in bacteriophage
genes that were previously completely inaccessible. Strangely enough, none of the first group of 20 mutants

i were picked by Bernstein. It turned out that he had been flaming his bacterial wire too enthusiastically and
Lhad killed all of the bacteriophages!
 

 
riophage T4 plaques as part of a hunt for “anti-ril” mutants that could grow on E. coli Ktk) but not on E. coli ‘
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TABLE A7-2 Amber Suppressors Used in Molecular Cloning
 

Ammo ACID TRNA GENE FROM WHICH

 

 

 

 

SUPPRESSOR CODON RECOGNIZED INSERTED SUPPRESSOR Is DERIVED

supl) (5111) amber (UAG) serine serL'

suplt (51111) amber (UAG) glutamine glnL'

supF (514111) amber (UAG) tyrosine tyr'l'
3'an (sz/B) amber (UAG) and ochre (UAA) glutamine glnt'

supC (511C) amber (UAG) and ochre (UAA) tyrosine rer

AMINO ACIDS

Of the 20 standard Ot-amino acids (Table A7—3) that are incorporated into R
proteins, 19 have the general structure shown in the figure at the right. R

represents the side chain of the amino acid. The twentieth acid, proline, is

really an imino acid in which the side chain is bonded to the nitrogen atom

of the peptide group. Except in glycine, where the side chain is a hydrogen atom, the a—carbon is
asymmetric and is always the L-isomer. The oc—amino acids can be arranged into several groups
according to the chemical properties of their side chains (Table A7-4). The amino acids can also
be grouped according to various other criteria, including size and hydrophilicity (Chothia 1976;
Kyte and Doolittle 1982; Taylor 1986). The relationships among these groupings of amino acids
can be represented in a Venn diagram (Figure A7-2), which is based on the mutational matrix of
Dayhoff (1972). The Venn diagram shows the relationships among 20 common amino acids.
Cysteine is shown in two locations: The reduced form, cystine (CH), contains a polarizable S—H
bond and is therefore similar in some ways to serine (which carries an O-H bond). The oxidized
form, cysteine (CS—S), contains no polarizable bond and is therefore more hydrophobic in nature.

|
H3N+—t|:“'— coo-

  H
 

aliphatic tiny
small

 

   aromatic positive

 

hydrophobic charged polar

FIGURE A7-2 Venn Diagram

Venn diagram showing the relationships among 20 common amino acids. (Redrawn, with permission,
from Taylor 1986.)

  



TABLE A7-5 Molar Conversions for Proteins

MOLECULAR

WEIGHT or

UNMODIHED

PROTEIN

100000 7

$0,000

00,000

40.000

1( L000

Amino Adds A7.7

TABLE A7-3 Nomenclature of the 20 Standard oc—Amino Acids

MNEMONIC FOR

  

 
 

 

  

 

 

Ammo Acm THREE-LETTER SYMBOL ONE-LETTER SYMBOL ONE-LETTER SYMBOL

Alanine Ala A Alamnc

Argininc Mg, R .-\Rginint

Asp‘lmginc Mn N AsparagiNc

Asparlic d(id Asp l) AsparDic

Cysteine (31's (2 Cysteine

Glutamic add (ilu t UluEmmic

(‘xluldminc 0111 Q Q—mminc

Glycine Gly (} letinc

Histidinc Hls H Hislidinc

Jsolcuunc Ilc I Ixolcminc

lulcinc Lcu L Lcminc

Lysine lys K before L

Methionine Met M Methionine

Phenylaldnmc Phc F Fcnylalaninc

l’rolinc I’m 1’ Prolinc

SCrinc Rcr S Scrinc

Thrconinc Thr T Thrconinc

I‘ryptophdn Trp W l‘vaptophdn

'Iy1'osinc ‘l'lvr Y I‘Ymsinc

Valinc \'dl V Vkllinc

TABLE A7-4 Properties of L a-Amino Acids

MAIOR PROPERTIES OF SIDE CHAINS Ammo Acms

No side chain (Hy

Aliphalic Alan VAL Lou, llcx Pm

Hydroxy] group Scr, Th!

Acidlc group Asp, Glu

Amide group A511, (iln

Basic group 11's, Al‘g

Imidumlc group His

Phe. Tyr, TrpAmnmtic group

Sulfilrfcontaining 1\ let, (lys‘
  

  

 

APPROXIMATE MOLECULES OF PROTEIN MOLES OF PROTEIN MOLAR CONCENTRATION
NUMBER OF IN 1 ml or A SOLUTION IN 1 ml OF A SOLUTION OF PROTEIN SOLUTION
RESIDUES CONTAINING 1 mg/ml CONTAINING 1 mg/ml CONTAINING 1 mg/ml

917 6x10“ 1078 win 1
734 7.5)(10H 1.25x10’8 1.15x 10511

350 101" 1.6mm8 max 10 in

367 1.5.x1()1" z.5o>< 101” 2.5 x 10’; M

m 3 >< 101° 50 x10“ 511 x w“ \1

10,000
 

92 6x10“ 1077 m ‘\1
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Appendix 8
 

Commonly Used Techniques in
Molecular Cloning

PREPARATION OF GLASSWARE AND PLASTICWARE A8.%

Siliconizing Glassware, Plasticware, and Glass Wool A8.3

Preparation of RNase-free Glassware A8.3

PREPARATION OF DIALYSIS TUBING ASA

STORAGE OF BACTERIAL CULTURES A85

Stab Cultures A85

Cultures Containing Glycerol A85

ESTIMATION OF CELL NUMBER A86

Hemocytometry Counting A81)

Viability Staining A8.7

PURIFICATION OF NUCLEIC ACIDS A89

Extraction with PhenolzChloroform A8.9

Drop Dialysis A8.11

CONCENTRATING NUCLEIC ACIDS A812

Ethanol Precipitation A8.12

Standard Ethanol Precipitation of DNA in Microfuge Tubes A814
Precipitation of RNA with Ethanol A816

Precipitation of Large RNAS with Lithium Chloride A816

Concentrating and Desalting Nucleic Acids with Microconcentrators A816

Concentrating Nucleic Acids by Extraction with Butanol A8.18

QUANTITATION OF NUCLEIC ACIDS Agjg

Spectrophotometry of DNA or RNA A820

Fluorometric Quantitation of DNA Using Hoechst 33258 A822

Quantitation of Double-stranded DNA Using Ethidium Bromide A823
Saran Wrap Method Using Ethidium Bromide or SYBR Gold A824

Agarose Plate Method A824
Minigel Method A824

A8.I  



A8.2 Appendix 8: Commonly Used Techniques in Molecular Cloning

MEASUREMENT OF RADIOACTIVITY IN NUCLEIC ACIDS

Precipitation of Nucleic Acids with Trichloroacetic Acid

Adsorption to DE-81 Filters

DECONTAMINATION OF SOLUTIONS CONTAINING ETHIDIUM BROMIDE

Removing Ethidium Bromide from DNA

Disposing of Ethidium Bromide

Decontamination of Concentrated Solutions of Ethidium Bromide (Solutions

Containing >0.5 mg/ml)

Decontamination of Dilute Solutions of Ethidium Bromide (e.g., Electrophoresis

Buffer Containing 0.5 pg/ml Ethidium Bromide)

Commercial Decontamination Kits

GEL-FILTRATION CHROMATOGRAPHY

Preparation of Sephadex

Column Chromatography

Spun-column Chromatography

SEPARATION OF SINGLE-STRANDED AND DOUBLE-STRANDED DNA!
BY HYDROXYAPATITE CHROMATOGRAPHY

FRAGMENTATION OF DNA

Sonication

Nebulization

CENTRIFUGATION

SDS-POLYACRYLAMIDE GEI. ELECTROPHORESIS OF PROTEINS

Reagents

STAINING SDS-POLYACRYLAMIDE GELS

Staining SDS-Polyacrylamide Gels with Coomassie Brilliant Blue

Staining SDS-Polyacrylamide Gels with Silver Salts

DRYING SDS-POLYACRYLAMIDE GELS

IMMUNOBLOTTING

Transfer of Proteins from Gel to Filter

Types of Membranes

Staining of Proteins during lmmunoblotting

Blocking Agents

Probing and Detection

A825

A825

A826

A827

A827

A827

A827

A828

A828

A829

A829

A829

A830

A832

A835

A836

A837

A839

A840

A8.41

A8.46

A8.46

A847

A850

A852

A852

A853

A854

A854

A854  



Preparation qf'Glassware 11nd P/iisticwm‘e A8.3

”PREPARATION OF GLASSWARE AND PLASTICWARE
CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

All glassware should be sterilized by autoclaving or baking. Some, but not all, plasticwzire can be

autoclaved, depending on the type of plastic. Many items of sterilized plasticware are commer—

cially available. All ofthe procedures commonly used in molecular cloning should be carried out

in sterile glassware or plasticware; there is no significant loss of material by adsorption onto the

surfaces of the containers. However, for certain procedures (e.g., handling very small quantities

of single-stranded DNA or sequencing by the Maxam—Gilbert technique), it is best to use glass—

ware or plasticware that has been coated with a thin film of silicone. A simple procedure for sil—

iconizing small items such as pipettes, tubes, and beakers is given below. To siliconize large items

such as glass plates, please refer to the note at the end of the protocol.

Siliconizing Glassware, Plasticware, and Glass Wool

The following method was supplied by Brian Seed (Massachusetts General Hospital).

1. Place the items to be siliconized inside a large, glass desiccator.

2. Add 1 ml of dichlorodimethylsilane <!> to a small beaker inside the desiccator.

3. Attach the desiccator, through a trap, to a vacuum pump. Turn on the vacuum and continue

to apply suction until the dichlorodimethylsilane begins to boil. Immediately clamp the con-

nection between the vacuum pump and the desiccator. Switch off the vacuum pump. The des—

iccator should maintain a vacuum.

It is essential to turn off the vacuum pump as soon as the dichlorodimethylsiLiiie begins to boili
Otherwise, the volatile agent will be sucked into the pump and cause irreparable damage to the vac-
uum seals.

4. When the dichlorodimethylsilane has evaporated (1—2 hours), open the desiccator in a chem—

ical fume hood. After the fumes of dichlorodimethylsilane have dispersed, remove the glass—

ware or plasticware. Bake glassware and glass wool for 2 hours at 180°C before use. Rinse plas—

ticware extensively with HJO before use; do not autoclave.

NOTES

0 Large items of glassware can be siliconized by soaking or rinsing them in a 50/0 solution of
dichlorodimethylsilane in chloroform or heptane. Commercial preparations for siliconizing
are also available (e.g., Sigmacoat).

0 As the organic solvent evaporates, the dichlorodimethylsilane is deposited on the glassware,
which must be rinsed numerous times with HZO or baked for 2 hours at 180°C before use.

Preparation of RNase-free Glassware

Guidelines for the treatment of glassware for use with RNA are given in the intbrmation panel on
HOW TO WIN THE BATTLE WITH RNASE in Chapter 7.  
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LREPARATION OF DIALYSIS TUBING
 

The separation of molecules across a semipermeable membrane is driven by the concentration

differential between the solutions on either side of the membrane and is constrained by the size

(molecular weight) of the molecules relative to the size of the pores within the membrane. The

pore size determines the molecular-weight cut-off, defined as the molecular weight at which 90%

of the solute will be retained by the membrane. The exact permeability of a solute is dependent

not only on the size of the molecule, but also on the shape of the molecule, its degree of hydra-

tion, and its charge. Each of these parameters may be influenced by the nature of the solvent, its

pH, and its ionic strength. As a consequence, the molecular—weight cut—off should be used as a

guide and not an absolute predictor of performance with every type of solute and solvent. Dialysis

membranes are available in an enormous range of pore sizes (from 100 daltons to 2000 kD). For

dialysis of most plasmid DNAs and many proteins, a molecular-weight cut-off of 12,000 to 14,000

is suitable.

1. Cut the tubing into pieces of convenient length (10—20 cm).

2. Boil the tubing for 10 minutes in a large volume of 20/0 (w/V) sodium bicarbonate and 1 mM

EDTA (pH 8.0).

3. Rinse the tubing thoroughly in distilled H20.

4. Boil the tubing for 10 minutes in 1 mM EDTA (pH 8.0).

5. Allow the tubing to cool, and then store it at 4°C. Be sure that the tubing is always submerged.

A IMPORTANT From this point onward, always handle the tubing with gloves.

6. Before use, wash the tubing inside and out with distilled HZO.

NOTE

0 Instead of boiling for 10 minutes in 1 mM EDTA (pH 8.0) (Step 4), the tubing may be auto-

claved at 20 psi (1.40 kg/cmz) for 10 minutes on liquid cycle in a loosely capped jar filled with

HjO.

 



STORAGE OF BACTERlAL CULTURES

Stab Cultures

,.-
Storage QfBadcrm/ Cultures A83

To store a bacterial culture in solid medium, pick a single, well-isolated colony with a sterile inoc-

ulating needle and stab the needle several times through the agar to the bottom of a stab vial (for

the preparation ofstab vials, please see Appendix 2). Replace and tighten the cap, and label both

the vial and the cap. Store the vial in the dark at room temperature.

Cultures Containing Glycerol

Storage of Bacterial Cultures Growing in Liquid Media

1. To 1.5 ml of bacterial culture, add 0.5 ml of sterile 60% glycerol (sterilized by autoclaving for

20 minutes at 15 psi [1.05 kg/cmz] on liquid cycle).

. Vortex the culture to ensure that the glycerol is evenly dispersed.

. Transfer the culture to (1 labeled storage tube equipped with a screw cap and an air-tight gas-

ket.

. Freeze the culture in ethanol—dry ice or in liquid nitrogen‘ and then transfer the tube to —7()°(I
for long—term storage.

. To recover the bacteria, scrape the frozen surface of the culture with a sterile inoculatingy loop,

and then immediately streak the bacteria that adhere to the needle onto the surface of an LB

agar plate containing the appropriate antibiotic. Return the frozen culture to storage at —70“(?.

Incubate the plate overnight at 370C.

Storage of Bacterial Cultures Growing an Agar Plates

1. Scrape the bacteria growing on the surface of an agar plate into 2 ml of LB medium in a ster~

ile tube. Add an equal volume of LB medium containing 30% sterile glycerol.

. Vortex the mixture to ensure that the glycerol is completely dispersed.

. Dispense aliquots of the glycerinated culture into sterile tubes equipped with screw caps and

air—tight gaskets. Freeze the cultures as described above.

This method is useful for storing copies ofcl)I\'A libraries established in plasmid vectors (for dis—
cussion, please see Hanahan 1985).
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_E_STIMATION OF CELL NUMBER*

The number of mammalian cells in a defined volume of medium can be measured using a hemo—

cytometer. Automated methods using cell-counting devices such as those produced by Coulter are

desirable when large numbers of individual samples are to be counted. A method to estimate the

number of live cells in a population by staining with a vital dye also is provided here.

Hemocytometry Counting

A hemocytometer contains two chambers, each of which when filled and coverslipped contains a

total volume of 9 pl. Each chamber is ruled into nine major squares, and each square is l x 1 mm

with a depth of 0.1 mm. Thus, when coverslipped, the volume of each square is 0.1 mm" or

0.1 pl. Additional subdivisions ofthe major nine squares are not necessary for counting and

can be ignored. A representation of the marking on a hemocytometer is shown in Figure AS-l.

1. Trypsinize the cells (please see Chapter 17, Protocol 8: Stage 1, Step 18) and resuspend them in

growth medium.

2. Use Pasteur pipettes to remove two independent samples from the cell suspension to be count—

ed. Deliver each sample of cell suspension into one side of the coverslipped hemocytometer by

capillary action.

Fluid should just fill the chamber and not overflow into the troughs outside the counting face. Load
the first sample into one chamber and the second sample into the second chamber.

3. Count the total number of cells in five of the nine large squares in each of two sides of the

hemocytometer for a total of ten squares.

The microscope field using a 10x objective and a 10x ocular should encompass the majority of one
of the nine squares of the chamber and is a convenient magnification to use for counting. Cells that
overlap the border on two sides of the square should be included in the cell count and not counted
on the other two sides. If the initial dilution results in more than 50—100 cells/square, make a fur—

ther dilution to improve counting accuracy and speed the process of determining cell numbers.

FIGURE A8-1 Standard Hemocytometer

Chamber

The circle indicates the approximate area covered at
100x microscope magnification (10x ocular and 10x
objective). Count the cells on top and left touching
the middle line (open circles). Do not count the cells
touching the middle line at bottom and right (closed
circles). Count the 4 corner squares and the middle

square in both chambers (only one chamber is rep-
resented here).

 

‘Adapted from Specter et al. (1998 Cells: A Laboratory Manual).  
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4. Add the number ofcells in a total often chambers (five from one side and five from the other)

to give the number of cells in l x 1053 m1 (1 x 10‘4 ml/square x 10 squares : a volume of 10"

ml). Multiply the total number of cells by 1000 to give the number of cells/ml in the sample

counted.

It‘dilutions from the original cell suspension have been made, this factor must also be mcorporated.

 

EXAMPLE:

1 ml of a 10-ml suspension of cells is diluted with 4 ml of medium. The diluted suspension is then sam-

pled with a Pasteur pipette twice. The first sample is delivered to one chamber of the hemocytometen

The second sample is delivered to the second side. Five squares are counted from each side of the hemo-
Cytometer. ‘

Number of ceIIs/square: 45, 37, 52, 40, 60, 48, 54, 70, 58, 60

Total count: 524

Dilution factor: (1 + 4)/1 = 5

CeIIS/ml (in original): 524 x105 x 5 z 2.62 x106/mlcells 
 

5. Immediately after use, clean the hemocytometer and coverslip by rinsing in distilled HZO fol~

lowed by 70% ethanol. Dry with lens paper.

A IMPORTANT Do not allow the cell suspension to dry on the hemocytometer.

NOTES

Errors that may result from using hemocytometer counts are due to:

0 Variable samplingfrom the original cell suspension. The cell suspension must be agitated; do

not allow the cells to settle to the bottom of the container.

0 Inadequate or excessive filling of the hemocytometer chamber. The volume in the chambers

counted is based on the coverslip resting on the sides of the hemocytometer. Overflow increasv

es the volume counted.

0 Cell clumping. Large clumps of cells may be too large to enter the chamber through capillary

action and will be excluded from the cell count. Small clumps that are able to enter the cham»

ber are difficult to count with accuracy. It is important to have a monodisperse suspension of

cells for accurate counting. The cells must be thoroughly mixed to achieve uniformity.

Viability Staining

Various manipulations of cells, including passaging, freezing, and dissociation from primary tis-

sue, can result in cell death. Exclusion of the dye, Trypan Blue, can be used to determine the num-

ber of surviving cells in a population (Phillips 1973). Normal healthy cells are able to exclude the
dye, but Trypan Blue diffuses into cells in which membrane integrity has been lost. The dye exclu-

sion method is an approximate estimate of cell viability and often does not distinguish within a

10—20% difference. Additionally, cells that exclude dye are not necessarily capable ofattztchment

and prolonged survival or proliferation.

1. Trypsinize the cells (please see Chapter 17, Protocol 8: Stage 1, Step 18) and aseptically dilute 0.3

m1 of cells into phosphate—buffered saline to a concentration from 2 x 105 to 4 x 105 cells/ml.

2. Aseptically transfer 0.5 ml ofthe diluted cell suspension in phosphate-buffered saline to a fresh
tube and add 0.5 ml of a solution of Trypan Blue (0.4% w/V).  
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3. Allow the cells to remain in the dye solution for no less than 3 minutes and no longer than 10

minutes. Use a Pasteur pipette to sample the cells in dye and deliver them to a hemocytometer

by capillary action.

4. Count a total of at least 500 cells, keeping a separate count of blue cells. Determine the fre-

quency of those that are blue, i.e., have not excluded the dye.

5. Determine the percent viability from the number of cells that have not excluded the dye.

 

EXAMPLE:

A monolayer culture is trypsinized and resuspended in 5 ml of medium; 0.5 ml of cells is mixed with 4.5
ml of PBS, and 05 ml of the suspended cells in PBS is transferred to a small tube and mixed with 0.5 ml

1 of Trypan Blue solution. In the sample transferred to the hemocytometer, 540 cells are counted; 62 of the
cells fail to exclude the dye and are blue. The percent viability equals 88.5%.

540 f 62 = the number of cells that excluded the dye

540 : the total number of cells counted

540 7 62 x 100 : 88.5% viability

540
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PURlFICATION OENUCLHC AClDS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Perhaps the most basic ofall procedures in molecular cloning is the purification of nucleic acids.
The key step, the removal of proteins, can often be carried out simply by extracting aqueous soluf
tions Of nucleic acids with phenolzchlorotbrm <!> and chloroform <!>. Such extractions are
used whenever it is necessary to inactivate and remove enzymes that are used in one step of a
cloning operation before proceeding to the next. However, additional measures are required when
nucleic acids are purified from complex mixtures Of molecules such as cell lysates. In these cases,
it is usual to remove most of the protein by digestion with proteolytie enzymes such as pronase
or proteinase K (please see Appendix 4, Table A4—8), which are active against a broad spectrum of

native proteins, before extracting with organic solvents.

Extraction with Phen0|:Chl0r0f0rm

The standard way to remove proteins from nucleic acid solutions is to extract first with phenolrchlo-
roform (optionally containing hydroxyquiniline at O.1%) and then with chloroform. This procedure
takes advantage of the fact that deproteinization is more efficient when two different organic sol—
vents are used instead of one. Furthermore, although phenol denatures proteins efficiently, it does
not completely inhibit RNase activity, and it is a solvent for RNA molecules that contain long tracts
of poly(A) (Brawerman et al. 1972). Both of these problems can be circumvented by using a mix—
ture of phenolzehloroform:isoamyl alcohol (25:24:l ). The subsequent extraction with chloroform
removes any lingering traces of phenol from the nucleic acid preparation. Extraction with ether,
which was widely used for this purpose for many years, is no longer required or recommended for
routine purification of DNA.

1. Transfer the sample to a polypropylene tube and add an equal volume ofphenol:chlor0tbr1n.

l‘he nucleic acid will tend to partition into the organic phase it'the phenol has not been adequately
equilibrated to a pH 0178—81).

2. Mix the contents of the tube until an emulsion forms.

3. Centrifuge the mixture at 8096 of the maximum speed that the tubes can bear for 1 minute at
room temperature. If the organic and aqueous phases are not well separated, centrifuge again
for a longer time.

Normally, the aqueous phase forms the upper phase. However, ifthe aqueous phase is dense became
of salt (20.5 M) or sucrose (>l()°o), it will form the lower phase. The organic phase is easily identi—
fiable beca use of the yellow color contributed by the 8—hydroxyquinoline that is added to phenol
during equilibration (please see Appendix ll.

4. Use a pipette to transfer the aqueous phase to a fresh tube. For small volumes (<2()() pl), use
an automatic pipettor titted with a disposable tip. Discard the interface and organic phase.

To achieve the best recovery, the organic phase and interface may be “lmek—extmeted" as lt)l|t)W\Z
After the first aquemls phase has been transferred as described above, add an equal volume 01 ll
(pH 7.8) to the organic phase and interface. Mix well. Separate the phases by centrifugation as in
Step 3. (mnbine this second aqueous phase with the first, and proceed to Step 5.  
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5. Repeat Steps 1—4 until no protein is Visible at the interface of the organic and aqueous phases,

6. Add an equal volume of chloroform and repeat Steps 2—4.

7. Recover the nucleic acid by standard precipitation with ethanol.

Occasionally, ether < ! > is used to remove traces of chloroform from preparations of high-molec—

ular—weight DNA (please see the Notes below).

NOTES

The organic and aqueous phases may be mixed by vortexing when isolating small DNA molecules

(<1 0 kb) or by gentle shaking when isolating DNA molecules of moderate size (10—30 kb). When

isolating large DNA molecules (>3O kb), the following precautions must be taken to avoid shear-

ing (please see also Chapter 6).

0 Mix the organic and aqueous phases by rotating the tube slowly (20 rpm) on a wheel.

0 Use large—bore pipettes to transfer the DNA from one tube to another.

 

HISTORICAL FOOTNOTE ON PHENOL (C6 HGO, F.W. = 94.11)

Until the mid 19505, the standard method of purifying DNA involved stripping protein from the nucleic acid
with detergent and strong salt solutions (e.g., perchlorate). Final deproteinization was achieved
by several extractions with chloroform laced with isoamyl alcohol (Sevag 1934; Sevag et al. OH
1938). The first reported use of phenol to purify nucleic acids was published by Kirby (1956),
who was aware of the power of phenol to extract proteins from aqueous solution (Grassmann
and Deffner 1953). In his initial paper, Kirby showed that extraction of homogenates of mam-
malian tissue with a two-phase phenoI-HZO mixture at room temperature led to partitioning of
RNA into the aqueous layer. DNA remained associated with protein at the interface. Kirby quick-
ly realized that replacement of H20 by solutions of anionic salts released both RNA and DNA into the aqueous
phase (Kirby 1957; for review, please see Kirby 1964). Although the use of anionic salts to release proteins from
DNA was quickly abandoned in favor of strong anionic detergents such as SDS, Kirby’s original description of
phenol extraction forms the basis of many purification methods in common use today. The function of the phe-
nol is probably the same as that of a protein solvent: It extracts protein that has been dissociated from nucleic
acids by anionic salts or detergents. 80 efficient is this process that pure preparations of nucleic acid are obtained
after just two or three extractions with phenol.

Purified phenol has a specific gravity of 1.07 and therefore forms the lower phase when mixed with Hyo.

However, the organic and aqueous phases may be difficult to separate or may invert when phenol is used to
extract protein from aqueous solutions containing high concentrations of solutes. This problem is largely alle-
viated when a 50:50 mixture of phenolzchloroform is used, because the higher density of chloroform (1.47)
ensures separation of the two phases. Denatured proteins collect at the interface between the two phases
while lipids partition efficiently into the organic layer. Isoamyl alcohol is often added to the phenolzchloroform
mixture to reduce foaming.

Pure phenol is supplied as a white crystalline mass (mp 43°C). However, on exposure to air and light, phe-
nol is prone to redden, a process that is accelerated by alkalinity. Crystalline phenol is not recommended
because it must be redistilled at 182°C to remove oxidation products such as quinones that cause the break-
down of phosphodiester bonds or promote cross-[inking of nucleic acids.

The liquefied form of phenol provided by many manufacturers contains ~8% H20 and can be stored
frozen at —20"C. Liquefied phenol, if colorless, can be used in molecular cloning without redistillation. Today,

only occasional batches of liquefied phenol are pink or yellow, and these should be rejected and returned to
the manufacturer.

Before use, phenol must be saturated with H20 and equilibrated with Tris to a pH of >7.6 to suppress
partitioning of DNA into the organic phase, which occurs at acidic pH.

 

   

 ,, ,,   



Purifimz‘iun (szI/f/cic Adds A8.”

Drop DialySIS

lmw-moleculM—wcight contaminants, which may inhibit restriction digestion or DNA sequenc—

ing, can he removed from DNA in solution by drop dialysis.

1. Spot a drop (~50 pl) ofDNA in the center ofa Millipore Series \’ membrane (0.025 pm), float~

ing shiny side up on 10 ml of sterile H30 in a 10—cm diameter Perri dish.

2. Dialyze the DNA for 10 minutes.

3. Remove the drop to a clean microfuge tube, and use aliquots of the dialyzed DNA for restrio

[ion enzyme digestion and/or DNA sequencing.
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EQNCENTRATING NUCLElC ACIDS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Ethanol Precipitation

Precipitation with ethanol is the standard method to recover nucleic acids from aqueous solutions.

It is rapid, virtually foolproof, and efficient: Subnanogram amounts ofDNA and RNA can be quan—

titatively precipitated with ethanol, collected by centrifugation, and redissolved within minutes.

Ethanol depletes the hydration shell from nucleic acids and exposes negatively charged
phosphate groups. Counterions such as NaJr bind to the charged groups and reduce the repulsive

forces between the polynucleotide chains to the point where a precipitate can form. Ethanol pre-

cipitation can therefore only occur if cations are available in sufficient quantity to neutralize the

charge on the exposed phosphate residues. The most commonly used cations are shown in Table

A8-1 and are described below.

0 Ammonium acetate is frequently used to reduce the coprecipitation of unwanted contaminants

(e.g., dNTPs or oligosaccharides) with nucleic acids. For example, two sequential precipitations

of DNA in the presence of 2 M ammonium acetate result in the removal of >99% of the dNTPs

from preparations of DNA (Okayama and Berg 1982). Ammonium acetate is also the best

choice when nucleic acids are precipitated after digestion of agarose gels with agarase. The use

of this cation reduces the possibility of coprecipitation of oligosaccharide digestion products.

However, ammonium acetate should not be used when the precipitated nucleic acid is to be

phosphorylated, since bacteriophage T4 polynucleotide kinase is inhibited by ammonium ions.

0 Lithium chloride is frequently used when high concentrations of ethanol are required for pre—

cipitation (e.g., when precipitating RNA). LiCl is very soluble in ethanolic solutions and is not

coprecipitated with the nucleic acid. Small RNAs (tRNAs and SS RNAs) are soluble in solu—

tions of high ionic strength (without ethanol), whereas large RNAs are not. Because ofthis dif-

ference in solubility, precipitation in high concentrations of LiCl (0.8 M) can be used to puri—

fy large RNAs.

0 Sodium chloride (0.2 M) should be used if the DNA sample contains SDS. The detergent

remains soluble in 70% ethanol.

0 Sodium acetate (0.3 M, pH 5.2) is used for most routine precipitations of DNA and RNA.

Until a few years ago, ethanol precipitation was routinely carried out at low temperature

(e.g., in a dry—ice/methanol bath). This is now known to be unnecessary. At 0°C in the absence of

carrier, DNA concentrations as low as 20 ng/ml will form a precipitate that can be quantitatively

recovered by centrifugation in a microfuge. However, when lower concentrations of DNA or very

small fragments (<100 nucleotides in length) are processed, more extensive centrifugation may

be necessary to cause the pellet of nucleic acid to adhere tightly to the centrifuge tube.

Centrifugation at 100,000g for 20—30 minutes allows the recovery of picogram quantities of

nucleic acid in the absence of carrier.

TABLE A8-1 Salt Solutions
 

 

SALT STOCK SOLUTION (M) FINAL CONCENTRATION (M)

Ammonium acetate 10.0 2.04.5

Lithium chloride 8.0 0.8

Sodium chhn ide 5.0 0.1

Sodium acetate 3.0 (pH 5.2) 03
  



TABLE A8-2 Carriers
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When dealing with small amounts of DNA, it is prudent to save the ethanolie supernatant
li‘om each step until all of the DNA has been recovered. This retention is especially important
after precipitates of DNA have been washed with 7()% ethanol, a treatment that often loosens the
precipitates from the wall Of the tube.

Dissolving DNA Precipitates

Until a few years ago, DNA precipitates recovered after ethanol precipitation were dried under
vacuum before being redissolved. This practice has now been abandoned (I ) because desiccated
pellets of DNA dissolve slowly and inefficiently and (2) because small fragments at double-
stranded DNA (<4OO hp) become denatured upon drying, probably as a result of loss of the sta—
hilizing shell of bound water molecules (Svaren et al. 1987).

These days, the best practice is to remove ethanol from the nucleic acid pellet and from the
sides ofthe tube by gentle aspiration and then to store the open tube on the bench for ~15 min-
utes to allow most of the residual ethanol to evaporate. The still-damp pellet of nucleic acid can
then be dissolved rapidly and completely in the appropriate buffer. If necessary the open tube
containing the redissolved DNA can be incubated for 2—3 minutes at 45°C in a heating block to
allow any traces of ethanol to evaporate

The precipitated DNA is not all found at the bottom of the tube after eentritligation in an
angle—head rotor. In the case of microfuge tubes, for example, at least 4()% of the precipitated
DNA is plastered on the wall of the tube. To maximize recovery of DNA, use a pipette tip to roll
a head of solvent several times over the appropriate segment of the wall. If the sample of DNA is
radioactive, check that no detectable radioactivity remains in the tube after the dissolved DNA has
been removed.

Carriers

Carriers (or eoprecipitants) are inert substances that are used to improve the recovery of small
quantities of nucleic acids during ethanol precipitation. Insoluble in ethanolit solutions“ carriers
form a precipitate that traps the target nucleic acids. During eentrifugation, carriers generate a
visible pellet that facilitates handling of the target nucleic acids. This may be their major virtue:
As discussed above, ethanol precipitation — even of small amounts of nucleic acids in dilute solu—
tion * is remarkably efficient. Carriers do little, other than provide visual clues to the location 01.
the target nucleic acid. Three substances are commonly used as carriers: yeast tRNA, glycogen,
and linear polyacrylamide. Their advantages and disadvantages are listed in Table AS—Z.

 

CARRIER

w nix] 7

(iluugen

lmear [3()l)tlkl'\'ltlll]lkl0

WORKING

CONCENTRATION ADVANTAGES/DISADVANTAGES

 

10720 ttg/ml Yeast tRNA is inexpensive, but it has the disadvantage that it cannot he used lor pre-
cipitating nucleic acids that will he used as substratex in reactions eatah/ed hv poly—
nucleotide kinase or terminal transtei‘ase. The termini ot yeast RNA are excellent hlll)»
strates (or these en'lymes and would compete with the termini contributed h) the
target nucleic aCid.

30 pg/ml Glycogen Ls usually used as a carrier when nucleic acids are precipitated \\ ith 05 .\1
ammonium acetate and isopropanol. Glycogen is not a nucleic and and therethre doex
not compete with the target nucleic acids in subsequent enzymatit reactions. However,
it can interfere with interactions between DNA and proteins t(iaillard and Strauss
1990).

[0—20 iig/ml Linear polyacrylamide is an efficient neutral carrier for precipitating pimgram
amounts ot" nucleic acids With ethanol and proteins with acetone Strauss and \'ar-
shauky 1984; (laillard and Strauss 1990)i
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HISTORICAL FOOTNOTE

Ethanol precipitation predates molecular cloning by ~50 years. It was first used as a method to concentrate
biologically active nucleic acid by]. Lionel Alloway, who worked at the Rockefeller Institute in the early 19305.
His project was to prepare active cell-free extracts of S-type Streptococcus pneumoniae that would permit
bacterial transformation of R-type organisms in vitro. At that time, transformation had been achieved only with
intact, heat-killed donor cells. After many frustrating failures, Alloway reported in 1932 that he could get the

substance responsible for transformation into solution by heating a freeze/thaw extract of the S organisms to
60"C, removing particulate matter by centrifugation, and passing the solution through a filter made of porous
porcelain (Alloway 1932). This last step was included to silence skeptics who believed that transformation
was an artifact caused by an occasional S~type organism that survived the extraction procedure.

Alloway’s success at eliminating the need for heat-killed donor cells was a major step on the road that
eventually led to the discovery of DNA as the transforming material (Avery et al. 1944). However, not all of
Alloway’s ceII-free preparations worked, and, even when transformation was obtained, the efficiency was very
low. Alloway must have realized that these problems were cau sed by the dilute nature of the extract, for he
began to search for different ways to Iyse the pneumococci and for different methods to concentrate the trans-
forming activity (Alloway 1933). Maclyn McCarty (1985) described Alloway’s discovery of ethanol precipita-
tion as follows:

Alloway then introduced another new procedure that became an indispensable part of all work
on the transforming substance from that time forward. He added pure alcohol in a volume five
times that of the extract which resulted in precipitation of most of the material that had been
released from the pneumococci... .The precipitated material could be redissolved in salt solu-
tion and shown to contain the active substance in transformation tests. Alcohol precipitation and
resolution could be repeated at will without loss of activity.

Alloway was certainly not the first person to precipitate nucleic acids with ethanol. This technique had
already been used as a purification step by several generations of organic chemists who were puzzling over
the structure of the bases in DNA. However, Alloway was the first to use ethanol precipitation to prepare
material that could Change the phenotype of recipient cells. Final proof that the transforming factor was DNA
still lay a dozen or more years into the future. But Alloway could fairly claim to be the inventor of a technique
that is now second nature to us all.

 

Standard Ethanol Precipitation of DNA in Microfuge Tubes

. Estimate the volume of the DNA solution.

. Adjust the concentration of monovalent cations either by dilution with TE (pH 8.0) if the

DNA solution contains a high concentration of salts or by addition of one of the salt solutions

shown in Table A8—l.

it" the volume of the final solution is 400 pl or less, carry out precipitation in a single micmfuge tube.
Larger mlumes can be divided among several microfuge tubes, or the DNA can be precipitated and
centrifuged in tubes that Will fit in a medium—speed centrifuge or ultracentrifuge.

. Mix the solution well. Add exactly 2 volumes of ice-cold ethanol and again mix the solution

well. Store the ethanolic solution on ice to allow the precipitate of DNA to form.

Usually 15—30 minutes is sufficient, but when the size of the DNA is small (<100 nucleotides) or

when it is present in small amounts (<0.1 ug/ml), extend the period ot‘storage to at least 1 hour and
add MgClz to a final concentration of 0.01 M.

DNA can be stored indefinitely in ethanolic solutions at 0°C or at —20°C.

. Recover the DNA by centrifugation at 0°C.

For most purposes, centrifugation at maximum speed for 10 minutes in a microt‘uge is sufficient.
However, as discussed above, when low concentrations of DNA (<20 ng/ml) or very small fragments
are being processed, more extensive centrifugation may be required.
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[IGURE A8-2 Aspiration of Supernatants 

Hold the open mierofuge tube at an angle, with

the pellet on the upper side. Use a disposable ”‘500530‘9 p'pe‘mw
pipette tip atta< hed to d vacuum line to with-
draw fluid from the tube. Insert the tip just

beneath the miniscus on the lower side of the

tube. Move the tip toward the base of the tube

as the fluid ie withdrawn. Use a gentle suction
to avoid drawing the pellet into the pipette tip.

Keep the end of the tip away from the pellet. \
Finally, vacuum the walls of the tube to remove J L)
any adherent drops of fluid. at: hm‘t'apb

   pellet

xacmtt‘   

 

5. (larefully remove the supernatant with an automatic micropipettor or with a disposable

pipette tip attached to a vacuum line (please see Figure A8-2). Take care not to disturb the pelv

let of nucleic acid (which may be invisible). Use the pipette tip to remove any drops of fluid

that adhere to the walls of the tube.

lt is best to save the supernatant {mm valuable DNA samples until recovery otthe precipitated DNA
has been verified.

6. Fill the tube half way with 70% ethanol and recentrifuge at maximum speed for 2 minutes at

4°C in a mierofuge.

7. Repeat step 5.

8. Store the open tube on the bench at room temperature until the last traces of fluid have evap

orated.

It was unee unnmon practice to dry pellets of nucleic acid in A lyophili/er. l‘lns step is not only

unnecessary, but also undesirable, since it causes denaturation ofsmall (<4t)()—nuc|entidet fragments

(if DNA (Svaren et Al. 1987) and greatly reduces the recovery of larger fragments of DNA.

9. Dissolve the DNA pellet (which is often invisible) in the desired volume 01" buffer (usually Tl",

[pH between 7.6 and 8.0] l. Rinse the walls of the tube well with the buffer.

NOTES

0 After centrifugation in a microfuge, not all of the DNA is deposited on the bottom of the

micmfuge tube. Up to 500/0 of the DNA is smeared on the wall of the tube. T0 recover all of the

DNA, it is necessary to work a bead of fluid backward and forward over the appropriate quad—

rant of wall. This step can easily be done by pushing the bead of fluid over the surface with a

disposable pipette tip attached to an automatic micropipettor.

0 One volume of isopropanol < l > may be used in place of 2 volumes of ethanol to precipitate

DNA. Precipitation with isopropanol has the advantage that the volume of liquid to be ten

trifuged is smaller, However, isopropanol is less volatile than ethanol and is therefore more dif-

ficult to remove; moreover, solutes such as sucrose or sodium chloride are more easily copie-

cipitated with DNA when isopropanbl is used. In general, precipitation with ethanol is prefer-

able, unless it is necessary to keep the volume of fluid to a minimum.

0 In general, DNA precipitated from solution by ethanol can be redissolved easily in buffets of

low ionic strength, such as TE (pH 8.0). Occasionally, difficulties arise when buffers contain—

ing MgCl: 01" >0.1 M NaCl are added directly to the DNA pellet. It is therefore preferable to

dissolve the DNA in a small volume of low—ionie—strength buffer and to adjust the composi-
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tion of the buffer later. If the sample does not dissolve easily in a small volume, add a larger

volume of buffer and repeat the precipitation with ethanol. The second precipitation may help

eliminate additional salts or other components that may be preventing dissolution of the DNA.

Precipitation of RNA with Ethanol

RNA is efficiently precipitated with 2.5—30 volumes of ethanol from solutions containing 0.8 M

LiCl, 5 M ammonium acetate, or 0.3 M sodium acetate. The choice among these salts is deter-

mined by the way in which the RNA will be used later. Since the potassium salt of dodecyl sulfate

is extremely insoluble, avoid potassium acetate if the precipitated RNA is to be dissolved in

buffers that contain SDS, for example, buffers that are used for chromatography on oligo(dT)—cel-

iulose. For the same reason, avoid potassium acetate if the RNA is already dissolved in a buffer

containing SDS. Avoid LiCl when the RNA is to be used for cell—free translation or reverse tran-

scription. LiCl ions inhibit initiation of protein synthesis in most cell-free systems and suppress

the activity of RNA—dependent DNA polymerase.

NOTE

0 Solutions used for precipitation of RNA must be free of RNase (please see Chapter 7).

Precipitation of Large RNAs with Lithium Chloride

Whereas small RNAs (tRNAs and SS RNAs) are soluble in solutions of high ionic strength, large

RNAs (e.g., rRNAs and mRNAs) are insoluble and can be removed by centrifugation.

1. Measure the volume of the sample and add 0.2 volume of RNase—free 8 M LiCl. Mix the solu—

tion well and store it on ice for at least 2 hours.

2. Centrifuge the solution at 15,000g for 20 minutes at 0°C. Discard the supernatant, and dissolve

the precipitated high-molecular—weight RNA in 0.2 volume of H30.

3. Repeat Steps 1 and 2.

4. Recover the high—molecular-weight RNA from the resuspended pellet by precipitation with 2

volumes of ethanol.

Concentrating and Desalting Nucleic Acids with Microconcentrators

Ultrafiltration is an alternative to ethanol precipitation for the concentration and desalting of

nucleic acid solutions. It requires no phase change and is particularly useful for dealing with very

low concentrations of nucleic acids. The Microcon cartridge, supplied by Millipore, is a centrifu-

gal ultrafiltration device that can desalt and concentrate nucleic acid samples efficiently. The pro-

tocol presented below and the accompanying notes have been adapted from those provided on

the Millipore Web Site (www.millipore.c0m). Complete directions may be found on this Web Site.

1. Select a Microcon unit with a nucleotide cut-off equal to or smaller than the molecular size of
the nucleic acid of interest (please see Table A8—3).

2. Insert the Microcon cartridge into one of the two vials supplied, as shown in Figure A8—3.

3. T0 concentrate (without affecting salt concentration), pipette up to 500 pl of sample (DNA or
RNA) into the reservoir. Centrifuge for the recommended time, not exceeding the g force
shown in Table A8—3.  



Cmtcentratiug Nucleic Acids A8.17

Hsample reservow

Bnuctetc actds

M trapped by filter

1

4—filtrate

<‘1nvened cartridge

FIGURE A8-3 Concentration/Desalting of Nucleic Acid

$07h1>ti0ns Using Micron Ultracentrifugation f—wncemrated Sampte
 

4. T0 exchange salt, add the proper amount ofappropriate diluent to bring the concentrated sam-

ple to 500 111. Centrifuge for the recommended time, not exceeding the g force shown in Table

A83. To achieve a lower salt concentration, repeat the entire step as necessary. Please see the

footnote below to Table A8—3.

A IMPORTANT Do not overfill the filtrate vial.

5. Remove the reservoir from the vial and invert the reservoir into a new vial (save the filtrate

until the sample has been analyzed).

6. Centrifuge at SOO—IOOOg for 2 minutes in a microfuge to recover nucleic acid in the vial.

7. Remove reservoir. Cap the via] to store the sample.

TABLE A8-3 Nucleotide Cut-offs for Microcon Concentrators

MAXIMUM SPIN TIME

 

  

MICROCON NUCLEOTIDE CUT-OFF“ RECOMMENDED IN MINUTES

MODEL COLOR CODE 55 DS g FORCE 4°C 25°C

3 yellow 10 10 14,000 135 95

10 green 30 20 14,000 50 35

30 clear 00 50 14,000 1 5 s

50 rose 125 100 14,000 10 (1

100 blue 300 125 500 25 15
   

Nntc thttt ultrttttltmlion 010110 does not change buffet composition. The salt concentration in 11 xdnlphj mnwntrtttt‘d h)

spinnmg 111 11 Micrmon WI” he the mutt: Ax that in the original sample. For dcmtltmg, lhc concuntrtttcd xdmplc 1x dillltk‘d wtth

”10 or butter 10 11s tmgmal volume and spun again (called discontinuous didfiltt'.tt1mt).'I‘I1isrc1novcxtln sttlt h) the gamut—

[ration tltttor of thc ultmfiltmtinn. For example, if (1 500—0] sdmplc cuntaining 100 mM salt 15 mncuntmtcd to 25 pl (20x (011—

wntmtion LILUWJ, 95% ot— the total salt in the sample will hc removed, The salt mnccnttdtion in the 5111111310 will remain at 100
m\1. Rcdiluting the xdmplc tt) 500111111 H_,O will bring the salt concentration to 5 m\11 Lontcntrdttng to 23 ttl (mu: mun: \\1|I

rumuvc 99W» of thc originat total salt. '1 ha concentrated mmplc \\i“ now he in 0.23 mM salt. For mutt- LUIHPICIL‘ salt rummal.

011 additmna] rcdilution and spinning cycle will remove 99.9“41 ofthc initial salt mntcnt
“5x indtctttcs singlc—s'tmndut (1nd ds intimates doublc—gtrttmtcd
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Concentrating Nucleic Acids by Extraction with Butanol

During extraction of aqueous solutions with solvents such as secondary butyl alcohol (isobu—

tanol) or n-butyl alcohol (n—butan01<!>), some of the water molecules are partitioned into the

organic phase. By carrying out several cycles of extraction, the volume of a nucleic acid solution

can be reduced significantly. This method of concentration is used to reduce the volume of dilute

solutions to the point where the nucleic acid can be recovered easily by precipitation with ethanol.

1. Measure the volume of the nucleic acid solution and add an equal volume of isobutanol. Mix

the solution well by vortexing.

Addition oftoo much isobutanol can result in removal of all the H20 and precipitation ofthe nucle~
ic acid. Ifthis happens, add HZO to the organic phase until an aqueous phase (which should contain
the nucleic acid] reappears.

2. Centrifuge the solution at maximum speed for 20 seconds at room temperature in a microfuge

or at 1600g for 1 minute in a benchtop centrifuge. Use an automatic micropipettor to remove

and discard the upper (isobutanol) phase.

3. Repeat Steps 1 and 2 until the desired volume of aqueous phase is achieved.

Because isobutanol extraction does not remove salt, the salt concentration increases in proportion
to the reduction in the volume of the solution. The nucleic acid can be transferred to the desired
buffer by spun—column chromatography or by precipitation with ethanol.  
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TABLE A8-4 Measuring Nucleic Acid Concentrations

Qiutiitimtimi OflVllt'lt’lC Acids A8.I9

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Two types of methods are widely used to measure the amount of nucleic acid in ii preparation. It" the
sample is pure (i.e., without significant amounts of contaminants such as proteinst phenol, agaimg
or other nucleic acids), 5pectrophotometric measurement ofthe amount ofUY irradiation absorbed
by the bases is simple and accurate. lfthe amount of DNA or RNA is very small or il'the sample (one
taim significant quantities of impurities, the amount of nucleic acid can be estimated from the iiiteiif

sity of fluorescence emitted by ethidium bromide or Hoechst 33258. A summary of the methods

commonly used to measure the concentrations of DNA in solution are listed in Table A84. More
detailed discussion ofthe methods follows after the table.
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tibhm'btmee at 16011111 and 280 11m is often used (15 a test tor (Olliillllllltllltfll 01 ii preparation 01 l)f\'\
and RNA with protein. Despite its pnpularit)‘, this test is ()ft]liL‘S[1t)lldl)lC worth. Nucleic tieida ahxnrh m
\11't)1]gl\' at 260 nm that only A significant level of protein eontamitttitimi will ktlllbk‘ .i hlglilllttllll change
in the 1111100ftllMOl‘lhlllCC111 the two wavelengths (Warbtirg and Christian 1941; (ilmel 1995; Man—

thester 1995, 1996; \\'iltingei' et al. 1997) (please see the panel on ABSORPTION SPECTROSCOPY

OF NUCLEIC ACIDS on the 1‘0llt)\\'1ng page).

l'he xpeeil‘ic absorption coefficients of both DNA and RNA tire titteetetl by the ionit mength imtl the
pll of the xolution (Heaven et til. 1955; \\'iltinger et (11. 1997).Aect1mte nieahtti'elnents ot'cuneentiatmn
tan he made hnh when the pH is etti'etttll)' controlled and the 101th strength 01 the \()l1111()11 15 low.

lt is‘ dillicult to metisui'e the Jhsorbanee of small V()l1111]C.\t)1‘\t)lL111011 11nd the method 1> reliable t)11l\
(wet it lttii‘ly mrmw mnge 01eoncentiuttiom (5 ttg/ml to 90 ttg/inl).

lloechst 53258 is one 01" a class of bi5~ben1imiddmle fluorescent dies that bind nonintetetildtwelt tintl
\\ ith high \pCLlllCll\' to tlotibleestmnded 1)I\'.r\. After binding, the fluorescent yield ineieAsex 1mm 0.01
100.6 (l,.itt anti \\'0h|leb 1975); Hoechst 53258 is therefore it llbcfill tltioroehrome tltr tltmrmiteli'ie

detection and qudntitdtion of ClOLll7lC>>1111nthCl DNA. Hoeehxt 33258 inteiuietx Fll‘lt‘ltlliltlllV with ;\/ l -
rich regions 01 the 1).\'.\ llCllX; with the log!“ 01" the intensity of fluorescence intrettxing in proportion
to the A+T content of the DNA (Dtnhelet et J]. 1989). The fluorescent yield 01 Hoeehst 33158 15
Approximately threefold lower with siiiglefstranded DNA (Hihx ig and (ii‘opp 1975 ).

llttm'ometi'y mm“ with lloechst 33158 do not work At extremes of pH tmd tire titleetetl b\ both deter—
gents and salts (Van lancket‘ 11nd Ghe) wens 1986). Assays are therefore Listtttll) etit‘ried out in 0,2 \1
Nat ll; 10 m!\1 l l) T.\ at pH 7.4. The concentration of DNA in the unknown sample lx eatimated limit a
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the same ax the tinkntm 11 sample. The intensity otiemission in nearl) linear ()\'C1 (1 10007117“ range (11
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et (11. 1979, 1980; [Alberta And Paigen 1980).
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imtl ix both expenahe and relatively slow 130—40 minutes i.

\ ltixt (ind sensitixe method that utili/ex the L'\'~1nduced tltiiii‘exeenee emitted b\ intei'etiltitetl ethidium
bromide IflOlCtLllC\. T he UNA preparations tinder test are spotted onto tm tlgtii‘me plate L(Hlltlllllllg
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Bemuse the timotint 01 fluorescence ls proportional to the total mil» 01‘ DNA, the qtmntit) 01 DNA tum
be estimated b} comparing the light emitted tit 590 nm by the test preparations timl the standards. The
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The chief problem with the method 1» that it 15 sensitive to interference by RNA.
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Spectrophotometry of DNA or RNA

For quantitating the amount of DNA or RNA, readings are taken at wavelengths of 260 nm and

280 nm. The reading at 260 rim allows calculation of the concentration of nucleic acid in the sam—

ple. A11 OD of 1 corresponds to ~50 pg/ml for double—stranded DNA, 40 pg/ml for single-strand—

ed DNA and RNA, and ~33 ug/ml for single-stranded oligonucleotides. The ratio between the

readings at 260 rim and 280 nm (ODW:ODzso) provides an estimate of the purity of the nucleic

acid. Pure preparations of DNA and RNA have OD260:OD280 values of 1.8 and 2.0, respectively If

there is significant contamination with protein or phenol, the OD26010DM will be less than the

values given above, and accurate quantitation of the amount of nucleic acid will not be possiblee.

Because it is rapid, simple, and nondestructive, absorption spectroscopy has long been the

method of choice to measure the amount of DNA and RNA in concentrated pure solutions.

However, absorption spectroscopy is comparatively insensitive and, with most laboratory spec-

trophotometers, nucleic acid concentrations ofat least 1 tig/ml are required to obtain reliable esti-

mates of A260. In addition, absorption spectroscopy cannot readily distinguish between DNA and

RNA, and it cannot be used with crude preparations of nucleic acids. Because ofthese limitations,

3 number of alternative methods have been devised to measure the concentration of DNA and

RNA (please see Table A8—4).

 

ABSORPTION SPECTROSCOPY OF NUCLEIC ACIDS

Purines and pyrimidines in nucleic acids absorb UV light. As described by the Beer-Lambert Law, the amount
of energy absorbed at a particular wavelength is a function of the concentration of the absorbing material:

1 = 10 10“

where I : intensity of transmitted light
I0 = intensity of incident light
9 molar extinction coefficient (also known as the molar absorbtion coefficient)
d : optical path length (in cm)
c : concentration of absorbing

material (moIe/Iiter)

e is numerically equal to the absorbance of a 1 M solution in a 1-cm light path and is therefore expressed in
M‘1 cm‘l. Absorbance data are collected using a UV spectrometer and are generally reported as the
absorbance A (log I/I”). When D r 1 cm, A is called the optical density or OD at a particular wavelength, 1.

ODIEC

Because the absorption spectra of DNA and RNA are maximal at 260 nm, absorbance data for nucleic
acids are almost always expressed1n A260 or OD260 units. For double-stranded DNA one A260 or OD260 unit
corresponds to a concentration of 50 png. The Beer-Lambert lawIS valid at least to an OD—— 2 and the con-
centration of a solution of nucleic acid15 therefore easily calculated by simple interpolation. For example a
solution Whose OD260 : 0.66 contains 33 ug/ml of double-stranded DNA. For nucleic acids, 1: decreases as

the ring systems of adjacent purines and pyrimidines become stacked in a polynucleotide chain. The value of
8 therefore decreases in the following series:

free base

small oligonucleotides

singIe-stranded nucleic acids

double-stranded nucleic acids

This means that singIe-stranded nucleic acids have a higher absorbance at 260 nm than doubIe-stranded
nucleic acids. Thus, the molar extinction coefficient of double-stranded DNA at 260 nm is 6.6, whereas the
molar extinction coefficient of single-stranded DNA and RNA is ~ 7.4. Note/ however, that the extinction coef-

ficients of both DNA and RNA are affected by the ionic strength and the pH of the solution (Beaven et al. 1955;
Wiifinger et al. 1997). Accurate measurements of concentration can be made only when the pH is carefully
controlled and the ionic strength of the solution is low.   (Continued on facing page.) J
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The extint tion coeffitients of nuclei( acids are the sum of the extinction coefficients 01ea( h of their (on—

stituent nucleotides. For large molecules, where it is both impractical and unnecessary to sum the coefficients
of all the nucleotides, an average extinction coefficient is used. For double-stranded DNA, the average extinc—
tion (()efticient is 50 (pg/ml)" cm’lffor single-stranded DNA or RNA, the average coefficient is 58 (Itlg/mll'l
cm’ '. These values mean that

1 OD260 unitequals

50 ug’ml double-stranded DNA
or

38 pg/ml single-stranded DNA or RNA

For small mo|e( ules such as oligonucleotides, it is best to calculate an accurate extinction coefficient from the
base composition. Because the concentrations of oligonucleotides are commonly reported as mmoIe/Iiter, a .
millimolar extinction coefficient (E) is conventionally used in the Beer-Lambert equation. 1

E ZA (15.3) + G (11.9) + C(7.4) + T(9.3)

where A, C, C, and Tare the number of times each nucleotide is represented in the sequence of the oligonu- l
(‘leotide The numbers in parentheses are the molar extinction coefficients for each deoxynucleotide at pH 7.0.

ODZW:ODZ80 Ratios

Although it is possible to estimate the concentration of solutions of nucleic acids and oligonucleotides by mea-
suring their absorption at a single wavelength (260 nm), this is not good practice. The absorbance of the sam-
ple should be measured at several wavelengths since the ratio of absorbance at 260 nm to the absorbance at
other wavelengths is a good indicator of the purity of the preparation. Significant absorption at 230 nm indi-
tates contamination by phenolate ion, thiocyanates, and other organic compounds (Stulnig and Amberger
1994), whereas absorption at higher wavelengths (330 nm and higher) is usually caused by light 5( attering and
indi(ates the presence of particulate matter. Absorption at 280 nm indicates the presence of proteln, because
aromatic amino acids absorb strongly at 280 nm.

For many years, the ratio of the absorbance at 260 nm and 280 nm (ODZWDDW) has been used as a
measure of purity of isolated nucleic acids. This method dates from Warburg and Christian (1942) who
showed that the ratio is a good indicator of contamination of protein preparations by nucleic acids. The reverse
is not true! Because the extinction coefficients of nucleic acids at 260 nm and 280 nm are so mU(h greater
than that of proteins, significant contamination with protein will not greatly change the ODMODM ratio of
a nucleic acid solution (please see Table A8-51. Nucleic acids absorb so strongly at 260 nm that only a signifi-
cant level of protein contamination will cause a significant change in the ratio of absorbance at the two wave-
lengths (Warburg and Christian 1942; Glasel 1995; Manchester 1995, 1996; Wilfinger et al. 1997).

TABLE A8-5 Absorbance of Nucleic Acids and Proteins
 

 

0 0/ (y u0 m n 0

PROTEIN NUCLEIC ACID OD260:0D280 PROTEIN NUCLEIC ACID OD2(_0:OD2B0
100 0 0.3/ 45 1. 1.30
05 .' . (’ ’ l 0’ 40 00 1 9100 10 1.32 _ _

33 (1) 1 9.1
x: 1: 1.48“ ’ 30 70 1 94x0 20 1.59 , fl, ,__ 7— _ 2b m 1.93

m “J H” 20 30 1.0770 30 1.73 _ _> r 78 1.» x; 1.93<. .. .” 1 l 10 90 1 «m00 40 1 x1 _s 93 1.00f? 4‘ 1. ,f’ ’ 84 0 100 2.0030 50 1.87

L'xmg tho prt‘thctcd values in this table, (llzlsel (1995) derived an empirical equatmn to tlcscnhc ll/anlUI’ .1 1.1ngcut 01 ):m_:()l) 0
111110»: ”m.\' z 1111 1.1616 — (1..12 12.16 — R] 1, where R : ODMUDM. Note that estimates 01" purity 01 11L1LlL‘lC awls based 011 1
(11)_,M’:()1)N 11mm 1.rct1t‘t‘111't1tc (11111. when the premrations are true ofphcnol. \\'ute1's.1tt1r.1tcd with phcnnl xlwsmhs \\1tliachar.1ctcr— "
1st1t pcalmlt171111111antlanOHM:(11)>W1'11tim1t2(StulnigandAmbergcr 1994). thtlcic acid prepm‘atinns two Ul phenol xlmtlltl hmc l
(11),W:()l) 111mm (11> ~l.2.

l  
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Fluorometric Quantitation of DNA Using Hoechst 33258

Measuring the concentration of DNA using fluorometry is simple and more sensitive than spec—

trophotometry, and allows the detection of nanogram quantities of DNA. The assay can only be

used to measure the concentration of DNAs whose sizes exceed ~1 kb, as Hoechst 33258 binds

poorly to smaller DNA fragments. In this assay, DNA preparations of known and unknown con-

centrations are incubated with Hoechst 33258 fluorochrome. Absorption values for the unknown

sample are compared with those observed for the known series, and the concentration of the

unknown sample is estimated by interpolation.

 

 

HOECHST 33258

Hoechst 33258 is one of a class of bis-benzimidazole fluorescent dyes that bind nonintercalatively and With
high specificity into the minor groove of double-stranded DNA. After binding, the fluorescent yield increases
from 0.01 to 0.6 (Latt and Wohlleb 1975), and Hoechst 33258 can therefore be used for fluorometric detec-
tion and quantification of double-stranded DNA in solution. Hoechst 33258 is preferred to ethidium bromide
for this purpose because of its greater ability to differentiate double-stranded DNA from RNA and single-
stranded DNA (Loontiens et al. 1990).

Like many other nonintercalative dyes (Miiller and Gautier 1975), Hoechst 33258 binds preferentially to
A/T-rich regions of the DNA helix (Weisblum and Haenssler 1974), with the log10 of the intensity of fluores-
cence increasing in proportion to the A+T content of the DNA (Daxhelet et al. 1989). The fluorescent yield of
Hoechst 33258 is approximately threefold lower with single-stranded DNA (Hilwig and Gropp 1975).

Facts and Figures

0 Hoechst 332 58 in free solution has an excitation maximum at ~356 nm and an emission maximum at 492

nm. However, when bound to DNA, Hoechst 33258 absorbs maximally at 365 nm and emits maximally
at 458 nm (Cesarone et al. 1979, 1980).

o Fluorometry assays with Hoechst 33258 do not work at extremes of pH and are affected by both deter-
gents and salts (Van Lancker and Gheyssens 1986). Assays are therefore usually carried out under standard
conditions (0.2 M NaCl, 10 mM EDTA at pH 7.4). However, two different salt concentrations are required

to distinguish doubIe-stranded from single-stranded DNA and RNA (Labarca and Paigen 1980). The con-
centration of DNA in the unknown sample is estimated from a standard curve constructed using a set of
reference DNAs (10—250 ng/ml) whose base composition is the same as the unknown sample. The DNAS
must be of high molecular weight since Hoechst 33258 does not bind efficiently to small fragments of
DNA. Measurements should be carried out rapidly to minimize photobleaching and shifts in fluorescence
emission due to changes in temperature. Either a fixed wavelength fluorometer (e.g., Hoefer model TKO
100) or a scanning fluorescence spectrometer (e.g., Hitachi Perkin-Elmer model MPF—2A) can be used.

o The concentration of Hoechst 33258 (Mr = 533.9) in the reaction should be kept low (5 x 10; M to 2.5
x 104’ M), since quenching of fluorescence occurs when the ratio of dye to DNA is high (Stokke and Steen
1985). However) two concentrations of dye are sometimes used to extend the dynamic range of the assay.

0 All DNAs and solutions should be free of ethidium bromide, which quenches the fluorescence of Hoechst
33258. However, because Hoechst 33258 has little affinity for proteins or rRNA, measurements can be car-
ried out using cell lysates or purified preparations of DNA (Cesarone et al. 1979; Labarca and Paigen 1980).

0 Unlike ethidium bromide, Hoechst dyes are ceII-permednt.

 

1. Turn the fluorometer on 1 hour before the assay is carried out to allow the machine to warm
up and stabilize.

When bound to high—molecular—weight doublestranded DNA, Hoechst 33258 dye absorbs maxi-
mally at 365 nm and emits maximally at 458 nm.

. Prepare an appropriate amount of diluted Hoechst 33258 dye solution by combining 50 pl of
concentrated Hoechst 33258 dye solution per 100 ml of fluorometry buffer (please see
Appendix 1). Each tube in the DNA assay requires 3 m1 of diluted Hoechst 33258 dye solution.
Transfer 3 ml of diluted dye solution to an appropriate number of clean glass tubes. Include
six extra tubes for a blank and the standard curve.
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The concentrated Hoechst 33258 dye solution is prepared in H ,0 AI 0.2 mg/ml Jlld tdn be stored tit
mom temperatute in a tbil—wrupped test tube.

3. Prepare a standard curve by adding 100, 200, 300, 400, and 500 ng ()f1)NA from the reference
stock solution to individual tubes. Mix and read the absorbance on the prewarmed fluorome—
ter otieaeh tube immediately after addition of the DNA.

The t‘efei‘eme stuck solution ofDNIA is prepared in TE to a concentration of 100 ttg/ml. Bk‘kdllSC the
binding of Hoechst 33158 dye to DNA is influenced by the base composition, the DNA used to con—
struct the standard curve should be from the same species as the test sample

4. Add 0.1 til (i.e., 1 pl ofa 1:10 dilution), 1.0 “1, and 10 til ofthe preparation 01‘1)NA,whose con-
centration is being determined, to individual tubes containing diluted dye solution.
immediately read the fluorescence.

L
n . Construct a standard curve plotting fluorescence on the ordinate and weight ofi'efet'enee DNA

(in rig) on the abscissa. Estimate the concentration of DNA in the unknown sample by inter
p(ilation.

1tthe reading for the unknown DNA solution falls outside that of the standard tune, read the flu?

oreseence of 21 larger sample or make an appropriate dilution of the sample and i‘epettt the assay.

NOTES

0 Binding of Hoechst 33258 is adversely influenced by pH extremes, the presence of detergents
near or above their critical mieelle concentrations, and salt concentrations dhOVt‘ 3 M. If these

conditions or reagents are used to prepare the DNA and improbable results are obtained in the

fluorometry assay, precipitate an aliquot of the DNA with ethanol, rinse the pellet of nucleic

acid in 70% ethanol, dissolve the dried pellet in TE, and repeat the assay.

0 If the preparation oftest DNA is highly Viscous, sampling with standard yellow tips may be so
inaccurate that the dilutions of unknown DNA will not track with the standard curve. 111 this
case, the best solution is to withdraw two samples (10—20 pl) with an automatic pipettm‘
equipped with a cutoff yellow tip. Each sample is then diluted with ~0.5 ml of TE (pH 8.0)
and yortexed vigorously for 1—2 minutes. Different amounts of the diluted samples can then
be transferred to the individual tubes containing diluted dye solution. The results obtained
from the two sets of samples should be consistent.

0 Use scissors or a dog nail clipper (e.g., Fisher) to generate cut—off yellow tips. Alternatively, the
tips can be cut with a sharp razor blade. Sterilize the cut-off tips before use, either by autoclaying
or by immersion in 70% alcohol for 2 minutes followed by drying in air. Presteriiized, purpose
made wide—bore tips can be purchased from a number of commercial companies (e.g., Bio—Rad).

Quantitation of DoubIe-stranded DNA Using Ethidium Bromide

Sometimes there is not sufficient DNA (<250 ng/ml) to assay spectrophotometrically, or the DNA
may be heavily contaminated with other substances that absorb UV irradiation and therefore
impede accurate analysis. A rapid way to estimate the amount of DNA in such samples is to use
the UV—induced fluorescence emitted by ethidium bromide <!> molecules interealated into the
DNA. Because the amount of fluorescence is proportional to the total mass of DNA, the quanti-
ty 01‘1)NA in the sample can be estimated by comparing the fluorescent yield of the sample with
that ofa series of standards. As little as 1—5 mg of DNA can be detected by this method. 1701" more
information on ethidium bromide, please see Appendix 9 and Chapter 5, Protocol 2.  
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Saran Wrap Method Using Ethidium Bromide or SYBR Gold

1.

2.

3.

Stretch a sheet of Saran Wrap over a UV transilluminator or over a sheet of black paper.

Spot 1—5 pl of the DNA sample onto the Saran Wrap.

Spot equal volumes of a series of DNA concentration standards (0.1, 2.5, 5, 10, and 20 pg/ml)

in an ordered array on the Saran Wrap.

The standard DNA solutions should contain a single species of DNA approximately the same size as
the expected size of the unknown DNA. The DNA standards are stable for many months when
stored at 40°C.

. Add to each spot an equal volume of TE (pH 7.6) containing 2 ug/ml ethidium bromide or an

equal volume of a 1:5000 dilution of dimethylsulfoxide <!> (DMSOJ/SYBR Gold <!> stock.

Mix by pipetting up and down with a micropipette.

. Photograph the spots using short-wavelength UV illumination for ethidium bromide, or 300—

nm transillumination for SYBR Gold (please see Chapter 5, Protocol 2). Estimate the concen—

tration of DNA by comparing the intensity of fluorescence in the sample with that of the stan-

dard solutions.

Agarose Plate Method

Contaminants that may be present in the DNA sample can either contribute to or quench the flu—

orescence. To avoid these problems, the DNA samples and standards can be spotted onto the sur—

face of a 10/0 agarose slab gel containing ethidium bromide (0.5 pg/ml). Allow the gel to stand at

room temperature for a few hours so that small contaminating molecules have a chance to diffuse

away. Photograph the gel as described in Chapter 5.

Minigel Method

Electrophoresis through minigels (please see Chapter 5) provides a rapid and convenient way to

measure the quantity of DNA and to analyze its physical state at the same time. This is the method

of choice if there is a possibility that the samples may contain significant quantities of RNA.

1. Mix 2 pl of the DNA sample with 0.4 111 of Gel—loading buffer IV (bromophenol blue only;

please see Table A1-6 in Appendix 1) and load the solution into a slot in a 0.8% agarose minigel

containing ethidium bromide (0.5 ug/mi).

SYBR Gold is too expensive to use routinely in this technique,

. Mix 2 pl of each of a series of standard DNA solutions (0, 2.5, 5, 10,20, 30, 40, and 50 ug/ml)

with 0.4 ul of Gel—loading buffer IV. Load the samples into the wells of the gel.

The standard DNA solutions should contain a single species of DNA approximately the same size as
the expected size of the unknown DNA. The DNA standards are stable for many months when
stored at 40°C.

. Carry out electrophoresis until the bromophenol blue has migrated ~172 cm.

. Destain the gel by immersing it for 5 minutes in electrophoresis buffer containing 0.01 M
MgClz.

. Photograph the gel using short-wavelength UV irradiation (please see Chapter 5). Compare
the intensity of fluorescence of the unknown DNA with that of the DNA standards and esti-

mate the quantity of DNA in the sample.  
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MEASUBEMENT QF RADIOACTIVITY IN NUCLEIC ACIDS
CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Radioactive isotopes <!> are used as tracers to monitor the progress of many reactions used to

synthesize DNA and RNA. To calculate the efficiency of such reactions“ it is necessary to measure

accurately the proportion of the radioactive precursor incorporated into the desired product.

This goal can be achieved by two methods: (1) differential precipitatinn of the nucleic acid prod—

ucts with trichloroacetic acid <!> (TCA) and (2) differential adsorption Of the products onto

positively charged surfaces (e.g., DE-81 paper).

Precipitation of Nucleic Acids with Trichloroacetic Acid

1. Use a soft-lead pencil to label the appropriate number of Whatman GF/C glass fiber filters

(2.4—cm diameter). Impale each of the filters on a pin stuck into a polystyiene support.

2. Spot an accurately known volume (up to 5 pl) of each sample to be assayed on the center tit~

each of two labeled filters.

One ofthe filters is used to measure the total amount of radioactivity in the reaction ti.e.‘ JLid-blii’

uble and dcid-precipitable radioactivity). The other filter is used to measure onh the aetd—preeip»
itable radioactivity. Under the conditions described, DNA and RNA molecules >5t> nucleotides long

will be precipitttted (m the surface of the filter.

3. Store the filters at room temperature until all of the fluid has evaporated. This process cam be

accelerated by using a heat lamp, although this is not usually necessary.

P Use blunt—end forceps (e.g., Millipore forceps) to transfer one of each pair of filters to a beaker

containing 200—300 ml of ice-cold 5% TCA and 20 mM sodium pyrophosphute. Swirl the til—

ters in the acid solution for 2 minutes, and then transfer them to a fresh beaker containing the

same volume of the ice-cold 5% TCA/20 mM sodium pyrophosphate mixture. Repeat the

washing two more times.

During “fishing, the unincorporated nucleotide precursors are muted (mm the filters and the
radioactive nucleic acids are fixed to them.

Commercially available, vacuum~drixen filtration manifolds that hold up to 24 litters may also be
Used to wash the filters.

5 Transfer the washed filters to a beaker containing 70% ethanol and allow them to remain there

briefly. Then dry the filters either at room temperature or under a heat lamp.

6. Insert each of the filters (washed and unwashed) into a scintillation vial. Measure the amount

of radioactivity on each filter.

331) can be detected on dry filters by Cerenkov counting (in the 3H Channel of at liquid scintillation
eountert The efficiency with which (Icrenkm'radiati011 can be measured varies from instrument to
instrument and also depends on the geometry of the scintillation vials and the amount of Ho
remaining in the filters. With dry filters, the efficiency ot‘CerenkoV counting is ~25“t> tone radintiee
live decay in four can be detected). Alternatively HP can be measured with l()ti”t> etitiaencv by
adding a few milliliters oftoluene—based scintillation fluid to the dried filters and counting in the “P
channel at" the liquid scintillation counter.

To measure other isotopes (?H, HC, jiS, ”P, etc), it is essential to use tolueneebetsetl scintillation fluid
and the Appropriate channel of a liquid scintillation counter. The efficiency of counting these isn-

topes varies from counter to counter and should be determined for each instrument.
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7. Compare the amount of radioactivity on the unwashed filter with the amount on the washed

filter, and then calculate the proportion of the precursor that has been incorporated as

described in the panel below.

Adsorption to DE-81 Filters

DE—8] filters are positively charged and strongly adsorb and retain nucleic acids, including

oligonucleotides that are too small to be precipitated efficiently with TCA. Unincorporated

nucleotides stick less tightly to the filters and can be removed by washing the filter extensively in

sodium phosphate. The procedure is essentially identical to that described for precipitation of

nucleic acids by TCA, except that the DE-81 filters are washed in 0.5 M NazHPO4 (pH 7.0) instead

of TCA/sodium pyrophosphate.

 

CALCULATION OF THE SPECIFIC ACTIVITY OF A RADIOLABELED PROBE

To calculate the specific activity of a radiolabeled probe in dpm/pg/ use the following equation:

L (2.2 x109) (Pl)
specific activity : _—_.—__

m + [(1.3 X10“ (PL) (L/S)]

where
L : input radioactive label (1.10)
PI : proportion of the precursor that has been incorporated (cpm in washed filter/cpm in unwashed

filter, please see above)

m : mass of template DNA (ng)
S : specific activity of input label (pCi/nmole)

The numerator of this equation is the product of three terms: the total dpm in the reaction [(L>(2.2 x 10"
dpm/uCiH; the proportion of these dpm which were incorporated (PI); and a factor to convert the final value

for specific activity from dpm/ng to dpm/pg (103).
The denominator represents the tota| mass of DNA (in ng) at the end of the reaction, equa| to the Start-

ing mass (m) plus the mass (in ng) synthesized during the reaction. The latter is calculated from the number
of nanomoles of dNMP incorporated [(PI)(L/S)] multiplied by four times the average molecular mass of the four
dNMPS (4 x 325 ng/nmole : 1.3 x103 ng/nmole).

EXAMPLE:

In a random priming reaction in which 50% of the radioactivity has been incorporated into TCA-precipitable
material/ from a starting reaction containing 25 ng of template DNA and 50 “Ci of radiolabeled dNTP with a
specific activity of 3000 Ci/mmole: L 2 50 MG, PI 1 0.5, m : 25 ng, and 5 : 3000 Ci/mmole.

50 (2.2 x 109)(0.5)

25 + [(1.3 x103)(0.5)(50/3000)]

: 1.5 x 109 dpm/ug

specific activity of the probe :   
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Damntaminmim/ (if'Solmimzs Containing Et/lidimn Bromide A827

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Removing Ethidium Bromide from DNA

The reaction between ethidium bromide <!> and DNA is reversible (\'Varing 1965), but the dis—

sociation of the complex is very s1ow and is measured in days rather than minutes or hours. For
practical purposes, dissociation is achieved by passing the complex through a small column
packed with a cation—exchange resin such as Dowex AG 50W»X8 (Waring 1965; Rad1ot't' et 11].
1967) or by extracting with organic solvents such as isopropanol (Cozzarelli Ct 111. 1968) 01‘ n-
butano1 <!> (Wang 1969). The former method has been shown to result in the removal of ethid-
ium bromide to a binding ratio below that detectable by fluorescence, a molar ratio ot'dyeznucle—
ic acid of 1:4000 (Radlot‘f et 31. 1967).

Disposing of Ethidium Bromide

Ethidium bromide itself is not highly mutagenic, but it is metabolized by microsonml enzymes to
eompoundts) that are moderately mutagenic in yeast and Salmonella typhimm'iiml (Mahler and
Hastos 1974; McCaiin et ‘di. 1975; MacGregor and Johnson 1977; Singer et ail. 1999). A number of
methods have been described to decontaminate solutions and surfaces that contain or have been
exposed to ethidium bromide. The concentration of ethidium bromide in solution may be
reduced to <().5 pg/ml with activated charcoal, which can then be incinerated (Menoni et 111.
1990). Alternatively, ethidium bromide can be degraded by treatment with sodium nitrite <!>
and hypophosphorous acid <!> (Lunn and Sansone 1987).

Decontamination of Concentrated Solutions of Ethidium Bromide
(solutions (ontaining >0.5 mg/ml)

Method 1

This method (Lumi and Sansone 1987) reduces the mutagenic activity of ethidium bromide in
the St111nmzelln/microsome assay by ~200—t‘01d.

1. Add sufficient HZO to reduce the concentration of ethidium bromide to <0.5 mg/ml.

2. To the resulting solution, add 0.2 volume of fresh 5% hypophosphorous acid and 0.12 volume
Of fresh 0.5 N1 sodium nitrite. Mix carefully.

A IMPORTANT Make sure that the pH of the solution is <3.0.

Hypophosphomus add is usually supplied as 11 50% solution, which 1.5 corrosive And must be him?
died with care. Freshly dilute the acid immediately before use.

Sodium nitrite solution (0.5 .\1) should be freshly prepared by dissolving 34.5 g of mdium nitrite in
H_‘() to 11 final volume of 500 ml.

3. After incubation for 24 hours at room temperature, add a large excess 01‘ 1 NI sodium bicar-
bonate. The solution may now be discarded.

Method 2

This method (Quillardet and Hofnung 1988) reduces the mutagenic activity otethidium bromide
in the Salmortella/microsome assay by ~3000-f01d. However, there are reports (1mm and Sansone
1987) of mutagenic activity in occasional batches of“b1anks“ treated with the demntaminnting
solutions.  
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1. Add sufficient 1110 to reduce the concentration of ethidium bromide to <0.5 mg/ml.

2. Add 1 volume of 0.5 M KMnO4 <!> . Mix carefully, and then add 1 volume of 2.5 N HCl. Mix

carefully, and allow the solution to stand at room temperature for several hours.

3. Add 1 volume of 2.5 N NaOH <!> . Mix carefully, and then discard the solution.

Decontamination of Dilute Solutions of Ethidium Bromide
(e.g., electrophoresis buffer containing 0.5 tig/ml ethidium bromide)

Method 1

The following method is from Lunn and Sansone (1987).

1. Add 2.9 g ofAmberlite XAD-16 (Sigma-Aldrich) for each 100 ml of solution. Amberlite XAD—
16 is a nonionic, polymeric absorbent.

2. Store the solution for 12 hours at room temperature, shaking it intermittently.

3. Filter the solution through a Whatman No. 1 filter, and discard the filtrate.

4. Sea] the filter and Amberlite resin in a plastic bag, and dispose of the bag in the hazardous
waste.

Method 2

The following method is from Bensaude (1988).

1. Add 100 mg of powdered activated charcoal for each 100 ml of solution.

2. Store the solution for 1 hour at room temperature, shaking it intermittently.

3. Filter the solution through a Whatman No. 1 filter, and discard the filtrate.

4. Sea] the filter and activated charcoal in a plastic bag, and dispose of the bag in the hazardous
waste.

NOTES

0 Treatment of dilute solutions of ethidium bromide with hypochlorite (bleach) is not recom—

mended as a method of decontamination. Such treatment reduces the mutagenic activity of

ethidium bromide in the Salmonella/microsome assay by ~1000-fold, but it converts the dye into

a compound that is mutagenic in the absence of microsomes (Quillardet and Hofnung 1988).

o Ethidium bromide decomposes at 262°C and is unlikely to be hazardous after incineration

under standard conditions.

0 Slurries of Amberlite XAD- 16 or activated charcoal can be used to decontaminate surfaces that

become contaminated by ethidium bromide.

Commercial Decontamination Kits

Several commercial companies sell devices to extract ethidium bromide from solutions with the

minimum of fuss and bother. These devices include the EtBr Green Bag (Q'BIOgene) and the

Eliminator Dye Removal System (Stratagene).
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GEL-FIWLTRATVION CHROMATOGRAPHY
CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

This technique, which employs gel filtration to separate highnnolecular weight DNA from smii1l»

er molecules, is used most often to separate unincorporated labeled dNTPs from DNA that has

been radiolabeled. However, it is also used at several stages during the synthesis of do le16-Stl‘amd-

ed CDNA, during addition of linkers to blunt—ended DNA, to remove oiignnueieotide primers

from polymerase chain reaction (PCR), and, in general, whenever it is necessary to change the

composition of the buffer in which DNA is dissolved.

Two methods are available: conventional column chromatography, which is used when it 13

necessary to collect fractions that contain components of different sizes, and centrifugation

through gel matrices packed in disposable syringes, which is a rapid method used to free DNA

from smaller molecules. The two most commonly used gel matrices are Sephadex and Bio—(iel,

both of which are available in several porosities. Sephadex G—50 and Bio—Gel P-60 are ideal for
purifying DNA larger than 80 nucleotides in length. Smaller molecules are retained in the pores

of the gel, whereas the larger DNA is excluded and passes directly through the column. Bio-Gel

P—Z can be used to separate oligonucleotides from phosphate ions or dNTPs. Bio-Gel is supplied

in the form of a gel and need only be equilibrated in running buffer before use. Sephadex is sup

plied as a powder that must be hydrated before use.

Preparation of Sephadex

1. S10w1y add Sephadex ot" the desired grade to distilled sterile H30 in n 5004111 beaker or bottle

(10 g of Sephadex G—50 granules yields 160 ml of slurry). Wash the swollen resin with distilled

sterile 1130 several times to remove soluble dextran, which can create problems by precipitat—

ing during ethanol precipitation.

2. Equilibrate the [Gbifl in TE (pH 7.6), autoclave at 10 psi (0.70 kg/cml) for 15 minutes, and store

at room temperature.

Column Chromatography

1. Prepare Sephadex or Bin—Gel columns in disposable 5-ml borosilicate glasa pipettes or Pasteur

pipettes plugged with a small amount of sterile glass wool. Use a long, narrow pipette (e.g., a

disposable 1-m1 plastic pipette) to push the wool to the bottom of the glass or Pasteur pipette.

2. Use a Pasteur pipette to fill the column with a slurry of the Sephadex or Rio—Gel, taking care

to avoid producing bubbles. There is no need to close the bottom of the column. Keep adding

gel until it packs to a level 1 cm below the top of the column. Wash the gel with several vol—

umes of 1x TEN buffer (pH 8.0) (please see Appendix 1).

3. Apply the DNA sample (in a volume 0f200 pl or less) to the top ofthe gel. \\'ash out the sam—

ple tube with ~100 til ot~ 1x TEN buffer, and load the washing on the column as soon as the

DNA sample has entered the gel. When the washing has entered the gel, immediately fill the

column with 1x TEN buffer.

A WARNING Columns used to separate radiolabeled DNA from radioactive precursors Should be run
behind Lucite screens to protect against exposure to radioactivity.
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4. Immediately start to collect fractions (~200 til) in microfuge tubes.

It" the DNA is labeled with “P <!> , measure the radioactivity in each of the tubes by using either
a hand—held minimonitor or by Cerenkov counting in a liquid scintillation counter. Add more 1x
TEN buffer to the top of the gel as required from time to time.

The DNA “ill be excluded from the gel and will be found in the void volume (usually 3090 of the
total column volume). The leading peak of radioactivity therefore consists of nucleotides incorpo—
rated into DNA, and the trailing peak consists of unincorporated [UpldNTl’sh

5. Pool the radioactive fractions in the leading peak and store at —20°C.

NOTES

Instead of collecting individual fractions, it is possible with practice to follow the progress of the

incorporated and unincorporated PZP ldNTPs down the column using a hand—held minimonitor.

0 Collect the leading peak into a sterile polypropylene tube as it elutes from the column.

0 Clamp the bottom of the column and disconnect the buffer reservoir.

0 Discard the column in the radioactive waste.

Spun-column Chromatography

This method is used to separate DNA, which passes through the gel—filtration matrix, from lower—

molecular—weight substances that are retained on the column. Spun-column chromatography is

particularly useful when separating labeled DNA from radioactive precursors. However, it is also

used extensively for other purposes, for example, to remove unwanted nucleotide primers or dou—

ble—stranded linkers, to change the buffer in which small amounts of DNA are dissolved, or to free

crude preparations of minipreparations of plasmid or bacteriophage DNA

from inhibitors that prevent cleavage by restriction enzymes. Several samples

of DNA can be handled simultaneously. In this respect, spun—column chro-

matography is much superior to conventional column chromatography.

1. Plug the bottom of a l—ml disposable syringe with a small amount of ster—

ile glass wool. This is best accomplished by using the barrel of the syringe

to tamp the glass wool in place.

 

 

 

Sephadex (1-50

sterile gtass wool

  
2. Fill the syringe with Sephadex 6—50 or Bio—Gel P—60, equilibrated in 1x TEN buffer (pH 8.0)

(please see Appendix 1). Start the buffer flowing by tapping the side ofthe syringe barrel sev-

eral times. Keep adding more resin until the syringe is completely full.

3. Insert the syringe into a 15-ml disposable plastic tube. Centrifuge at 16003; for 4 minutes at

room temperature in a swinging-bucket rotor in a bench-top centrifuge. Do not be alarmed by

the appearance of the column. The resin packs down and becomes partially dehydrated dur—

ing centrifugation. Continue to add more resin and recentrifuge until the volume of the

packed column is ~0.9 ml and remains unchanged after centrifugation.

4. Add 0.1 ml of 1x TEN buffer to the columns, and recentrifuge as in Step 3.

5. Repeat Step 4 twice more.

Spun columns may be stored at this stage if desired Several spun columns can be prepared simultaf
neuualy and stored at 4°C for periods of 1 month or more before being used. Fill the syringes with

1x TEN buffer and wrap Parafilm around them to prevent evaporation. Store the columns upright
at 4°C. Spun columns stored in this way should be washed once with sterile 1x TEN buffer as
described in Step 4 just before they are used.

Mm...» mm, ._.- v
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A). Apply the DNA sample to the column in a total volume oft).1 ml (use 1x '1 EN buffer to make
up the volume). Place the spun column in a fresh disposable tube containing a deeapped
miet'otttge tube (please see figure above).

7. Centrifuge again as in Step 3, collecting the effluent from the bottom of the syringe (~ 100 ttlt
into the decapped microfuge tube.

8. Remove the syringe which will contain unincorporated radiolabeled dN’l‘I’s or other smttlt
components. Using forceps, carefully recover the decapped microfuge tube, which contains the
eluted DNA, and transfer its contents to a capped, labeled microfuge tube.

A rough estimate of the proportion of radioactivity that has been incorporated mtu nucleic dud may
he obtained by holding the syringe and the eluted DNA to a handheld minimonitm:

9. If the syringe is radioactive <!>, carefully discard it in the radioactive waste. Store the eluted
DNA at —20°C until needed.

NOTE

0 Not all resins are suitable for spun-column centrifugation: DEAE~Sephacel forms an imper—
meable lump during centrifugation, and the larger grades of Sephadex (6-100 and up) cannot
be used because the beads are crushed b) centrifugation. If a C()at‘se1'~sievittg resin is required,
use Sepharose CL—4B.  
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SEPARATION OF SINGLE-STRANDED AND DOUBLE-STRANDED DNAS BY
IiYDROXYAPATITE CHROMATOGRAPHY
 

Nucleic acids bind to hydroxyapatite by virtue of interactions between the phosphate groups of

the polynucleotide backbone and calcium residues in the matrix. Bound nucleic acids can be elut—

ed in phosphate buffers. This step is usually carried out at 60°C, although there is no good reason

to do so since the adsorption and elution profiles of nucleic acids are indistinguishable between

25°C and 60°C. The affinity of nucleic acids is determined by the number of phosphate groups

that are available to bind to the matrix. Both single— and double—stranded nucleic acids bind to

hydroxyapatite in 0.05 M sodium phosphate (pH 6.8). Double-stranded molecules, with their

well-ordered and evenly spaced sets of phosphate residues, make many regular contacts with the

matrix and therefore require high concentrations ofphosphate (0.4 M) for elution. Single-strand-

ed molecules are more disordered and a smaller proportion of their phosphate residues are avail—

able for contact with the matrix. Hence, single-stranded DNA is eluted in lower concentrations of

phosphate (~0.12 M). Partial duplexes and DNA-RNA hybrid molecules elute at intermediate
concentrations.

Nucleic acids are often eluted in such large volumes that they need to be concentrated

before they can be used. Ethanol precipitation must be avoided until the phosphate ions have

been removed from the solution. This is best achieved by concentrating the eluate by extraction

with isobutanol and then removing the salt by chromatography through G—50 Sephadex columns.

Batches of hydroxyapatite vary slightly in their characteristics, and it is therefore important

to carry out preliminary experiments to determine the optimal phosphate concentrations for elu-

tion of single- and double—stranded nucleic acids. This can be accomplished by setting up two

hydroxyapatite columns as described below. One of the columns is loaded with a small amount

(~105 cpm) of 32P-labeled DNA that has been denatured by boiling for 10 minutes in TE (pH 7.6).

The other column receives an equal amount (~103 cpm) of 32P—labeled native DNA. Each of the
columns is washed with a series of buffers containing increasing concentrations of sodium phos-

phate (0.01, 0.12, 0.16, 0.20, 0.24, 0.28, 0.32, 0.36, and 0.40 M). The amount of radioactivity elut—

ing at each phosphate concentration is then measured in a liquid scintillation counter (either by
Cerenkov counting or in a water—miscible fluor). Usually, single—stranded DNA elutes in
014—016 M sodium phosphate (pH 6.8), whereas double-stranded DNA is not removed from the

column until the phosphate concentration exceeds 0.36 M. In the protocol that follows, SS buffer
contains the phosphate concentration that is optimal for elution of single-stranded DNA; DS
buffer contains the concentration that is optimal for elution of double-stranded DNA.

Circulating water heater  
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HYDROXYAPATITE CHROMATOGRAPHY

Hydroxyapatite (Ca31PO41‘OH)the, most stable of all calcium phosphates precipitated from aqueous solution,
was originally developed as a matrix for protein chromatography by Tiselius et al. (1936). Semenza (1957),
working in the Tiselius laboratory, and Main and Cole (1957; Main et al. 1959) seem to have been the first to ‘
use hydroxyapatite to fractionate nucleic acids. However, it was work in Bernardi’s laboratory (Bernardi 1961,
1965; Bernardi and Timasheff 1961) that led to the widespread and sutcessful use of hvdroxvapatite (olumns j
to separate single--stranded trom double-stranded nucleic acids and to fractionate complex nucleic adds b\ ‘

thermal elution according to their content of (C+C) (Martinson and Wagenaar 1974) During the 19605 and 1
1970s hydroxyapatite (hromatography became the standard method to investigate the reassmiation kinetics
of DNAs from many different sources (Britten and Kohne 1966, 1967, 1968; Britten et al. 1974), to construct

transcription maps (Sambrook et al. 1972), and to measure the copy number of specific sequences in com-
plex genomes (Gelb et al. 1971; Gallimore et al. 1974). More recently, hydroxyapatite has been used in the ,
preparation of (DNA for subtractive cloning (Davis 1986), as well as for a variety of more menial (110185, for
example, the isolation of DNA from Iow-melting-temperature agarose (Wilkie and Cortini 1976) and the
removal of contaminants from DNA preparations (Smith 1980). During the decade that led to the develop-
ment of molecular cloning, hydroxyapatite chromatography was in daily use in many laboratories for a variety
of manipulations involving nucleic acids both preparative and analytical. However there are now better ways
to carry out almost all of these tasks, and hydroxyapatite chromatography has all but disappeared from the
standard repertoire of laboratory techniques.. 
1. Determine the concentrations of sodium phosphate that are optimal for elution of single—

stranded DNA (SS buffer) and double—stranded DNA (DS buffer) as described above.

2. Prepare SS and DS buffers by diluting 2 M sodium phosphate (pH 6.8).

2 \1 sodium phosphate (pH 6. 8) is made b\ mixing equal mlumes 01 2 M N1HPU 111112 \I
?\1: HPOl.

3. Suspend the hydroxyapatite powder (Bio—Gel HTP) 111 0.01 .\1 sodium phosphate (pH 6.8).

Approximately 0.5 1111 of packed Bio—Gel HTP is required for each column.

Bio—Gel HTP has .1 tapacity 01" 100—200 11g otimtiveDNA/111l of bed volume.

4. Prepare the hydroxyapatite columns in disposable 3—cc plastic syringes as follows:

a. Remove the barrel from the syringe.

b. Use the wide end ofa Pasteur pipette to push a Whatman GF/C filter to the bottom ofthc
syringe. The filter should completely cover the bottom of the syringe.

c. Attach an 18—gauge hypodermic needle to the syringe.

d. Insert the syringe through a Neoprene gasket in the apparatus shown in Figure A84.

e. Use a Pasteur pipette to add enough ofthe slurry ofhydroxyapatite to the syringe to form
a colum 11 whose packed volume is O.5—1.0 ml. Wash the column with several volumes of
0.01 ?\1 sodium phosphate (pH 6.8). The column will not be harmed it‘ it runs dry"; sim~

ply rewet before use.

f. Seal the bottom of the column by sticking a small Neoprene stopper 011 the end of the
hypodermic needle.

5. Load the sample containing the nucleic acid onto the column.

The concentration of phosphate in the sample should be less than 0.08 M.

6. Remove the Neoprene stopper, and allow the sample to flow through the column.

There is usually no need to collect and save the loading buffer that elutes 116111 the column.

7. W15h the column with 3 ml of 0.01 M sodium phosphate  



A8.34 Appendix 8: Commonly Used Techniques in Molecular Cloning

8. Seal the bottom of the column with a Neoprene stopper, and add 1 column volume of SS

buffer preheated to 60°C.

9. After 5 minutes, remove the Neoprene stopper and collect the eluate in microt‘uge tubes. No

more than 0.5 ml should be collected in any one microfuge tube. Repeat Steps 8 and 9 two

more times.

10. Seal the bottom of the column with a Neoprene stopper, and add 1 column volume of D8

buffer preheated to 60°C.

1 1. After 5 minutes, remove the Neoprene stopper and collect the eluate in microfuge tubes. No

more than 0.5 ml should be collected in any one microfuge tube. Repeat Steps 10 and l 1 two

more times.

12. Allow the eluates to cool to room temperature. DNA can then be extracted as follows:

a. Add an equal volume of isobutanol to each of the tubes containing the desired nucleic

acids.

b. Mix the two phases by vortexing, and centrifuge the mixture at maximum speed for 20

seconds at room temperature in a microfuge.

c. Discard the upper (organic) phase.

d. Repeat the extraction with isobutanol until the volume of the aqueous phase is 100—125 pl.

e. Remove salts from the DNA by chromatography on, or centrifugation through, a small

column of Sephadex G-50 equilibrated in TE (pH 8.0).

f. Recover the DNA by precipitation with 2 volumes of ethanol at 0°C.

NOTE

0 In molecular cloning, nucleic acids fractionated by hydroxyapatite are usually radiolabeled,

and the tubes containing the desired fractions can be easily identified by Cerenkov counting in

a liquid scintillation counter.

 



FRAGMENTATION OF DNA

TABLE A8-6 Hydrodynamic Shearing Methods Used to Fragment DNA

METHOD

Fragmentation thNA A8.35

The fragmentation of DNA is often a necessary step preceding library construction or subcloning
for DNA sequencing. Fragmentation is typically achieved by physical or enyymatic methods; the
most commonly used of these are described in TableA8—6.A1though each approach is reasonably
successful for generating a range offt'agments from a large contiguous segment of DNA, each has
its particular limitations. Because they are independent of sequence composition, physical meth—
ods for shearing DNA typically result in more uniform and random disruption ot‘the target DNA
than enzymatic methods. In particular, methods involving hydrodynamic shearing due to physi-
cal stress induced by sonication or nebulization produce collections of appropriately random
fragments. The variety in lengths of these fragments is quite large, however, and their use usually
requires a subsequent size selection step to narrow the range of fragments thatt are acceptable for
cloning or sequencing.

 

k
1

AUTOMATED SHEARING

During the last few years, a method for hydrodynamic shearing, initially based on the use of high-pert’ormance 1
liquid chromatography (HPLC) and called the ”point-sink” flow system, has be(ome int‘t‘easingly refined and, ‘
finally, automated (Oefner et al. 1996; Thorstenson et al. 1998). In the point-sink system, an HPLC pump is l
used to apply pressure to the DNA sample, thereby forcing it through tubing of very small diameter. In the ‘
automated process known as HydroShear (commercially available from Gene Machines», a sample of DNA is i
repeatedly passed through a small hole until the sample is fragmented to products ota tertain size. The final
size distribution is determined by both the flow rate of the sample and the size of the opening, parameters i
that are controlled and monitored by the automated system. At any given setting, DNA fragments larger than ‘
a certain length are broken, whereas shorter fragments are unaffected by passage through the opening. The ;
resulting sheared products therefore have a narrow size distribution: Typically 90% of the sheared DNA falls ‘l
within a twofold size range of the target length. It is reasonable to expect that libraries constructed from these i
DNA fragments are likely to be of higher quality than those made using one ofthe ”old-fashioned” ways. They l
will certainly contain clones of more uniform size, and possibly may be more (omprehensive in their cover-
age of the genome. However, libraries constructed from sonicated or hydrodynamically sheared DNA,
although imperfect, are certainly workable. Perfectionists will feel that the machine is netessary; pragmatists
will find it merely desirable. ,

_ 4

 
PROS AND CONS REFERENCES
 

Nmietttion

Nehttli/at ton

t ll‘t'Lllttllttn through

an lll’l (I pump

1&1“th through
the orifice old 18—
gaugc hypodermic
ttx‘x‘tllt‘

Requires relatively large amounts of DNA (10—100 ttg); fragments of DNA distributed
over a broad range of sizes; only a small fraction of the fragments are of a length suitable
for cloning and sequencing; requires ligation of DNA before sonication and end—t‘t‘pair
Afterward; DNA may be damaged by hydroxyl radicals generated during cavitation
(McKee et al. 1977).

Deininger (19831

Bodcnteich et al.
( 19941: Hengen

( l‘)97l

tittsy and quick; requtres only small amounts of DNA (0.5—5 ttg) and large volumes of
DNA solution; no preference tot A’Ilrith regions; size of fragments easily controlled
by altering the pressure of the gas blowing through the nebulizcr; fragments of
1)\'/\ distributed over a narrow range of sizes (700—1330 bp); requires ligation of DNA
before nebuli/ation and endft‘epair afterward.

Requires expensive apparatus, ligation of DNA before sonication, and 1—1()()t13y of DNA; Octner et all (19961;
fragments of UN \ distributed over a narrow range of sizes that can be adiusted by
changing the flow rate; CHlel'CptllI' of fragments before cloning not necessary.

(Ihetttx easy, and requires only small amounts of DNA; hmvever, the fragments are
it little larger (1.54.0 kb) than required for shotgun sequencing; requires ligation
of DNA betore cleavage and end—repait‘ afterward.

'1horstenson et al.
( NOS)

anidsmt 11959,

1960): Schrietl‘t‘ et

al. L199tll
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Sonication

butet elampv» A

 

   
probe cup —>l

ice—water level HF

DNA sample i

 

  horn probe "5-
l

center hole f-—R  FIGURE 8-5 Cup Horn Sonicator for Random Fragmentation
of DNA

The cup horn attachment for a Heat Systems sonicator is depicted
with a sample tube in place. The cup horn unit, which contains a large
horn probe, is attached to the sonicator control unit and filled with ice
water before the sample is sonicated. Typically, the sample tube is
held in place from above by using a buret clamp and a ring stand.
Alternatively, a tube holder can be fabricated from 1/4-inch plastic and

i used to hold up to eight tubes for simultaneous processing. (Redrawn,
attached to control unit with permission, from Birren et al. 1997.)

 

DNA samples are subjected to hydrodynamic shearing by exposure to brief pulses of sonication.

DNA that has been sonicated for excessive periods of time is extremely difficult to clone, perhaps

because of damage caused by free radicals generated by cavitation. Most sonicators will not shear

DNA to a size smaller than 300—500 bp, and it is tempting to continue sonication until the entire

population of DNA fragments has been reduced to this size. However, the yield of subclones is usu—

ally greater if sonication is stopped when the fragments of target DNA first reach a size of ~700 bp.

Calibration of the Sonicator

. Transfer 10 pg of bacteriophage A DNA (or some other large DNA of defined molecular weight)
to a microfuge tube. Add TE (pH 7.6) to a final volume of 150 til. Distribute 25111 aliquots of

the DNA solution into five microfuge tubes. Store the remaining DNA in an ice bath.

. Fill the cup horn ofthe sonicator (Figure A8—S) with a mixture of ice and H20. Clamp the five

microfuge tubes containing the bacteriophage )\, DNA just above the probe.

If the temperature of the sample rises during sonication, the speed and vigor of fragmentation will

increase. It is therefore important to mix the ice and H70 after each burst of sonication and to add
fresh ice when necessary.

. Sonicate at maximum output and continuous power for bursts of 10 seconds. After each burst,

remove one of the microfuge tubes from the sonicator and store it on ice.

. After sonication is completed, analyze the size of the DNA fragments in each stored sample by

electrophoresis through a 1.4% agarose gel. Use suitable standards for molecular—weight mark—

ers (please see Appendix 6, Figure A6—4).

. Stain and photograph the gel, and then estimate the amount of sonication required to produce

a reasonable yield of fragments of the desired size (500 bp to 2 kb).

The times of sonication given in this method are for a cup horn sonicator with a nominal peak out—

put energy of 475 W. Because the actual output of different sonicators varies widely, it is necessary to
calibrate each instrument. A probeftype sonicator can be used with a microtip if the volume of the
DNA sample is increased to ~250 til to accommodate the probe. After sonication is completed, con—
centrate the DNA by precipitation with 2 volumes of ethanol and dissolve in 25 pl of TE (pH 7.6).

 



Nebulization

Sanitation of Target DNA

Fragmwzmtitm of DNA A837

6. Sonicate the chosen DNA sample for the length Of time estimated to produce a reasonable

yield of fragments of the desired size (500 bp to 1 kb). Confirm that the fragmentation has

gone according to plan by analyzing an aliquot of the sample (NZOO ng) by electrophoresis

through a 1.4% agarosc gel as described above.

Nebulization is performed by collecting the fine mist created by forcing DNA in solution through

a small hole in the nebuli7er unit. The size of the fragments is determined chiefly by the speed at

which the DNA solution passes through the hole, the viscosity of the solution‘ and the tempera—
ture.

Modification of the Nebulizer

1. Modify a nebulizer model number CA-209 (available from (IIS—US hut, Redford,

Massachusetts) by sealing the mouthpiece hole in the top cover with A QS-T plastic cup.

Connect a length ot’ Nalgene tubing to the smaller hole. This tubing will be connected to a

SOLII‘CC‘ Of nitrogen gas.

Calibration of the Nebulizer

2. Prepare a sample containing 25 pg of bacteriophage A DNA or other large DNA at defined

size in 500 pl of’I‘E (pH 7.6) containing 25

for 5 minutes.

glycerol. Store the DNA solution in an ice bath

3. Place the DNA in the cup of a nebulizer connected to a nitrogen gas source and place the

nebuhzer in an ice—water bath.

openmg seated wwth plastic cap

DNA solution

exlts from 5|phon

and flows over the

N2 as wt enters and
tmpacts on p(ashc
cone

removable lid

baffle

   DNA solution

pressure from N2

entering chamber

forces DNA soluhon
up the siphon

N2 from tank

FIGURE A8-6 Nebulizer for Random

Fragmentation of DNA
 

A DNA solution containing glyterol, for viscosity,

is placed in the nebulizer. The nebulizer is
attached to a nitrogen tank‘ Pressure from nitro-
gen entering the chamber siphons the DNA soltr
tion from the bottom of the chamber to the top.
The solution exits the siphon and impacts on a
small plastic cone fluspended near the top of the
chamber, thus shearing the DNA.
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4. Nebulize the DNA sample at 10 psi (69 KPa) for 90 seconds.

The nebulizer usually leaks a little.

After nebulization is completed, collect the DNA by placing the entire unit in a rotor buck—

et of a bench-top centrifuge fitted with pieces of Styrofoam to cushion. Centrifuge the neb—

ulizer at 2500 rpm for 30 seconds. Analyze the size of the DNA fragments by electrophore—

sis through a 1.4% agarose gel with appropriate standards, e.g., the fragments generated by

digestion of pUC18/19 DNA with Sau3AI. For detail of standards, please see Appendix 6,

'l‘able A6—4.

If the fragments are too large (> 1.0 kb) repeat the procedure increasing either the pressure

ofthe nitrogen gas (to 14 psi or 96.5 KPa) or the length of nebulization (2 minutes). Repeat

the procedure until conditions are found that produce a reasonable yield of fragments ofthe

desired size (500 bp to 1 kb).

Nebulization and Recovery of the Target DNA

7.

10.

Nebulize the target DNA to produce a reasonable yield of fragments of the desired size (500

bp to 1 kb).

Confirm that the fragmentation has gone according to plan by analyzing an aliquot of the

sample (~200 mg) by electrophoresis through a 1.4% agarose gel as described above.

Distribute the remainder of the sample into two microfuge tubes and recover the DNA by

precipitation with 3 volumes of ethanol in the presence of 2.5 M ammonium acetate.

Centrifuge the DNA sample at maximum speed for 5 minutes in a microfuge‘ wash the pel-

let with 0.5 ml of 70% ethanol at room temperature, and centrifuge again. Remove the

ethanol and allow the DNA to dry in the air for a few minutes. Dissolve the pellet of DNA in

25 pl ofTE (pH 7.6).

 



CENTRIFUGATION

FIGURE A8-7 Nomogram for Conversion of

Rotor Speed (rpm) and Relative Centrifugal

Force (RCF)

The symbol r represents the radial distance from the
(enter of the rotor 10 the p0|n1 for which RCF is

required. This is generally equivalent to r of the
rotor. For (he example marked, rotor speed 1 80,000
rpm and r i 20 mm. RCF can be read as ~145,000g

1mm the middle S(ale. Using the equation given

above, RCF (011 be calt‘ulated as 142,080g. (Figure

kindly provided by Sién Curtisi

(fcnn‘zfizgution A839
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TABLE A8-7 Commonly Used Rotors

RMAX GMAX MAX RPM

1513 13,700 9,000

145.6 27,400 1.1000

146.3 27,617 13,000

161.0 151,000 29,000

107.0 20,500 50,200

123 17,000 39,800

108 20,000 48,400

171.3 28,000 150,000

70.1 50,000 190,000

86.6 50,000 242,000

158.8 40,000 285,000

153.1 41,000 288,000

107.3 50,000 300,000

89.9 (10,000 302,000

39.5 70,000 504,000Type 7011 Bcckman
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?SiDS-POLYACRYLAMIDE GEL ELECTROPHORESIS OF PROTEINS

Almost all analytical electrophoreses ofproteins are carried out in polyacrylamide gels under con—

ditions that ensure dissociation of the proteins into their individual polypeptide subunits and

that minimize aggregation. Most commonly, the strongly anionic detergent SDS is used in com-

bination with a reducing agent and heat to dissociate the proteins before they are loaded onto the

gel. The denatured polypeptides bind SDS and become negatively charged. Because the amount

of SDS bound is almost always proportional to the molecular weight of the polypeptide and is

independent of its sequence, SDS—polypeptide complexes migrate through polyacrylamide gels in

accordance with the size of the polypeptide. At saturation, ~l.4 g of detergent is bound per gram

of polypeptide. By using markers of known molecular weight, it is possible to estimate the mole—

cular weight of the polypeptide chain(s). Modifications to the polypeptide backbone, such as N-

or O—liriked glycosylation, however, have a significant impact on the apparent molecular weight.

Thus, the apparent molecular weight of glycosylated proteins is not a true reflection of the mass

of the polypeptide chain.

In most cases, SDS-polyacrylamide gel electrophoresis is carried out with a discontinuous

buffer system in which the buffer in the reservoirs is of a pH and ionic strength different from

that of the buffer used to cast the gel. The SDS—polypeptide complexes in the sample that is

applied to the gel are swept along by a moving boundary created when an electric current is

passed between the electrodes. After migrating through a stacking gel of high porosity, the com—

plexes are deposited in a very thin zone (or stack) on the surface of the resolving gel. The ability

of discontinuous buffer systems to concentrate all of the complexes in the sample into a very

small volume greatly increases the resolution of SDS—polyacrylamide gels.

The discontinuous buffer system that is most widely used was originally devised by

Omstein (1964) and Davis (1964). The sample and the stacking gel contain Tris—Cl (pH 6.8), the

upper and lower buffer reservoirs contain Tris-glycine (pH 8.3), and the resolving gel contains

Tris—Cl (pH 8.8). All components of the system contain 0.1% SDS (Laemmli 1970). The chloride

ions in the sample and stacking gel form the leading edge of the moving boundary, and the trail—

ing edge is composed of glycine molecules. Between the leading and trailing edges of the moving

boundary is a zone of lower conductivity and steeper voltage gradient, which sweeps the polypep—

tides from the sample and deposits them on the surface of the resolving gel. There the higher pH

of the resolving gel favors the ionization of glycine, and the resulting glycine ions migrate through

the stacked polypeptides and travel through the resolving gel immediately behind the chloride

ions. Freed from the moving boundary, the SDS-polypeptide complexes move through the resolv-

ing gel in a zone of uniform voltage and pH and are separated according to size by sieving.

Polyacrylamide gels are composed of chains of polymerized acrylamide that are cross—
linked by a bifunctional agent such as N,N’—methylene—bis—acrylamide (please see Figure A8—8).

The effective range of separation of SDS—polyacrylamide gels depends on the concentration

of polyacrylamide used to cast the gel and on the amount of cross-linking. Polymerization of acry—

lamide in the absence of cross—linking agents generates viscous solutions that are of no practical

use. Cross—links formed from bisacrylamide add rigidity and tensile strength to the gel and form

pores through which the SDS—polypeptide complexes must pass. The size of these pores decreases

as the bisacrylamide:acrylamide ratio increases, reaching a minimum when the ratio is ~1:20. Most

SDS-polyacrylamide gels are cast with a molar ratio of bisacrylamideracrylamide of 1:29, which has
been shown empirically to be capable of resolving polypeptides that differ in size by as little as 30/0.

The sieving properties of the gel are determined by the size of the pores, which is a function of

the absolute concentrations of acrylamide and bisacrylamide used to cast the gel. Table A8—8 shows
the linear range of separation of proteins obtained with gels cast with concentrations of acrylamide
that range from 50/0 to 15%.  
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EGURE A8-8 Chemical Structure of Polyacrylamide

Monomers of acrylamide are polymerized into long chains in a reaction initiated by free radicals. In the
presence of N,N’-methylenebisacrylamide, these chains become cross—linked to form a gel. The porosity
of the resulting gel is determined by the length of chains and degree of cross-linking that occurs during
the polymerization reaction.

 

0 Acrylamide and N,N ’-methylene—bis-acrylamide: Several manufacturers sell electrophoresis—

grade acrylamide that is free of contaminating metal ions. A stock solution containing 39%

(w/v) acrylamide and [0/0 (w/v) N,N'—methylene—bis-acrylamide should be prepared in deion—

ized warm HZO (to assist the dissolution of the bisacrylamide). Acrylamide and bisacrylamide

are slowly converted during storage to acrylic acid and bisacrylic acid. This deamination reac-

tion is catalyzed by light and alkali. Check that the pH of the solution is 7.0 or less, and store

the solution in dark bottles at room temperature. Fresh solutions should be prepared every few

months. Note that prepackaged, premixed stock solutions are commercially available (e.g., Life

Technologies). These gel systems provide all the components except ammonium persulfltte and

are certainly convenient but perhaps a bit expensive.

0 Sodium dodecyl sulfate (SDS): Several manufacturers sell special grades Of SDS that are suffi—

ciently pure for electrophoresis. Although any one of these will give reproducible results, they
are not interchangeable. The pattern of migration of polypeptides may change quite drastical—
ly when one manufacturer’s SDS is substituted for another’s. We recommend exclusive use of

one brand of SDS. A 100/0 (w/v) stock solution should be prepared in deionized MO and

stored at room temperature. If proteins are to be eluted from the gel for sequencing, elec-
trophoresis—grade SDS should be further purified as described by Hunkapiller et al. ( 1983 ).
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TABLE A8-8 Effective Range of Separation of SDS-Polyacrylamide Gels
 

 

ACRYLAMIDE CONCENTRATION (%) LINEAR RANGE or SEPARATION (KB)

15 10—43

12 12—60

10 20—80

7.5 36—94

5.0 57—212
 

Muldr ratio of bisacrylamideucryldmide is 1:29.

o Tris buffersfor the preparation of resolving and stacking gels: It is essential that these buffers
be prepared with Tris base. After the Tris base has been dissolved in deionized HZO, adjust the
pH of the solution with HCl as described in Appendix 1. If Tris—Cl or Trizma is used to pre-
pare buffers, the concentration of salt will be too high and polypeptides will migrate anom—
alously through the gel, yielding extremely diffuse bands.

0 TEMED (N,N,N ’,N’—tetramethylethylenediamine): TEMED accelerates the polymerization
of acrylamide and bisacrylamide by catalyzing the formation of free radicals from ammonium

persulfate. Use the electrophoresis grade sold by several manufacturers. Because TEMED

works only as a free base, polymerization is inhibited at low pH.

0 Ammonium persulfate: Ammonium persulfate provides the free radicals that drive polymer—

ization of acrylamide and bisacrylamide. A small amount ofa 10% (w/v) stock solution should

be prepared in deionized H20 and stored at 4°C. Ammonium persulfate decomposes slowly,

and fresh solutions should be prepared weekly.

o Tris-glycine electrophoresis buffer: This buffer contains 25 mM Tris base, 250 mM glycine
(electrophoresis grade) (pH 8.3), 0.1% SDS.

MATERlALS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.

Acrylamide solutions < ! >
Please see Table A8-9 for resolving gel recipes and Table A8—10 for stacking gel recipes.

Protein markers

Standard molecular—weight markers are commercially available (e.g., Life Technologies and Promega).

Protein samples
Samples to be resolved, for example, can be purified protein or cell lysates.

7x SDS gel-loading buffer
50 mM Tris—Cl (pH 6.8)

100 mM dithiothreitol

2% (w/v) SDS (electrophoresis grade)
0.1% bromophenol blue

100/o (v/v) glycerol

Store 1x SDS gel—loading buffer lacking dithiothreitol at room temperature. Add dithiothreitol from a
l M stock just before the buffer is used.  



SDS—Polyacrylmnide Gel Electrophoresis qurm‘cim A8.43

TABLE A8-9 Solutions for Preparing Resolving Gels for Tris-glycine SDS-Polyacrylamide Gel Electrophoresis

55 55 2. 5— VOLUME (m1) OF COMPONENTS REQUIRED TO CAST Gus
OF |ND|CATED VOLUMES AND CONCENTRATIONS
 

 

UCOMPONEN‘TS GEL VOLUME => 5 ml 10 ml 15 ml 20 ml 25 ml 30 ml 40 ml 50 m1
(590381 5

11.1) 2.6 5.3 7.9 10.6 13.2 15.9 21.2 26.5
30W. .1u‘1'1.1m1dc mi\ <!> 1.0 2.0 3.0 4.0 5.0 6.0 8.0 100
1.5 \1 11'1\ pr 8.8) 1.3 2.5 3.8 5.0 6.3 7.5 10.0 12 5
10W; 8118 0.05 0.1 0.15 0.2 0.25 0.3 0.4 0.5
10“), Ammumum pcrs‘ulfuts <!> 0.05 0.1 0.15 0.2 0.25 0.3 0.4 0.5
11 \11‘1) <!> 0.004 0.008 0.012 0.016 0.02 0.024 0.032 0.04

80/0 g01

11.0 2.3 4.6 6.9 9.3 11.5 13.9 18.5 232
30“u Ju'yldlnidc mix <!> 1.3 2.7 4.0 5.3 6.7 8.0 10.7 13.3
1.5 \1 11151le 8.8) 1.3 2.5 3.8 5.0 6.3 7.5 10.0 12.5
10“1>81)\ 0.05 0.1 0.15 0.2 0.25 0.3 0.4 0.5
10W) ammonium pcrsultatc <!> 0.05 0.1 0.15 0.2 0.25 0.3 0.4 0.5
11 .\11‘1) <!> 0.003 0.006 0.009 0.012 0.015 0.018 0.024 0.03

10"/()g61

11.0 1.9 4.0 5.9 7.9 9.9 11.9 15.9 19.8
30“n 11u'\1;1111idc mix <!> 1.7 3.3 5.0 6.7 8.3 10.0 13.3 16.7
1.5 .\1’11‘1s1pH 8.8) 1.3 2.5 3.8 5.0 6.3 7.5 10.0 12.5
10”n 8118 0.05 0.1 0.15 0.2 0.25 0.3 0.4 0.5
10W. .1mmonium pcmullatc <!> 0.05 0.1 0.15 0.2 0.25 0.3 0.4 0.5
11 .\1111) <!> 0.002 0.004 0.006 0.008 0.01 0.012 0.016 0.02

1296 gel

11 (1 1.6 3.3 4.9 6.6 8.2 9.9 13.2 16.5
30"n Acrylamidc mix <!> 2.0 4.0 6.0 8.0 10.0 12.0 16.0 20.0
1.5 011151111188) 1.3 2.5 3.8 5.0 6.3 7.5 10.0 12.5
10"1|81)\ 0.05 0.1 0.15 0.2 0.25 0.3 0.4 0.5
10“n ammunium pcrsulfdtc <!> 0.05 0.1 0.15 0.2 0.25 0.3 0.4 0.5
11 .'\111) <!> 0.002 0.004 0.006 0.008 0.01 0.012 0.016 0.02

1504» go!

11 (1 1.1 2.3 3.4 4.6 5.7 6.9 9.2 11.5
30W» .1cr\1.1midc mix <!> 2.5 5.0 7.5 10.0 12.5 15.0 20.0 25.0
1.5 \1 11'1\1p1‘1 8.8) 1.3 2.5 3.8 5.0 6.3 7.5 10.0 12.5
10W» 811.8 0.05 0.1 0.15 0.2 0.25 0.3 0.4 0.5
10“u amnmnium pcrsulfdtc <!> 0.05 0. 0.15 0.2 0.25 0.3 0.4 0.5

0.002 0.004 0.006 0.008 0.01 0.012 0.016 0.0211.\1131)<!>
 

.\1m1|11c11 1mm Harlow and 1.1111c119881.

TABLE A840 Solutions for Preparing 5% Stacking Gels for Tris-glycine SDS-polyacrylamide Gel Electrophoresis
 

VOLUME (ml) or COMPONENTS REQUIRED TO CAST GELS OF INDICATED VOLUMES
 

 

0COMPONENTS GEl VOLUME => 1 ml 2 ml 3 ml 4 ml 5 ml 6 ml 8 ml 10 ml
1Tf(1“*" 0.68 1.4 2.1 2.7 3.4 4.1 5.5 6.8
Wu. .1u1')‘1.||11111¢ mix <!> 0.17 0.33 0.5 0.67 0.83 1.0 1.3 1.7
1 0 \1 11‘13111H 6.81 0.13 0.25 0.38 0.5 0.63 0.75 1.0 1.25
10W» 81)8 0.01 0.02 0.03 0.04 0.05 0.06 0.08 0.1
10W ammonium 1101511111110 <!> 0.01 0.02 0.03 0.04 0.05 0.06 0.08 0.1

0.001 0.002 0.003 0.004 0.005 0.006 0.008 0.01
11‘.\11'1)<1>

 

“4111111111 110111 Harlow and 14111011988).  
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Special Equipment

METHOD

7x Tris-glycine electrophoresis buffer
25 mtyl Tris

250 mM glycine (electrophoresis grade) (pH 8.3)
0.1% (w/v) SDS

Prepare a 5x stock of electrophoresis buffer by dissolving 15.1 g of Tris base and 94 g of glycine in 900

ml of deionized H,O. Then add 50 ml ofa 10% (w/v) stock solution of electrophoresis—grade SDS and
adjust the volume to 1000 ml with HEO.

Power supply
A device capable of supplying up to 500 V and 200 mA is needed.

Vertical electrophoresis apparatus
The use of discontinuous buffer systems requires SDS—polyacrylamide electrophoresis to be carried out

in vertical gels. Although the basic design of the electrophoresis tanks and plates has changed little since
Studier (1973) introduced the system, many small improvements have been incorporated into the appet—
ratuses. Standard vertical as well as minigel vertical electrophoresis systems for separation and blotting
of proteins are now sold by many manufacturers (e.g., Life Technologies). Which ofthese systems to pur»
chase is a matter of personal choice, but it is sensible for a laboratory to use only one type of apparatus.
This type of standardization makes it easier to compare the results obtained by different investigators
and allows parts of broken apparatuses to be scavenged and reused.

Pouring SDS-polyacrylamide Gels

1. Assemble the glass plates according to the manufacturer’s instructions.

2. Determine the volume of the gel mold (this information is usually provided by the manu—
facturer). In an Erlenmeyer flask or disposable plastic tube, prepare the appropriate volume
ofsolution containing the desired concentration ofacrylamide for the resolving gel, using the
values given in Table A8—9. Mix the components in the order shown. Polymerization will
begin as soon as the TEMED has been added. Without delay, swirl the mixture rapidly and
proceed to the next step.

The concentration ofammonium persulfate that we recommend is higher than that used by some
investigators. This eliminates the need to rid the acrylamide solution of dissolved oxygen (which
retards polymerization) by degassing,

. Pour the acrylamide solution into the gap between the glass plates. Leave sufficient space for
the stacking gel (the length of the teeth of the comb plus 1 cm). Use a Pasteur pipette to care-
fully overlay the acrylamide solution with 0.1% SDS (for gels containing ~8% acrylamide) or
isobutanol (for gels containing ~10% acrylamide). Place the gel in a vertical position at room
temperature.

The overlay prevents oxygen from diffusing into the gel and inhibiting polymerization. Isobutanol
dissolves the plastic of some minigel apparatuses.

. After polymerization is complete (30 minutes), pour off the overlay and wash the top of the
gel several times with deionized HZO to remove any unpolymerized acrylamide. Drain as
much fluid as possible from the top of the gel, and then remove any remaining H30 with the
edge of a paper towel.

. Prepare the stacking gel as follows: In a disposable plastic tube, prepare the appropriate vol-
ume of solution containing the desired concentration of acrylamide, using the values given in  
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Table A8-10. Mix the components 111 the order 511011711. P011'111e1‘1111t1011 will begin 115 50011 115 the
'1‘E1\1E1)11115bee11 added. Without de11'1111 5wi1‘1 the mixture rapidly and proceed to the next step.

lhe eoncentmtion 01 11111111011111111 persultate15 higher than that 115ed 111 some 1111c5tig111015. 11115
elimin 11te5 the need to 11d the acrylamide 50111t101101 dissolved 0\10e11 (which 1e1111d511011111111/11-
11011)111111eg'1155111a.

6. Pour the 5tac1<111g gel 50111t1011 directly onto the surface of the polymeriyed 1115011111153, gel.
1111111ediate1y insert 11 clean Teflon comb into the stacking gel 50111t1011, being careful to 1110111
trapping 1111 bubbles. Add more stacking gel solution to till the spaces of the comb complete
1111 Place the gel 111 a vertical position at room temperature.

‘l'eflon 10111115 511011111 be cleaned with H30 and dried with ethanol iust before 11511.

Preparation of Samples and Running the Gel

7. While the stacking gel is polymerizing, prepare the samples 111 the appropriate volume 01 1x
SDS gel—loading buffer and heat them to 100°C for 3 minutes to denature the proteins

Be sure to de11'11t111e 11 sample containing marke1 proteins ofk11o11111111010c11111 11cigl1t5..\11\t1111c5ot
11111110111 iately sized 11011peptides are (1111111111113 from eomme1cial 50111cm.

Extremely hydrophobic proteins, such 115 those containing multiple tra115111e111hr1111e 110111111115, 11111\
|1r¢t1pit1te 01 111111time1ize when boilled tor 3 minutes at 100( 10 11\0id the5e 11itt11115 heat the
511111ple5 101 1 110111 at 11 1011ertemper11t11re (45—55°( ) to effect de1111t11111t1011.

8. After polymerization 15 complete (30 minutes) remove the Teflon comb ca1et111111U5e 11
squirt bottle to wash the wells immediately with deionized H0 to remove 1111111111110111111e1—
ized ac1y111111ide. If necessarv, straighten the teeth of the stacking gel with 11 11111111 hypodelmic
needle 111tt11c11edt0 a51ringe. Mount the gel1n the e1ectroph0resis 11pp11r11t115. Add 1115~g111ci11e
electrophoresis buffer to the top and bottom reservoirs. Remove 11111! bubbles that become
trapped at the bottom ofthe gel between the glass plates. This 15 best done with 111 bent hypo-
dermic needle attached to a syringe.

A IMPORTANT Do not prerun the gel before loading the samples, since this pr01edure will destroy
the discontinuity of the buffer systems.

9. Load up to 15 111 of each of the samples 111 a predetermined orderi11tothebot10111 of the wells
This15 best done with a Hamilton mieroliter syringe or a mic10pipett01 equipped with gel—
1011dingt11ps that15 111115hed with buffer from the bottom rese1voir 11fte1 e111h sample15 loaded.
load an equal volume of IX SDS gel— loading buffer into any wells that me u11115ed.

10. Attach the electrophoresis apparatus to an electric powel supply (the p0sitive electmde
5h0u1d be connected to the bottom buffer reservoir).App111 11 voltage 01 8 \/c111 t0 the gel.
Atter the dye fro11th115 moved into the resolving ge1,increase the 1101tage 10 15 \/c111 and 11111
the gel until the bromophenol blue reaches the bottom of the 1e501ving gel (~4 h01115). Then
turn off the power supply.

11. Remove the glass plates from the electrophoresis apparatus and place them 011 11 p11pe1 towel.
Use 1111 ext111 gel 5pace1 to cz11etu1111 prV the plates apart. Ma1k the orientation 01 the gel 111
cutting 11 corner from the bottom of the gel that15 closest to the leftmost 11e11 (slot 1).

A IMPORTANT Do not cut the corner from gels that are to be used for immunoblotting.

12. At this stage, the gel can be fixed, stained with Coomassie Brilliant Blue 01' silver 51111t5. 11110-
rographed 01‘ autoradiographed, or used to establish an immunoblot, 1111 115 described 011 the
following pages.  
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STAINING SDS-POLYACRYMMIDE GELS
 

Unlabeled proteins separated by polyacrylamide gel electrophoresis typically are detected by

staining, either with Coomassie Brilliant Blue or with silver salts. In a relatively rapid and straight-

forward reaction, Coomassie Brilliant Blue binds nonspecifically to proteins but not to the gel,

thereby allowing visualization of the proteins as discreet blue bands within the translucent matrix

of the gel (Wilson 1983). Silver staining, although somewhat more difficult to perform, is signif-

icantly more sensitive. The use of silver staining allows detection of proteins resolved by gel elec—

trophoresis at concentrations nearly lOO-fold lower than those detected by Coomassie Brilliant

Blue staining (Switzer et al. 1979; Merril et al. 1984). The identification of proteins by silver stain—

ing is based on the differential reduction of silver ions, in a reaction similar to that used in pho-

tographic processes. Reagents for staining with Coomassie Brilliant Blue as well as kits (e.g., Blue

Print Fast PAGE Stain, Life Technologies) are commercially available. Kits for silver staining are

commercially available from Pierce and Bio-Rad.

 

HISTORICAL FOOTNOTE

Coomassie Brilliant Blue R-250 was first used as a laboratory reagent to stain proteins in 1963. Robert Webster,
a graduate student in the laboratory of Stephen Fazekas de St. Groth at the Australian National University in
Canberra, was searching for a way to locate influenza virus proteins that had been separated by electrophoresis
on cellulose acetate strips. At that time, Australia had a thriving wool industry and government laboratories
were intensely investigating the mechanism of action of various classes of dyes used for wool dying. Fazekas
and Webster reasoned that these dyes must have a high affinity for proteins, and they obtained samples of a

great many dyes from the Commonwealth Scientific and Industrial Organization. Included among them was
Coomassie Brilliant Blue R-250, which had been used since the turn of the century in the textile dying indus-
try. Webster soon found that Coomassie Brilliant Blue R—250 was a very sensitive stain for proteins, but he was
frustrated by extreme day-to-day variation in the intensity of the staining. At home one night, he suddenly real-
ized that the answer to the problem was to fix the protein before staining. He went back to the laboratory and
fixed the separated influenza virus proteins with sulfosalicylic acid. After these results were published (Fazekas
de St. Groth et al. 1963), the method was rapidly adapted to stain proteins separated by electrophoresis
through polyacrylamide gels (Meyer and Lamberts 1965).

Because Coomassie Brilliant Blue R-250 is now a trademark of Imperial Chemical Industries PLC, the dye
is generally listed in biochemical catalogs as Brilliant Blue. Two forms of the dye are available: Brilliant Blue G
and Brilliant Blue R, which are given different numbers (42655 and 42660) in the Colour Index, a kind of dyer‘s

Bible, in which dyes are classified and arranged according to color. Brilliant Blue G and Brilliant Blue R are,

respectively, slightly soluble and insoluble in cold water, and soluble and slightly soluble in hot water and alco-
hols. Both dyes stain fixed proteins efficiently. They are used at a concentration of 0.05% in methanolzglacial
acetic acid:water (50:10:40 v/v).   

Staining SDS-Polyacrylamide Gels with Coomassie Brilliant Blue

Coomassie Brilliant Blue is an aminotriarylmethane dye that forms strong but not covalent com-
plexes with proteins, most probably by a combination of van der Waals forces and electrostatic
interactions with NH}+ groups. Coomassie Brilliant Blue is used to stain proteins after elec—
trophoresis through polyacrylamide gels. The uptake of dye is approximately proportional to the
amount of protein, following the Beer—Lambert law.

Polypeptides separated by SDS-polyacrylamide gels can be simultaneously fixed with
methanolzglacial acetic acid and stained with Coomassie Brilliant Blue R—250, a triphenylmethane
textile dye also known as Acid Blue 83. The gel is immersed for several hours in a concentrated
methanolzacetic acid solution of the dye, and excess dye is then allowed to diffuse from the gel
during a prolonged period of destaining.  
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MATERIALS >
 

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Coomasye Brilliant Blue R-250

Methanol:acetic acid solution <!>

Combine 900 ml ofmetlmnoleIO (500 ml ol‘ methanol and 400 ml ot'H‘O) and 100 ml otglauial acetic

acid. 7

Step 1 of this protocol requires the reagents listed on page A8.42.

MAETHOD
 

1. Separate proteins by electrophoresis through an SDS-polyacrylamide gel as described on

page A8.40.

2. Prepare the staining solution by dissolving 0.25 g of Coomassie Brilliant Blue R-ZSU per 100

ml of methanolzacetic acid solution. Filter the solution through a Whatman No. 1 filter to

remove any particulate matter.

3. Immerse the gel in at least 5 volumes of staining solution and place on a slowly rotating plat;

form for a minimum of 4 hours at room temperature.

4. Remove the stain and save it for future use. Destain the gel by soaking it in the

methanolzacetic acid solution without the dye on a slowly rocking platform for 4——8 hours‘

changing the destaining solution three or four times.

The more thoroughly the gel is destained, the s‘n‘naller the amount at" protein detovtvd b) stunning

with (Joomassie Brilliant Blue. Destaining for Z-l hours usually allows as little an (1.1 ttg of pmtcin

to be detected in a single band.

A more rapid rate ofdestaining can be achieved by the follmving methods:

a Destainingin3t)"<)1nethanol, 10% acetic acid. lfdestainmg is prolonged, there will be some loss

m the intensity of staining of protein bands.

0 Destaining in the normal destaining butter at lnghcr temperatures (~l5“(1).

0 Including a few grams of an anion exchange resin 01' a piece of sponge in the normal tlestam—
mg b uffer, These absorb the stain as it leaches from the gel.

0 Destaining electrophoretically in apparatuses that are sold cmmnercially for 11m purpmc.

l'
A). After destaining, store the gels in H20 in a sealed plastic bag.

Gels may be stored indefinitely without any diminution in the intensity ot‘staimng; howevcr‘ fixed
polyacrylamidc gels stored in HjO will well and may distort during storage. 'lo avoid this prob-

lemt Store fixed gelx in Hi) confaining 200/0 glycerol. Stained gels should not be fluted in deamin-
ing buffer, because the stained protein bands will fade.

6. To make a permanent record, either photograph the stained gel (please see Chapter 5,

Protocol 2) or dry the gel as described on p. A850.

Staining SDS-Polyacrylamide Gels With Silver Salts

A number of methods have been developed to stain polypeptides with silver salts after separation

by SDS~polyacrylamide gel electrophoresis. In every case, the process relies on differential reduc-

tion of silver ions that are bound to the side chains ofamino acids (Switzer et al. 1979; Oakley et

al. 1980; Ochs et al. 1981; Sammons et al. 1981; Merril et al. 1984). These methods fall into two

major classes: those that use ammoniacal silver solutions and those that use silver nitrate.

Although both types Ofstalning are ~100—lOOO—fold more sensitive than staining with (Ioomassie

Brilliant Blue R—250 and are capable of detecting as little as O.l—l.0 11g of polypeptide in a single

band, silver nitrate solutions are easier to prepare and, by contrast to ammoniacal silver salts, do  
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not generate potentially explosive by—products. The method given below is a modification of the

staining procedure originally devised by Sammons et al. (1981), which has since undergone sev—

eral improvements (Schoenle et al. 1984). For further information, please see the discussion on

silver staining in Appendix 9.

 

MATERIALS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Acetic acid (7%) <!>

Developing solution
Prepare fresh for each use an aqueous solution of 2.5% sodium carbonate, 0.020/0 formaldeltyde. < ! >

Ethanol (30%)
Fixing solution

Ethanolzglacial acetic acidszO (30:10:60) <!>

Photographic reducing solution (Switzer et al. 1979)
Optional, please see Step 10.

Prepare Solution A: Dissolve 37 g of NaCl and 37 g of CuSO4 in 850 ml of deionized HEO. Add concen—
trated NH40H < ! > until a deep blue precipitate forms and then dissolves. Adjust the volume to 1 liter
with HZO'

Prepare Solution B: Dissolve 436 g of sodium thiosulfate in 900 ml of deionized HZO. Adjust the volume
to 1 liter with HZO.

Mix equal volumes of Solution A and Solution B, dilute the mixture with 3 volumes of H20, and use the

diluted mixture immediately.

Silver nitrate solution
Prepare fresh for each use, 0.1% solution of AgNOS,<!> diluted from a 200/0 stock, stored in a tightly
closed, brown glass bottle at room temperature.

Step 7 of this protocol requires the reagents listed on page A842

METHOD
 

A IMPORTANT Wear gloves and handle the gel gently because pressure and fingerprints produce stain-
ing artifacts. In addition, it is essential to use clean glassware and deionized HlO because contaminants

greatly reduce the sensitivity of silver staining.

1. Separate proteins by electrophoresis through an SDS—polyacrylamide gel as described on

page A840.

2. Fix the proteins by incubating the gel for 4—12 hours at room temperature with gentle shak—

ing in at least 5 gel volumes of fixing solution.

3. Discard the fixing solution, and add at least 5 gel volumes of 30% ethanol. Incubate the gel

for 30 minutes at room temperature with gentle shaking.

4. Repeat Step 3.

5. Discard the ethanol and add 10 gel volumes of deionized HZO. Incubate the gel for 10 min—
utes at room temperature with gentle shaking.

6. Repeat Step 5 twice.

The gel will swell slightly during rehydration.

7. Discard the last of the H20 washes, and, wearing gloves, add 5 gel volumes of silver nitrate

solution Incubate the gel for 30 minutes at room temperature with gentle shaking.  
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Discard the silver nitrate solution, and wash both sides of the gel (20 seconds each) under a

stream of deionized H,O.

Allowing the surface of the gel to dry out will result in staining artifacts.

Add 5 gel volumes of fresh developing solution. Incubate the gel at room temperature with

gentle agitation. Watch the gel carefully. Stained bands of protein should appear within a few

minutes. Continue incubation until the desired contrast is obtained.

Prolonged incubation leads to a high background of silver staining within the body of the gel.

Quench the reaction by washing the gel in 10/0 acetic acid for a few minutes. Then wash the

gel several times with deionized H20 (10 minutes per wash).

A shiny gray film ofsilver sometimes forms on the surface of the gelt This can he removed by wushv
ing the gel for 2—3 seconds in a 1:4 dilution of photographic reducing solution Rinse the treated

gel extensively in deionized HZO.

Preserve the gel by drying as described on the following pages.

 



A850 Appendix 8: Commonly Used Techniques in Molecular Cloning

DRYING SDS-POLYACRYLAMIDE GELS

SDS-polyacrylamide gels containing proteins radiolabeled with 35S-labeled amino acids must be

dried before autoradiographic images can be obtained. The major problems encountered when a

gel is dried are (l) shrinkage and distortion and (2) cracking of the gel. The first of these prob-

lems can be minimized if the gel is attached to a piece of Whatman 3MM paper before it is dehy—

drated. (For nonradioactive gels, note that the preference may be to dry the gel between acetate

sheets to allow transillumination and easy visualization of the dried gel.) However, there is no

guaranteed solution to the second problem, which becomes more pronounced with thicker gels

containing more polyacrylamide. Cracking generally occurs when the gel is removed from the

drying apparatus before it is completely dehydrated. It is therefore essential to keep the drying
apparatus in good condition, to use a reliable vacuum line that has few fluctuations in pressure,

and to use the thinnest gel possible to achieve the desired purpose. An excellent alternative

method is soaking the gel in 30/0 glycerol, followed by drying in air using a simple apparatus

(available from AP Biotech or Owl Scientific).

 

MATERIALS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Fixing solution
Glacial acetic acid:methanol:HZO (10:20:70 v/V/v) < l >

Gel dryer
Gel dryers are available from a number of commercial sources (e.g., Life Technologies and Promega), It
is best to purchase the dryer from the manufacturer of the SDS—polyacrylamide gel electrophoresis tanks
to ensure that the size of the dryer will be tailored to that of the gels and will accommodate several SDS-
polyacrylamide gels simultaneously.

Methanol (20%) containing 3% glycerol <!>
Optional, please see Step 1.

Whatman 3MM paper

METHOD
 

1. Remove the gel from the electrophoresis apparatus and incubate it at room temperature in

5—10 volumes of fixing solution. The bromophenol blue will turn yellow as the acidic fixing

solution diffuses into the gel. Continue fixation for 5 minutes after all of the blue color has

disappeared, and then wash the gel briefly in deionized H20.

If cracking of polyacrylamide gels during drying is a constant problem, soak the fixed gel in 20%
methanol, 30/0 glycerol overnight before proceeding to Step 2.

2. On a piece of Saran Wrap slightly larger than the gel, arrange the gel with its cut corner on
the lower right-hand side.

3. Place a piece of dry Whatman 3MM paper on the damp gel. The paper should be large

enough to create a border (1—2 cm) around the gel and small enough to fit on the gel dryer.

Do not attempt to move the 3MM paper once contact has been made with the gel.

4. Arrange another piece of dry 3MM paper on the drying surface of the gel dryer. This piece
should be large enough to accommodate all of the gels that are to be dried at the same time.

5. Place the sandwich of 3MM paper/gel/Saran Wrap on the piece of 3MM paper on the gel
dryer. The Saran Wrap should be uppermost.  
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Close the lid of the gel dryer, and apply suction so that the lid makes a tight seal around the

gels. If the dryer is equipped with a heater, apply low heat (50—65"C) to speed up the drying,
process.

Dry the gel for the time recommended by the manufacturer (usually 2 hours for standard
0.75—mm gels). If heat was applied, turn off the heat for a few minutes before releasing the
V'dCuUnL

. Remove the gel, which is now attached to a piece of 3MM paper, from the dryer.

Remove the piece of Saran Wrap and establish an autoradiograph as described in Appendix

9, or store the dehydrated gel as a record of the experiment.
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IMMUNOBLOTTING

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

lmmunoblotting is used to identify and measure the size of macromolecular antigens (usually

proteins) that react with a specific antibody (Towbin et al. 1979; Burnette 1981; for reviews, please

see Towbin and Gordon 1984; Gershoni 1988; Stott 1989; Poxton 1990). The proteins are first sep-

arated by electrophoresis through SDS—polyacrylamide gels and then transferred electrophoreti-

cally from the gel to a solid support, such as a nitrocellulose, polyvinylidene difluoride (PVDF),

or cationic nylon membrane. After the unreacted binding sites of the membrane are blocked to

suppress nonspecific adsorption of antibodies, the immobilized proteins are reacted with a spe—

cific polyclonal or monoclonal antibody. Antigen-antibody complexes are finally located by radi-

ographic, chromogenic, or chemiluminescent reactions

Much mumbo-jumbo has been written about ways to avoid the problems that commonly

arise in immunoblotting. These problems include inefficient transfer of proteins, loss of antigenic

sites, low sensitivity, high background, and nonquantitative detection methods. Although no

magic incantation can eliminate all of these undesirable difficulties for every antigen, a small

amount of experimentation is usually sufficient to cure all but the most obdurate technical prob-

lems. Comprehensive reviews by Bjerrum and Schafer—Nielsen (1986), Bjerrum et al. (1988), and

Stott (1989) provide catalogs of potential difficulties in immunoblotting and detailed suggestions

for solving them.

Transfer of Proteins from Gel t0 Filter

Electrophoretic transfer of proteins from polyacrylamide gels to membranes is far more efficient

and much quicker than capillary transfer. Transfer is carried out perpendicularly from the direc—

tion of travel of proteins through the separating gel, using electrodes and membranes that cover
the entire area of the gel. Most commercial electrophoretic transfer devices use large electrodes

made of graphite, platinum wire mesh, or stainless steel. In older devices, vertical electrodes were

submerged in a tank of transfer buffer in a plastic cradle surrounding the gel and the membrane.

The more modern devices use the efficient “semi-dry” method, in which Whatman SMM paper

saturated with transfer buffer is used as a reservoir. For transfer from SDS gels, the membrane is

TABLE A8-11 Buffers for Transfer of Proteins from Polyacrylamide Gels to Membranes
 

TYPE OF TRANSFER BUFFER REFERENCE
 

Semiedry 24 mM Tris base Towbin et al. (1979)

192 mM glycine

20% methanol <!>

Immersion 48 mM Tris base Bjerrum and Schafer—Nielsen (1986)

39 mM glycine

20% methanol <!>

0.0375% SDS
 

Methanol minimizes swelling ofthe gel and increases the efficiency ofbinding ofproteins to nitrocellulose membranes. The
efficiency of transfer may be affected by the presence of SDS in the electrophoresis buffer, the pH of the transfer buffer, and
whether the proteins were stained in the gel before transfer. To maximize transfer of protein to membranes, the concentration
of SDS should be $0.1% and the pH should be 280. CAPS buffer should be used for transfer ifthe protein is to be sequenced
(m the membrane (Moos 1992). Glycine interferes with this procedure.  
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placed on the side Of the gel facing the anode. The conditions used for transfer vary according tn

the design of the apparatus, and it is therefore best to follow the manutlietnret’s instructions at

this stage.

Types of Membranes

Three types of membranes are used for immunoblotting: nitrocellulose, nylon, and polyvinili-

dene fluoride. Different proteins may bind with different efficiencies to these membranes, and

particular antigenic epitope(s) may be better preserved in one case than another. It is therethre

worthwhile wherever possible to test the efficiency with which the antigen of interest can be

detected on various membranes, using several antibodies.

0 Nitrocellulose (pore size 0.45 pm) remains a standard membrane used for immunoblotting,

although membranes with a smaller pore size (0.22 pm or 0.1 tun) are recommended for

immunoblotting of small proteins of Mr <14,000 (Burnette 1981; Lin and Kasamatsu 1983).

The capacity of nitrocellulose to bind and retain proteins ranges from 80 ng/cm3 to 250 ug/cmZ,

depending on the protein. Proteins bind to nitrocellulose chiefly by hydrophobic interactions

(van Oss et al. 1987), although hydrogen bonding between amino acid side chains and the

nitro group of the membrane may also be involved. In any event, partial dehydration of the

proteins by methanol or salt in the transfer buffer ensures a more lasting bond between the

protein and the membrane. Even 30, proteins may be lost from the membrane during process—

ing, particularly if buffets containing nonionic detergents are used. Many investigators there~

fore fix the proteins to nitrocellulose membranes to reduce loss during washing and incuba-

tion with antibody (e.g., please see Gershoni and Palade 1982). However, it is important to

check that the treatments used for fixation (glutaraldehyde, cross—linking, UV irradiation) do

not destroy the antigenic epitopc under study. These treatments can also increase the brittle~

ness of nitmcellulose filters that are allowed to dry after transfer.

0 Nylon and positively charged nylon membranes are tougher than nitrocellulose and bind pro~

teins tightly by electrostatic interactions. Their capacity varies from one type of nylon to the

next and from one protein to another but is usually in the range of 150 tig/cm3 to 200 ug/cm3.
The advantage of nylon and charged nylon membranes over nitrocellulose is that they can be

probed multiple times with different antibodies. However, nylon membranes have two poten-

tial disadvantages. First, as discussed below, no simple and sensitive procedure is available to

stain proteins immobilized on nylon and charged nylon membranes. Second, because it is dif—

ficult to block all of the unoccupied sites on these membranes, antibodies tend to bind non-

specifically to the filter, resulting in a high background, especially when a highly sensitive

detection method such as enhanced chemiluminescence (ECL) is used. In many cases, extend-

ed blocking in solutions containing 60/0 heat—treated casein and 1% polwinylpytrolidone
(Gillespie and Hudspeth 1991) is required to achieve satisfactory results.

0 Polyvinylidenefluoride (PVDF) (Pluskal et al. 1986) is mechanically strong and manifests a

strong interfacial (hydrophobic) interaction with proteins. Before transfer, it is necessary to

wet the hydrophobic surface of the membrane with methanol. The capacity of PVDF mem-
branes is approximately equal to that of nylon membranes (~170 11g protein/cml). Proteins
bind approximately sixfold more tightly to PVDF membranes than to nitrocellulose (van Oss
et al. 1987) and are retained more efficiently during the subsequent detection steps. Proteins
immobilized on PVDF can be visualized with standard stains such as Amido Black, India Ink,
Poncean S, and Coomassie Brilliant Blue.

 



A854 Appendix 8: Commonly Used Techniques in Molecular Cloning

Staining of Proteins during lmmunoblotting

Separation of proteins in gels and transfer to membranes can be confirmed by staining. This is a

simple procedure, but it requires careful choice of a stain that is sufficiently sensitive and appro-

priate for the type of membrane. Staining can be carried out at several stages in the immunoblot-

ting procedure as outlined below.

0 Staining gels before transfer to membranes. Proteins can be stained in polyacrylamide gels

with conventional dyes such as Coomassie Brilliant Blue, destained, and then transferred elec—

trophoretically to nitrocellulose or PVDF filters for immunoblotting (e.g., please see

Thompson and Larson 1992). The chief advantage of this method is that proteins remain
stained during immunodetection, thereby providing a set of internal markers. However, in

some cases, staining of proteins in gels appears to reduce the efficiency of electroelution and/or

to interfere with binding of antibody. (The use of prestained protein markers [Life

Technologies] provides a set of internal markers during protein transfer without the need to

stain the entire gel.)

0 Staining proteins after transfer to membranes. The entire area of nitrocellulose and PVDF

membranes can be stained with the removable but insensitive stain Ponceau S (Muilerman et

al. 1982; Salinovitch and Montelaro 1986). When more permanent stains are used (e.g., India

Ink [Hancock and Tsang 1983], Amido Black [Towbin et al. 1979; Wilson 1979], colloidal gold

[Moeremans et al. 1985; Rohringer and Holden 1985], or silver [Yuen et al. 1982]), it is usual—

ly necessary to cut a reference lane from the membrane.

Brief exposure to alkali enhances staining with both India Ink and colloidal gold, perhaps

by reducing loss of protein from the filter during washing (Sutherland and Skerritt 1986). Under

these conditions, it is easily possible to detect a band containing as little as a few nanograms of

protein. There is no satisfactory method to stain proteins immobilized on nylon or cationic nylon

membranes. The high density of charge on these membranes causes dye molecules to bind indis-

criminately to the surface, producing high backgrounds that obscure all but the strongest protein

bands.

Blocking Agents

Traditional blocking agents such as 0.5% low-fat dry milk or 50/0 bovine serum albumin ( Johnson

et al. 1984; DenHollander and Befus 1989) are suitable for use with chromogenic detection sys-

tems based on horseradish peroxidase. However, these solutions are usually rich in residual alka-

line phosphatase and should not be used in detection systems that employ this enzyme. This is

particularly true with chemiluminescent systems, where the sensitivity is determined not by the

strength of the emitted signal but by the efficiency of suppression of background. The best block-

ing solution for alkaline—phosphatase-based systems contains 60/0 casein, 10/0 polyvinylpyrroli—

done, 10 mM EDTA in phosphate-buffered saline (Gillespie and Hudspeth 1991 ). The blocking
solution should be heated to 65°C for 1 hour to inactivate residual alkaline phosphatase and then

stored at 4°C in the presence of 3 mM sodium azide. For recipes, please see Appendix 1.

Probing and Detection

The antibody that reacts with the epitope of interest can be either polyclonal or monoclonal. In

either case, it is not radiolabeled or conjugated to an enzyme but is merely diluted into an appro-

priate buffer for formation of antibody-antigen complexes. In general, backgrounds in

immunoblotting are unacceptably high unless the primary antibody can be diluted at least 1:1000
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ENZYME

Imumnoli/nlfing A855

when enzymatic methods of detection are used and at least 1:5000 when chemihimincscmt

methods are used. After washing, the bound antibody is detected by a reuiinlabclcd 01" cn/ymc-

conjugated secondary reagent, which recognizes common features of the primary antibody and

carries a reporter enzyme or group. Secondary reagents include:

o Radioiodinated antibodies or Staphylococcal Protein A, which were used in the first
imimmoblots (c.g., please see Burnette 198] ) mid for a few years thercaftcr. Howevcr, radiula-
bclcd secondary reagents have now been replaced by nonradioactive detection systems such as
enhanced chemihiminscencc, which are less hazardous and more sensitive. They remain the
most accurate method for scmi—quantitative immunoblotting.

0 Antibodies conjugated to enzymes, such as horseradish peroxidase or alkaline phosphatase, for
which a variety of chromogenic, fluorescent, and chemiluminescent SUbel'dtL‘S arc availablc.

0 Antibodies coupled to biotin, which can then be detected by labeled or coniugatcd strcpta»
vidin.

Images of radiolabeled reagents are captured on X—ray film or phosphorinmgcrs, whereas

the results of chromogenic and fluorogenic reactions are best recorded by conventional photog-

raphy. Table A8-12 shows the approximate sensitivity with which the best at thesc mclhnds Cd“

detect a standard antigen using antibodies of high titer and specificity. For more intbrmution

about these detection methods, please see Appendix 9.

REAGENT SENSITIVITY COMMENTS REFERENCES
 

(Ihromogenic

I iorscrtldish

pcrmidilsc

Alkaline

phmphatdsc

(Zhemiluminescent

Horseradish
pt‘l't)\i(id\0

\Il\.1|inc

phnsphtittixc

47chlom-l mphthol/
H_,()z

diaminobcmidinc <!>/

H,“

35,55 ~tctramcthyl—

bcn/idinc

nitro blue tCII'd/_()iiLllTl/

5—bmm0747chloroindolyl

phosphate

lum]nolH-iodo-phcnol/

Hp:

AMPI’I)

34i4—mcthoxyspimI1,2~
dioxctanc»3'3/~tricyclof

i3.3.1 ”ldccdn J—4fyl)—

phcnylphmphatc

1 mg

350 pg

100 pg

100 pg

300 pg

1 P?

The purple color ofoxidizcd products
fades rapidly on exposure to light.

Potentially carcinogenic. Tho diamino»
bcnzidine reaction generates d brown
precipitate, which is enhanced by the

addition of cobalt, silver, and nickci stilts.

Deep purple precipitate.

Steel-blue precipitate.

Oxidi7cdlumin01 emits blue light that is
captured on X—ray film. Luminescence
generated by intense bands appears
Within a few secondswhcrcas taint

bands need at least 30 minutes to dcvclop.

lihe enzynmtically dcphosphorylatcd

product emits light. Because of its high

turnover number, alkaline phosphatase

rapidly generates 21 strong signal that

provides (in exquisitely sensitive method

of immunodctection.

Hmylxcs cl alt ( 1982 ;

Dress] and Schctflcr

41084)

dc RIM and (film'-

\\insl\i (1983);

(icrshoni (1938)

X icKim m— Brcschkin
( [990i

Icar) ct til, (19831:

Bhikc ct (11. ( WM}

Schncppcnhcim And
(autcnburg ( [087 ):

llm'pcr and Nhu‘pln

I 19911; Schncppcn-

hcim ct til. ( IWI)

(iiilmpic And Hud»

PL‘lh (199! \

  



 



Appendix 9
 

Detection Systems

STAINING NUCLEIC ACIDS

Ethidium Bromide

Methylene Blue

Si|ver Staining

Silver Staining of DNA in Nondenaturing Polyacrylamide Gels

SYBR Dyes

AUTORADlOGRAPHY AND IMAGING

AUTORADIOGRAPHY AND PHOSPHORIMAGING

Intensifying Screens

Preflashing

Fluorography

Sensitivity of Different Autoradiographic Methods

Setting up Autoradiographs

Phosphorimaging

Isotop|c Data

CHEMILUMINESCENCE

Chemiluminescent Labels

Chemiluminescent Enzyme Assays

Commercial Reagents, Kits, and Luminometers

BIOLUMINESCENCE

Firefly Luciferase

Bacterial Luciferase

Green Fluorescent Protein

ANTIBODIES

Purification ofAntibodies

Immunological Assays

Radiolabeling of Antibodies

A95

A95

A94

A95

A96

A9]

A99

A9.”

A911

A9.”

A912

A913

A913

A9.”

A915

A9.16

A917

A919

A920

A921

A921

A923

A924

A925

A925

A927

A930

A9.I

 



A9.2 Appendix 9: Detection Systems
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STALNWQNUCLHC ACIDS
 

Ethidium Bromide

Ethidium bromide was synthesized in the 19505 in an effort to develop

phenanthridine compounds as effective ti‘ypanocidal agents. Ethidium

emerged from the screening program with flying colorst It was 10—50—f01d .

more effective against trypanosomes than the parent compound, was no more

toxic to mice, and, unlike earlier phenanthridines, did not induce photosensitimtion in cattle

(Watkins and Wolfe 1952). Until recently, ethidium bromide was widely used for the treatment

and prophylaxis of tl‘ypdllOIl‘liflSiS in cattle in tropical and subtropical countries. The chemical

structure of ethidium bromide is shown at the right.

 

Binding of Ethidium Bromide to Nucleic Acids

Ethidium bromide contains a planar tricyclic phenanthridine ring system that is able to interca—

late between the stacked base pairs of double-stranded DNA. After insertion into the helix, the

drug lies perpendicular to the helical axis and makes van der Waals contacts with the base pairs

above and below. Whereas the planar ring system of the drug is buried, its peripheral phenyl and

ethyl groups project into the major groove of the DNA helix. At saturation in solutions of high

ionic strength, approximately one ethidium molecule is inteicalated per 2.5 base pairs, indepen—

dent of the base composition of the DNA. The geometry of the base pairs and their positioning

with respect to the helix are unchanged except for their displacement by 3.4 A along, the helix axis

(Waring 1965). This causes a 27% increase in the length of double—stranded DNA (Ift'eifelder

1971) saturated with ethidium bromide.

Ethidium bromide also binds with highly variable stoichiometry to helical regions formed

by intrastrand base pairing in RNA and heat-denatured or single—stranded DNA (Waring 1965

1966; LePecq and Paoletti 1967). The fixed position ofthe planar group ot'ethidium bromide and

its close proximity to the bases cause the bound dye to display a 20—25—fold increase in fluores~

cent yield compared to the dye in free solution. UV radiation at 254 nm is absorbed by the DNA

and transmitted to the dye; radiation at 302 nm and 366 nm is absorbed by the dye itself. The

energy is re-emitted with a quantum yield of 0.3 at 590 nm in the red—orange region of the visi—

ble spectrum (LePecq and Paoletti 1967; Tuma et al, 1999).

Most of the commercially available UV light sources emit UV light at 302 nm. The fluores—

cent yield of ethidium bromide—DNA complexes excited by irradiation is considerably greater at
302 nm than at 366 mm but is slightly less than at shorter wavelength (254 nm). However, the
amount of photobleaching of the dye and nicking of the DNA is much less at 302 nm than at 254
nm (Brunk and Simpson 1977).

Staining DNA in Gels

Ethidium bromide is widely used to locate fragments of DNA in agarose gels (Aaii and Borst 1972;
Sharp et al. 1973; please see the introduction to Chapter 5 and Protocol 2 in Chapter 5 ). The dye
is usually incorporated into the gel and the electrophoresis buffer at a concentration ot'O.5 ug/ml.
Although the electrophoretic mobility ofhnear double-stranded DNA is reduced by ~15Wo in the
presence of ethidium bromide, the ability to examine the gel directly under UV illumination is a
great advantage. Since the fluorescent yield of ethidium bromide—I)NA complexes is‘ much
greater than that of the unbound dye, small amounts of DNA (~10 ng/band) can be detected in
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Methylene Blue
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the presence of free ethidium bromide in gels (Sharp et al. 1973). Even smaller quantities of DNA

can be detected if the DNA has previously been treated with chloroacetaldehyde, a chemical

mutagen that reacts with adenine, cytosine, and guanine (Premaratne et al. 1993). A more prac—

tical way to enhance fluorescence is to destain the gel in a solution containing 10 mM Mg” before

examining it under UV illumination (Sambrook et al. 1989).

Quantitating DoubIe-stranded DNA

The formation of complexes between DNA and ethidium bromide can be observed with the

naked eye because of the large metachromatic shift in the absorbtion spectrum of the drug that

accompanies binding. The original maximum at 480 nm (yellow—orange) is shifted progressively

to 520 nm (pink) with a characteristic isosbestic point at 510 nm. This provides a simple way to

estimate the concentration of a sample of DNA by quantititive spectrophotometry (Waring

1965).

A faster and more sensitive method utilizes the UV-induced fluoresence emitted by interca-
lated ethidium bromide molecules. Because the amount Of fluorescence is proportional to the

total mass of DNA, the quantity of DNA can be estimated by comparing the light emitted by the

sample at 590 nm with that of a series of standards (for more information on quantifying DNA

with ethidium bromide, please see Appendix 8).

Improved Versions of Ethidium Bromide

Dimers of intercalating dyes bind to DNA with much greater affinity than the parent monomer-

ic compound (Gaugain et al. 1978). Homodimers of ethidium bromide and heterodimers of acri—

dine and ethidium are therefore much more sensitive reagents for detecting DNA than is

monomeric ethidium bromide. For example, as little as 30 pg of DNA can be detected on a con-

focal fluorescence gel scanner (e.g., please see Glazer et al. 1990; Glazer and Rye 1992). However,

the price for this increase in sensitivity is very steep; 1 mg of ethidium homodimer costs about

ten times more than 1 g of ethidium bromide. Unsymmetric cyanine dyes unrelated to ethidium

bromide are more sensitive detectors of DNA, but these dyes are also expensive (please see sec—

tion on SYBR Dyes below). For information on disposal of ethidium bromide, please see

Appendix 8.

Also known as Swiss Blue, in recognition of the nationality of Caro who first synthesized the dye

in 1876, methylene blue (Fierz-David and Blangey 1949) is sometimes used as a stain for RNA

that has been transferred to nitrocellulose filters or to certain types of nylon filters (Herrin and

Schmidt 1988) (please see Chapter 7, Protocol 7).

Methylene blue may also be used to stain bands of DNA in agarose gels (please see the panel

on BRIEF PROTOCOL). The aim is to avoid the use of ethidium bromide and to minimize the

exposure of the DNA to UV irradiation, which can generate pyrimidine dimers and lower the bio—

logical activity of the DNA. This problem does not seem to be serious, but it is nevertheless a

source of concern to some investigators.

Methylene blue has two absorbtion maxima (668 and 609 nm) in the visible spectrum, and

is soluble in HZO. For staining RNA immobilized on nylon or nitrocellulose, the dye is used at a

concentration of 0.04% in 0.5 M sodium acetate (pH 5.2). Staining is reversible and can be car—

ried out before hybridisation.

  



Silver Staining

BRIEF PROTOCOL

Staining DNA in Gels with Methylene Blue
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1. Load and run a gel cast with GTG agarose in 1>< TAE buffer.

The smallest amount of DNA that can be reliably detected as a band by staining with moth) Iene blue is ~ 40 ng It
is therefore netessary 111 most (ases to ioad 2—j times the normal quantity of DNA into the gel.

‘ . At the end of the electrophoretic run, place the gel in a glass dish containing 5 gel volumes 01a solution
containing 0.001—0.0025°6 methylene blue (available from Sigma) in 1 mM Tris-acetate (pH 7.4), 01 mM
EDTA (pH 8.0).

' . Incubate the gel for 4 hours at room temperature, with gentle agitation on a rotary shaker.

. Rinse the gel briefly in distilled H_,O and examine it on a light box of the kind used to illuminate X-ray films.

 

(Iount Albert von Bollstadt (1193 or 1206—1280) is thrice famous. He was the teacher of St.
Thomas Aquinas, he was an alchemist who described arsenic so clearly that he sometimes receives
credit for the discovery of the element, and, Of relevance to molecular cloning, he recorded that
silver nitrate would stain human skin. Eight centuries later, silver staining has been refined into a
highly sensitive technique for postelectrophoretic detection of DNA bands in polyacrylamide and
agarose gels. At its best, silver staining can detect bands containing <1.0 ng of DNA. Described
below are three general types ofsilver staining (Merril 1987, 1990; Mitchell et ai. 1994).

0 Photo development, like conventional photography and fluorography, uses photonic energy to
reduce silver ions to the metallic element Unfortunately, the simplicity and speed of the
method cannot compensate for its lack of sensitivity, which is no better than can be achieved

by conventional staining with ethidium bromide.

Diammine staining methods use ammonium hydroxide to generate silver diammine com—

plexes, which bind to the nucleic acid (Yuksel and Gracy 1985). Silver ions are then liberated

from the complexes by decreasing the concentration of ammonium ions with citric acid. The

liberated silver ions are finally reduced to metallic silver by formaldehyde. The basic method

established by Johansson and Skoog (1987) is both rapid and reasonably sensitive (().5-2 ng of

DNA/band); greater sensitivity (0.1—1 ng DNA/band) can be achieved using the modifications

described by Vari and Bell (1996). However, in our hands‘ it is difficult to achieve such high

sensitivity on a regular basis. In addition, ammoniacal silver salts are potentially explosive and

must be handled with great care.

Nondiammine staining involves, for example, fixation of the DNA, sensitization of the DNA
with glutaraldehyde, impregnation of the gel or membrane with silver nitrate at weakly acidic
pH, and reduction of bound silver ions to metallic silver by alkaline formaldehyde. Many dif—
ferent variants of this technique have been published, but most of them suffer to a greater or
lesser extent from the same problem: Bands of DNA stain gray or dog-yellow against a variable
background of brownish surface staining (Vari and Bell 1996) This problem can be mini-
mized, as in the protocol below, by carefully monitoring the gel during development so as to
obtain the greatest discrimination between specific staining of the DNA and background stain—
ing of the gel. Differential reduction of silver ions can be improved by adding sodium thiosul—
fate to the alkaline formaldehyde solution (Bassam et al. 1991); thiosulfate removes silver ions
from the gel surface by forming soluble complexes with silver salts. When working well, the
nondiammine staining can detect bands of DNA containing 2—5 mg of DNA. A nondiammine
silver staining is marketed by Promega as part of the Silver Sequence DNA sequencing kit. The  



A9.6 Appendix 9: Detection Systems

nondiammine staining method outlined below is simple and is sensitive enough to detect a

band containing 2—5 ng of DNA in a polyacrylamide gel. The protocol was kindly provided by

Dr. Sue Forrest (Victorian Clinical Genetics Service, Melbourne, Australia).

Silver Staining of DNA in Nondenaturing Polyacrylamide Gels

The volumes in the protocol are appropriate for staining a 150 x 150-mm polyacrylamide gel. Gels

of this size are often used to analyze single-stranded DNA by SSCP (please see Chapter 13).

 

MATERIALS

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Acetic acid (3% v/v) <!>
Developer

Dissolve 22.9 g of sodium carbonate in a final volume of 1 liter of distilled HZO. Store the solution at
room temperature away from direct light (e.g., in a closet).

Ethanol (70% v/v)

Ethanol/Glycerol (70% and 7% v/v, respectively)
Formaldehyde (37% v/v) <!>

Nitric acid (0.7% v/v) <!>

Silver nitrate (0.2% MW, freshly prepared <!>

METHOD
 

1. After electrophoresis is complete, place the gel, still attached to one glass plate, in a plastic tray

reserved for silver staining. Do not touch the surface of the gel at any time.

Because pressure on the gel causes background staining, the various solutions used for silver stain-
ing are removed from the plastic tray with a pipette attached via a trap to a vacuum line.

2. Rinse the gel twice with distilled HZO to remove electrophoresis buffer. During rinsing, the

gel will float free and the glass plate can then be removed.

3. Fix the gel in 10% ethanol by gentle shaking for 10 minutes on a rocking platform. Remove
the 10% ethanol by suction and repeat the process.

If necessary, the gel can be left for several hours in the second batch of 10% ethanol.

4. Remove the ethanol by suction and add just enough 0.70/0 nitric acid to cover the gel. Shake

the gel gently on a rocking platform for 6 minutes. Remove the nitric acid by suction and

rinse the gel with two changes of distilled HZO.

5. Add just enough 0.2% silver nitrate to cover the gel. Shake the gel gently on a rocking plat-

form for 30 minutes. Rinse the gel and the staining tray three times with distilled HZO.
The silver nitrate solution may be reused but staining then may become unreliable.

6. T0 100 m1 of developer, add 125 pl of formaldehyde solution. Transfer the developer/
formaldehyde solution to the staining tray and shake the tray gently in an indirect light (e.g.,
cover the container with aluminum foil). When the solution turns yellow or when a dark pre-
cipitate becomes noticeable, replace the developer/formaldehyde with a second batch of 100
ml of the same solution. Continue to shake the gel in indirect light. Monitor the appearance
of bands and background. When the ratio of signal to noise is at its maximum, remove the
second batch of developer/formaldehyde.  
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7. Add 250 ml of 3% acetic acid to the staining tray. Shake the gel gently for 5 minutes.

8. Remove the 3% acetic acid and wash the gel with 10% ethanol. Remove the ethanol and then

store the gel for 2 minutes in a fresh batch of 10% ethanol.

9. Photograph the gel by transiliumination on a white light box using Polaroid 667 film. The

best photographs are obtained when the area around the gel is covered with black paper.

10. For long~term Storage, either keep the gel in 10% ethanol/70/u glycerol or dry it as tblimw

3. Lay a glass plate 2 cm longer and wider than the gel across the top of a beaker.

b. Wet a piece of Saran Wrap approximately the same size as the glass plate. Lay the wet wrap

on the glass plate. taking care to remove any air bubbles.

c. Place the gel in the center ofthe piece of Saran Wrap and then cover it with another piece

of pre~wet wrap, the same size as the first. Remove all wrinkles and air bubbles.

d. Place gel spacers, ~1 cm thick on the Saran Wrap around the four edges of the gel. Use a

series of bulldog clips to clamp the gel spacers to the glass plate.

e. Allow the gel to dry for 24—48 hours, until the Saran Wrap feels crisp.

The SYBR dyes are unsymmetric cyanine compounds, developed by Molecular Probes, that have

some advantages as stains for DNA and RNA over phenanthridine dyes such as ethidium bro—

mide. The information about SYBR dyes in the scientific literature is sparse. However, the Web

Site of the manufacturer thttp://www.probes.com) has much useful information, which 15 sum—

marized below. For further details on the advantages and use ofSYBR dyes, please see Chapter 5‘

Protocol 2.
Three SYBR dyes are used in molecular cloning: SYBR Green I and II and SYBR Gold. All

three dyes are essentially nonfluoreseent in free solution but, upon binding to nucleic acids, dis—

play greatly enhanced fluorescence and a high quantum yield. SYBR Green 1, for example, has d

quantum yield of0.8 upon binding to double—stranded DNA, whereas SYBR Gold has a quantum

yield of 0.7 and IOOO—fold enhancement of fluorescence (Tuma et a]. 1999) Because the SYBR

dyes generate strong signals with very little background and have a high affinity for nucleic acids,

they can be used in low concentrations and are more sensitive than conventional stains such as

ethidium bromide. SYBR Green I and II, however, have some less desirable characteristics:

0 These dyes are not optimally stimulated by standard transilluminators that emit UV radiation

at 300 nm. The signal strength improves when illumination at 254 nm is used, but at this wave—

length, damage to DNA is maximal.

0 Both dyes penetrate agarose gels slowly. Postelectrophoretic staining can take 2 hours or more

when the gels are thick or contain a high concentration of agarose.

o The dyes are not particularly photostable.

o SYBR Green I is only slightly more sensitive than ethidium bromide in detecting single—strand—

ed DNA in agarose gels.

For these reasons, SYBR Green I and II are not commonly used to stain DNA in agarose gels.

However, SYBR Green II detects RNA in denaturing agarose gels with fivefold greater sensitivity

than ethidium bromide and does not interfere with northern transfer. The dye is therefore useful

when analyzing quantities of RNA that are too small to be deteeted by ethidium bmmide. SYBR
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Green I, on the other hand, is used chiefly to quantify DNA in solution, for example, in real time

polymerase chain reactions (please see the panel on REAL TIME PCR in Chapter 8, Protocol 15).

SYBR Gold, which has come onto the market more recently, is the best of the SYBR dyes. It

is tenfold more sensitive than ethidium bromide, and its dynamic range is greater. Unlike SYBR

Green I and II, SYBR Gold penetrates gels quickly and can therefore be used to stain DNA and

RNA both in conventional neutral polyacrylamide and agarose gels and in gels containing denat—

urants such as urea, glyoxal, and formaldehyde. Because SYBR Gold most probably binds to the

backbone of charged phosphate residues, the electrophoretic mobility of DNA stained with the

dye is markedly retarded, and the bands of DNA are sometimes curved. For this reason, gels are

stained with SYBR Gold after electrophoresis is complete. The level of background fluorescence

is so low that no destaining is required. When excited by standard transillumination at 300 nm,

nucleic acids stained with SYBR Gold generate bright gold fluorescent signals that can be cap-
tured on conventional black and white Polaroid film (type 667) or on charged couple device

(CCD)—based image detection systems. The stained nucleic acids can be transferred directly to

membranes for northern or Southern hybridization (Tuma et al. 1999).

Although many enzymatic reactions are not inhibited by SYBR Gold, polymerase chain

reactions are sensitive to high concentrations of the dye. Inhibition can, however, be relieved by

adjusting the concentration of Mg2+ (Tuma et al. 1999) or be avoided by removing SYBR Gold

from the template DNA by standard ethanol precipitation.

SYBR Gold is supplied as a 10,000x concentrate in anhydrous dimethylsulfoxide (DMSO).

The high cost of the dye precludes its use for routine staining of gels. However, the dye may be

cost-effective as an alternative to radiolabeling or silver staining of DNA in techniques such as sin—
gle—strand conformation polymorphism (SSCP) and denaturing gradient gel electrophoresis

(DGGE).
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AUTORADIQGRAPHY AND IMAGING
 

The first autoradiograph was obtained in 1867, when Niepce de St. Victor described the blacken-

ing of emulsions of silver chloride and iodide by uranium nitrate and tartrate. The blackening

occurred even when the uranium salt was separated from the emulsion by sheets of colored glass.

At that time, radioactivity had not been discovered and Niepce struggled unsuccessfully to explain

his results in terms of luminescence.

Molecular cloning depends on techniques to map accurately the distribution of radioactive

atoms on two—dimensional surfaces. For the last 20 years, autoradiographic images of Southern

blots, northern hybridizations, DNA sequencing gels, and library screens have been the icons of

the field. In autoradiography, a radioactive specimen emits radiation, generally in the form of [3

particles whose image is recorded on photographic emulsion. A diagram ofthe events that occur

during exposure of photographic emulsion to radioactivity is shown in Figure A9— 1.

The emulsions used in autoradiography are suspensions of crystals (grains) of silver halide in

gelatin. Exposure to radiation activates the halide crystals, producing a latent image that can be con—

verted to a true image by development. Each B—particle emitted by the sample converts a number of

silver ions to silver atoms, which are then withdrawn from the crystal lattice. The resulting latent

image is unstable since the atoms of silver tend to lose their captured electrons and to resume their

places in the lattice. At room temperature, this return reaction has a half-time of ~1 second. At

—70°(Z, the rate of the return reaction is much slower, and there is little fading of the latent image.

During development, the activated nuclei of silver atoms catalyze the conversion of the

entire silver halide grain into metallic silver. In most emulsions, it is necessary to activate between

5 and 10 silver atoms per crystal in order to obtain complete conversion of the crystal during

development. Crystals with fewer activated silver atoms have a lower chance of development. This

means that the intensity ofthe final image is not proportional to the intensity ot‘the incident radi—

ation. Low levels of radiation will generate developed images that are disproportionately faint. In

photography, this phenomenon is known as low—intensity reciprocity failure.

Conversely, exposure to an intense source of light or B—particles can saturate all of the silver

bromide crystals so that the emulsion becomes refractory to further radiation. The density at.

such burnt images is no longer proportional to the intensity ofthe incident radiation. Developed

images whose absorbance at 545 nm exceeds 1.3 on a microdensitometer have saturated the film

and cannot be used to quantitate the intensity of the original source of radiation.

The three isotopes most commonly used for autoradiography are jTS, ”P, and 32P, all of which
emit B—particles. The energies of these particles are different: 358 emits a particle with a maximum

energy of 0.167 MeV that can penetrate film emulsion only to a depth of 0.25 mm (see Figure A9

2). ”P emissions are slightly stronger (0.249 MeV) with a maximum penetration depth of 0.6 mm.
Although this depth is sufficient to allow the emitted B—particles to interact productiver with silver

FIGURE A9-1 Events Leading to the Formation
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FIGURE A9-2 Energy of Radiation Emitted by Commonly Used Isotopes

(Top) Graphs show the spectra of energies carried by particles emitted by decaying radioactive isotopes.
In each case, the arrow marks the average energy per particle. (Middle) Diagram showing the depth to
which commonly used isotopes penetrate autoradiographic film. (Bottom) Principle of Kodak BioMax
TranScreen Systems (Modified, with permission, from Eastman Kodak Company; Kodak, BioMax, and

TranScreen are trademarks of Eastman Kodak Company.)

halide crystals in the emulsion, it is not enough to allow the particles to pass through barriers (e.g.,

Saran Wrap) that might be placed between the film and the source of the radiation. Thus, when

establishing autoradiographs of 355- or 33P-labeled material, it is essential that the film and the
source of the radiation be directly apposed to one another. To reduce internal absorption of radia-
tion, gels should be as thin as possible and should be fixed and dried before autoradiographs are
taken. Nitrocellulose and nylon filters should be thoroughly dried, and care should be taken to
ensure that the surface carrying the radioactivity is placed in contact with the film (Warning: Damp
gels and membranes stick tightly to the film and usually cannot be removed.)

32P, by contrast to 358 and 33P, emits a fi-particle with sufficient energy (1.709 MeV) to pen-
etrate water or plastic to a depth of 6 mm and to pass completely through an X-ray film. Gels and
filters therefore need not be completely dried (although the sharpness of the autoradiographic
image is much improved if they are) and can be covered with Saran Wrap before they are exposed
to the film. Radiation from 32P is strong enough to require shielding by l-cm Plexiglas, which
blocks B-particles while minimizing production of Bremstrahlung.  
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Intensifying Screens

Preflashing

Strong fi-particles, such as those emitted by decay of BP, cam pass undetected through X~my tilm.

To increase the efficiency with which high—energy particles are detected, an intensifying screen

may be placed behind the X—ray film. Radioactive particles that pass through the film hit the

intensifying screen and cause it to emit photons that are captured by silver halide crystals in the

emulsion. The efficiency of the intensifying screen is determined largely by the thickness of the

phosphor layer. A thicker phosphor layer results in a “faster“ screen because the thick layer

absorbs more radiation than a thin layer. Thick screens are faster, but generate fu‘l‘liei‘ iiiieiges on

film, due primarily to diffusion of light in the phosphor layer.

Most conventional intensifying screens are made of calcium tungstate. which emits blue

light after capture of B—particles. Other screens contain rare earths such as lanthanum oxybro—

mide (blue light) or gadolinium oxysulfide, which emits green light. Modern calcium tungstate

screens such as Lightning Plus (Dupont, Cmnex) enhance the intensity of am iiutomdingraphic

image by a factor of ~5 when the film is exposed at low temperature (~7OOC) to retard the decay

of the latent image (Koren et al. 1970; Swanstrom and Shank 1978). Intensifying screens are usu—

ally used in pairs, with double-sided X-ray film and the 32P—labeled sample sandwiched between

the two screens in a light—tight cassette.

Conventional intensifying screens do not improve the efficiency with which 10w—energy B—

purticles can be captured by X-ray film. It is therefore a waste of time to use these screens with

samples that are labeled with 358, ”P, 14C, or 3H (liaskey and Mills 1977; Sanger et al. 1977).

However, specialized screens for use with these isotopes are available from Kodak. These screens

are placed between the sample and the film. B—particles from the sample are captured by the

screen and converted into photons, which are then detected by the film, as illustrated in Figure

A9-Z. The signal enhancement provided by TranScreen is generally equivalent to the sensitivity

obtained using fluorography

The spectral emission of some phosphors requires that an appropriately sensitized film be used

or much of the light will be wasted. Accordingly, the efficiencies with which low levels of radioac-

tivity can be detected are increased by a further twofold by preexposing the film to a short (~1

msec) flash of light emitted by a stroboscope or a photographic flash unit. This exposure gener—

ates stable pairs of silver atoms within each silver halide crystal and therefore increases the prob-

ability that an incoming particle of radiation will generate an activated crystal) which will be

reduced to silver metal during the developing process. The distance of the light source from the

film during preexposure should be determined empirically as follows (Laskey and Mills 1975,

1977). Note that preflashing is not recommended for high—sensitivity films such as BioMax

(Kodak). Pretlashing these films induces high levels of background.

1. (lover the stroboscope or flash unit with an orange filter (Kodak, Wi‘dtten 21 or 22A). This fil—

ter reduces the amount of incident blue light, to which X~ray film is very sensitive.

2. Working in total darkness, place the film perpendicular to the light source and at least 50 cm

away from it. This prevents uneven illumination. Cover the film with a diffusing screen. It. a

suitable screen is not available, use a piece of Whatman N0. 1 filter paper.
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Fluorography

3. Expose a series of test films to the light source for different lengths of time and then develop

the films. Cut the films into pieces that will fit neatly into the cuvette holder of a spectropho—

tometer. Measure the absorbance at 545 nm of the exposed films against a blank consisting of

film that was not preexposed. Choose an exposure time that causes the absorbance to increase

by 0.15.

Preflashed film has another advantage: The intensity of the image on the film becomes pro

portional to the amount of radioactivity in the sample (Laskey 1980). The intensity of autoradi-

ographic images on preexposed film can therefore be quantitated by microdensitometry and be

used to measure the amount of radioactivity in the original sample. By contrast, the silver halide

crystals in film that is not preexposed to light are not fully activated and therefore respond in a

sigmoidal fashion to increasing amounts of radioactivity (Laskey and Mills 1975, 1977). This rela-

tionship can complicate quantitation of autoradiographic images. The best types of films, for all

types of autoradiography except fluorography, are Kodak X-Omat-R and Fuji RX. When pre—

exposed, these films yield images whose absorbances are proportional to the intensity of the

source of radioactivity over a range of 0.15—1.0. However, true linear responses are only obtained

when (1) the background absorbance of the film at 545 nm is raised to an OD of 0.10—0.20 and

(2) the presensitizing flash is brief (~1 msec).

The intensity of autoradiographic images of weak B-emitters such as 3H, 14C, and 358 can be
enhanced by impregnating the samples with chemicals that are fluorescent and emit many pho-

tons when they encounter a single quantum of radiation (Wilson 1958, 1960). Fluorography

increases the sensitivity of detection of 14C and 355 approximately tenfold and permits detection
of 3H, which is otherwise virtually invisible to conventional autoradiography. Fluorography is

therefore particularly useful for the detection of radiolabeled proteins and nucleic acids in poly-

acrylamide gels.

In the original methods (Bonner and Laskey 1974; Laskey and Mills 1975), aqueous gels con-

taining the radioactive samples were equilibrated with DMSO, impregnated with the scintillant

PPO (2,5—diphenyloxazole), soaked in HzO to remove the DMSO, dried, and exposed to X-ray film

at —70°C. These procedures were costly) tedious (requiring at least 5 hours of work), and irrepro-

ducible in inexperienced hands. The most frequent cause of difficulty was the failure to remove

DMSO: Complete removal is essential to avoid sticky gels after drying. Because of these problems,

a number of alternative solvents have been developed to deliver PPO to the sample. These include

ethanol (Laskey 1980), glacial acetic acid (Skinner and Griswold 1983), and several other organic

solvents (e.g., please see Shine et al. 1974; Southern 1975).

Despite these improvements, PPO has now largely been replaced as a scintillant by sodium

salicylate (Chamberlain 1979) or by commercial scintillants (see below). With sodium salicylate,
the level of enhancement is approximately equal to that obtained with organic scintillants,
although the bands are slightly more diffuse. Commercially available aqueous scintillants such as

En3Hance, Enlightning, or Entensify (NEN Life Science Products) and Amplify (Amersham) are
supplied in liquid and spray-on form and, if used in accordance with the manufacturer’s instruc—
tions, give results every bit as good as those obtained with PPO, with far less work. However, they
are exceedingly expensive.

The types of X-ray film used for fluorography should match the fluorescence spectrum of
the scintillant. Sodium salicylate emits at 409 nm, whereas PPO emits at 375 nm. Commercial
enhancers emit either blue or UV light. Films that are sensitive in this region of the spectrum are
called “screen-type” X—ray films and include Kodak BioMax MS, Amersham Hyperfilm-MP, and
Fuji RX.  
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TABLE A9-1 Sensitivity of Autoradiographic Methods for Detection of Radioisotopes
 

 

 

 

 

 

 

|SOTOPE METHOD SENSITIVITY (dpm/mm-’)

355 no enhancement 30—61)

fluorogmphy 275

TranScreen LE (Kodak) 0.8—1.)

”P direct 3—5 17

intensifymg screen 0.5

TranScreen Ht (Kodak) 0.05411

“P direct 13—30

intensifying screen 1—1 5

TranScreen LE (Kodak) (14—013

14C fluorogmphy 1

TranScreen LE (Kodak) (1.84.2

123] intensifying screen 1—2

‘1 H fluorography 111—21)
'1‘ranScreen LE Kodak) 74—1 10
 

Sensitivity of Different Autoradiographic Methods

Table A9—1 shows the sensitivities of different autoradiographic methods for the detection ot~

radioisotopes, with and without various enhancements. The amounts of radioactivity shown in

the table are those required to obtain a detectable image (A545 : 0.02) on preflashed film that is

exposed to the sample for 24 hours. Much longer exposure times may be necessary to obtain pub-

lishable images.

Setting up Autoradiographs

1. Prepare gels for autoradiography in one of the following ways:

a. Fix the SDS‘polyacry1amide gels containing 33P or 115, HC, or jH as described in Chapter
5, Protocol 11. Use a commercial gel dryer to dry the ge1s onto Whatmdn 3MM paper.

b. Fix the sequencing gels containing 33P or 35S as described in Chapter 12, Protocol 12. Use

a commercial gel dryer to dry the gels onto Whatman 3MM paper.

c. For maximal sensitivity and resolution, fix, dry, and mount the polyacrylamide gels con—
taining 32P on backing paper.

Satisfactory images of wet, unfixed gels can also he obtained as long as the gels are settled in
a plastic hag or “Tapped in Saran “Tap before they are exposed to the 111m (please see
Chapter 5, Protocol 11). 53P—Iabe1ed nucleic acids in agarose gels can be detected by expo»?
ing the wet gel (\\ rapped in Saran Wrapt to X—ray film, However, for maxim.tl 50115111V1I)’ and

resolution, transfer the radiolabeled nucleic acids to a sohd support (nitrocellulose or nvlon
membrane) as described in Chapter 6, Protocol 8. Dry the solid supports and cover with
Sarah Wrap to prevent contamination of intensifying screens and film holders.

2. Place pieces of tape marked with radioactive ink around the edge of the sample on the back—

ing paper or Saran Wrap. Cover the pieces of tape with Scotch Tape. This arrangement pre-

vents contamination of the film holder or intensifying screen with the radioactive ink.

Alternatively, attach luminescent labels to the paper or Saran\\'r.1p. These may he purchased from
several numufacturers (e.g,, Stratagene).  



119.14 Appendix 9: Detection Systems

3. In a darkroom, place the sample in a light-tight X—ray film holder and cover it with a sheet of

X—ray film. If preflashed film is used, the preexposed side should face the sample; if an inten-

si ring screen is used, the preexposed side should face the intensifying screen.

4. Expose the film for an appropriate length of time (see Table A9-1). When conventional inten—

si 'ing screens or fluorography is used, the film must be exposed at —70°C. The low temper-

ature stabilizes the silver atoms and ions that form the latent image of the radioactive source.

5. Remove the film holder from storage (use gloves to handle holders stored at ~700C). In a

darkroom, remove the film as quickly as possible and allow it to warm up to room tempera—

ture before developing.

If it is necessary to obtain another autoradiograph, apply another film immediately and return the
film holder and screens to the freezer as rapidly as possible. If condensation forms before the new

film can be applied, allow the sample and screens to reach room temperature and wipe away all
condensation before applying the new film.

6. Develop the X-ray film either in an automatic X-ray film processor or by hand as follows:

X—ray developer

5 minutes

30/0 acetic acid stop bath or water bath
1 minute

rapid fixer

5 minutes

running water

15 minutes

The temperatures of all solutions should be 18—2000

7. Use the images of the radioactive or luminescent markers to align the autoradiograph with

the sample.

Phosphorimaging

Autoradiography has been the mainstay of molecular cloning for many years. Recently, however,

two types of phosphorimaging devices have become available that create images of radiation

sources on computer screens rather than on conventional photographic film. One type of device

(area detector) scans the gel or filter in small windows with a Geiger counter, compiling a con—

tour map of the number of radioactive disintegrations per unit area. The other device uses plates
coated with a light-responsive phosphor. The film or filter is directly exposed to the plates, and
the energy emitted is stored in a europium-based coating. The plates are then scanned by a laser,
releasing photons that are collected to form an image. Both devices present the image on a com-
puter screen. These instruments are more expensive than those required for conventional autora—
diography and the images have a lower resolution. However, the images can be detected in
~10—200/o of the time required by conventional autoradiography and a darkroom is not required.
In addition, the linear range of imaging instruments extends over about five orders of magnitude,
an improvement of at least lOO—fold over conventional X—ray film. Densitometric analysis of
images is therefore more accurate and far simpler. Details of phosphorimaging methodology will
vary with the device used and manufacturers’ instructions should be followed. The images are
captured electronically and can be stored and prepared for publication using programs such as
Adobe Photoshop (Adobe Systems Incorporated).
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Isotopic Data

TABLE A9-2 Isotopic Data
 

 

 

   

 

3H 355 jlp

TIME % Acnvnv TIME % ACTIVITY TMEM % Acnvm

(YEARS) REMAINING (DAYS) REMAINING (DAYS) REMAINING

I 94.5 2 98.4 I 95.3

2 89.3 5 96.1 2 90.8

3 84.4 10 92.3 3 86.5

4 79.8 15 88.7 4 82.4

5 75.4 20 85.3 5 78.5

6 71.3 25 82.0 6 74,8

7 67.4 31 78.1 7 71.2

8 63.7 37 74.5 8 67.8

9 60.2 43 71.0 9 64.7

10 56.9 50 67.0 10 61.5

11 53.8 57 63.6 11 58.7

12 50.9 65 59.6 12 55.9

12.3 50.0 73 56.0 3 53.2

81 52.5 14 50.7

87.1 50.0 14.3 50.0

125| 131] 331)

WW?wmz/(ITC7I7VF7Y TIME % Acnvm' TIME “— %“ACTIV|TT

(YEARS) REMAINING (DAYS) REMAINING (DAYS) REMAINING

4 95.5 0.2 98.3 2 94.7

8 91.2 0.4 96.6 4 89.7

12 87.1 0.6 95.0 6 84.9

16 83.1 1.0 91.8 8 80.4

20 79.4 1.6 87.2 10 76.1

24 75.8 2.3 81.2 12 72.1

28 72.4 3.1 76.7 14 68.3

32 69.1 4.0 71.0 16 64.6

36 66.0 5.0 65.2 18 61.2

40 63.0 6.1 59.3 20 57.9

44 60.2 7.3 53.4 22 54.9

48 57.4 8.1 50.0 24 52.0

52 54.8 25.4 50.0

56 52.4

60 50.0
 

One Curie 11211 1x equivalent to the amount of an isotope undergoing 3.7 x 10’“ nuclear disintegmionx/wcond (2.22 >< 111 >

d|xintcgrations/n]mute1. 1 (2123.7 x 101” bccquerels (Bq).

11411 : 2.7x 10 ” C1
1 “(Ii : 37 x 101 Bq : 37 kBq : 2.22 x 10“ dpm
1 mCi : 37 x 10“ Bq : 37 MBq : 2.22 x 109 dpm
I(ji : 37 x 109 Bq : 37 GBq : 2.22 >< 101: dpm  
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CHEMILUMINESCENCE

Larry J. Kricka

Department of Pathology and Laboratory Medicine, University of Pennsylvania, Philadelphia

Radioactive reagents have been gradually replaced by nonisotopic reagents for some tasks in mol—

ecular biology. Concern over laboratory safety and the economic and environmental aspects of

radioactive waste disposal have been key factors in this change. Generally, the new nonisotopic

systems have improved in terms of analytical sensitivity and the time required to obtain a result.
The most prominent nonisotopic analytical methods exploit chemiluminescence. This technique
has been particularly effective when used in combination with an enzyme label, so that the ampli-
fying properties of an enzyme label and the high sensitivity of a chemiluminescent detection reac-
tion are combined to produce an ultrasensitive assay (e.g., chemiluminescent detection of perox—
idase— and alkaline-phosphatase-Iabe1ed proteins and nucleic acid probes). In all of the com—
monly used applications in molecular biology, the analytical performance of the chemilumines-

cent systems approaches that of 125I- or 32P—based systems. Chemiluminescent systems also avoid
the lengthy signal detection times required with 32P—basecl methods, yielding results in minutes

rather than days. In addition, chemiluminescent probes can be easily stripped from membranes,
allowing the membranes to be reprobed many times without significant loss of resolution.
Experimental protocols for directly attaching nonisotopic labels to nucleic acids and indirect
labeling methods based on biotin, fluorescein, and digoxigenin labels are now well established.
The ancillary reagents (e.g., avidin, streptavidin, antidigoxigenin, and antifluorescein enzyme
conjugates) required for the indirect methods are widely available. In addition, several companies
have developed complete kits of labeling and detection reagents to simplify and facilitate the
application of the chemiluminescent assays.

Chemiluminescence is the light emission produced in certain chemical reactions as a result
of the decay of chemi-excited intermediates to the electronic ground state. Most chemilumines-
cent reactions are oxidation reactions because the production of visible light requires highly ener-
getic reactions (63.5 kcaI/mole for visible light at 450 nm) (please see the panel on CHEMILUMI-
NESCENT REACTIONS).

 

CHEMILUMINESCENT REACTIONS

Acridinium ester + peroxide + base
Adamantyl 1,2-dioxetane aryl phosphate + alkaline phosphatase
Lucigenin + peroxide + base
Luminol + peroxide + base
Nitric oxide + ozone
bis(2,4/6-trichlorophenyl)oxa|ate + peroxide + fluorescer 
 

 

0 Generally, chemiluminescent reactions are inefficient, especially in aqueous envi-
NH ronments, and the chemiluminescent quantum yields are typically <10%. Despite
rltH such inefficiency, this type of reaction is analytically useful and there are many

NH2 0 highly sensitive assays based on compounds with quantum yields of only 1% (e.g.,  
 luminol [S—amino-2,3—dihydr0-1,4—phthalazinedione]; the chemical structure of
luminol is shown at the left).

Chemiluminescence has a long history (for a review, please see Campbell 1988) and some
of the compounds in routine use today have been known for a long time. Luminol was first syn—
thesized in 1853 ( its chemiluminescent properties were not recognized until 1928), and lucigenin  
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this—N—methylacridinium nitrate; the chemical structure of lucigenin is F—W i

shown at the right) was synthesized in 1935. Chemiluminescent reactions I N;

are known in the gas phase (reaction of nitric oxide and ozone), liquid phase 0 O

te.g., luminol oxidation reaction), and soiid phase (e.g., phosphorous oxi— \ )

dation reaction) (Gundermann and McCapra 1987; Campbell 1988; Van O O i

Dyke and Van Dyke 1990). 6113 ‘
There are numerous applications for chemiluminescent reactions A—

ranging from the familiar emergency lighting that exploits the fluoresence—sensitized peroxyox-

alate oxidation reaction (Cyalume Lightsticks) to the study of phagocytosis using lucigenin 01“

luminol to enhance weak cellular chemiluminescence (Allen and Loose 1976). In molecular biol—

ogy, chemiluminescent compounds are used as labels in nucleic acid probe and protein blotting

applications (e.g., Southern and western blotting), and as reagents to detect enzyme—labeled

nucleic acids and proteins (Tables A9—3 and A9—4) (Kricka 1992; Nozaki et a]. 1992). Specific

advantages of chemiluminescent assays and protocols are improved sensitivity over conventional

radiometric, colori1netric,and fluorometric detection systems, hazard—free reagents. rapid results,

and versatile assay formats (e.g., solution— and membrane—based assays).

Chemiluminescent Labels

Acridinium Esters and Related Compounds

Light emission from an acridinium—ester—labeled antigen or antibody, prepared using an activated

hibei (2/,6'—dimethyl—4/—[N—succinimidyloxycarbonyl]phenyl 10—methylacridinium—9-carboxy-

late), is triggered by simply adding a mixture of sodium hydroxide and hydrogen peroxide. The

light is emitted as a rapid flash lasting <5 seconds, and this time scale imposes certain constraints

on the initiation of light production and its measurement (Weeks et al. 1983: Law et £11. 1989).

Usually, the light emission is measured by injecting the reagents into the assay tube positioned

directly in front of a photodetector in the light—tight measuring chamber of the luminometei‘.

Acridinium esters and the acridinium carboxamide analogs (acridinium—9—[N—sulfonyl]carbox-

amide) (Kinkel et al. 1989; Mattingly 1991) are the principal chemiluminescent labels used in

immunoassay (available from Assay Designs Inc, Athens, GA; Behringwerke AG, Marburg,
Germany; Ciba Corning Diagnostics, Medfield, MA, and Molecular Light Technology Research
Ltd, Cardiff, UK). The detection limit for this type oflabel is ~0.5 attomole (0.5 x 10—13 males).

Nonseparation DNA probe assays based on hybridization protection have been devised

(Arnold et al. 1989). This type of assay does not require the separation of bound from unbound

labeled species and so can be conveniently performed in a single step. The hybridization protec—
tion assay format exploits the millionfold difference in the hydrolysis rate ofan acridinium—ester-

TABLE A9-3 Chemiluminescent Assays for Immunoassay and Nucleic Acid Hybridization

 

 

Labels

DETECTION LIMIT
ENZYME SUBSTRATE (ZEPTOMOLES)

Acridinium ester NaOH + peroxide 500
Alkaline phosphatase AMPPD 1
[1-1)»galactosida>e AMPGD 30
Horseradish peroxidase luminol I perborate + 47i0dophenol 5,000
Isohiminol microperoxidase + peroxide 50,000
Xanthine oxidase luminol + Fe EDTA 3,000
 

Bmmtein (ind Krickd (1989); Krickd (1991).  
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TABLE A9-4 Applications of Chemiluminescence in Molecular Biology
 

TECHNIQUE EXAMPLE REFERENCES
 

Cell surface molecule analysis

Colony screening

DNA fingerprinting

DNA sequencing

Dot/slot blots

Gel mobility shift assay

In situ hybridization

Northern blotting

PCR product detection

Plaque screening

Reporter gene

Reverse transcriptase assay

CD2

E. coli transformed with pSP65 containing
N—ras proto—oncogene

Plant and fungal genomes; forensics

SingIe vector and multiplex

M13 single—stranded DNA

DNA-binding protein complex AP—l (Iun/Fos)

Herpes simplex virus I

LDL receptor

IL-6, PGDF

bcI-Z t(14218) chromosomal translocation;

Listeria monocytogenes

M13mp8 containing N—ras proto—oncogene

[3-D-galactosidase lacZ gene

HIV and lentivirus reverse transcriptase

Meier et al. (1992)

Stone and Durrant (1991)

Decorte and Cassiman

(1991 ); Bierwerth et al.

(1992)

Beck et al. (1989); Creasey
et al. (1991); Martin et al.

(1991); Karger et al. (1993)

Stone and Durrant (1991)

Ikeda and Oda (1993)

Bronstein and Voyta (1989)

Héltke et a]. (1991)

Engler-Blum et al. (1993)

Nguyen et al. (1992);

Holmstrom et al. ( 1993)

Stone and Durrant (1991)

Jain and Magrath (1991)

Cook et al. (1992); Suzuki

et al. (1993)

RFLP typing Clostridium difficile Bowman et al. (1991)

Southern blotting pBR328 Héltke et al. (1991)

t—PA Cate et al. (1991)

Southwestern analysis

HLA class I antigens

Protein: c— myb intron DNA interaction

Engler-Blum et al. (1993)

Dooley et al. (1992)

Western blotting HIV—I antibodies; transferrin Bronstein et al. (1992)
 

labeled probe that is hybridized to complementary target DNA and labeled probe free in solution.

Hydrolysis using a pH 7.6 borate buffer destroys the chemiluminescent property of the label, and

the light emission produced after the hydrolysis step is due solely to the hybridized labeled probe

(available from Gen—Probe, San Diego, CA).

Luminol and Its Analogs

Luminol was the first chemiluminescent compound to be used as an immunoassay label

(Schroeder et al. 1978). Light emission is triggered by adding an oxidant (e.g., hydrogen perox-

ide) in the presence of a suitable catalyst (horseradish peroxidase, microperoxidase, ferricyanide).

However, labeling via the S-amino group of luminol reduced light emission by a factor of 10.

Isoluminol, the 6-amino isomer of luminol, is less efficient than Iuminol (quantum yield 0.1%),

but labeling at the 6—position increases the light emission by a factor of 10, and thus this com—

pound, and its amino-substituted analogs, such as N—(4-aminobutyl)-N—ethyIisolumin01 (ABEI),

have become the favored labels for immunoassay applications (Kohen et al. 1979; Pazzagli et al.
1982).

Pyridopyridazines represent a separate class of chemiluminescent compounds. Early data

indicate that these compounds, particularly the 8-amino-5-chloro—7—phenyl and 8-hydroxy—7—

phenyl derivatives, will be useful as labels and co-substrates for detection of peroxidase labels.

Compared to Iuminol, these compounds have a much more intense chemiluminescence (~50-

fold) (Masuya et al. 1992).  
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Chemiluminescent Enzyme Assays

Alkaline Phosphatase

Adamantyl 1,2—di0xetzme M‘yT phosphates (e.g., AMPPD; disodium 3—(4-methoxyspir01 1,2—dim—

etane—3,2'—tricyclo[3.3.117]decan}—4—yl)—pheny1phosphate) and the 5—substituted analogs (e.g., 5—

chloro: CSPD; available from Tropix Inc.) have become extremely popular as chemiluminescent

substrates for alkaline phosphatase labels (Bronstein et al. 1989, 1990, 1991; Schaap et all. 1989).

The detection limit for the enzyme is 1 Zeptomole (10‘2' moles) and the light emission is 10mg-

lived (>1 hour), thus making this an ideal system for use with membrane—lmsed assays. The light

emission from this reaction can be enhanced by a nylon membrane surface and by certain poly~

mers, for example, polwinylbenzyl(benzyldimethylammonium) chloride. In the case of nylon,

the enhancement is due to sequestering of the dephosphorylated intermediate in hydrophobic

domains; these stabilize and minimize nonluminescent decomposition of the intermediate.

Chemiluminescent assays for alkaline phosphatase labels are now used widely for blotting and

DNA sequencing (Beck and deter 1990; Tizard et al. 1990).

[i-galactosidase

Adamantyl 1,2—dioxetane aryl galactoside substrates (AMPGD) for this enzyme are increasing in

popularity. The enzyme cleaves the galactoside group from the 3—position of the aromatic ring to

produce a phenoxide intermediate, and this compound decomposes to produce light. The detec~

tion limit for the enzyme using this assay is 50 zeptomoles.

Horseradish Peroxidase

Luminol and other cyclic diacylhydrazides serve as chemiluminescent cosubstmtes tbr horseradish

peroxidase. The basic isoenzyme of horseradish peroxidase can be assayed in amounts <5 atto-

moles (5 X 104“ moles) using an assay reagent comprising luminol, hydrogen peroxide, and an

enhancer (e.g., 4-i0d0phenol or 4-hydroxycinnamic acid) (Whitehead et 31. 1983; Thorpe et al.

1985; Thorpe and Kricka 1986). Enhancement of the acidic isoenzymes of peroxidase is much 1ess

effective. The role of the enhancer is to increase the intensity of the light emission and reduce back-

ground light emission due to oxidation of himinol by peroxide or other oxidants. This dual effect

has dramatic impact on the detection of peroxidase activity and increases the ratio at. signal to

background by several thousandtold (the enhanced chemiluminescent assay reagents are available

from Amersham). This sensitive assay for peroxidase (>10-fold more sensitive than a colorimetric

assay) has been combined effectivehr with the catalyzed reporter deposition (CARD) pr0t0c01

(Wigle et 31. 1993). In this amplification scheme, a peroxidase label reacts with a biotin tyrdmine

substrate to produce highly reactive radical products that react with the label and any protein in

the immediate vicinity of the label. Next, deposited biotin groups are reacted with streptavidin-

peroxidase (in this way, the original peroxidase label is amplified manyfold), and bound peroxidase

is detected using the enhanced chemiluminescent assay. Significant improvements in sensitivity

were achieved using the combination of CARD and chemiluminescent detection as opposed to col-

orimetric detection ofthe deposited peroxidase.

Xanthine Oxidase

This enzyme can be assayed using a mixture of luminol and an iron EDTA complex (Haret et al.

1990; Baret and Fert 1990). The assay is sensitive (detection limit 3 attomoles), and one notable

advantage is that the light emiSSion from the xanthine-oxidase-catalyzed chemihiminescent reac-

tiun is very long—lived (>96 hours).
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Glucose Oxidase

Several chemiluminescent assays for glucose oxidase have been developed. Isoluminol or luminol
in the presence of a microperoxidase catalyst can be used to assay peroxide produced by the action
of glucose oxidase on glucose (Sekiya et al. 1991); alternatively, the peroxide can be measured
using the chemiluminescent fluorophore-sensitized bis(2,4,6-trichlorophenyl) oxalate reaction
(Arakawa et al. 1982).

Commercial Reagents, Kits, and Luminometers

Comprehensive surveys of available chemiluminescent reagents and kits and luminometers for

the measurement of light emission have been published (please see Stanley 1992, 1993). Also

available are a series of compilations of references to current developments in both the funda-

mental and applied aspects of chemiluminescence (please see Kricka and Stanley 1992; Kricka et

al. 1995; Wilkinson 1998). Chemiluminescence can be detected using a range of measuring

devices, including a photomultiplier tube (in photon counting or less sensitive photon current

mode) or silicon photodiode, or it can be imaged using a CCD camera (Wick 1989) or photo-

graphic film (Kricka and Thorpe 1986). CCD cameras are gaining in popularity because they are

a convenient and sensitive means of detecting light emission from a two—dimensional source such

as a membrane or a 96-well microplate. In addition, the kinetics of light emission are easily mon-

itored, and image enhancement and background subtraction improve the quality of the results.
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BIQLUMINESCENCE
 

Bioluminescent organisms generate light from chemical reactions that are catalyzed by enzymes

called luciferases. Many of these reactions are extremely efficient and produce about one photon

per Iuciferase cycle. In the laboratory, light generated by the action Oflucifemses can be captured.

amplified, and measured in a luminometer. A sensitive instrument can detect the light produced

by the activity of 2 X 104 luciferase molecules (10(20 moles), a level that is several orders of mag-
nitude more sensitive than any non—light—producing enzymatic reaction. Because assays for

luciferases are simple to perform, luciferase genes have become widely used as reporters which,

when linked to appropriate regulatory elements, provide accurate measurements of the level Of

gene expression, In the short space of 3 or 4 years, luciferases have replaced chloramphenico]

acetyltransferase (CAT) as the reporter system of choice. Assays for luciferase are more sensitive

faster, and less expensive than CAT assays; they do not require the use of radiolabeled compounds

and may not involve the destruction of the host cells.

Luciferases are widely distributed in nature and are diverse in structu re. The best studied are

those of the common North American firefly Photimts pyralis (Photimls lucit‘erin 4—mono-0xyge-

nase) and the marine microorganism Vibrio harveyi (alkanai, reduced—FMNtoxido oxidoreduc—

lase). The properties and substrate specificities of these two iuciferases are very different.

Firefly Luciferase

Firefly luciferase catalyzes the oxidative decarboxylation of D(—) luciferin in the presence ofATP-

Mg“ to generate oxyluciferin and light:

luciferin + ATP—Mg3+ + luciferase —> luciferasezluciferyl—AMP + PP]

luciferasezluciferyLAMP + 02 ~9 luciferase + oxyluciferin + C0: + AMP + 111' (502 nm)

Luciferin is a generic term for substrates that generate light during oxidation catalyzed by

Iuciferases. Firefly luciferin, 6—hydroxybenzothiazole [D—(—)—(6’hydroxy—2benzothiazolyl)D3—thi~

azoiine-4—carb0xylic acid] was first isolated in pure form from fireflies in 1957 by Bitler and

McElroy; 9 mg of pure luciferin was obtained from 15,000 fireflies. Nowadays, luciferin is syn-

thesized chemically.

Properties of Firefly Luciferase

Firefly luciferase is a 521—amin0-acid protein with a predicted molecular weight of 57,000 (de Wet

et al. 1987) that is targeted to peroxisomes in all organisms in which the protein is expressed

(Keller et a]. 1987; for review, please see Gould and Subramani 1988). The membrane—bound

nature of peroxisomes undoubtedly limits access of substrates (luciferin and ATP) to the enzyme

and may account for the low level of light produced when firefly luciferase is assayed in intact

mammalian cells (de Wet et a]. 1987; Gould and Subramani 1988), Deletion or mutation of the

three carboxy-terminal amino acid residues generates cytosolic forms of the enzyme. Several of

these cytoplasmic mutants appear to retain full enzymatic activity (Gould and Subramani 1988),

but it is not yet known whether they are more accessible to substrates that are added to the extra—

cellular medium.

In addition to tolerating changes at its carboxyl terminus, firefly luciferase will accept alter—

ations to its amino terminus. The enzyme has been expressed in E. coli (1) as a fusion protein that

lacks the first six amino acids of luciferase and contains eight amino—terminul residues encoded

by the expression vector and the synthetic oligonucleotide used for cloning (de Wet et al. 1985)

and (2) as a 92—kD fusion with a modified Staphylococcus am‘eus‘ A protein (Subramani and
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DeLuca 1988). A series of eukaryotic expression vectors for measuring promoter strength has

been developed by Promega. A particularly useful version, the Dual Luciferase Reporter Assay

System (DRL), encodes two luciferases, one from the firefly and the other from the sea pansy

(Renilla reniformis). This dual reporter assay provides a convenient internal standard for normal—

ization of gene expression measurements.

Firefly luciferase, isolated either from fireflies or from E. coli expressing a cloned copy of the

luciferase gene, is available commercially (Boehringer Mannheim, Sigma, and Promega). A solu-

tion of purified firefly luciferase (1 mg/ml) has an absorbance at 280 nm of 0.75 (DeLuca and
McElroy 1978).

Assays for Firefly Luciferase

Luminometry. Addition ofATP and luciferin to preparations of firefly luciferase generates a flash

of light that peaks 0.3 second later and lasts for a few seconds. Within 1 minute after mixing sub-

strate and enzyme, the intensity of the emitted light falls to ~10% of peak values and then declines

more slowly over a period of several minutes. The decay in light emission is caused by slow

turnover of the enzyme and product inhibition by pyrophosphate (DeLuca and McElroy 1978)‘
Dissociation of the enzyme-product complex occurs more efficiently in the presence of

acetyl—coenzyme A (CoA) (Wood 1991) and nonionic detergents such as Triton X—100 (Kricka

and DeLuca 1982). The concentration of ATP in the assay affects the intensity of light produced

in the two phases of the reaction. Firefly Iuciferase has two distinct, catalytically active ATP-bind-

ing sites. One site is responsible for the initial flash, whereas the second, which has a higher affin-

ity for ATP, is involved in the continuous production of light of lower intensity (DeLuca and

McElroy 1984). Assays for luciferase generally contain concentrations ofATP that are sufficient to

saturate both sites of the enzyme. Under these conditions, the amount of light emitted during the

initial flash is proportional to the amount of enzyme in the reaction mixture over five orders of

magnitude. Because of the short duration of the initial flash, most assays for luciferase require

special luminometers that are designed to allow injection and rapid mixing of reagents and imme-

diate analysis of the emitted light. A moderately priced luminometer can detect as little as

003—010 pg of luciferase.

An improved luciferase assay system is available from Promega. The system generates a

burst of light whose intensity remains nearly constant for ~20 seconds and then decays slowly

with a half—time of 5—10 minutes. These more favorable kinetics are achieved by including Triton

X— 100 and acetyl-CoA in the assay system. Luciferin is oxidized more efficiently by luciferyl-COA

than by luciferyl-AMP (Wood 1991 ). The emitted light can be measured either in a luminometer
or in a liquid scintillation counter.

Liquid scintillation spectroscopy. If a luminometer is not available, firefly luciferase can be
assayed in a conventional liquid scintillation counter. Reaction conditions have been reported that

minimize the intensity of the initial flash and optimize the long-lasting emission of low-intensity
light by firefly luciferase (Nguyen et al. 1988). The reactions are carried out in microfuge tubes or
96-well plates (Schwartz et al. 1990), and the emitted light is measured in a channel of a scintilla-

tion counter that detects chemiluminescence. Collection of data begins a few seconds after the
reagents have been mixed and continues for 3—5 minutes. Under optimal conditions, measure—
ment of long—lasting emission of light in a scintillation counter is as sensitive an assay for firefly
luciferase as luminometry‘

Some scintillation counters are not equipped with a preset channel for detection of chemi-
luminescence. However, the standard channels used for counting of atomic disintegration can be
used for assay of luciferase provided the coincidence circuit is turned off. The counts per minute
are then proportional to the intensity of luminescence. If the coincidence circuit cannot be turned  
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off, the intensity of luminescence will be proportional to the square root ofthe counts per minute

after background has been subtracted.

Photographic and X-ray film. Firefly luciferase can be detected by exposing the light—emitting

reaction to X—ray or photographic films (de Wet et al. 1986; Wood and DeLuea 1987). This

method is useful for preliminary screening of samples for the presence (11‘ absence of firefly

luciferase (e.g., screening tissue extracts of transgenic animals or estimating the relative efficien—

cies of a series of mutant promoters).

Firefly Luciferase as a Reporter Molecule

The use of 1ueiferase as a reporter gene follows the same basic strategy developed for other

reporter gene systems. In brief, a segment of DNA containing putative regulatory (is—acting ele—

ments is inserted into a plasmid upstream of a cloned copy Ofluciferase CDNA. The chimeric con-

struct is used to transfect cultured cells of the appropriate type, and luciferase activity is assayed

some time later in extracts of the transfected cells. When the assay is carried out in the presence

of excess substrates, the amount of luminescence is proportional to the concentration of newly

synthesized enzyme. Because extracts are 1ike1y to contain ATP, whose concentration is unknown,

luciferase is generally measured by adding luciferin as the last substrate. Promoterless expression

vectors for luciferase have been described by Nordeen (1988). Another suitable plasmid, pGEM-

iuc, sold by Promega, contains the firefly luciferase gene positioned in the center of the muitipie

cloning region of pGEM—l IZf(—).

Cultures of mammalian cells (2 X 105 cells) transfected by the calcium phosphate method

with a reporter construct in which expression of firefly luciferase is driven by a moderately strong

promoter produce ~15—50 ng of luciferase. Luciferase activity is stable for several weeks in

extracts of cells stored at 4°C.
Luciferase was first used in 1988 as a reporter for promoter activity in transgenic mice

(DiLella et al. 1988). Since then, it has been used sucessfully as a reporter to measure the tissue

specificity, developmental expression, and strength of more than a dozen different promoters in

transgenic animals. Luciferase is commonly used as a reporter to locate and analyze regulatory

elements in mammalian genes (e.g., please see van Zonneveld et al. 1988; Economou et al. 1989;

Hudson et al. 1989). In addition, luciferase has been used (1) to identify proteins that influence

gene transcription (Waterman et al. 1988; Mellon et al. 1989), (2) to investigate the effects of

mRNA structure on protein synthesis (Baughman and Howell 1988; Malone et al. 1989), and (3)

to measure rates of intracellular protein recycling (Nguyen et al. 1989). Luminometi‘ic measure—

ments can detect ~5 X 105 molecules 0f1uciferase in 10 mg of protein in a crude tissue extract,

which is a fivefold increase in sensitivity over assays for CAT activity in tissue extracts (Robinson

et al. 1989).

Bacterial Luciferase

Luciferase of Vibrio harveyi is a heterodimer whose 0. and [3 subunits (355 and 324 amino acids,

respectively) are encoded by the bacterial luxA and luxB genes. These genes, which are part of an

operon (Belas et al. 1982; for review, please see Ziegler and Baldwin 1981), have been cloned,

sequenced, and expressed, first in E. coli (Baldwin et al. 1984; Cohn et al. 1985; Iohnston et al.

1986) and then in plants, where the luxA and 111368 cistrons were placed downstream from two

separate promoter elements (Koncz et al. 1987). The termination codon of 11th and the short

intercistronic distance separating luxA and 11th have been replaced by sequences encoding

polypeptide linkers (Boylan et al. 1989; Kirchner et al. 1989). The resulting fused quA and [IIXH

genes express highly active luciferase that can be assayed in yeast, E. coli, and plant cells. This abii—
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ity to express bacterial luciferase as a single polypeptide removes a major obstacle to its use as a

reporter molecule in mammalian cells. Bacterial luciferase catalyzes the oxidation of long—chain

aldehydes into carboxylic acids using FMNH2 as a cofactor, producing photons as one of the reac-

tion products:

RCHO + 02 + FMNH2 ——> RCOOH + FMN + HZO + 11V (490 nm)

where R is an aliphatic moiety containing at least seven carbon atoms; FMN is a flavin mononu-

cleotide; and FMNH2 is a reduced flavin mononucleotide. Bacteria contain enough FMNH2 to

drive this reaction, and light emission can therefore be measured directly from intact cells, allow-

ing gene expression to be assayed in real time (e.g., please see Legocki et al. 1986). In yeasts, the

intracellular concentration of FMNH2 is much lower, and the intensity of in vivo luminescence is

therefore far lower than in intact bacteria. However, the level of light produced in intact yeast cells

expressing the bacterial Zux genes is still 1000—fold over background and significantly above that

reported for firefly luciferase (Tatsumi et al. 1988). Intact cells of higher eukaryotes do not con-

tain enough FMNH2 to drive the reaction catalyzed by the fused luxAB genes. However, addition

to cell extracts of FMNH2 and an FMNHz—generating system (e.g., NAD[P]H:FMN reductase;

available from Boehringer Mannheim) generates high levels of luminescence.
Although side-by-side comparisons of efficiency have not been reported, a luxAB fusion has

two theoretical advantages over firefly luciferase as a reporter molecule: luxAB is a cytosolic mol-

ecule, and its substrate, the aldehyde decanal, penetrates membranes easily. Although the quan—

tum yield of the photochemical reaction catalyzed by luxAB is less than that of firefly luciferase,

luxAB may turn out to be the more sensitive reporter in intact cells. For a summary of chro-

mogenic and luminescent methods of detection of immobilized antigens, please see Appendix 8,

Table A8—12.

Green Fluorescent Protein

The bioluminescent jellyfish, Aequorea Victoria emits a characteristic green fluorescence, which is

due to the interaction of two proteins, the calcium-binding photoprotein aequorin, and the green

fluorescent protein (GFP). The emission spectrum of GFP peaks at 508 nm (Johnson et al. 1962),

a wavelength close to that of living Aequorea tissue, but distinct from the chemiluminescence of

pure aequorin, which is blue and peaks near 470 nm. With the initial purification and crystalliza—

tion of GFP, it was discovered that calcium-activated aequorin could efficiently transfer its lumi-

nescent energy to GFP when the two were co—adsorbed onto a cationic support (Morise et al.

1974). Green light is produced when energy is transferred by a Fbster—type mechanism from Ca“-

activated aequorin to GFP, Blue light emitted by activated aequorin is captured by a hexapeptide

chromophore (beginning at residue 64 of GFP) that contains a cyclic structure (4-[p-hydroxyben-

zylidene]imidazolidin—5—one) attached to the peptide backbone through the 1—position and 2-

position of the ring (Shimomura 1979). Interestingly, this structure appears to be conserved

among fluorescent proteins, even those from nonbioluminescent organisms (Matz et al. 1999).

The GFP gene was cloned in 1992 (Prasher et al. 1992) and is now used as a reporter in a

wide range of organisms (e.g., please see Chalfie et al. 1994; Wang and Hazelrigg 1994; Marshall

et al. 1995; Yeh et al. 1995; Chiu et al. 1996; Niedenthal et al. 1996; Misteli et al. 1997). Expression

levels of GFP can be measured accurately using a fluorometer. Fluorescence is measured directly

in intact living cells in 96—well plates and expression is assessed on an individual cell basis using

fluorescence microscopy. Engineered variants of GFPs that fluoresce at different wavelengths and

with different intensities have been developed and are available from various commercial sources

(e.g., Research Genetics and CLONTECH). For more information on GFP and its applications in

molecular biology, please see the information panel in Chapter 17.  
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ANT'BOD'Q“ 

Antibodies are used for several major purposes in molecular cloning:

o to screen cDNA libraries fer clones that express a specific protein

0 to purify fusion proteins that are tagged with a specific epitope

o to detect and quantify foreign protein expressed by recombinant DNA techniques

0 to confirm that a cloned gene encodes a protein of interest

0 to detect probes labeled with biotin or digoxygenin

o to detect mRNAs by immunohistochemical analysis

Antibodies come in a variety of classes‘ affinities, and idiotypes. They can he polyclonal or

monoclonal, engineered or natural, and raised in animals or generated in vitro. However, as far its

molecular cloning is concerned, the specificity of the antibody is far more important than its

provenance. Antibodies can be divided into three groups according to how they react with their

target proteins.

0 Antibodies that react with theforeign protein independently ofits conformation. Antibodies

of this type are particularly useful for measuring the total amount of the target protein in

crude preparations or in cell extracts. They are usually polyclonal in nature and are prepared

by immunizing animals with partially denatured protein or with a peptide whose sequence

corresponds to part of the intact protein However, monoclonal antibodies that are pnn—spe

cifie are not uncommon.

0 Antibodies that react only with epitopes specific to the native form of the target protein.

Antibodies of this type are typically monoclonal, have been raised against native protein, and

recognize a given sequence of amino acids only when it occurs in its native three—dimensional

configuration. These antibodies are useful for testing whether mutated forms of proteins that

have been generated by in Vitro mutagenesis are folded correctly or whether a wild-type protein

expressed in heterologous cells is assembled into a correct three—dimensioml configuration.

0 Antibodies that react only with denatured forms of the target protein. These antibodies are
raised against fully denatured antigens and can be either monoclonal or poiyclonal. Antibodies

of this type are useful for western blotting and for immunological screening ochNA libraries.

Although there is no way to guarantee the production of particular types of antibodies, it is

nevertheless possible to choose an immunization regimen that will favor the production of anti—

bodies with the desired characteristics. However, it is always necessary to screen several indepen—

dent antisera or a series of monoclonal antibodies to identify those suited to the tasks at hand.

Purification of Antibodies

For many purposes, antisera need not be fractionated before use. However, it the antisem are to

be radiolabeled or conjugated to enzymes such as horseradish peroxidase (HRI’) or alkaline phos-

phatase, it is necessary to purify the IgG fraction or, in some cases, to purify the antibody of inter

est by binding it to its cognate antigen.

Although many techniques have been developed to purify IgG molecules, the method of

choice is adsorption to, and elution from, beads coated with protein A, a component of the cell

wall of S. aurezzs (Hjelm et al. 1972). For reasons that are not known, this protein (MI : 42,000)
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binds strongly to sites in the second and third constant regions of the Fc portion of the

immunoglobulin heavy chain (Deisenhofer 1981). Each lgG molecule therefore contains two
binding sites for protein A. Because protein A itself has five potential sites for binding to IgG
(Sjodahl 1977), it is possible to form multimeric complexes of the two types of proteins.

Not all immunoglobulins bind to protein A with the same affinity. Antibodies from
humans, rabbits, and guinea pigs bind most tightly, followed in decreasing order of affinity by
those from pigs, mice, horses, and cows (Kronvall et al. 1970a,b; Goudswaard et al. 1978).
Immunoglobulins from goats, rats, chickens, and hamsters bind in a much weaker fashion, and a
“bridging” antibody is usually required to purify them by adsorption to protein A.

Within any one species, different classes of immunoglobulins vary in the sequences of their
PC regions and consequently bind to protein A with different affinities. Of the major classes of
human IgG, for example, three (IgGl, 2, and 4) bind with high affinity and one (IgG3) binds very
weakly, if at all. Similarly, mouse IgGZa binds with high affinity, IgG2b and IgG3 bind tolerably
well, and IgG1 binds poorly (Ey et al. 1978). These differences are generally unimportant when
dealing with polyclonal sera, where antibodies against the target antigen are distributed through-
out all of the major subclasses of IgG. Consequently, purification of polyclonal immunoglobulins
raised in rabbits, humans, and mice by binding to protein A may alter the distribution of sub-
classes of IgG, but it rarely changes the specificity or avidity of the final preparation. However,
monoclonal antibodies secreted from hybridomas carry only one subclass of heavy chain. Before
attempting to purify a given monoclonal antibody, it is essential to determine the subclass of its
heavy chain using commercially available immunological reagents directed against isotypes of the
Fc region. If the monoclonal antibody falls into a class that binds poorly to protein A (e.g., by
binding to protein G or to human IgG3 or mouse IgGl), it should be purified by another method
(e.g., ammonium sulfate precipitation, followed by chromatography on DEAE-cellulose).
Alternatively, a bridging antibody can be used to attach the monoclonal antibody to protein A.

Protein A coupled to a solid support by cyanogen bromide is supplied by several manufac—
turers (e.g., protein A-Sepharose CL—4B; Pharmacia). Each milliliter of swollen gel can bind
~10~20 mg of IgG (equivalent to 1—2 ml of antiserum). Antibodies bind to protein A chiefly by
hydrophobic interactions (Deisenhofer 1981) that can be disrupted at low pH. Protein A is
remarkably resilient and withstands repeated cycles of exposure to low pH extremely well; it can
also be treated with high concentrations of denaturing agents such as urea, guanidine hydrochlo-
ride, or potassium isothiocyanate without permanent damage. Most antibodies can withstand
transient exposure to low pH, and this treatment is now the standard method to release them in
an active form from protein A—Sepharose beads. For additional information on protein A, pro-
tein G, and protein L, please see the information panel on IMMUNOGLOBULlN-BINDING PRO-
TEINS: PROTEINS A, C, AND 1 at the end of this appendix.

Although hyperimmune antisera raised in experimental animals contain very high concen—
trations of immunoglobulin directed against the target antigen, such antisera also always contain
antibodies directed against other antigens. In addition, the immunoglobulins in antisera may
bind with low avidity to molecules that are not true target antigens. For these and other reasons,
antisera can manifest a level of background reactivity that is unacceptably high. There are three
ways to deal with this problem:

0 Use an innocuous blocking agent (e.g., bovine serum albumin, normal serum, or BLOTTO)
to compete with the immunoglobulin for nonspecific binding sites. Blocking agents are rou—
tinely included in solutions used, for example, in immunological screening of expression
libraries constructed in plasmid or bacteriophage 7L vectors.

0 Remove antibodies that are directed against specific contaminating antigens by adsorption.
Methods to remove antibodies directed against bacterial antigens are discussed in Chapter 14,  
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Protocol 4. Antibodies that cross—react with components in eukaryotic cells can be adsorbed

with acetone extracts of a cell line or tissue that are known not to express the true target anti-

gen. If such a line cannot be identified with certainty, use an acetone extract of commercially

available dried yeast (Sambrook et ill. 1989). Alternatively, unwanted antibodies can be

adsorbed to antigens immobilized on nitrocellulose or PVDF membranes.

0 Separate antibodies directed against the target antigen from contaminating antibodies by

aflinity purification. In some cases (e.g., when the antigen is a protein) the antigen may be

coupled to a matrix such as cyanogen~br01nide—activated Sepharose. Antibodies directed

against epitopes displayed by the protein will be retained by the column; all other

immunoglobulins will pass through. The bound antibody is then released from the column by

agents that disrupt the antigen—antibody complex (e.g., potassium isothiocyanate and low-pH

buffers). Details of the methods used to prepare antibodies by immunochromatography vary

from antigen to antigen and from antibody to antibody. However, the general principles are

well—deseribed in a number of reviews (e.g., please see Hurn and Chantler 1980: Harlow and

Lane 1988, 1999). When using these methods, it is essential to use highly purified antigen and

to avoid the batch ofantigen that was used to raise the antibody in the experimental animals.

Furthermore, it is important to remember that antibodies with different altinities for the anti-

gen will show different patterns of elution from the column; those that bind loosely to the ilntl—

gen will elute first, and those that bind most tightly will elute last. In fact, antibodies with the

highest avidity may be denatured by the elution buffer before they dissociate from the antigen.

Thus, there is a tendency during immunopurification to select for antibodies that ‘dl’t‘ specific

for the antigen but that bind with low affinity.

Antibodies may be purified on a small scale by adsorption to, and elution from, protein

antigens that are immobilized on diazotized paper (Olmsted 1981), or nitrocellulose filters

(Burke et al. 1982; Smith and Fisher 1984; Earnshaw and Rothtield 1985), after electrophoresis

through SDS—polyacrylamide gels. Antibodies prepared by this method are especially useful for

confirming the identity of CDNA clones isolated from expression libraries constructed in bacte-

riophage k or plasmid expression vectors. For example, many false—positive clones can be elimi—

nated by purifying antibodies from crude sera by virtue of their ability to bind to a fusion pro-

tein partly encoded by the Cloned cDNA and testing the ability L)l<l.l1t‘bt’ purified antibodies to pre—

cipitate the target protein or to react with it on a western blot. However, this method works well

only when the antibodies react With epitopes that are displayed on denatured proteins. Typically,

~50 ng of immunopurified antibody is recovered per microgram of target protein loaded on the

original SDS—polyacrylamide gel. Because of the idiosyncratic nature of the interactions between

antibodies and their target proteins, it is not possible to give conditions for binding and elution

that are universally applicable. For example, most antibodies can be eluted from their immobi—

lized antigens with glycine buffer (pH 2.8). However, Farnshaw and Rothtield l 1985) found that

antibodies to human centromeric proteins could be eluted only with a solution containing 3 M

potassium thiocyanate and 0.5 M NH4OH. Investigators who wish to use thi5 potentially power—

ful technique should be prepared to invest some effort in defining the optimal conditions for

binding and release of their particular antibodies from their target proteins.

Immunological Assays

Antibodies are used in a wide variety of assays, both qualitative and quantitative, to detect and

measure the amount of target antigens. These assays include western blotting. immunoprecipita—

tion, and solid—phase radioimniunoassay (RIA).  
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Western Blotting

Western blotting (Towbin et al. 1979; Burnette 1981; Towbin and Gordon 1984) is to proteins

what Southern blotting is to DNA. In both techniques, electrophoretically separated components

are transferred from a gel to a solid support and probed with reagents that are specific for partic-

ular sequences of amino acids (western blotting) or nucleotides (Southern hybridization). In the

case of proteins, the probes usually are antibodies that react specifically with antigenic epitopes

displayed by the target protein attached to the solid support. Western blotting is therefore

extremely useful for the identification and quantitation of specific proteins in complex mixtures

of proteins that are not radiolabeled. The technique is almost as sensitive as standard solid—phase

radioimmunoassays and, unlike immunoprecipitation, does not require that the target protein be

radiolabeled. Furthermore, because electrophoretic separation of proteins is almost always car-

ried out under denaturing conditions, any problems of solubilization, aggregation, and coprecip-

itation of the target protein with adventitious proteins are eliminated.

The critical difference between Southern and western blotting lies in the nature of the

probes. Whereas nucleic acid probes hybridize with a specificity and rate that can be predicted by

simple equations, antibodies behave in a much more idiosyncratic manner. As discussed earlier,

an individual immunoglobulin may preferentially recognize a particular conformation of its tar-

get epitope (e.g., denatured or native). Consequently, not all monoclonal antibodies are suitable

for use as probes in western blots, where the target proteins are denatured. Polyclonal antisera, on

the other hand, are undefined mixtures of individual immunoglobulins, whose specificity, affin-
ity, and concentration are often unknown. It is therefore not possible to predict the efficiency with

which a given polyclonal antiserum will detect different antigenic epitopes of an immobilized,

denatured target protein.

Although there is an obvious danger in using undefined reagents to assay a target protein

that may also be poorly characterized, most problems that arise with western blotting in practice

can be solved by designing adequate controls. These include the use of (1) antibodies (i.e., preim-

mune sera, normal sera, or irrelevant monoclonal antibodies) that should not react with the tar-

get protein and (2) control preparations that either contain known amounts of target antigen or

lack it altogether.
Often, there is little choice of immunological reagents for western blotting — it is simply

necessary to work with whatever antibodies are at hand. However, if a choice is available, either a

high—titer polyclonal antiserum or a mixture of monoclonal antibodies raised against the dena-

tured protein should be used. Reliance on a single monoclonal antibody is hazardous because of

the high frequency of spurious cross-reactions with irrelevant proteins. If, as is usually the case,

monoclonal and polyclonal antibodies have been raised against native target protein, it will be

necessary to verify that they react with epitopes that either (1) resist denaturation with SDS and

reducing agents or (2) are created by such treatment. This test can be done by using denatured

target antigen in a solid-phase radioimmunoassay or in western dot blots.

In western blotting, the samples to be assayed are solubilized with detergents and reducing

agents, separated by SDS—polyacrylamide gel electrophoresis, and transferred to a solid support

(usually a nitrocellulose or PVDF filter), which may then be stained (e.g., with Ponceau S). The

filter is subsequently exposed to unlabeled antibodies specific for the target protein. Finally, the
bound antibody is detected by one of several secondary immunological reagents (e.g., 125I-
labeled or anti—immunoglobulin, or anti-immunoglobulin or protein A coupled to horseradish
peroxidase or alkaline phosphatase), followed by autoradiography, enhanced chemilumines-
cence, or enzymatic production of a colored precipitate. As little as 1—5 ng of an average—sized
protein can be detected by western blotting. For more information on western blotting, please
see Appendix 8.  
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lmmunoprecipitation

Immunoprecipitation is used to detect and quantitate target antigens in mixtures of proteins. The

power of the technique lies in its selectivity: The specificity of the immunoglobulin for its ligand

is so high that the resulting antigen—antibody complexes can be purified from contaminating pro—

teins. Furthermore, immunoprecipitation is extremely sensitive and is capable of detecting as lit—

tle as 100 pg of radiolabeled protein. When coupled with SDS—polyacrylamide gel electrophor—

esis, the technique is ideal for analysis of the synthesis and processing1 of foreign antigens

expressed in prokaryotic and eukaryotic hosts or in in vitro systems.

The target protein is usually immunoprecipitated from extracts of cells that have been radi-

olabeled. However, immunoprecipitation can also be used to analyze unlabeled proteins as long,

as sufficiently sensitive methods are available to detect the target protein after it has been dissoci-

ated from the antibody. Such methods include enzymatic activity, binding of radioactive ligands,

and western blotting.

Solid-phase Radioimmunoassay

The solid-phase radioimmunoassay (RIA) is a quantitative method that is capable of detecting as

little as 1 pg of target antigen. This means that RIAs are sufficiently sensitive to measure, for

example, the amount of foreign protein produced by transfected mammalian cell cultures. There

are many different kinds of RIAs, which fall into four basic designs:

0 Competition RIAs: In this method, the unlabeled target protein in the test sample competes

with a constant amount of radiolabeled protein for binding sites on the antibody. The amount

of radioactivity present in the unbound or bound target protein is then measured. This type

of assay can be extremely sensitive but requires that target protein be available (preferably in a

pure form) to serve both as a competitor and as a standard.

0 Immobilized antigen RIAs: In this method, unlabeled antigen is attached to a solid support

and exposed to radiolabeled antibody. Comparison of the amount of radioactivity that binds

specifically to the samples under test with the amount that binds to a known amount of immo-

bilized antigen allows the antigen in the test samples to be quantitated. Although used occa-

sionally, this type of assay is not particularly useful for quantitation of small amounts of for—

eign protein in complex mixtures (e.g., in cell Iysates); most of the binding sites on the solid

support become occupied by proteins other than the target protein, so that the sensitivity of

the assay is comparatively low.

0 Immobilized antibody RIAs: In this method, a single antibody bound tn a solid support is

exposed to radiolabeled antigen. The amount of antigen in the test sample can be determined

by the amount of radioactivity that binds to the antibody. This assay is not useful for quanti—

tating the amount of foreign protein in many different samples, chiefly because of the practi~

cal difficulty of radiolabeling the protein either in vivo or in vitro.

0 Double-antibody RIAs: In this method, one antibody bound to a solid support is exposed to

the unlabeled target protein. After washing, the target protein bound to the immobilized anti-

body is quantitated with an excess of a second radiolabeled antibody. This assay is extremely

sensitive and specific because the target protein is essentially purified and concentrated by

immunoadsorption. Furthermore, many test samples can be processed sinmltnneously

However, the method requires that the first and second antibodies recognize nonoverlapping

epitopes on the target protein. Ideally, the first antibody is monoclonal, whereas the second can

be either a polyclonal antibody or a monoclonal antibody of different specificity. However, in
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some cases, it may be possible to use the same polyclonal antibody for both parts of the assay.

If suitable antibodies are available, this is the method of choice for quantitation of target pro-

teins in complex mixtures.

Radiolabeling of Antibodies

Of the several methods that are available to radioiodinate antibodies, the most commonly used is

a reaction in which an electrophilic iodine species is generated by oxidation of Na‘351 with chlo—

ramine-T (N—chlorobenzenesulfonamide). The positively charged iodine then reacts with the side

chains of tyrosyl) and to a lesser extent, histidyl residues (for review, please see Seevers and

Counsell 1982). Iodination by chloramine-T was devised as a method to label small amounts of

polypeptide hormones to very high specific activity (Hunter and Greenwood 1962; Greenwood et

al. 1963). However, the reaction conditions are so severe as to cause extensive denaturation of pro-

teins that are sensitive to oxidation. The modified procedure devised by McConahey and Dixon

(1966, 1980), which uses lower concentrations of chloramine-T and longer reaction times, yields

native proteins without a significant loss in the efficiency of radiolabeling. Nowadays, most inves—

tigators prefer to use chloramine-T covalently coupled to nonporous polystyrene beads

(Iodobeads, Pierce) (Markwell 1982). This has several benefits: It reduces the amount of radiola—

beled molecular iodine generated in the reaction and simplifies measurements of the time course

and overall efficiency of radioiodination (Cheng and Rudick 1991). In addition, because there is

very little contact between the protein and the oxidizing agent, oxidative damage to the protein is

minimized. Finally, when iodination is carried out according to standard protocols, no more than

one atom of 125I is incorporated per protein molecule. Conformational distortions caused by the

introduction of a bulky iodine atom are therefore kept to a minimum.

An alternative to chloramine-T is Iodogen (1,3,4,6—tetrachloro—3a,6a—diphenylglycouril),
an oxidizing reagent resembling a fourfold chloramine-T (Fraker and Speck 1978). Iodogen is

sparingly soluble in water and forms a thin coating on the wall of the tube used for radioiodina—
tion. Solid-phase reagents such as lodogen and Iodobeads (available from Pierce) give radio-

chemical yields that are equal to those obtained with free chloramine-T (Woltanski et al. 1990)

while significantly reducing the potential for exposure of laboratory workers to volatile forms of
radioiodine.

Radioiodination with chloramine—T and similar compounds will not work with proteins
and peptides that lack accessible tyrosines or are extremely susceptible to damage by oxidation.

These proteins should be labeled by the Bolton—Hunter reagent (Bolton and Hunter 1973). The

N—succinamidyl group of this reagent (N-succinamidyl 3—[4-hydroxy 5-[1251]iodophenyl]propi—
onate) condenses with free amino groups and with imino groups in lysyl side chains to give a
derivative in which the radioiodinated phenyl group is linked via an amide bond to the target pro-
tein (for more details, please see Langone 1980; Harlow and Lane 1988).

Antipeptide Antibodies

If the sequence of a protein is known or can be deduced from the nucleic acid sequence, specific
antisera can be raised by immunizing animals with a synthetic peptide corresponding in sequence
to a segment of the native protein (for review, please see Lerner 1984). If information about the
primary sequence of the target protein is limited, there may be little or no choice in the peptide
sequence used as an immunogen. However, there is a good chance that peptides chosen at ran-
dom will be at least partially buried in the native protein and they may be too hydrophobic to be
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efficient immunogens. Antibodies directed against these peptides may be of low titer and/or may

react only with denatured protein.
Hydrophilic peptides that contain charged residues are much better immunogens and also

have a high probability of occupying a surface location on the native protein. Antipeptide anti—

bodies raised against conformationally flexible surface features of proteins such as turns and [5-

loops are likely to be of high titer and may react efficiently with the native protein. Most of the

computing packages that are commonly used to analyze DNA sequences contain programs to

search protein sequences for surface peptides that are likely to be good antigens. The goal of these

programs is to choose a sequence of 11—15 amino acids that contains a preponderance of polar

residues and no more than four adjacent hydrophobic residues. Such peptides are likely to be sol-

uble in aqueous solvents and therefore easy to couple to carrier proteins.

Several scales of hydrophobicity and hydrophilicity have been proposed for amino acids

(please see Figure A96) (Janin 1979; Wolfenden et al. 1981; Kyte and Doolittle 1982; Rose et al.

1985). Although these scales are in good general agreement, they differ slightly in the order of

amino acids and in the relative hydrophobicity values assigned to them. This variability arises

because the hydrophobicity of an amino acid residue is the product of several different factors.

including electrostatic charge, hydrogen—bonding capability, and surface area. In addition, the

hydrophobicity of an amino acid can be assessed experimentally by partitioning into solvents of

various types. The variation in hydrophobicity scales of amino acids reflects the particular

weightings that different investigators have attached to these and other factors.

Computer programs to predict strongly antigenic sites in proteins rely on hydrophobicity

scales alone or in combination with programs that predict secondary structure. The strongest

antigenic sites are predicted in regions of the protein surface that are high in charge and low in

hydrophobicity. Rarely found in ordered structures such as helices or sheets, such regions usual—

1y map to turns and loops that are rich in residues with H—bonding potential‘

Highly charged regions also often occur at the amino and carboxyl termini ot‘proteins, which

tend to be regions of high flexiblility. However, if the protein of interest is a secretory or trans-

membrane protein, or is located in organefles such as mitochondria or chloroplasts, it is better not

to use peptides derived from the terminal regions. The amino-terminal peptide is likely to be part

of a signal or leader sequence that will be cleaved during posttranslational processing. The car—

boxy—terminal region of transmembrane proteins may be located on the cytoplasmic side of the

membrane and may only be accessible to antibodies after cells are permeabilized, fixed, or lysed.
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GUIDELINES FOR CHOOSING AN IMMUNOGENIC PEPTIDE

An immunogenic peptide should have:

0 a sequence 11—15 amino acids long

- no more than six hydrophobic residues

0 no more than four adjacent hydrophobic residues

0 no consensus sites for N-glycosylation" (N-X-S/T)

o no basic residues if glutaraldehyde is to be used as a cross-Iinker

- no internal or cysteine residues if m-maleimidobenzoic acid N—hydroxysuccinimide ester (MBS) is to be
used as a cross-Iinker

. a tyrosine residue because the peptide can then easily be radiolabeled with 125I

*Oligosaccharide groups added to secretory and plasma membrane proteins can shield the underlying amino acid
residues from interacting with antibodies and other ligands. Antibodies generated against a synthetic peptide may there
fore not recognize the glycosylated target protein even though the immunogen and the target share amino acid
sequences. When raising antibodies against secretory and plasma membrane proteins, it is best to avoid regions that
contain consensus sites for glycosylation.   
 

Usually, the synthetic peptide is coupled to a carrier protein such as keyhole limpet hemo—
cyanin through an amino- or carboxy-terminal cysteine residue. Ideally, therefore, the sequence

of the peptide should end with a “natural” cysteine that is present in the cognate sequence of the

target protein. If this is not possible, choose a peptide that has no cysteine at all. Chemical syn-
thesis of the peptide, which proceeds from the carboxyl terminus to the amino terminus, is then
initiated from an “artificial” cysteine that has no counterpart in the natural cognate sequence.

This terminal cysteine is used as a linker to couple the synthetic peptide to the carrier protein.
Alternatively, multiple copies of a pepide can be linked to each other. Other methods of coupling
peptides to carriers are available but are rarely used. These include:

o Glutaraldehyde—mediated cross-linking ofbasic residues in the peptide and a carrier protein.
Because glutaraldehyde reacts with -NH2 groups to form Schiff’s bases, peptides containing
lysine residues can be efficiently cross-linked to a protein such as keyhole limpet hemocyanin,
whose surface is rich in basic residues. However, lysines, if present in the peptide, are likely to
be important contributors to its antigenicity. Modifying them may reduce the antigenicity of
the peptide and/or generate antibodies that efficiently recognize the modified residues but do
not interact with the unmodified cognate sequence in the target protein.

0 Use of peptide—resin as the immunogen. Novabiochem sells a polymethylacrylamide/
Keiselguhr composite derived using ethylene diamine. Antigenic peptides can be synthesized
directly on the free amino group of the base resin and remain attached to the support by a
covalent bond. After deprotection of the peptide with trifluoroacetic acid and homogenization
of the inorganic Keiselguhr, the peptide-polyamide complex can be emulsified with adjuvant
and injected into animals.

Immunization with the carrier—peptide complexes will generate a mixture of antibodies of
various affinities and specificities. Some antibodies will be directed toward the carrier (protein or
resin) or the cross-linking groups; others will react with both peptide and carrier. However, as
long as the synthetic protein is at least 11 residues in length, a proportion of the antibodies will
be specific for amino acid sequences that are shared by the peptide and its cognate protein.
Usually, there is no need to remove antibodies directed against the linking groups and the carri—
er protein, since these do not interfere with antibodies directed against the target protein.  
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However, antibodies that crossfireact with the carrier protein can, it- necessary be removed by

immunoabsorption with resin or by immunoaffinity chromatography on Sepharose columns

containing immobilized carrier protein.

Conjugated Antibodies

Antibodies can be conjugated to a wide variety of substances without significant erosion of avid—

ity and specificity. These substances include biotin, fluorochromes ofvarious colors, and enzymes

such as alkaline phosphatase, horseradish peroxidase, and urease. Antibodies conjugated to dif—

ferent substances allow simultaneous detection of more than one antigen and generate strong sig-

nals that can be further amplified through the use of secondary antibodies and a\'idin~c0niugat—
ed enzymes.

0 Biotinylated antibodies are used chiefly to detect antigens by enzyme—linked immunosorbent

assay (ELISA), for antibody screening of expression libraries, and for western blotting.

The labeled avidin—biotin (LAB) technique uses an avidin—enyyme conjugate to detect a

biotinylated primary or secondary antibody.

The bridged avidin-biotin (BRAB) assay, as its name implies, uses avidin as a bridge

between a biotinylated primary or secondary antibody and a biotin—enzyme conjugate.

The avidin—biotin complex (ABC) assay is the most sensitive of these three assays, The

biotinylated enzyme is preincubated with avidin, forming large complexes that are then

used to detect biotinylated primary or secondary antibodies.

Biotinylated secondary antibodies are available from several manufacturers te.g., Pierce and

Vector).

o Fluorochrome—labeled antibodies are used chiefly for immunohistochcmistry. Wherever pos—

sible, it is best to use fluorochrome—labeled, affinity-purified, anti»immunoglobulins or fluo—

rochromes conjugated to avidin or streptavidin. These reagents, which are commercially avail-

able, have lower background and less nonspecific fluorescence than fluorescent antiserum or

immunoglobulin fractions. The choice among fluorochromes is usually dictated by the types

of filters that are available for the fluorescence microscope. Fluoresccin has a lower background

than rhodamine, but bleaches more rapidly. Texas Red emits strongly and is resistant to pho-

tobleaching. Phycoerythrin, a phycobiliprotein whose fluorescent yield is iO—SO times greater

than that of fluorescein and rhodamine, is used when extreme sensitivity is required (Oi et a].

1982). Table A9—5 summarizes the excitation and emission wavelengths of various fluo—

rochromes.

TABLE A9-5 Excitation and Emission Wavelengths of Fluorochromes

 

FLUOROCHROME EXCITATION WAVELENGTH (nm) EMISSION WAVELENGTH (nm)

l‘luorcscein 495 524

blue greenishfycllow

Rhodamine 540 575

green, visible omngc»1‘ed

Texas Red 595 620

orange—red, visible red

Oregon Green 496 524

blue greenish-yellow

lbphvcocrythrin 480, 545, 565 574

green, visible omngc-red  
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0 Enzyme-conjugated antibodies. Antibodies coupled to horseradish peroxidase, alkaline phos-
phatase, B-galactosidase, and urease are available commercially. These can be used as sec-
ondary reagents for the enzymatic detection of primary antibody-antigen complexes. For both
immunoscreening and western blotting, enzymatic methods are more sensitive and give lower
backgrounds than radiolabeled antibodies or protein A. Enzyme-conjugated antibodies are
particularly usefui for screening expression libraries because signals develop directly on the
nitrocellulose filter (rather than on a sheet of X—ray film or a phosphorimager), so that posi-
tive plaques can be located more accurately.

Conjugated enzymes catalyze the formation of insoluble colored precipitates on the surface
of a nitrocellulose filter at the site of an antibody-antigen complex (Towbin et al. 1979; Hawkes
et al. 1982; Blake et al. 1984; Knecht and Dimond 1984; Towbin and Gordon 1984; Hawkes 1986).
Alkaline phosphatase and horseradish peroxidase are the most commonly used conjugated
enzymes. Alkaline phosphatase remains active for several hours, during which the end-product of
the reaction — a dark blue precipitate of diformazan (McGadey 1970) — continues to accumu—
late and intensify in color. By contrast, horseradish peroxidase is inactivated within a short peri—
od of time by its substrate, peroxide, which may account for the lower sensitivity of horseradish-
peroxidase-conjugated antibodies in detecting antibody—antigen complexes on nitrocellulose fil-
ters (Mierendorf et al. 1987). Furthermore, some protocols using horseradish peroxidase anti—
bodies employ a carcinogenic chromogen, o-dianisidine, which requires special handling and dis—
posal. For a summary of chromogenic and luminescent methods of detection of immobilized
antigens, please see Table A8—12 in Appendix 8.
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HORSERADISH PEROXIDASE

Horseradish peroxidase (HRP), a heme—containing protein, is generally isolated from wild horseradish roots

as a mixture of several isozymes. The classical preparation (Shannon et al. 1966) is predominantly a mix—

ture of two forms (isozymes B and C), each with a Mr ~40,000. HRP catalyzes the transfer of two electrons

from a substrate to hydrogen peroxide, to generate H70 and an oxidized donor. When 3,3'—diaminobenzi—
dine (DAB) is used as the substrate (Graham and Karnovsky 1966), the oxidized product polymerizes to
form an intense brown residue that is insoluble in both H20 and ethanol. In the presence of transition ele—
ments, such as cobalt and nickel, the residue is a slatey blue—black. These reactions form the basis ofsensi-
tive chromogenic assays for peroxidase that have been used for many years in electron microscopy (Robbins

et al. 1971 ), immunocytochemistry (Nakane and Pierce 1967), various enzyme—linked immunosorbent

assays and western blotting (see Figure A9—4). However, diaminobenzidine has some disadvantages as a sub-
strate: It is possibly carcinogenic (Garner 1975; Weisburger et al. 1978), and it is not as sensitive a detector
of HRP activity as more recently developed compounds such as 3,3',5,5'—tetramethylbenzidine (TMB) (e.g.,
please see Roberts et al. 1991). The oxidation products of TMB are normally soluble but can be “captured“

by pretreating blots with dextran sulfate (McKimm-Breschkin 1990) or by using a particulate form of TMB

that is available commercially. With these modifications, TMB is suitable for detection of HRP—antibody

conjugates that are directed against proteins (including antibodies ofanother species) or ligands that can be

attached to nucleic acid probes.

In addition to DAB and TMB, other HRP substrates that can be oxidized to insoluble chromogenic

products include 4—chloro-1—naphthol (purple precipitate) and 3—amin0—4—ethy1carbazole (red precipitate).

Neither of these substrates is as sensitive a detector of HRP activity as diaminobenzidine. In addition, a

number of chromogenic substrates for HRP are available that yield attractively colored, soluble oxidation

products. In addition to TMB, these include O-phenylenediamine dihydrochloride (OPD) (tangerine

orange) (Wolters et ai. 1976), and 2,2'—azino—di(3-ethbeenzthiazoline—6—suiphonic acid) (ABTS) (green)

(Engvall 1980). The best fluorogenic substrate is 3-(p-hydmxyphenyl) propionic acid (HPPA) (violet)
(Roberts et al. 1991).

In the presence of hydogen peroxide, HRP can also be used to trigger a cyclical chemiluminescent reac—

tion that results in the oxidation of luminol to an excited form of 3—aminophthaiate (Isaacson and

Wettermark 1974; Roswell and White 1978; Durrant 1990; Stone and Durrant 1991) (please see Figure A9-

5). As this compound returns to ground state, blue light is emitted at 428 nm. However, because the effi-

ciency of this reaction is low, various para—substituted phenoI-based compounds are used to increase the

quantity and duration ofthe light emitted by the reaction (Whitehead et al. 1983; I—Iodgson and Jones 1989).

In the presence of p—iodophenol, for example, the light emitted by the reaction may be increased by >1000—

fold and the emission may be sustained for several hours. In addition, enhancers reduce the background by

inhibiting chemical oxidation of luminol. Enhancers are thought to achieve these effects by eliminating the

rate—Iimiting step in the reaction cycle by (I) reacting with HRP and (2) forming enhancer radicals that in

turn react with luminol to form luminol radicals (please see Figure A9—5). The net result is an increase in

the efficiency and speed, but not the characteristics, of the Iight-producing reaction. Light emitted from the
reaction can be captured on X-ray film, phosphorimagers, or CCD cameras.

HRP can be directly coupled to singIe—stranded nucleic acid probes (Renz and Kurz 1984; Stone and

Durrant 1991) or it can be conjugated to an antibody specific for ligands such as biotin or digoxygenin that

can be incorporated into nucleic acid probes by standard enzymological techniques. In either case, the
HRP/Iuminol reaction is sufficiently sensitive for nonradioactive detection of nucleic acids in Southern and
northern hybridizations (Thorpe and Kricka 1986). Under ideal conditions, the limit of detection of nucle-
ic acid probes is ~5 x 10“17 moles (Urdea et al. 1988). However, the HRP/luminol reaction is considerably
less sensitive than chemiluminescent reactions involving cleavage of 1,2-dioxetanes by alkaline phosphatase
(please see the information panel on AMPPD). In addition, to achieve maximal sensitivity, the HRP/Iumi-
nol reaction may require extensive optimization of its various components. For these reasons, HRP is now
used less than alkaline phosphatase for the chemiluminescent detection of nucleic acids and proteins.  
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FIGURE A9-4 Experimental Formats for Detection of Immobilized Nucleic Acids and
Proteins with Horseradish Peroxidase (HRP)

Light emitted by the decay of oxidized luminol radicals is captured on X-ray film or by a CCD camera.
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DIGOXYGENIN

 The cardenolide digoxygenin (Mr = 390.53) can be derived by chemical or enzy-

matic removal of four sugar residues from desacetylanatoside C isolated from

Digitalis purpurea (Reichstein 1962) or it can be extracted directly from D. orien-

talisi and D. lanata L. Scrophulariaceae (Maanich and Schneider 1941; Hegenauer
1971). The chemical structure of digoxygenin (Cardwell and Smith 1953, 1954;

Pataki et al. 1953) is shown in the box at the right.

 

  In molecular cloning, digoxygenin is used as a ligand that can be incorporat-
 

ed into DNA and RNA probes and detected after hybridization with an anti—dig-
oxygenin-antibody enzyme conjugate (Kessler et al. 1989; Kessler 1991) (please see Figure A9-6). Digoxy-
genin~labeled probes can therefore be used in Southern, northern, and dot-blot hybridizations. They also
have considerable advantages for in situ hybridization, in part because the hapten digoxygenin is not pre-
sent in animal cells (e.g., please see Tautz and Pfeifle 1989; Hemmati—Brivanlou et al. 1990). This absence

eliminates background contributed by endogenous molecules. Such is not always the case with biotin-

labeled probes. Digoxygenin-labeled nucleic acid probes can be stripped from nylon filters by heating the
filters to 37°C for 20—30 minutes in a large volume of 0.1% SDS, 2 mM EDTA (pH 8.0) (Church and Kieffer-
Higgins 1988). After washing, the filters can be reprobed without significant loss of efficiency or sensitivity.

Note that after several cycles of probing, stripping, and reprobing, the background of chemilumines—
cence may increase significantly due to the accumulation of alkaline phosphatase residue on the filter. This
problem can be avoided by treating the filter with proteinase K and formamide between every second and
third probing (Dubitsky et al. 1992).

labeling Nucleic Acids with Digoxygenin

For labeling of nucleic acids, digoxygenin is supplied by the manufacturer (Boehringer Mannheim) in two
forms: digoxygenin-l l-dUTP (DIG-l l-dUTP) and digoxygenin-l l-UTP (DIG-11-UTP). In each form,
digoxygenin is coupled by an alkali—stable linkage and a spacer arm to deoxyuridine triphosphate and uri-
dine triphosphate, respectively.

OH O
\

O O H OH

0 o 0 NHWM\/Y\0

u u u OAN ° ”
Oo. o. 0. HM H.”

OH H

o DIG-ll-dUTP is a substrate for E. coli DNA polymerase, the Klenow fragment of DNA polymerase I,
thermostable polymerases such as Taq, reverse transcriptase, and terminal transferase. Digoxygenin can
therefore be introduced into DNA by a variety of standard reactions including random priming, nick
translation, amplification, end-filling, and 3’-tailing.

o DIG-ll—UTP is incorporated into RNA during in vitro transcription of DNA templates by bacterio~
phage-encoded DNA—dependent RNA polymerases (T3, T7 and SP6 RNA polymerases) (please see Table
A9-6).

Oligonucleotides that have been 5'—aminated during synthesis can be labeled with digoxygenin by reac-
tion with NHS-digoxygenin (digoxygenin~3-O-methylcarbonyl-e-aminocaproic acid-N—hydroxysucci-
namide ester; Boehringer Mannheim) (Richterich and Church 1993).
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TABLE A9-6 Methods of Labeling Nucleic Acids with Digoxygenin

METHOD OF

LABELING ENZYME

NUMBER OF DIGOXYGENIN
MOLECULES INCORPORATED

A939

REFERENCE
 

Random priming

Nick translation

Tailing

Amplification by PCR

”1‘ranscription

CDNA synthesis

Klenow fragment

E. culi DNA polymerase 1

Terminal transferase

Tm] and other thermostable
polymerases

T3, T7, and SP6 RNA
polymerases

Reverse transcriptase

1 per 25~36 nucleotides

1 per 25—36 nucleotides

1 per 12 nucleotides

1 per 25 nucleotides

1 per 25—36 nucleotides
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For review, please see Kesslcr ( 1991 ).
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Digoxygenin-specific Antibodies Coupled to Reporter Enzymes

High-affinity digoxygenin-specific antibody is raised in sheep immunized with the digoxygenin-coated pro-

teins edestin or bovine serum albumin. The most versatile of the immunological reagents available for

detection of digoxygenin-labeled probes are FAB fragments of antidigoxygenin immunoglobulin that have

been coupled to alkaline phosphatase (Boehringer Mannheim). The best chromogenic substrates for

immunolocalized alka1ine phosphatase are the binary reagents 5—bromo-4-ch10ro-3-indolyl phosphate

(BCIP) and 4—nitroblue tetrazolium chloride (NBT). For more information on these reagents, please see the

information panel on BCIP.

Under optimal conditions, where high concentrations (50—100 ng/ml) of digoxygenin-labeled probe

are used in the hybridization step and the color reactions are incubated for extended times (16—24 hours),

it is possible to detect <1 pg of target DNA in a dot-blot assay (e.g., please see Kerkhof 1992). However, far

greater sensitivity and a more linear response are obtained with the soluble chemiluminescent substrate

adamantyl 1,2-dioxetane phosphate (AMPPD; Tropix, Inc.; Roche) (Kerkhof 1992; Bronstein et al. 1993). In

AMPPD luminescent systems, which have gained rapidly in popularity in recent years, removal of the phos-

phate residue by alkaline phosphatase stimulates the substrate to emit chemiluminescence at 477 nm, which

can be measured using a luminometer. The light occurs as a glow that persists for several hours in solution
and for considerably longer on nylon surfaces (Tizard et al. 1990). Images of blots can be captured on X-ray

film, on Polaroid instant black and white film (Kricka and Thorpe 1986), on a phosphorimager, or on a

CCD camera (Karger et al. 1993). At its best, chemiluminescent detection of digoxygenin-labeled probes is

highly sensitive (0.03 pg of target DNA or RNA) and rapid (<3O minutes exposure). The method is there—

fore ~10-fold more sensitive and 50-fold faster than autoradiographic detection of 32P-labeled nucleic acid
probes. In addition, reprobing is simplified since stripping of the filter may not be required (Allefs et al.

1990). As a consequence of these advantages, chemiluminescent assays for alkaline phosphatase labels are

used for detection of immobilized nucleic acid sequences in a wide variety of techniques involving blotting

and DNA sequencing. For more information on AMPPD systems, please see the information panel on
AMPPD.

BCIP oxidation (5-bromo-4-chloro-3-inodyl phosphate)

0

C, II
0 --— P —0'Na+
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H (CIAP)
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NBT reduction (nitroblue tetrazolium chloride)
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FIGURE A9-7 Oxidation of BCIP and Reduction of NBT in the BCIP/NPT Indicator Reaction
(Reprinted, with permission, from Kessler 1991 [Copyright 1991 ©Academic Press London].)
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BCIP

 

BCIP (5-br0m0~4-chloro—3—indolyl phosphate, RW. 370.4, [disodium salt]; F.W. 433.6 0' C—POé
[toluidine salt]) is used in combination with nitroblue-tetrazolium salt (NPT1 to detect Brfig

Nalkaline phosphatase in situ. The binary reagent forms insoluble precipitates at sites of H   alkaline phosphatase activity and is the most sensitive indicator system available for

chromogenic detection of alkaline phosphatase conjugates. In this reaction (Figure A9-7), alkaline phos—

phatase catalyzes the removal of the phosphate group from BCIP, generating 5-br0m0-4-chloro~3—indolyl

hydroxide, which dimerizes to the insoluble blue compound, 5,5’-dibr0m0—4,4'—dichloroindigo. The two

reducing equivalents produced during the dimerization reaction reduce one molecule of nitroblue tetra-

zolium to the insoluble, intensely purple dye, diformazan (McGadey 1970; Franci and Vidal 1988). Color

development occurs over several hours, but the time required to produce maximum signal varies consider-

ably, depending on the amount of antibody bound to the target molecule.

BCIP/NBT is a sensitive detector of alkaline phosphatase activity but is not quantitative. Quantitative

assays of the enzyme are carried out using the chromogenic substate p—nitrophenyl phosphate (McComb

and Bowers 1972; Brickman and Beckwith 1975; Michaelis et al. 1983). This substrate is sold by Sigma under

BC|P/NPT DIFORMAZAN
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FIGURE A9-8 Detection of Digoxygenin- and Biotin-Iabeled Nucleic Acid Probes with

BCIP/NPT
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the name “Sigma No. 104 phosphatase substrate.” Hydrolysis of Sigma 104 generates p-nitrophenol, which

in aqueous solution absorbs strongly at 420 nm. A more sensitive bioluminescence-based assay has also

been described (Miska and Geiger 1987) in which D—luciferin-O-phosphate is used as a substrate. The

amount of luciferin released by hydrolysis of the substrate is titrated using luciferase, and light impulses are

then measured in a luminometer.

In molecular cloning, BCIP/NPT is widely used as an indicator in nonradioactive systems to detect

nucleic acids or proteins. Almost always, these systems consist of several components that are used in

sequence. When working at its best, the BClP/NPT indicator system is sensitive enough to detect single

copies of genes in Southern hybridization of total mammalian DNA. Typical arrangements are shown in
Figure A9-8.

Southern, northern, and dot blots can be rehybridized by stripping the precipitate of formazan from

charged nylon filters with N,N~dimethylformamide. Note that N,N—dimethylformamide’s vapor is irritating

to skin and mucous membranes and should therefore be used only in a well-ventilated chemical fume hood.

Digoxygenin-labeled oligonucleotide probes can be removed from membranes by N,N—dimethylformamide

at room temperature or by heating to 70—750C in a buffer containing high concentrations of SDS

(Richterich and Church 1993). The membranes then can be reprobed.

Chromogenic detection of alkaline phosphatase is far less sensitive than the luminescent method using
the soluble 1,2-dioxetane substrate AMPPD (Schaap et al. 1987). In this system, the sensitivity in dot blots

is increased from 0.2 pg in 16 hours to 1 fg in 1 hour. In Southern hybridizations, using AMPPD as an indi-
cator, the sensitivity is ~70 fg in 1 hour (e.g., please see Allefs et al. 1990).

In addition to its use as an indicator for alkaline phosphatase conjugates, BCIP/NBT has also been used

to detect alkaline phosphatase expressed in sections of vertebrate tissues (Fields-Berry et al. 1992) and to

identify bacterial colonies that express BAP (Brickman and Beckwith 1975; for review, please see Manoil et
al. 1990).

BCIP is sold as a disodium salt or a toluidine salt. The toluidine salt of BCIP is suitable for use with the
commercially available nonradioactive detection systems for nucleic acids and proteins.

 

AMPPD
 

AMPPD (adamantyl-l,2-dioxetane phosphate also known as -[2’spiroadamantane]-4-methoxy—3-[3”-

(phosphoryl)phenyl]1,2,-dioxetane or disodium 3-(4-methoxyspiro[1,2-dioxetane-3,2'-tricyclo-

[3.3.1.3‘7]decan]-4-y1)-phenylphosphate) is a substrate used in alkaline-phosphatase-triggered chemilumi-
nescence for the detection of biopolymers immobilized on nylon or PVDF membranes (Bronstein and
McGrath 1989; Bronstein et al. 1990; Tizard et al. 1990; Gillespie and Hudspeth 1991). Figure A9-9 shows a

typical format used for the detection of proteins in western blotting and for hybridization of immobilized
nucleic acids.

The sensitivity of chemiluminescent detection of DNA, RNA, and proteins using AMPPD is superior

to available colorimetric, bioluminescent, or fluorimetric methods and is at least equal to the traditional

autoradiographic techniques that have dominated molecular cloning for the last 20 years (e.g, please see

Beck and K6ster 1990; Bronstein et al. 1990; Carlson et al. 1990; Pollard-Knight et al. 1990). In solution, the

light output from the activity of fewer than 1000 molecules (1 zmole or 10“21 moles) of alkaline phosphatase

may be measured (Schaap et al. 1989). Less than 0.1 pg of RNA or DNA may be detected in standard

Southern and northern hybridizations (e.g, please see Beck et al. 1989), whereas <1 pg of a target protein

may be detected in western blots of total cell proteins (Gillespie and Hudspeth 1991).

Figure A9-10 shows the events triggered by dephosphorylation ofAMPPD that leads to the production

of light. Alkaline phosphatase catalyzes the removal of the single phosphate residue of AMPPD, generating

a moderately stable dioxetane anion that fragments into adamantanone and the excited state of a methyl-
metaoxybenzoate anion. On return to ground state, the anion emits visible, yellow—green light (Bronstein et
al. 1989). The dephosphorylation of dioxetanes by alkaline phosphatase is quite efficient with a turnover
rate of ~4.0 x 103 molecules 5“1 (Schaap, cited in Beck and Koster 1990). However, the half—life of the excit-
ed 1,2 dioxetane anion is comparatively long, varying from 2 minutes to several hours, depending on the

 

”
‘
fl
w
m
W
M
.
»

4.
..
”

v,



InformationPanels A9.43

local environment (Bronstein 1990). Thus, when the dephosphorylation reaction is carried out in the pres—

ence of excess AMPPD, the dioxetane anion is initially produced more rapidly than it decays. This behavior

explains why chemiluminescence is emitted in the form of a “glow” that increases in intensity for several

minutes and then persists for several hours (Figure A9—1 1). On nylon membranes, the kinetics are even slow-

er because the excited dioxetane anion is stabilized by hydrophobic pockets in the membrane (Tizard et al.

1990). The hydrophobic interactions between the nylon and the anion also cause a “blue shift” of ~10 nm

in the emitted light, i.e., from 477 nm to 466 nm (Beck and Késter 1990; Bronstein 1990).

In most experimental situations, the extended kinetics of chemiluminescence on nylon filters are

advantageous because they allow time to make capture images at several exposures. However, the slow kinet-

ics may be of practical importance when alkaline—phosphatase-triggered ehemiluminescence is used to

detect extremely low concentrations of DNA, RNA, or protein, for example, when the target band of DNA

on a filter is expected to contain <1048 moles. in such cases, CSPD, a halogen—suhstituted derivative of

AMPPD, may be a better choice. The addition of a chlorine atom to the S—position of the adamantyl group

phosphatase . .
activity chem|lummescent

glow is captured on

alkaline X-ray film, Polaroid film‘

phosphatase or a phosphorimager

streptavidin ———>

biotinylated

antibody

target protein immobilized
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phosphatase _ .
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FIGURE A9-9 Detection of Immobilized Nucleic Acids and Proteins with AMPPD

(Top) Detection of target protein by western blotting; (bottom) detection of nucleic acid sequence in
Southern or northern blotting.
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AMPPD AMPPD'

0—0 OCH3 0—0 OCH3

OPOS Naz 0-

OCHa o
o

{i} <— +
FIGURE A9-10 chemiluminescent

0' Generation of Light by Dephosphorylation

477 nm methyl-m-oxybenzoate anion adamantanone Of AMPPD
 

diminishes the tendency of the 1,2 dioxetane to self-aggregate and restricts its interactions with nylon fil-
ters. With this compound, the time to reach maximum light emission is markedly reduced so that very small

quantities of target molecules can be detected rapidly (e.g., please see Martin et al. 1991).
CDP—Stur, a third 1,2-dioxetane substrate, follows a decomposition pathway similar to that of AMPPD

and CSPD, but it produces a signal several times brighter. The CDP-Star signal also peaks earlier in the reac-
tion and persists for longer (up to several days) than that of its rivals (source: Tropix Web Site www.
tropix.com).

Nitrocellulose filters lack the appropriate hydrophobic surfaces and are therefore not recommended for
use with either AMPPD, CSPD, or CDP-Star; however, PVDF can be used with all three.

AMPPD is an extremely stable compound: The activation energy for its thermal decomposition in HZO
is 21.5 kcal/mole and its half-life at 25°C is ~20 years. Since nonenzymatic hydrolysis is very slow, the back-
ground of chemiluminescence on blots is minimal. In fact, the sensitivity of chemiluminescent detection of
proteins and nucleic acids is generally limited, not by spontaneous decay of AMPPD, but by the presence of

trace amounts in buffers of alkaline phosphatase of bacterial origin (Bronstein et al. 1990).
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AVIDIN AND BIOTINN
 

Biotin (vitamin H, coenzyme R; F.W. 244.3) is a water—soluble vitamin that ii

binds with high affinity to avidin (Mr : 66,000), a tetrameric, basic glycopro- HN/C\NH

tein, abundant in raw egg white (for review, please see Green 1975). Because H'c ——éH

each subunit of avidin can bind one biotin molecule, 1 mg of avidin can bind H2<|3\s,éH—(CH2)4—COOH

~ 14.8 pg of biotin. The dissociation constant of the complex is ~1.0 x 10~15 M,

which corresponds to a free energy of association of 21 kcal/mole. With such a tight association, the off-rate

is extremely slow and the half—life of the complex is 200 days at pH 7.0 (Green and Toms 1973). For all prac—

tical purposes, therefore, the interaction between avidin and biotin is essentially irreversible. In addition, the

avidin—biotin complex is resistant to chaotropic agents (3 M guanidine hydrochloride) and to extremes of

pH and ionic strength (Green and Toms 1972). The strength of the interaction between biotin and avidin

provides a bridging system to bring molecules with no natural affinity for one another into close contact.

Biotin can be attached to a variety of proteins and nucleic acids, often without altering their proper—

ties. Similarly, avidin (or streptavidin, its nonglycosylated prokaryotic equivalent) can be joined to reporter

enzymes whose activity can be used to locate and/or quantitate avidin—biotin-target complexes. For exam-

ple, in enzyme immunoassays, a biotinylated antibody bound to an immobilized antigen or primary anti—

body is often assayed by an enzyme, such as horseradish peroxidase or alkaline phosphatase, that has been

coupled to avidin (Young et al. 1985; French et al. 1986). In addition, in nucleic acid hybridization, biotiny-

lated probes can be detected by avidin—conjugated enzymes or fluorochromes. Derivatives of biotin are used

to biotinylate proteins, peptides, and other molecules (for review and references, please see Wilchek and

Bayer 1990).

The disadvantage Of egg white avidin is the relatively high background of nonspecific binding caused

by the presence of oligosaccharide groups. This problem can be reduced by using streptavidin, a tetramer—

ic nonglycosylated 58,000—dalton protein secreted by Streptomyces avidini that binds biotin with approxi—

mately the same affinity as egg—white avidin.

For more information on biotin, please see the information panel on BIOTIN in Chapter 1 1. Much use—

ful information about avidin-biotin chemistry and avidin-biotin techniques is available in a handbook enti—
tled Avidin-Biotin Chemistry: A Handbook, published and sold by Pierce.

   

 

FIGURE A9-12 The Avidin-Biotin Complex
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lMMUNOGlOBULIN-BINDING PROTEINS: PROTEINS A, C, AND I.

Protein A

Protein A, a cell wall component of Staphylococcus aureus, binds to the Fc region of immunoglobulins (IgG)

of many mammalian species and thereby helps the bacterium escape the immune response of the host

(Forsgren and Sjbquist 1966; for review, p1ease see Langone 1982; Boyle and Reis 1987; Boyle 1990; Bouvet

1994) (please see Table A9-7). The interaction of protein A with the Fc portion of IgG molecules does not

block the ability of the antibody to combine with its antigen (Figure A9—13). Protein A has been used exten-

sively for both qualitative and quantitative analysis of immunochemical reactions (Goding 1978; Harlow
and Lane 1988, 1999).

TABLE A9-7 Binding of Protein A and Protein G to the Fc Region of Mammalian
Immunoglobulins
 

 

PROTEIN G
PROTEIN A (STREPTOCOCCI

IMMUNOGLOBULIN (STAPHYLOCOCCUS AUREUS) or GROUPS C AND G)

Human IgG1 ++ ++

Human IgG2 ++ . ++

Human 1gG3 — ++

Human IgG4 ++ ++

Mouse IgG1 + +

Mouse IgGZa ++ ++

Mouse IgGZb ++ ++

Mouse IgG3 ++ ++

Rat IgG1 + +

Rat 1gG2A — ++

Rat IgG2b _ +

Rat IgG2c ++ ++

Rabbit IgG ++ ++

Bovine IgG1 — ++

Bovine IgG2 ++ ++

Sheep IgG _ ++

Sheep IgGZ ++ ++

Goat IgG] + ++

Goat IgG2 ++ ++

Horse IgG(ab) + ++

Horse 1gG(c) + (+)

Chicken - (+)

Hamster (+) +

Guinea Pig ++ +
 

Data on human IgG from Forsgren and Sjéquist (1966), Kronvall (1973), and Myhre and Kronvall (1977, 19803); on mouse
from Kronvall et al. (1970a), Chalon et al. (1979), and Myhre and Kronvall (1980b); on rat from Medgyesi et al. (1978) and
Nilsson et al. (1982); on rabbit from Kronvall (1973), Myhre and Kronvall (1977), and Forsgren and Sjéquist (1967); on bovine
from Lind et al. (1970), Myhre and Kronvall (1981), and Kronvall et al. (1970b); on ovine, equine, and caprine from Kronvall
et al. (1970b) and Sjfiquist et al. (1972). Data on other animals are from Richman et al. (1982), Bjt'irck and Kronvall (1984),
Akerstrfim et al. (1985), and Akerstrc‘im and Bjiirck (1986).
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FIGURE A9-13 Immunoglobulin Regions Recognized by the Fab-binding Molecules
 

(Redrawn, with permission, from Bouvet 1994 [©Elsevier Sciencel.)

TABLE A9-8 Binding of Immunoglobulins to Protein L, Protein A, and Protein G
 

 

IMMUNOGLOBULIN PROTEIN L PROTEIN LAa PROTEIN A PROTEIN G

Human

lgG ++ ++ + +++

IgM ++ ++ + —
lgA ++ ++ + —

IgE ++ ++ +

IgD ++ ++ +

Fab ++ ++ + +

F(ab’)2 ++ ++ — +

K light chains ++ ++ + —
scFv ++ ++ + ~—

Mouse

IgGl ++ ++ + ++
IgGZa ++ ++ ++ f+

IgG2b ++ ++ ++ ++

lgG3 ++ ++ + ++
IgM ++ ++ + —

IgA ++ ++ ++ +

Polyclonal
Mouse ++ ++ ++ ++

Rat ++ ++ + ++

Rabbit + ++ ++ +++
Sheep — ++ ++ ++
Goat — ++ + ++

Bovine — ++ + ++

Porcine ++ ++ ++ ++

Chicken IgY/IgG ++ ++ — —
 

Modified, with permission, from CLONTECH (www.clomech.c0m/archive/JUL98UPD/proteinLhtml |.

“Protein LA combines the immunoglobulimbinding domains of protein A and protein L.

 



A9.48 Appendix 9: Detection Systems

Protein G

0 When coupled to a radioactive, enzymatic, orfluorescent tag, protein A is an excellent reagent to detect

and quantitate antibodies with high affinity for the protein. Protein A chemically coupled to particles of

colloidal gold can be used to locate IgGs by electron microscopy.

0 Protein A immobilized on a solid support can be used to purify antibodies and to collect immune com-

plexes, antigens, and whole cells (please see Figure A9-14).

0 Using ELISA-like sandwich techniques, DNA fragments can be purified and detected using purified

protein A or engineered fusion proteins containing the IgG-binding domains of protein A domains (e.g.,

please see Lindbladh et al. 1987; Peterhans et al. 1987; Werstuck and Capone 1989; for review, please see

Stahl et al. 1993).

Chimeric proteins containing two independent ligand-binding domains have also been explored as

adhesive immunological reagents. For example:

0 Molecules labeled with digoxygenin may be labeled with a fusion protein containing an IgG-binding

domain of protein A and an antigen-binding site of an antidigoxygenin antibody. The label may then be

detected with any antibody that binds to protein A (Tai et al. 1990).
o Streptavidin-protein A chimeras may be used for indirect labeling of antibodies with enzymes (Sano

and Cantor 1991).

0 Protein A-maltose bindingprotein chimeras may be used as bifunctional reagents for binding antibod-
ies to a solid matrix (Xue et al. 1995).

0 Protein A can be used as an affinity tag to purify fusion proteins synthesized in pro- and eukaryotic cells

(e.g., please see Kobatake et al. 1995; Nilsson et al. 1985; for reviews, please see Nilsson and Abrahmsén

1990; Uhlén and Moks 1990;Uh1én et al. 1992; Stahl et al. 1993). The simplest protocol involves purify-

ing fusion proteins containing the Fc-binding domains of protein A by affinity chromatography with an

IgG resin (Uhlén et al. 1983; Nilsson et al. 1985).

The gene for protein A (Uhlén et al. 1984) encodes a preprotein of 509 amino acids that consists of a
signal sequence, which is removed during secretion: five homologous, independent IgG-binding domains,

each of 58 amino acids; and a repetitive carboxy—terminal anchor (region X), of 180 amino acids.
Crystallographic analysis of cocrystals of a single IgG-binding domain of protein A bound to human Fc
shows that the IgG-binding domain contains two a—helices that form extensive hydrophobic interactions

with the second and third constant regions of the Fc domain (Deisenhofer 1981 ).

Protein G was first isolated from streptococcal strains belonging to groups C and G (Bjdrck and Kronvall

1984). Protein G, like staphylococcal protein A, has a high affinity for the Fc region of mammalian anti—

bodies. However, the two proteins are quite different in structure and have different affinities for antibod-

ies (please see Table A9-8) (Akerstrt'im et al. 1985). Whereas protein A is rich in a-helices and forms

hydrophobic interactions with immunoglobulins, protein G has a large content of B-sheet structures

(Olsson et al. 1987; Gronenborn et al. 1991). Protein G binds to the first constant domain of IgG (Erntell et

al. 1985) and the interaction between the two molecules involves alignment of B strands to form a contin-

uous B-sheet across the interacting surfaces (Derrick and Wigley 1992). The structures recognized by pro-
tein G and protein A are closely related (Stone et al. 1989). However, many species and subclasses of IgGs
that do not bind well to protein A bind with high efficiency to protein G. For example, protein G is able to

bind efficiently to human immunoglobulins of the IgG3 subclass, whereas protein A cannot (Sjtibring et al.

1991). Chimeric proteins, containing ligand—binding domains of proteins A and G exhibit the combined
specificities of the parental proteins (Eliasson et al. 1988, 1989).

One potential disadvantage of protein G as a reagent to collect immune complexes and to purify IgGs

is that it binds strongly to bovine serum albumin (Bjérck et al. 1987). However, the IgG-binding site and
the serum albumin—binding site are structurally distinct (Nygren et al. 1988; Sjt’ibring et al. 1989) and engi—
neered versions of protein G lacking the albumin—binding site are commercially available. The serum albu-
min domains of protein G have been used as purification tags in fusion proteins (Nygren et al. 1988, 1991;
Sjélander et al. 1993).
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LacI-SpA

fusion  FIGURE A9-14 Isolation of Antigens or

Whole Cells Using a LacfliA Fusion Protein
 

The figure illustrates the use of a lac repressor T
(LaCl-SpA) fusion protein for reversible recovery
of protein antigens or whole cells using magnet— magnetic bead blotinylated lgG antigen
ic beads with a coupled DNA fragment contain— with coupled DNA fragment orce"
ing the lac operator (laCO) sequence. streptavidm

Protein L

Protein L (Ml ~76,000) (Akerstrdm and Bjéirck 1989) is a cell—wall component of the anaerobic bacterium

Peptostreptococcus magnus (Bjdrck 1988), which binds with high affinity to the x light chains of

immunoglobulins, This interaction does not interfere with the antigen—binding sites of the antibody (Alien

strom and Bjérck 1989). Protein L binds to a wide range ofIg subclasses including human, mouse, rat, rab—

bit, and chicken (please see Table A9—8), but it does not bind to bovine, goat, or sheep Ig. These species—spe-

cific binding characteristics make protein L a useful tool for antibody purification, in particular for the

purification of monoclonal antibodies from media supplemented with fetal bovine serum or bovine serum

albumin and the purification of humanized antibodies from transgenic animals. Protein L is available c0m~
mercially (e.g., CLONTECH and Pierce).  
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INTRODUCTION

The Process

Applications

With the growing abundance of sequencing data from such diverse organisms as yeast, bacteria,

fruit fly, several plants, and humans comes a pressing need for developing and applying tech—

nologies to perform comprehensive functional analyses. DNA microarrays have been developed

in response to the need for simultaneous analysis of the patterns of expression of thousands of

genes. Microarrays therefore offer tremendous advantages over traditional “single—gene” methods

such as northern hybrization, reverse transcriptase—polymerase chain reaction (RT—PCR), and

nuclease protection.

In a typical application, high-density nucleic acid samples, usually cDNAs or oligonucleotides, are

delivered ( or printed) by a robotic system onto very small, discrete areas of coated substrates (or

chips) usually microscopic glass slides or membrane filters, and then immobilized to the substrate.

The resulting microarray is then hybridized with a complex mixture of fluorescently labeled nucle—

ic acids (probe) derived from a desired source. Following hybridization, the fluorescent markers

are detected using a high—resolution laser scanner. A pattern of gene expression is obtained by ana-

lyzing the signal emitted from each spot with digital imaging software. The pattern of gene expres-

sion of the experimental sample can then be compared with that of a control for differential analy—

ses. The use of terms varies in the literature; however, in this discussion, probe refers to the mix-

ture of labeled nucleic acids and target denotes the immobilized array of nucleic acid samples.

Two chief applications of DNA microarray technology are described briefly below. Other appli—

cations include gene discovery, genotyping, and pathway analysis.

Analysis of Gene Expression

Gene expression patterns are biologically informative and provide direct clues to function.

Correlating changes in gene expression with specific changes in physiology can provide mecha—

nistic insights into the dynamics of various biological processes in an organism. Microarray tech—

nology may be used, for example, for simultaneously detecting expression of many genes in dif—

ferent tissues or at different developmental stages; for comparing genes expressed in normal and

diseased states; and for analyzing the response of cells exposed to drugs or different physiologi-

cal conditions. The value of microarrays for identifying patterns of gene expression has been

demonstrated clearly in organisms such as yeast, fruit flies, mice, and humans. In yeast, for exam—

ple, gene expression patterns obtained using cDNA arrays correlate very well with changes in the

yeast cell cycle (yeast data sets and analysis tools are available at cmgm.stanford.edu/pbrown/). In

explorations of human cancer, expression arrays have aided in the molecular classification of B-

cell lymphomas and leukemias. These studies are likely to help us to understand the pathophysi—

ology of cancer and to define targets for therapeutic intervention.

Monitoring Changes in Genomic DNA

Cancer cells typically exhibit genomic instability, including gain—of—function mutations of onco—

genes often marked by gene amplifications or translocations and loss-of—function mutations in  
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tumor suppressor genes often marked by point mutations and subsequent loss of heterozygosity
or by homozygous deletions. Three laboratories are now using microarrays for high-resolution
analysis of genomic DNA:

0 The Brown laboratory (cmgm.stanfordiedu/pbrown) uses cDNA microarrays.

o The Gray laboratory (cc.ucsf.edu/gray/) uses microarrays of genomic DNA cloned in BAC vec~
tors.

o The Wigler laboratory (nucleus.cshl.0rg/wigler/) uses microarrays derived from l0w~c0mplex-
ity representations of genomic DNA.

Which method or combination of methods will be successful in measuring changes in copy num~
her of nonabundant sequences with high statistical confidence in clinical samples remains to be
determined.

Mutations and polymorphisms, in particular single nucleotide polymorphisms (SNPs), can
be studied within and among species using high-density oligonucleotide arrays. These so—called
mutation detection arrays consist of oligonucleotides representing all known sequence variants of
a gene or a collection of genes. Because hybridization to oligonucleotides is sensitive enough to
detect single—nucleotide mismatches, an homologous gene carrying an unknown sequence varia—
tion can be screened rapidly for a large number of changes. Examples of mutation detection
arrays include a p53 gene chip, an HIV gene chip, and a breast cancer BRCA—l gene chip.

The remainder of this discussion focuses on the technological aspects of DNA microarrays,
with little further emphasis on applications. It is imperative to remember that DNA microarrays
represent a developing technology and that there remain substantial obstacles in the design and
analysis of these microarrays.

OVERVIEW AND SCHEMA OF DNA MICROARRAYS

There are six basic steps in performing a DNA microarray experiment (please see Figure AlO—l ):

1. Processing cDNA clones to generate print—ready material.

. Printing cDNA clones (or oligonucleotides) onto a substrate.

. Sample RNA isolation (either total RNA or mRNA).

2

3

4. Preparation ofthe probe (e.g., cDNA synthesis and labeling).

5. Hybridization of the labeled probe DNA to the DNA arrayed on the substrate.

6 . Image acquisition of hybridization results and image analysis.

Clone Sources and Their Description

The initial resources required to design and fabricate gene expression microarrays include
genomic or cDNA sequence data, cDNA clones, or both. Traditional approaches to gene discov—
ery, such as cloning, have identified only a small subset of genes in an organism. More recent
approaches, for example, large—scale sequencing of expressed sequence tags (liSTs), have greatly
enhanced the rate of gene discovery GenBank now has a collection of >1 million human ESTs.
EST sequences are deposited into the databank dbEST (wxxrw.ncbi.1ilm.nih.gov/dbES'I'/
index.html), a division of GenBank. Sequences stored in dbEST are subjected to an automated  
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FIGURE A10-1 Flowchart: Performing a Microarray Experiment
 

process called UniGene that compares ESTs and assembles overlapping sequences into clusters

(www.ncbi.nlrn.nih.gov/UniGene/index.html). Clone sets, comprising the largest single represen-

tative of each cluster, are sequence-verified and then made available to the public through licensed

vendors (http://image.llnl.gov/image/html/idistributors.shtml).
The current UniGene collection of human and mouse cDNA sequences (~40,000 and

10,000 sequence-validated clones, respectively) is available for purchase through official vendors

such as Research Genetics (www.resgen.com) and Incyte Genomics (gem.incyte.com/gem/prod-

ucts/unigemv2.shtml). The UniGene collection is likely to expand proportionally with progress in
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the various genome sequencing projects. Another resource for the human CDNA collection is the
German Human Genome Project (http://wwwrzpd.de/general/html/glossai'y/unigeneshtml). A
comprehensive, sequence—validated full—length mouse cDNA collection is also available from
Riken Genomic Sciences Center, Iapan (http://hgp.gsc.riken.go.jp/) and from the National
Institute of Aging (http://lgsun.grc.nia.nih.gov/). Table AIO-l presents genomic resources for
organisms other than human and mouse that are available for microarray fabrication.

Robotics for High-throughput Processing

Considering the enormous size of clone sets derived from eukaryotic genomes, some degree of
automation is typically required to obtain print-ready material with a high degree ofaccuracy and
reproducibility. Two robotic systems, designed for high-throughput parallel processing, encom—
passing fully automated or semi-automated liquid—dispensing and plate—handling systems are the
Robbins Hydra Work Station (www.robsci.com), which uses high-precision Teflon—coated capil—
laries, and the Beckman Coulter Multimek (www.beckmancoulter.c0m), which uses disposable
tips. In addition to accurate volumetric handling of liquids to and from standard 96—we1] or 384-

well plates, these robotic systems also have reformatting capabilities, allowing the transfer of mate-
rial between 96— and 384-well plates on the same work surface. Each robotic unit can be integrat—
ed with other automated systems. Robots with analogous capabilities are the Qiagen BioRobot
(www.qiagen.com/automation/), Tecan AG GENESIS sample processor (www.tecan.com),
Packard MultiPROBE (www.packardinst.com), and Tomtec Quadra (www.tomtec.com).

Solid Support and Surface Chemistry

The development of novel solid supports and efficient chemistries for the manufacture of spa-
tially resolved microscopic DNA arrays is essential if the potential of DNA chip technology is to
be fully realized. A good substrate must bind DNA efficiently and uniformly, and leave the sur-

face—bound DNA both functional and accessible. The density of DNA attached to the substrate
must be high, the bound array must be stable, and the substrate must be chemically inert and have
ultra-low intrinsic fluorescence while providing strong signal intensity and a broad dynamic
range. Two basic substrates commonly used are glass and membrane filters.

Chemically treated microscope glass slides are the most widely used support. Glass is opti-
cally superior, durable under high temperatures of hybridization, and nonporous, thus keeping
hybridization volumes to a minimum; it has low autofluorescence and good geometry and is
amenable to high-density array fabrication. The major disadvantages of glass are that its planar
surface has low loading capacity, the array on a glass support is not reusable, and an efficient
chemistry for linking DNA to glass is lacking.

Glass slides coated with amine or aldehyde surface chemistry are available from Corning
Microarray Technology (CMT) (http://www.cmt.c0rning.c0m/), Cel (www.cel-1.c0m/bi0—m01e—
cular_pr0ducts.htm), and TeleChem International (www.Arrayit.com). It is also possible to
attach DNA covalently to glass slides. SurModics’ 3D—Link Activated Slides are coated with a
three—dimensional matrix that covalently binds amine—terminated DNA (PCR products or
oligonucleotides) through endpoint attachment (www.surmodics.c0m). A common method for
making amine—coated glass slides in—house is to treat them with polylysine. Details on the chem~
istry and instructions for preparing polylysine slides are available on the Brown laboratory Web
Site (http://cmgm.stanford.edu/pbrown/index.html).

A major effort is now under way to explore the use of porous materials (such as nitrocellu—
lose, nylon, and acrylamide) as substrates for attachment of nucleic acids. Porous substrates per—  
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TABLE A10-1 Genomic Resources for Microarrays

ORGANISM

Rat

Yea s! (S. ccrcviszae)

A mlminpszs llmlianu

(Awnorlmbditis elegans

Dmsnpluln me/anogasrer

l-srhcril‘hm mli

1511511114) 5111111113“

Hv/lcnlmt’mr pylori

(f. Icumi

In Development:

Smph) qun‘cus nurvus

(1111111111: albimm

MATERIAL

6000 cDNA clones

ORF—specific primer
pairs

intergenic region
primer pairs

7900~member clone set

11,500 EST clones

CDNA arrays represent—

ing the complete set of
C. elegans genes

primer pairs

cDNAs representing
12,000 genes

4290 ORF sequences

4107 ORT- sequences

putative 1590 ORFS of
strain 26,695; 91 ORFS

unique to strain 199

1654 genes

1900 ORF sequences

ORF sequences

COMMENTS

1500 sequence-validated clones are available,

These primers are designed to amplify complete coding
regions including start and stop codons from genomic

DNA (possible because very few yeast genes contain introns).
Recently, The Sanger Centre and the Imperial Cancer
Research Fund have initiated work on amplification of
coding regions from the fission yeast S. pombe.

These primer pairs are designed to amplify regions that
lie between the open reading frames (ORFS), from genomic

DNA, for use in cloning yeast promoters upstream of

reporter genes, assaying deletions or insertions in yeast

genes, and mapping transcription—factor—binding sites.

The clones represent genes from all major tissue cate-
gories (e.g., roots, rosettes, and inflorescence).

Collection was generated at Michigan State University.

These microarrays along with support for hybridization and
data analysis are available to other C, elegans laboratories on
a collaborative basis.

These primer pairs can amplify all or a portion of each
ofthe 19,000 genes.

The cDNA collection is currently undergoing annota-
tion at the Berkley Drosophila Genome Project.

Membrane arrays containing a complete set Of PCR-
amplified genes.

PCR-amplified ORFs.

RESOURCE

Research Genetics

(www.resgen.com)

Research Genetics

(www.resge11.com)

Research Genetics

(vvww.resgen.com)

lncyte Genomics

(www.incyte.c0m/products/

organismshtml)

Affymetrix

Stuart Kim's laboratory
at Stanford University
(cmgm.stanford.edu/~
kimlab/l

Research Genetics

(www.resgen.com)

Berkeley Drosophila
Genome Project

(www.fruitfly.org) will be

available for purchase

through Research Genetics
(www.resgen.com)

Genosys Biotechnologies
(http://www.genosys. com/

expression/framesethtmI)

Genosys Biotechnologies

Genosys Biotechnologies

Genosys Biotechnologies

lncyte Genomics

(www.incytexom/products/
organismshtml)

Incyte Genomics

(www.incyte.com/products/

organismshtml)
 

mit the immobilization of large amounts of target molecules due to greatly enhanced surface area,
providing enhanced sensitivity compared to planar substrates. Porous substrates based on poly-
mer matrices provide a three—dimensional hydrophilic environment similar to free solution for
biomolecular interactions. The utility of nitrocellulose-coated glass surfaces for microarrays has
been demonstrated. The high binding capacity of nitrocellulose combined with low background  
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fluorescence makes these membrane-coated slides a superior substrate for mieroarmys. They are

available from Schleicher & Schuell (www.s-umi—s.de/).

Microarray Production

Mieroarrays may be produced using one ofthe methods described below. Alternatively, pretlibri~

cated microarrays from many sources are available commercially. Microarray thhrication tech-

nologies are oftwo kinds: in situ synthesis of nucleic acids and exogenous deposition ot‘prepared

materials on solid substrates. Three types of advanced technologies have emerged as early

favorites in automated microarray production.

Contact Printing

In this approach, DNA fragments are directly deposited onto a glass support using a precision

robot. The DNA sample is loaded into a spotting pin by capillary action and small volumes are

transferred to a solid surface, such as a microscope slide, by direct physical contact between the

pin and the solid substrate. After the first spotting cycle, the pin is washed and a second sample is

then transferred to an adjacent address. A robotic control system and multiplexed print heads

allow automated microarray fabrication. One of the crucial factors affecting array fabrication

using the contact printing method is the reproducibility and durability of the spotting pins (also

called quills or tips). Custom, machine—made high—precision pins can be obtained from Telechem

International (www.arrayit.com), Majer Precision Engineering (http://www.maierprecision.
eom/), and Die—Tech (San Francisco).

The first contact printing arrayer was designed and built in the laboratory of Patrick Brown

at Stanford University. An arrayer based largely on the Stanford prototype was subsequently fab-

ricated in the National Human Genome Research Institute (NHGRI, www.nhgri.nih.g0\'/

DlR/LCG/lSK/HTML) and at the Albert Einstein College of Medicine (http://sequeneeuecom.

yu.edu/bioinf/microarray/printer.html). For the “do—it-yourself" approach, detailed instructions

for assembling a contact printing arrayer, including a description of the necessary parts, can he

found at http://cmgm.stanford.edu/pbrown/mguide/. Commercial robotic systems for making

arrays by contact printing are offered by

c Cartesian 'I‘echnology (www.cartesiantech.com/pixsyspa.htm)

o (?eneMaehines’ OmniGrid (www.genemachines.c0m)

o Genomic Solutions (www.gen0mics01uti0ns.com)

o BioROboties (www.bi0r0botics.c0.uk)

o (lenetix (www.genetix.c0.uk/Microarrayinghtm)

0 Intelligent Bio—Instruments (www.intelligentbio.com)

0 Genepak (www.genpakdna.com)

o Amersham Pharmacia Biotech (www.apbiotech‘com/application/miemarrziy/J

A less expensive alternative to robotic spotting of samples onto substrates is to use a hnnd~
held 384—pin arraying device, available from V & P Scientific, Inc. (www.vp—scientitic.c0m/). This

vendor offers pin tools for 96-, 384—, and 1536—well plates, as well as registration accessories that
allow the creation of high—density arrays of up to 3456 samples per army.
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Photolithography

Developed by Affymetrix (www.affymetrix.com), this method combines photolithography tech—

nology from the semiconductor industry with DNA synthetic chemistry to permit the manufac-

ture of high—density oligonucleotide microarrays. A solid support is derivatized with a covalent

linker terminated with a photolabile protecting group. A photomask is used to determine which

positions react with light. Exposure to light causes dissociation of the protecting group at the

exposed site. A chemical coupling reaction is then used to add a specific nucleotide to the new

deprotected site, and the process is repeated using a different mask. The end result is a precision—

made array, containing many oligonucleotides of known sequence. The Affymetrix method for

making arrays demands a technical sophistication that generally cannot be imported to academ—

ic laboratory settings.

Pin and Ring

A “pin and ring” device is used for sample spotting by a noncontact mechanism. The ring holds a

droplet of solution picked up from the well of a microtiter plate, and the pin punches a smaller

droplet from this reservoir onto the substrate. The main advantage of this technology is the abili-

ty to generate consistent delivery from a variety of solvents with DNA, proteins, and small mole-

cules on virtually any substrates. The technology as it currently stands has a high degree of preci-

sion but lacks the desired robustness. This technology was developed at Genetic Microsystems,

now wholly owned by Affymetrix (www.affymetrix.com).

Commercial Arrays and Integrated Array Services

The formidable task of generating microarrays is time-consuming and frequently cost—prohibi-

tive for many laboratories. Some commercial ventures have fabricated microarrays on mem-

branes (nylon and nitrocellulose) and/or glass, and these are available commercially (please see

Table A10-2). Commercial arrays are also available from Hyseq (www.hyseq.c0m) and Stratagene

(www.stratagene.com/gc/gene.htm).

Choice of an Array System

The choice of a DNA array for a particular experiment requires consideration of the expense,

desired density of DNA on the array, reproducibility among chips, and type of DNA to be immo-

bilized on the surface. The first decision is whether the chips should contain immobilized cDNAs

or shorter oligonucleotide sequences. cDNA samples must be spotted onto the chips as complete

molecules, whereas oligonucleotides can be either spotted or synthesized on the surface of a chip

with high fidelity. Another important decision is whether the user will make the arrays or pur—

chase the chips. The advantages and disadvantages for each of these issues for each approach are

presented in Table AlO—3.
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TABLE A10-3 Choice of an Array System
 

ARRAY TYPE ADVANTAGES DISADVANTAGES
 

LUNA arrays 0 Availability of large nonredundant, sequence—

validated clone sets from different organisms.

0 Because prior sequence information is not required,
cDNA arrays are an excellent choice for gene discovery.

0 CDNA size is optimal for specific hybridization.

a Technology for spotting DNA on glass and membranes
is readily available.

oligonucleotide chips 0 High-density chips can be fabricated.
- In situ synthesis on the chip generates consistent and

uniform geometry of spots.
0 Oligonucleotide arrays may be used for genotyping as

well as for gene expression analysis

- Maintaining large collections of cloned DNA molecules
is not essential.

- Because oligonucleotides are relatively short and can be
designed for any gene region, oligonucleotide chips can

be used for sequencing, identification of polymorphisms,
and potentially for identification of different transcript
splice variants.

Homemade systems 0 'Iechnology for array fabrication is readily available and
well suited to laboratory setting.

0 Once the infrastructure is established, it is a less expen—
sive way of making arrays.

0 Unlimited number of arrays can be generated as required
(qu1te useful considering microarray experiments are
performed with a large number of arrays).

0 Most flexible and versatile way to study any available
genes. New genes can he added easily‘

o User has complete control over the research and is less
dependent on commercial companies

(Inmmercidl systems a Uniformity in chip quality.

a Burden of production and quality control is on the
manufacturers.

- User has access to proprietary technologies and private

clone resources.
0 Integrated packages are available for array hybridization

and downstream informatics.

Processing clones to generate print—ready

material is cumbersome.
Density of printed cDNA is lower than for in-
situ—synthesized oligonucleotides.
CDNA sequences may contain repetitive

sequences such as A114 in human 3’ Ul‘Rs or B
elements in rodent 3' UTRS, resulting in cross-
hybridization.
Clone authentication can be a problem.

There is an absolute sequence data requirement
for designing oligonucleotides.
Oligonucleotide selection rules are not well
defined.
Short sequences are not the best targets for
hybridization and, therefore, appropriate con—
trols must be included.
Oligonucleotide chips are extremely expensive
and the current manufacturing process is inher—

ently inflexible.

User must learn to design and build chips.

Not the system of choice if only a small number
of arrays are needed or a limited number of
experiments are performed because capital costs

run high. (This cost can be circumvented by
establishing core facilities and shared resources.)
Tracking of clones and print material can be
cumbersome and error-prone.

Limited flexibility.

Chip costs are extremely high.
User is totally dependent on outsourced produc-
tion of chips.

 

IMAGING AND ANALYSIS OF THE ARRAY
 

Sample Processing and Hybridization

Once the array has been printed or purchased, the next step is to hybridize a labeled probe to the

immobilized DNAs on the array. Typically, the probes for arrays are labeled representations of

cellular mRNA pools isolated from various biological resources, such as cell cultures, tissues of

model organisms, clinical biopsies, and histological samples. Detailed protocols for preparing

the probe samples (including isolation of RNA, synthesis of CDNA, and incorporation of fluo-

rescent dyes) and hybridizing the probe molecules to the immobilized DNA arrays are available

on the following Web Sites:

 

  



Detection of the Hybridization Signal

Stanford University

Alhert lzinstcin College ol Medicine

NllGRl

(Iold Spring Harbor liill)()rrll()l'y

(lnllection Of protocols

TIGR protocols

Imaging and Analysis offlw Army AIOJI

W\\'w.c11igin.stanf0rd.edn/phmwn/

www.sequenceaecomyu.edu/hiointfl/micmtirm) /p i‘otocnlhtml

www.nhgri.nihgov/DlR/LCG/ l SK/HTMli/pmtomlhtml

www nucleus.cshl.0rg/wiglcr/

W\\'\\nprot0col~online.net/molbio/l )NA/(lIltl#nllCI'Odrl'21)'.litm

wwwt ignorg/tclb/m lCI‘O'd rrdy

After hybridization, the DNA microarray is scanned to monitor the tluorestence of each probe
that was successfully hybridized to the target. Most microarrays utilize two fluorophores, typical—
ly, the most commonly used fluorophores are Cy3 (green channel excitation) and Cyi (red chan-
nel excitation). To generate a complete microarray image, it is necessary to acquire an image for
each olithese tluorophores. In general, two different scanning approaches are used: (1 ) sequential
scanning acquires one image at a time and then builds the ratio image after acquisition is com-
pleted, and (2) simultaneous scanning acquires both images at the same time. Although a range
of scanners is available, it is difficult to judge their relative performances at this time. A listing of
scanners and their notable features is presented in Table AlO—4.

TABLE A10-4 Scanning Systems
 

SCANNING

SYSTEM SOURCE DESCRIPTION

 

(iencl’h 4000

5C.IIT.’\I‘I}1} 3000

(icncl \(I 1000

l ll’ ( it'nt'Ai 111)

\L an ncr

lhc Nmrm s\ stem

(.\l\ 418 .\r1.1\

\.mnt‘i

Awn Instruments, Inc.

\\'\v\v.t1><() n .wm

(icncml Scanning, lnti

\\'\vw.gsilumoni(stom/pmductsf

hut in c/dalashts/scd 1m rrdy/
st15()()0.htm

Genomic Solutions

\\ \\'w.gcn<>micsoliilmnsxom/

prtxlucts/hio/imghtm

chlclt—l’ackdrd

\\ \vw.titly1nt‘li'ix.c01n/products/
ineri‘nyhtml

.\luleculur Dynamics

\\\\‘\\.I]1Ll}'|1.Ct)IT]/tlI'I'JVN/gCIthfl]

(it‘nclic Microsystems
\\ \\ \\ Al tlymct i’ixxom

This highly compact scanner has 10»,um resolution and simultaneous dim] “aw
length scanning. Its main strengths are a very short scam time and perfect pixel-

to—pixel registration of the images in both channels. (Keeping the piwls in reg—

ister between channels is a problem often associated with dual—mivelength

scanners.) It also includes elaborate image analysis software. lhc Axon SL‘dllllCI'

is currently limited to using only two fluorophores.

This microarray scanner utilizes a confocal laser with a resuliition nt 10 um and
includes advanced software for image acquisition image dllleSlS, and data
mining. The distinguishing feature is the use of 4 different excitation lasers and
10 emission filters, providing users with the flexibility of many different
fluorescent dyes (emission spectra between 500 and 700 nm) for sample label—

ing. This setup permits more than two ditiérently labeled stple to he used
tor probing each microarray.

(ieneTAC 1000 uses a CCl) camera and A highly sensitive dctcctnr capable at

detecting up to tour fluorophores per experiment. It also htis tm autmndtcd

sample holder, With provisions for loading and stunning 34 slides At one time.

'1 he HP (icneArmy Scanner is a high-resolution (3-um) stunner designed to
read Affymetrix GeneChip probe arrays.

This system combines phosphorimager autortidiogmphy technology \\ ith two
INHH'JledCllVC fluorescentvlaheling techniques: direct fluurcstencc and chemi-
fluoresccnce. The Storm system scans storage phosphor su'ecns plus fluorescent
gels and chemifluorescent hlots in a 35 x 431m scanning Jl'L‘d and is thiis wcll-
suited for scanning membrane arrays.

This system is a scanning laser confocal imaging cpillum'csccnte microscope
with at 1041111 resolution.  
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Image Analysis

The objective of microarray image analysis is to extract hybridization signals from each probe.

Signals are measured as absolute intensities for a given target (essentially for arrays hybridized to

a single sample) or as ratios of two probes with different fluorescent labels, representing two sep—
arate treatments to be compared with one probe as an internal control. The ratio of two signals
provides relative response ratios rather than an estimate of an absolute signal. A typical color
image is shown in Figure A10—2.

Once images are obtained in digitized form, they are subjected to further analyses using a

variety of software programs. These programs provide a more accurate quantification of the

intensity ratio. Undesired features of the data such as uneven spots, dust on the slides, and non-

specific hybridizations are flagged as inadequate and are not considered for further analysis.

Background fluorescence, such as autofluorescence of the solid support or nonspecific binding of

sample to the array, can also be subtracted from the intensity of a feature. Subsequently, the mean,

n a Human cDNA Array (from cells induced with the

human tumor suppressor PTEN, protein tyrosine phosphatase, and tensin homolog)
 

A portion of a human cDNA array hybridized with a red fluor-tagged experimental probe and a green fluor-
tagged reference (uninduced) probe. The measured intensities from the two fluorescent reporters have
been false-colored red and green and overlaid. Yellow signals (red plus green) indicate roughly equal
amounts of bound cDNA from each sample and therefore have equal intensities in the red and green chan-
nels. Spots containing mRNA present at a higher level in one or the other sample show up as predomi-
nantly red or green. (Image provided by Vivek Mittal and Michael Wigler, Cold Spring Harbor Laboratory.)  
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median, and standard deviation of pixel intensities in each feature is determined and subjected to

further detailed analysis. The following image analysis programs are commonly used:

0 GenePix Pro is a program for scanning and analyzing microarray slides using the LJenePix

4000 Scanner. It can also be used to analyze images acquired with other scanners. GenePix Pm

automatically aligns the blocks of feature indicators on an image and aligns feature indicators
within the blocks with features on the image. It is fully integrated with the Web in such a way
that the gene names or their accession numbers can be linked to any database. It can be pur—
chased directly from Axon (www.axon.com).

o ScanAIyze, a program similar to GenePiX Pro, was developed by Michael Eisen at Stanford
University and is freely available from http://ranastanford.edu/software/,

Other image analysis programs include ArrayVision (from Imaging Research [mr.-
http://imagingbrocku.ca/products/); deArray (from NHGRI: wwwnhgi'i.nihgov/DIR/LCG/
ISK/HTML); ImaGene [from BioDiscovery: http://www.biodiscovery.com/products/ImaGene/
imagenehtml); TIGR Spotfinder (from TIGR: www.tigr.org/softlab/); MicroArray Suite (from
Scatmlytics: www.scanalytics.com/sos/product/hts/microarrayhtml); Genl-prlore (from Applied
Maths: www.applied—maths.c0rn/ge/ge.htm); GeneData AG (from Basel: www.geiiedata.eom/
prod—exp.htmi); Partek Pro 2000 (from Partek Inc.: www.partek.c0m/); and Spottii'ehet (from
Spotfire: www.spotfire.com).

Some Considerations in Performing a Microarray Experiment

Because microarray experiments are miniaturized and of a high-throughput nature, they are sen—
sitive to both external and internal fluctuations, for example, during delivery of the target DN'As
onto the substrate and during hybridization. Approximately 7—8% of the variation in the data is
estimated to be due to background noise. It is therefore imperative to follow proper averaging and
normalization procedures, both to minimize these variables and to ensure that the extracted data
are reliable and meaningful. It is also important to note that, as of this writing, there are no glob-
ally accepted rules or standards for performing controlled microarray experiments. Furthermore,
the platforms as well as the methods for data extraction and analysis are subject to great variabil-
ity. The following are general recommendations for performing experiments on homemade
arrays and should be used as guidelines only.

0 Replicate each experiment on multiple arrays. Averaging the normalized ratios for the same
controls to compensate for array—to—array variation.

0 Perform experiments using color reversal to accountfor variations in dye incorporation. The
purpose of reversing the label for the two replicates is to reduce variability in signals that can
occur due to differential incorporation of fluorescent labels by reverse tiumscriptase or other
associated technical variability. False positive results can be substantialh reduced using this
strategy.

0 Randomize the address ofarrayed DNAs on the surface of the substrate to control for varia—
tion in hybridization that may occur at different locations on the array.

0 Include a large number ofcontrols on every array to verify the success of the probe synthesis,
labeling, and hybridization. Some recommended controls include:

Doping/spiking RNA controls, where mRNAs synthesized from CDNA clones by in vitro
transcription are added to each labeling reaction. Ideally, these mRNAs are derived from
genes that are not homologous to the organism under study (e.g., nonhomologous plant
mRNAs are used on the human expression array). The cognate genes for these mRNAs  
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are represented on the array. These controls are useful for determining variations in dif—

ferential labeling of samples, for assaying the stringency of the hybridization, and for cal-

ibrating the ratios for comparisons among experiments.

Intensity series clones, where clones from the organism under study that represent high,

medium, and low expression are represented on the array. These are useful for estimat—

ing sensitivity of detection and measuring relative saturation and scanning effects.

Blocking controls. Most array hybridization experiments require the addition of cold

DNA (e.g., human Curl DNA and polyadenylic acid for human cDNA expression arrays)

to block nonspecific annealing including hybridization due to repetitive elements.

Inclusion of human Curl DNA or oligo(dA) spots on human expression arrays should

have little or no hybridization signal if repetitive elements have been successfully blocked.

Background hybridization controls. It is often useful to include blank salt spots and
spots of DNA from another organism whose mRNA is not represented in the sample.

These controls give an estimate of the nonspecific component of the hybridization and

are useful for subtracting background from feature values.

Contamination controls. DNA samples that are used multiple times for printing arrays

may become contaminated with bacteria or yeast. Total genomic DNA or cDNA clones
of common contaminants such as E. coli and yeast are represented in the array to moni—

tor for spurious hybridizations.

cDNA synthesis and RNA label quality control. Hybridization intensity is often dictated

by the size of the labeled sample. This variable can be monitored with appropriate qual-

ity control elements. For example, DNA fragments, encompassing 100—200 bp tiled

across an entire gene, can be spotted on arrays. Labeled cDNA probes of high integrity

will hybridize efficiently to all spots, whereas cDNAs of lesser quality will generate pro-

portionately weaker signals with fragments that map to the 5' end of the gene.

0 Control of geometric artifacts. The use of standard floating coverslips for DNA array

hybridization sometimes results in uneven distribution ofthe probe DNA on the array, which

compromises the hybridization. This situation occurs because the hybridization volume under

a coverslip is small, which results in inefficient mixing of the hybridization fluid and genera-

tion of localized temperature gradients. The compromise is manifest by geometrical distor-

tions in the image due to variations in hybridization at different locations within the array.

One way to circumvent this variable is to use custom—made raised—edge coverslips (also

referred to as “lifters”; available from www.eriescicom/). These coverslips provide separation

and ensure even dispersal of hybridization solution between the array and the coverslip.

Another solution is to use larger hybridization volumes within specially designed hybridiza-

tion chambers. These ensure efficient mixing of the hybridization fluid, which brings more

probe molecules into contact with the cognate target in the array, thus increasing the number

of productive events. Hybridization chambers are available from Schleicher 8x Schuell (www.s-
und—s.de/) and CLONTECH (www.clontechcom).

MICROARRAY DATA MINING, ANALYSIS, AND MANAGEMENT
 

Because microarray analysis is a high—throughput technology, the amount of data being generat-

ed is expanding at a tremendous rate. The handling and analyses of these data therefore require

elaborate databases, query tools, and data—visualization software. A brief description of some of
these databases and analysis software follows:

qmww—U e ._ ,
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0 Another MicroArmy Database. AMAD is a flat file, \\'eb—driven database system written

entirely in PERL and javascript, and intended for use with microarray data. AMAD supports

both ScanAlyze and GcnePix image analysis software. Further multivariate statistical analyses

are performed on the values obtained from the data analysis program bv using Mike Eisen‘s

Cluster analysis and TreeView; both are freely available from www.rana.Stanford.edu/s0tt—

ware/. AMAD, developed by a group of experienced scientists originally from Stanford

University, is the only free database (available from www.niicroarrztysorgl and provides kl rcli—

able analysis and data storage tool for investigators with little or no experience in handling

enormous amounts of microarray data.

0 Resolver (Rosetta Inpharmutics). Resolver is a comprehensive storage, visualization, and

analysis tool for high—volume gene expression data obtained using cDNA microarrays,

oligonucleotide arrays, and other technologies. It is interlaced with a powerful discovery tool

for pathway interrogation, functional gene assignment, and compound analysis. Multi-expcr—

imcnt analyses are possible through correlation plots, cluster trees, and BLAST—like searches

that can be conducted within the database. This feature enables the user to perform ranked sim-

ilarity searches across entire data sets containing tens of thousands of gene expression profiles.

More information about Resolver is available at www.rii.c0m/prodserv/resolver/indexhtm.

o GeneSpring (Silicon Genetics) is a powerful analysis and visualization software suite available

for genomic expression experiments. It is capable of handling and analy7ing enormous data

sets from any organism. Clustering, pathway determination, regulatory sequence detection,

Eigenmodc analysis, and a variety of data visualization tools are principal features of

GeneSpring. A copy of a free demonstration version and software for purchase are available at
www.sigenetics.c0m.

o IPLab MicroArray SuiteforMacintosh (Scanalytics) is image analysis software capable of per-

forming basic routines for extracting and visualizing microarray data generated from virtual—

ly any scanning device. Originally developed by researchers at the National Institute for

Human Genome Research (NHGRI), this software is now a completely supported product

available from Scanah'tics Inc. (www.scanalytics.com/sos/product/hts/microarrayhtmlJ.

A DNA microarray database can be linked to a reference database, for example, the UniGcnc

database, to allow access to information about particular genes. Each UniGcne entry corresponds

to a single human or rodent gene and provides a direct link to GenBank gene and EST entries. to

SWISb—PROT entries, and to literature entries through PubMed. Several groups have begun to

assemble comprehensively curated gene databases for mammals. Such databases will facilitate rapid

retrieval of information concerning functional and biochemical pathways. Some of the databases

under development are:

Kyoto Encvclopcdiu of Genes and http://mvw.genomaadjp/kegg/

Genomes (KEGG)

Locus Link www.ncbi.nlm.nih.gov/l ocusl‘ink/

WIT Wittmuanlgov/WlTZ/

SPAl) Signaling pathway Database www.grth'usliu-u.ac.jp/spaid/

(icnecards http://bi01nformatics.wcizmanntacil/cards/

BRITE www.genome.ad.jp/brite_old/

E( iAI) www.tigizorg/docs/tigr—scripts/cgadfiscripts/rolc‘ reportspl

Stanford genome resources http://gcnome—\\'ww4.stanfoi'dicdu/cgi—bin/SMl>’sourcc/sourccSearch

Database of transcribed sequences VNVW.Cl)ll.Llpelln.€dLl/l)OTS

South African National Bioinfor- www.szilibi.ac.z;1.Dbaseshtml

matics STACK database

llGR Gene lndiccs www.tigrm‘g/tdb/tgishtml
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The large—scale data sets normally obtained from related microarray experiments are sub—

jected to pattern recognition analysis to identify groups of genes that are regulated in a similar

manner across many experiments. Pattern recognition is performed using a variety of multivari—

ate analytical algorithms, such as hierarchial clustering, k—means clustering, and self-organizing

maps. Typically, the interpreted array analysis highlights a relatively smaller number of spots rep-

resenting differentially expressed mRNAs whose cognate genes are further validated by rese—

quencing and whose patterns of expression are confirmed by other more reliable but low—

throughput methods such as northern blotting, nuclease protection, or RT—PCR (for details of

these protocols, please see Chapter 7, Protocols 8 and 10, and Chapter 8, Protocol 8).

As large—scale gene expression data accumulate over time, public access to these data

becomes an important issue. In its current format, the data are widely dispersed and lack uniform

structure and retrieval modalities. Efforts to establish some type of standardized data format for
storing and communicating microarray—based gene expression data are in progress, largely due to

efforts of the European Bioinformatics Institute (www.ebi.ac.uk/microarray/MGED/). The main

objectives of this effort are (1) to ensure reproducibility and verifiability of results, (2) to identi—

fy controlled vocabularies for annotating the samples and experiments, and (3) to define the data

communication standards. The development of standards for cross-platform data comparison

and normalization is also under way.

EMERGING TECHNOLOGIES

The field of microarray technology presents a tremendous technical challenge for both academic

institutions and industry. Commercial companies are vying with one another to establish market

dominance. Novel platforms are being developed that promise higher throughput and better

reproducibility; but which technology will emerge as the system of choice remains to be deter—

mined. This discussion surveys some of the emerging technologies that are likely to have a sig—

nificant impact on the future of microarray research.

Novel Microarray Fabrication Methods

0 Piezoelectric Printing uses technology analogous to that employed in ink—jet printers. The

sample is loaded into a miniature nozzle equipped with a piezoelectric element around the

nozzle. An electric current is applied to the piezoelectric element, which causes the nozzle to

expel a precise amount of liquid from the jet onto the substrate. After the first step, the jet is

washed and the second sample is loaded and deposited to an adjacent address. This method

allows high-density gridding of virtually any molecule of interest, including DNA, antibodies,

and small molecules, onto the substrate of choice. Arrays can be produced on nonporous

(glass), porous (filters), and three—dimensional (Hydro—gel) substrates. The piezoelectric tech-
nology is not currently as robust as photolithography or microspotting. The BioChip Arrayer
from Packard Instrument Co. uses piezoelectric “drop—on—demand” tips to provide noncontact
dispensing (www.packardinst.com).

0 Bubble Iet Technology uses the ink-ejecting mechanism used in printing devices. A Bubble Jet
ink—jet device is used to eject 5’-termina1—thi01ated oligonucleotides onto glass surfaces. The
printing head (which is similar to conventional piezoelectric devices) consists of a heater that
generates a bubble of fluid in a nozzle. The bubble pressure then ejects a microdroplet of mate—
rial from the aperture.  
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Alternate approaches for fabrication of high—density in—situ—synthesized oligonucleotide

arrays are under way. The Digital Optical Chemistry (DOC) system developed by Skip Garner

and colleagues at the University of Texas Southwestern Medical Center (www.pompous.swmed.

edu/) consists of three parts: a Digital Micromirror Device that selectively focuses ultraviolet light

onto a glass substrate where chemistry is done, a fluidics system that delivers the chemical

reagents in the proper sequence, and a computer program that controls both the Digital

Micromirror Device and fluidics system according to the desired sequence pattern. This system

alleviates the need for expensive photolithographic masks (using instead a “\ irtual“ digital mask]

and generates unique chips very rapidly. Another benefit of using DOC is that the machine is d

benchtop unit that can be manufactured for use in any laboratory. In a similar technological

direction, Xiaolian Gao at the University of Houston (www. zeiram.chem.uh.edu/gao/) uses a dig—

ital photolithographic system and new oligonucleotide deprotection chemistry using photogen—

erated acids and newly developed synthesis microreactors. These technological improvements

should in the future permit chips of any design to be made in regular research laboratories at an

affordable cost and with improved quality.

Resequencing

Also known as sequencing by hybridization (SBH), resequencing uses a set of oligonucleotides

comprising all possible combinations of sequences in a given length that are synthesi7ed and

immobilized on a chip. The DNA fragment to be sequenced is broken down into smaller pieces,

fluorescently labeled, and hybridized to the chip. The sequence of the DNA emerges from the pat—

tern of fluorescence bound to the nested sequence. Since the chip contains all possible sequences.

this system has the distinct advantage Ofbeing able to sequence DNA from any source. Fragments

containing nonrandom sequences such as direct and inverted repeats presently limit this tech—

nique. The technology is being developed by Hyseq Inc., in collaboration with PE Corporation

(www.hyseq.c0m).

Specific, High-throughput Genotyping by Primer Extension on Microarrays

A system to genotype SNPs and point mutations by a DNA—polymerase—assisted primer extension

reaction using a microarray format is being developed by Ann—Christine Syyanen at Uppsala

University in Sweden. Miniaturized reaction chambers formed on microscope slides allow analy—

sis of 80 individual samples for hundreds of SNPs, potentially allowing the generation of >2(),00()

genotypes per slide. Minisequencing single—base extensions from one primer per SNP with

dideoxynucleotides labeled with four fluorophores, or alternatively, extension of two allele—spe-

cific primers per SNP with one fluorescent deoxynucleotide, may be used. The genotypes of the

samples at each SNP are determined by measuring the slides in a fluorescence array scanner.

Direct IdenticaI-by-descent Mapping Using DNA Arrays

This mapping method is being developed in both the Brown (www.cmgm.stanford.edu/pbrown/)

and the Cheung (www. w95vc1.neuro.chop.edu/vcheung/) laboratories and facilitates the isola—

tion and physical mapping of DNA fragments shared identical—by—descent (IBD) between indi-

viduals. IBD mapping is a combination of two techniques: genomic mismatch scanning (GMS),

a method for genetic linkage mapping, and DNA microarray technology. In this method, special-

ized enzymes are used to isolate DNA fragments shared IBD between two individuals. The isolat—

ed DNA fragments are mapped at high resolution by hybridization to a DNA array representing

physically ordered genomic segments. Compared to traditional genotyping methods, direct IBD  
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mapping allows the entire genome to be analyzed in one step without laborious locus-by-locus

genotyping. Microarray-based genetic linkage mapping will be useful in mapping genes that

underlie complex genetic traits in yeast and in the distribution of meiotic recombination events

across the entire genome. Parallel work is directed at adapting the GMS methodology to the

human genome. In a demonstration of the feasibility of this technique, a gene for congenital

hyperinsulinemia has been mapped by the Cheung lab.

Protein Microarrays

As a complementary approach to gene expression profiling on cDNA microarrays, microarrays of

specific antibodies are being developed to measure the abundance of thousands of different pro—
teins in samples from cells, or in biological fluids, such as serum or urine. Preactivated surfaces

are used for the covalent immobilization of antibodies. Proteins from experimental and reference

samples are differentially labeled with fluorescent dyes and hybridized to the array. Evaluation of

the various applications of protein microarrays in detecting and diagnosing disease is under way.

Because this application would not be restricted to antigen-antibody systems, protein microarrays

should provide a general resource for high—throughput screens of gene expression, receptor-lig-

and interactions, and protein—protein interactions. Information on the development of protein

arrays is available at www.molgen.mpg.de/~proteingroup/LuekingetalPub.html.

Tissue Microarrays

This array—based high-throughput technique facilitates gene expression and copy—number sur-

veys of very large numbers of tissue specimens. For example, as many as 1000 cylindrical tissue

biopsies from individual tumors can be distributed in a single tumor tissue microarray. Sections

of the microarray provide targets for parallel in situ detection of DNA, RNA, and protein targets

in each specimen on the array, and consecutive sections allow the rapid analysis of hundreds of

molecular markers in the same set of specimens. Tissue microarrays were developed in the Olli~

P. Kallioniemi laboratory at the National Human Genome Research Institute (wuwnhgrinih.

gov/DIR/CGB/TMA/about.html). A machine to make tissue microarrays is available from

Beecher Instruments (www.beecherinstruments.c0m).

Use of Arrays to Detect DNA-Protein Interactions

The potential of DNA microarrays for high—throughput screening of DNA-protein interactions is

being exploited in several laboratories. One of the major interests is the detection of transcription—

factor—binding sites in the genome under different physiological conditions. The general approach

uses construction of an array containing both the intergenic and the coding region of the

genome. Next, the total DNA and protein content ofa cell is cross—linked in vivo, and a chromatin

immunoprecipitation (ChIP) experiment using antibody specific to a transcription factor is per-

formed. The DNA component of the immunoprecipitate (DNA—protein—antibody complex) is

labeled with fluorescent dyes by PCR and hybridized to the array. A positive spot on the array is

likely to be the target of the protein. This approach is feasible for organisms whose complete

genomic sequence is known. Methods to analyze genome-Wide protein—DNA interactions in yeast

are being developed by Iyer and Brown at Stanford University.

Using a more general approach, the Church laboratory (http://arep.med.harvard.edu/gmc/ )

has generated arrays of single—stranded DNA oligonucleotides (all possible sequence combina-

tions) carrying a constant sequence region at one end. The single-stranded arrays are converted

to a double-stranded array by annealing and enzymatically extending a complementary primer.

wM-WM..“., -_______._.e- , ,7 ,  
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Arrays containing all possible permutations of a site at each position will facilitate exploration of

the spt'ett'um of sequence—specific protein—binding sites in genomes.

In an effort to assign a function to every gene in the yeast genome, a novel high—tliroughput

method is under development at Stanford University. The project is described on the Web Site

http://sequence—www.stanford.edu/group/Yeast_deietionwpmject/deletionsihtml.

A library of yeast strains, harboring a deletion in each gene, is generated. Each of the dele-

tions is tagged with a unique ZO—mer DNA sequence that acts as a molecular harcode for individ—

ual deletions. The mixture ofall such tag strains then allows for the analysis ot‘the entire genome

with the manipulation Ufa single sample. During growth under a variety of conditions, the hiss

Of‘d tag indicates the loss of a corresponding deletion from the population. The concentration or"

each tag is determined by PCR amplification of the mixture and hybridization to a chip that con-

tains tag complements at defined positions. Thus, phenotypes of individual strains can be am-

iyzed in parallel. This approach has prospects for use in other organisms as well.

Bioelectronic Chips

SUMMARY

A number of companies are focusing on creating microchips using microelectronics. Nanogen—

chips lwww.nanogenxoml) contain probes that can be electrically activated individually. A sam—

ple is applied to the chip, and the spot is electrically activated, which allows the sample to be con-

centrated and bound efficiently, The chip is then washed and another sample applied. Thus, mule

tiplex hybridizations can be performed to the same chip. This technology has potential applic‘v

tions in a number of other analyses, including antigen—antiboah’, enzyme—substmte, ceil—receptor,

and cell separation techniques.

Orchid Biocomputer (Princeton, NJ; mmzorchideom) is designing A microfluidies chip

that has precise control over the flow of process chemicals and temperature integration. This chip

is used for screening SNPs‘. Both of these technologies have implications in drug screening and

clinical diagnostics.

From providing detailed profiles of the differential expression of literally thousands of genes tu

exploiting protein microarrays to build a resource of protein interactions, the applications of

array technology are likely to produce an explosion ofinformation on many biological fronts. The

final challenge, beyond the emerging technological developments, may well he in developing

effective means for storing sharing, and analyzing the information.
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Appendix 11
 

Bioinformatics

David Mount, lr’niw-rsily of Arizona, Tuuon

judy Cuddihy, (old Spring Harbor Laboratory

TABLE A11-1: BIOINFORMATICS SOFTWARE A113»

TABLE A11-2: DATABASE SIMILARITY SEARCH SOFTWARE A1 I.18

TABLE11-3: BIOINFORMATICS DATABASES A1 1.22

The following tables present widely used software for analyzing DNA, RNA, and protein

sequences, as well as databases and types of searches that can be performed for DNA, RNA‘ and

protein structure and function. The organization for Table A1 1-1 is outlined below:

0 DNA

Sequence Submission

Sequence Alignments (Pairwise and Multiple)

Scoring Matrices

Motifs and Patterns

Genes, Exons, and Introns

Promoters, Transcription-factor—binding Sites

Other Regulatory Sites

0 RNA

Secondary Structure

RNA—specifying Genes, Motifs

0 Protein

Sequence Alignment

Motifs, Patterns, and Profiles

Because of the ever-changing nature of software and World Wide Web sites, it is worth the

effort to consult the relevant Web or FTP sites for more information and the latest versions of

software and databases. In most instances, a license is needed if the programs or databases are

used for commercial purposes; see each site for further information. Commercial programs have

not been included in this survey. For more information on these options, refer to the Web Sites 01"

the relevant companies.

AIL]
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In addition to the specific sites for software and databases, there are several “gateway” Web

pages that offer access to many of the sites listed in the tables, as well as to additional sites. The

following Web pages offer a good starting place for many searches:

National Center for Biotechnology Information (NCBI)

Web Site: http://www.ncbi.nlm.nih.g0v

This site offets a wide range of databases and searches Via Wb-based interactive forms includ-

ing GenBank, PubMed, BLAST, genome biology resources and databases, cancer resources and

databases, and many other resources. These resources are integrated by Entrez, a search and

retrieval system that also includes cross—referenced information. Submission to the GenBank

database can be made here.

Baylor College of Medicine Search Launcher

Web Site: http://www.hgsc.bcm.tmc.edu/SearchLauncher

Web—based interactive forms and links are provided for many types of searches, including nucle—

ic acid, protein sequence and pattern, species-specific protein, sequence alignments, gene fea—

tures, and protein secondary structure, as well as for many sequence utilities.

The Sanger Centre

Web Site: http://www.sanger.ac.uk

Web—based interactive forms and links are provided to a wide range of databases and software

utilities, including the many genome sequencing projects.

EBI—European Bioinformatics Institute, EMBL Outstation

Web Site: http://www.ebi.ac.uk

Web-based interactive forms and links to databases and software utilities are given. Submissions

to EMBL Data Libraries can be made here.

ExPASy Molecular Biology Server-Expert Protein Analysis System, Swiss Institute of
Bioinformatics

Web Site: http://www.expasy.ch

This plotein-specific site provides a wide range of links to database and software utility resouces

for analysis of protein structure and function.

For more extensive information on the mathematical and statistical underpinnings of

bioinformatics software, as well as methods for database searching and analysis of DNA, RNA,

and protein sequence, please see Mount (2001).

  



T
A
B
L
E
A
H
-
l

B
i
n
i
n
f
o
r
n
m
l
k
s

S
u
f
l
w
a
r
e

P
R
O
G
R
A
M
N
A
M
E

W
E
B

S
I
T
E
/
F
T
P

SI
TE

S
e
q
u
e
n
c
e
S
u
b
m
i
s
s
i
o
n

 
H
A
H
N
!

hi
ll

 

\
\
u
n
,
m
l
m
n
l
m
A
n
l
h
k
g
m
/
|
€
.
m
k
l
l

S
e
q
u
i
n

(f
or
mc
rl
y

ca
ll
ed

ht
tp
z/
Ax

\\
'\
\.
nc
bi
.n
lm
.n
ih
.g
m’
/S
eq
ui
n/

A
u
t
h
n
r
m
)

i
n
d
m
‘
h
m
fl

I
II
’,
“
w
“

nc
hi
.n
lm
.n
il

.g
u\
/x
cq
ui
n

c
h
i
n

hI
Ip
:/
/w
ww
.c
hl
.d
c.
uk
/'
Ib
ol
s/
ln
dc
mh
tm
l

S
e
q
u
e
n
c
e
A
l
i
g
n
m
e
n
t
s
(
m
e
t
h
o
d
s
f
o
r
al
ig
ni
ng

t
w
o
s
e
q
u
e
n
c
e
s
at

a
ti
me
;

B
L
A
S
'

(
B
a
s
u
:
A
l
i
g
n
m
e
n
t

Se
ar
ch

To
ol
)

(
A
l
t
s
c
h
u
l

et
al
A
1
9
9
0
;

K
a
r
l
i
n
a
n
d
A
l
t
s
c
h
u
l

1
9
9
0
,

1
9
9
3
;
T
a
t
u
m
v
u

dl
ld

M
a
d
d
e
n

19
99
)

ht
tp
:/
/w
ww
.r
1c
bi
.n
]m

ni
h.
gm
'/
go
rf
/

b
t
h
t
m
l

F
A
S
T
A
p
m
g
r
a
m
s

P
A
S
T
A

ht
tp
:/
/f
as
ta
.b
io
ch
.v
1r
g1
ni
a,
ed
u

(P
ea
rs
on

a
n
d
L
l
p
n
m
n

F
T
P
:

ft
p.
\'
ir
gi
ni
a.
ed
u,

di
r

19
88
)

/p
uh
/t
l1
sl
.1

((
m
m
u
u
w
l

m
r

{
u
l
/
u
n
'
m
g
p
u
g
v
t
l

D
E
S
C
R
I
P
T
I
O
N
/
P
L
A
T
F
O
R
M
S

I
N
P
U
T
F
O
R
M
A
T

W
l)

lm
xc
d
x
c
q
u
u
m
c
x
u
h
m
l
s
x
m
n

10
an

In
!

d
n
‘
c
u
x
u
i
w
m
h
s
i
n
n

tn
(n
cn
lh
nk
;
x
u
h
m
l
t
l
c
d

s
c
q
u
c
m
c
m
u
x
t

h
e
D
N
A
/
R
N
'
A
x
c
q
u
c
m
c
t
t
h

ha
s
h
u
c
n
x
c
q
u
c
n
w
d

h)
Ih
c
su
hm
ll
lc
r.

Th
is

[0
01

ix
fo
r
(
m
e
or

a
fe
w
s
u
b
m
i
s
s
i
o
n
s
Wi
th

u
n
c
o
m
p
l
w
a
t
c
d
s
e
q
u
e
n
c
e
d
n
n
o
t
a
t
i
m
m

I.
\S
I.
‘\

S
u
b
m
i
w
o
n
a
n
d
u
p
d
a
t
e
uf

s
e
q
u
e
n
c
e
s
u
b
m
l
s
—

s
i
o
n

to
G
a
n
d
n
k
,
E
M
B
L
,
d
n
d
D
D
I
B
.

H
a
n
d
l
u
s
i
m
p
l
e
a
n
d
c
o
m
p
l
e
x
su
bm
is
si
on
s:

du
lu
ln
at
lc
dl
ly

p
c
r
f
u
r
n
w
fu
nc
ti
on
x

th
at

n
e
e
d

F
A
S
T
A

fo
r
s
e
q
u
e
n
c
e

fil
es
;
al
so

l’
HY
I

ll’
,
NI
-X
l?

,M
A(
.A
\\
',

l
—
A
S
'
I
A
G
A
P

fo
r
p
o
p
u
l
a
t
i
o
n
,

ph
yl
og
cn
ct
lx
‘
a
n
d

ll
lL
ll
‘l
lI
OI
]

In
b
u
d
o
n
c
m
e
m

Iy
in

UI
hL
‘I
'
a
u
l
v
m
i
m
m
n
p
l
w

sl
ud
ic
x.

g
r
a
m
s
.

H
a
s
p
o
w
e
r
f
u
l
s
e
q
u
e
n
c
e
a
n
n
o
t
a
t
i
o
n

to
ol
s,

bu
il
t-

m
va
ll
da
ti
on

fu
nc
ti
on
s;

gr
ap
hi
ca
l
a
n
d
s
e
q
u
e
n
c
e

vi
ew
s.

R
u
m

(
m

IT
N'
IX

a
n
d
P
C
;

hJ
s
N
C
t
x
v
m
‘
k
/
h
m
r
c

m
o
d
e

to
c
w
h
a
n
g
e
i
n
f
u
r
m
a
t
m
n

wi
th

N(
IB
I.

c
h
—
l
m
s
c
d

in
te
rf
ac
e
pr
ef
er
re
d

fo
r
E
M
B
I
,

sc
~

q
u
v
m
‘
u
m
b
n
n
s
s
i
o
n
.

D
a
t
a
c
a
n
be

m
o
d
i
fi
e
d
a
n
d
v
i
e
w
e
d

be
fo
re

su
b-

mi
ss
io
n;

ha
s
b
u
l
k
s
u
b
m
i
s
s
i
o
n
p
r
o
c
e
d
u
r
e

fo
r

2
5
or

m
o
r
e

re
la
te
d
se
qu
en
ce
s;

al
so

E
B
I

ve
ct
or

sc
re
en
in
g
so
ft
wa
re
.

E
M
B
L
D
a
m

l
e
m
r
i
c
x
d
u
o
s

i
n
n

m
u
n
h
c
r
.

f
o
r
d
a
t
a
b
a
s
e
se
ar
ch
es

th
at

gi
ve

p
a
i
r
w
i
s
e
al
ig
nm
en
ts
,
se
e
Ta
bl
e
A
1
1
—
2
)

T
h
e
B
L
A
S
T

a
l
g
o
r
i
t
h
m

is
pr

i
m
a
ri
ly

us
ed

fo
r

si
mi
la
ri
ty

se
ar
ch
es
m

s
e
q
u
e
n
c
e

da
ta
ba
se
s,

bu
t

it
m
a
y

al
so

b
e
us
ed

fo
r
al
ig
ni
ng

a
pa
ir

o
f
se
—

qu
en
ce
s‘

T
h
e
B
L
A
S
T
\
N
c
b

Si
te

Al
ls
n
pr
ov
id
es

(1
p
a
g
e

fo
r

Al
ig
ni
ng

t
w
o
s
c
q
u
c
n
c
c
s
b
y

fir
st

se
ar
ch
in
g

ti
n

c
o
n
s
e
r
v
e
d
w
o
r
d
s
a
n
d

us
in
g
lh
cs
c
to

w
e
d

an
d
h
g
n
m
c
n
l
.

P
A
S
T
A

or
A
c
c
e
s
s
i
o
n
/
G
e
n
b
a
n
k

i
n
d
e
x
n
u
m
b
e
r
(
w
e
b

si
te
)

F
A
S
T
A

is
u
s
e
d
pr
lm
ar
il
y

fo
r
si
mi
la
ri
ty

se
ar
ch
es

in
s
e
q
u
e
n
c
e
da
ta
ba
se
s,

bu
t

it
m
a
y

al
so

be
us
ed

fu
r
a
h
g
n
m
g

a
p
a
n
u
f
U
N
A

x
c
q
u
c
n
g
c
s
m

d
pa
il

nt
p
m
l
c
m
w
q
u
c
m
c
s
.

\\
'c
h~
lm
sc
d

ln
lc
ra
ct
iv
c
f
o
r
m

or
d
n
w
n
l
m
u
h
h
l
c

xn
t‘
hv
ar
u.

l’
cr
mi
xs
in
n
n
c
c
d
c
d

fo
r
u
l
m
m
m
i
a
l

Us
C.

F
A
S
T
A

O
r
A
c
c
e
s
s
i
U
n
/
G
e
n
b
a
n
k

in
de
x
n
u
m
b
e
r

(
w
e
b

si
te
)

I
A
S
T
A
n
m
y
h
e
es
ta
bl
is
hc
d
o
n

<1
wi
ne
ry

mt
u
n
n
—

pu
tc
r
pl
at
fm

m
x
,

in
cl
ud
in
g
M
a
c
i
n
t
u
s
h
a
n
d

P(
\\
'i
nd
ow
s,

bu
t
w
i
t
h
o
u
t

d
gr
ap
hi
ga
l

in
tc
rt
ll
gc
.

|
N
T
E
R
P
R
E
T
A
T
I
O
N
/
R
E
S
U
L
T
S

R
c
t
m
n
c
d

In
c
—
m
m
l

AI
'C
i
pu
s

h
m
m
a
r
y
(
‘
y
a
n
A
n
k

fla
t

ti
le
;

G
u
n
H
a
n
k
A
u
c
s
x
m
n
n
u
m
b
e
r
-

c
u
m
p
l
e
t
c
d
(
Q
e
n
B
a
n
k

fla
tfi
lc
.

 

(
Q
e
a
n
n
k

fla
t

fil
e;

G
e
n
B
a
n
k

A
c
w
s
s
i
o
n
n
u
m
b
e
r
.

Lo
ca
l
al
lg
nm
cn
t.

Lo
ca
l
a
l
l
g
n
m
e
n
t
of

se
qu
en
ce
s

b
a
s
e
d
o
n
w
o
r
d

“s
ee
ds
”
a
n
d

gr
ap
hi
ca
l
re
pr
es
en
ta
ti
on

of
al
ig
nm
en
t.

Si
ng
le
,
lo
ca
l

(5
n1
1t
h-
\\
'u
te
r-

m
a
n
}

a
l
i
g
n
m
e
n
t
l
w
t
w
c
c
n
t
m
)

s
c
q
u
c
n
u
‘
x

Table A] 1—1 Bioinflnnmtivs SofIwarc AII.3

 



T
A
B
L
E
A
1
1

-1
(
C
o
n
t
i
n
u
e
d
) W
E
B

S
l
T
E
/
F
T
P

SI
TE

tm
s’
rA

Ah
lt

pi
/H

ll
sl

t

P
R
O
G
R
A
M
N
A
M
E

 

al
mv

ir
gl

ma
ns

du

F
A
S
T
X
/
F
A
S
T
Y

ht
tp
:/
/f
as
ta
.b
i0
ch
.v
ir
gi
ni
a.
ed
u

L
A
L
I
G
N
,
L
A
L
I
G
N
O
,

P
L
A
L
I
G
N

(s
ee

H
u
a
n
g

et
al

.
19

90
;

H
u
a
n
g
a
n
d
M
i

er
19
91
)

ht
tp
:/
/f
as
ta
.b
i0
ch
.v
ir
gi
ni
a.
ed
u

P
R
S
S

ht
tp
:/
/f
as
ta
.b
io
ch
.v
ir
gi
ni
at
ed
u

(s
ee

H
u
a
n
g

et
al

.
19

90
;

H
u
a
n
g
a
n
d

Mi
ll
er

19
91

)

Ba
ye

s
B
l
o
c
k
Al
ig
ne
r

(p
ri
ma
ri
ly

u
s
e
d

fo
r

s
e
q
u
e
n
c
e
a
l
i
g
n
m
e
n
t
s

bu
t
al
so

ha
s
b
e
e
n
u
s
e
d

lb
r
si

mi
la

ri
ty

se
ar

ch
in

g
in

s
e
q
u
e
n
c
e
da

ta
ba

se
s)

(
Z
h
u

et
al
.
1
9
9
7
,
1
9
9
8
)

w
w
w
.
w
a
d
s
w
o
r
t
h
.
0
r
g
/
r
e
s
n
r
e
s
/
b
i
o
i
n
f
0

D
E
S
C
R
I
P
T
I
O
N
/
P
L
A
T
F
O
R
M
S

|
N
P
U
T
F
O
R
M
A
T

 

(
I
n
m
p
d
r
c
s
t
w
u
p
m
t

or
D
N
A

s
e
q
u
e
n
c
e
s

fo
r

lJ
AS
I'
A

ln
ca

l
si
mi
la
ri
ty
;

us
es

.
th
e
F
A
S
T
A
w
o
r
d

se
ar

ch
m
u
t
h
u
d

to
lU
LJ
lC

re
gi

on
s
Of

si
mi

la
ri

ty
a
n
d
t
h
e
n

p
e
r
f
o
r
m
s
a
n
d

s
c
o
r
e
s

A
lo

ca
l
(
S
m
i
t
h
W
a
t
e
r
m
a
n
)

al
ig

nm
en

t.
B
L
O
S
U
M
S
U

st
or

in
g
ma

tr
ix

us
ed

b
y

de
fa

ul
t
bu
t

ot
he
r
n
m
t
n
c
e
s
c
a
m

al
so

be
sp

ec
ifi

ed
;
g
a
p

pe
na

lt
ie

s
c
a
n

al
so

be
de

si
gn

at
ed

.
U
s
e

1,
A1
I
G
N

or
S
I
M

in
st
ea
d.

C
o
m
p
a
r
e
s

tr
an
sl
at
ed
D
N
A

s
e
q
u
e
n
c
e

to
pr

ot
ei

n
F
A
S
T
A

se
qu

en
ce

da
ta
ba
se
.

C
o
m
p
a
r
e
s

2
D
N
A

or
2
pr

ot
ei

n
s
e
q
u
e
n
c
e
s

to
FA

S'
I‘

A
id
en
ti
fy

re
gi

on
s
o
f
s
e
q
u
e
n
c
e

si
mi

la
ri

ty
;
de
fa
ul
t

sc
or
in
g
ma
tr
ix

is
B
L
O
S
U
M
S
O

b
u
t
ot
he
rs

c
a
n

b
e
sp
ec
ifi
ed
;

op
ti

on
al

g
a
p

pe
na
lt
ie
s;

us
es

s
i
m

a
l
g
o
r
i
t
h
m

to
pr
ov
id
e

a
lo

ca
l
(
S
m
i
t
h
-
W
a
t
e
r
m
a
n
)

al
ig
nm
en
t;

pr
ov

id
es

n
di
ff
er
en
t
a
l
i
g
n
m
e
n
t
s

w
i
t
h
th
e
s
a
m
e
t
w
o
re

si
du

es
ne
ve
r
al
ig
ne
d
m
o
r
e

t
h
a
n
o
n
c
e
us

in
g
th
e
S
I
M
m
e
t
h
o
d
:
c
a
n

id
en

ti
fy

in
te
rn
al

re
pe

at
s.

L
A
L
l
G
N

sc
or

es
pe
na
lt
ie
s

fo
r
ga
ps

at
th
e
e
n
d
s

o
f
th
e
al

ig
nm

en
t;

L
A
L
I
G
N
O

d
o
e
s
no
t
pe

na
li

ze
e
n
d

ga
ps
,

P
L
A
L
I
G
N

p
r
o
d
u
c
e
s
a
gr

ap
hi

ca
l
pl

ot
of

th
e

a
l
i
g
n
m
e
n
t
m
u
c
h

li
ke

a
do

t
ma

tr
ix

.

Ev
al

ua
te

s
th
e
si
gn
ifi
ca
nc
e
of

pa
ir
wi
se

si
mi

la
ri

ty
P
A
S
T
A

sc
or

es
of

2
D
N
A

or
2
pr

ot
ei

n
se

qu
en

ce
s;

us
es

B
L
O
S
U
M
S
O

ma
tr
ix

a
n
d
st
an
da
rd

g
a
p

pe
na
lt
ie
s

as
de
fa
ul
t

fo
r
pr

ot
ei

ns
,
bu

t
ot
he
rs

m
a
y
b
e

us
ed

;

s
e
c
o
n
d
s
e
q
u
e
n
c
e

is
s
c
r
a
m
b
l
e
d

(a
t
le

ve
l
o
f
in
di
—

vi
du
al

ch
ar

ac
te

rs
or

o
f
w
o
r
d
s
)
m
a
n
y
t
i
m
e
s
a
n
d

e
a
c
h
s
c
r
a
m
b
l
e
d
s
e
q
u
e
n
c
e

is
al
ig
ne
d
w
i
t
h

fir
st

se
-

qu
en

ce
to

gi
ve

a
ra
ng
e
of

un
re

la
te

d
se

qu
en

ce
sc

or
es

.
F
r
o
m

th
es

e
sc

or
es

,
a
n
E
x
p
e
c
t
va
lu
e
fo
r
th
e

or
ig

i-
na
l
a
l
i
g
n
m
e
n
t
sc
or
e

is
ca

lc
ul

at
ed

,
i.

e.
,
th
e
n
u
m
b
e
r

o
f
a
l
i
g
n
m
e
n
t
s
b
e
t
w
e
e
n
un
re
la
te
d
s
e
q
u
e
n
c
e
s

th
at

c
a
n

ac
hi

ev
e
s
u
c
h

a
sc

or
e.

F
i
n
d
s

al
l
po

ss
ib

le
bl

oc
ks

(s
ho

rt
u
n
g
a
p
p
e
d

al
ig

n—
P
A
S
T
A

m
e
n
t
s
b
e
t
w
e
e
n

a
pa
ir

of
s
e
q
u
e
n
c
e
s
u
p

to
a

s
p
e
c
i
fi
e
d
n
u
m
b
e
r

o
f
b
l
o
c
k
s
)
,
t
h
e
n
g
e
n
e
r
a
t
e
s

al
l

po
ss

ib
lc

a
l
i
g
n
m
e
n
t
s
of

th
e
se
qu
en
ce
.»

th
at

in
—

cl
ud
es

c
o
m
p
a
t
i
b
l
e

se
ts

of
th
es
e

bl
oc
ks
.

T
h
e
r
e

is
n
o
g
a
p

pe
na
lt
y;

u
n
m
a
t
c
h
e
d
s
e
q
u
e
n
c
e

re
gi
on
s
b
e
t
w
e
e
n
bl

oc
ks

ar
e
ne

it
he

r
al

ig
ne

d
n
o
r

sc
or
ed
.

Sc
or
es

a
l
i
g
n
m
e
n
t
s
wi

th
a

se
ri
es

of
lo
g
o
d
d
s

sc
or
in
g
ma

tr
ic

es
to

pr
ov
id
e
a
n
o
d
d
s
sc
or
e
fo

r

|
N
T
E
R
P
R
E
T
A
T
I
O
N
/
R
E
S
U
L
T
S

Lo
ca
l
s
c
q
u
c
n
w
a
l
i
g
n
m
c
m

Tr
an

sl
at

es
D
N
A

s
e
q
u
e
n
c
e

in
3

f
o
r
w
a
r
d
a
n
d

3
re
ve
rs
e
fr

am
eq

;

al
lo

ws
fr

am
es

hi
ft

s.

R
e
p
o
r
t
s

se
ve

ra
l
se
qu
en
ce

al
ig
n—

m
e
n
t
s

if
th

er
e
ar

e
si

mi
la

r
re
gi
on
s

as
we
ll

as
<i
mi
la
ri
ty

sc
or

es
t
W
e
b

si
te

re
po
rt
s
si
gn
ifi
—

c
a
n
c
e
of

a
l
i
g
n
m
e
n
t
sc
or
e

b
a
s
e
d
o
n
P
R
S
S

an
al

ys
is

(
s
e
e
n
e
x
t
e
n
t
r
y
)
.

R
e
p
o
r
t
s

si
mi

la
ri

ty
sc

or
es

fo
r

2
se

qu
en

ce
s;

th
e
s
e
c
o
n
d
s
e
q
u
e
n
c
e

is
t
h
e
n
s
h
u
f
fl
e
d

a
sp

ec
ifi

ed
n
u
m
b
e
r
of

ti
me
s
c
o
m
p
a
r
e
d

wi
th

th
e
fir
st

se
qu
en
ce
.

M
o
s
t
p
r
o
b
a
b
l
e
s
e
q
u
e
n
c
e

a
l
i
g
n
m
e
n
t
s
ac

co
rd

in
g

to
di

ff
er

—
en
t
s
a
m
p
l
i
n
g

cr
it
er
ia
;
pr

ob
ab

il
—

it
y
th
at

A
gi

ve
n

pd
ll

’t
)f

1‘
e$

l(
lL

lL
’>

is
al

ig
ne

d;
pr

ob
ab

lh
ty

of
ea
ch

sc
or
in
g
ma
tr
ix

a
n
d
ea
ch

ch
oi

ce
fo
r
n
u
m
b
e
r
of

bl
oc

ks
,
an

d
B
a
y

es
ia

n
pr

ob
ab

il
it

y
th

at
se

qu
en

—
ce

s
ar
e

re
la
te
d.

A11.4 Appendix 11: Bioinformatzk

 



S
l
N
l

(
H
u
a
n
g

ct
dl
.
1
9
9
0
;

H
u
a
n
g
a
n
d

Mi
ll
er

19
91
)

S
c
o
r
i
n
g
M
a
t
r
i
c
e
s

Bl
O
S
U
M

fic
tv
ri
ng

m
a
t
r
i
c
e
s

(s
ec

a
l
s
o
B
I
O
C
K
S

d
d
t
d
l
m
s
c
)

(
H
e
n
i
k
o
f
f
a
n
d
c
h
i
k
o
f
f

19
92
,

19
93
,
19
94
;

H
e
n
i
k
o
f
f

et
al
.
19
95
)

D
N
A
P
A
M

ma
tr
ic
es

P
A
M

(P
er
ce
nt

A
c
c
e
p
t
e
d
M
u
t
a
t
i
o
n

or
m
u
t
a
t
i
o
n
s

th
at

su
rv
iv
e

na
tu
ra
l

se
le
ct
io
n)

(l
Ja
yh
ot
l

ct
111

.
19
78
;

S
c
h
w
a
r
t
/
a
n
d

1)
;t
yh
of
f

1
9
7
8
;

fo
r
m
o
r
e

r
e
c
e
n
t

vc
rb
io
m‘

pl
ca
ac

ac
e
(1
0n
-

nc
tt

Ct
al
,
19
92
;
Jo
ne
s

st
al
.

1
9
9
2
)

((
,‘
mz
li
um
-(
i
(
m
t
u
l
l
u
w
m
g

pa
gt
's
.)

ht
tp
:/
/w
ww
.e
xp
ds
y.
ch
/t
m)
ls
/s
im
—p
mt
.

h
t
m
l

ht
tp
:/
/w
wu
xh
1m
.k
>.
fl1
u
t.
0r
g

ht
tp
:/
/h
lz
\s
t.
wu
st
l.
ed
u/
,
se
c
“
l
m
p
m
v
c
d

se
ns
it
iv
it
y
of

nu
cl
ei
c
dC
Id

da
ta
ba
se

bt
’d
th
Cb

us
in
g
a
p
p
l
i
c
a
l
i
m
r
s
p
e
c
i
fi
c

sc
or
in
g
ma
tr
ic
es
.”

F
T
P
:
ft
p:
//
nc
bi
.n
lm
‘n
ih
gu
v,

di
re
ct
or
y/

bl
as
t/
ma
tr
ic
es

Cd
Ll
lt
ll
lg
ll
ll
lk
‘l
ll
d1
1(
ll
]1
.l
l|
’l
.\
u
t
m
l
m
m
l
m
n
.

11
1C

s
u
m

”1
4.
11
1
01

th
es
e
u
n
r
c
s

1s
t.
1|
tu
ld
lt
't
l.
1n
t1

th
u

m
n
t
r
i
l
m
t
m
n

nf
‘c
at
h
a
h
g
n
m
c
n
t
,
h
l
m
k
n
u
m
h
c
n

a
n
d

sc
or
in
g
m
a
t
n
x

In
th
is
s
u
m

1s
us
ed

to
Ld
lt
lk

ln
tu

p
m
t
m
i
u
r

pr
nl
‘t
.l
l\
il
ll
lc
s
fo
r
th
c
al
ig
nm
en
t.

st
or
in
g
ma
tr
ix
,

ct
c.
‘
u
s
m
g

cm
ul
lt
iu
nd
l
p
m
l
m
l

—
lt
y
u
l
t
u
l
d
t
m
n
x

(B
ay
es
ia
n

st
dt
ls
ti
ts
).

c
h
u
u
n
t
‘
c
c
h
d
m
c
t
c
r
s
al
ig
ne
d
m
u
s
t

of
te
n

rc
gt
tr
dv

le
ss

01
ot
he
r

va
ri
ab
le
s
m
a
y

he
d
c
t
c
r
m
i
n
e
d
.

D
o
w
n
l
o
a
d
a
n
d
c
o
m
p
i
l
e
so
ft
wa
re

fo
r
S
u
n

So
la
ri
s

or
S
G
I

1r
ix

or
as
C

so
ur
ce

co
de
.
P
C
W
i
n
d
o
w
s

ve
rs
io
n
al
so

av
ai
la
bl
e:

wi
th

n
o
gr
ap
hi
c

in
te
rf
ac
e.

Li
ce
ns
in
g
a
g
r
e
e
m
e
n
t
ne
ed
ed
.

Li
ke

L
A
L
I
G
N
.
fi
n
d
s

H
a
l
i
g
n
m
e
n
t
s
by

.1
lo
ca
l

FA
S'
I‘
A

(
S
m
i
t
h
-
M
’
d
t
c
r
n
m
n
)
a
l
i
g
n
m
e
n
t
Al
go
ri
th
m
wi
th

m
t
u
h

ln
Cl
'C
dd
e
ap
cc
d
of

Ld
lC
Ul
dl
lU
Il
.

hx
an
ti
nc
s
mu
lt
lp
lc

a
l
i
g
n
m
e
n
t
s

01
re
la
te
d
p
r
n
t
c
m

re
gi
on
s,

in
o
r
d
e
r

to
p
r
o
d
uc
e

A
m
a
t
r
i
x
of

a
m
i
n
o

ac
id

su
bs
ti
tu
ti
on
s
sc
or
es
,
ra
th
er

th
an

ex
tr
ap
ol
—

a
t
m
g
fr
om

sc
or
es

Of
di
ve
rg
en
t
bu
t

cl
os
el
y

IC
ld
lC
Ll

s
e
q
u
e
n
c
e
s

(a
s
d
o

t
h
e
P
A
M

s
c
o
r
i
n
g
m
a
t
r
i
c
e
s
)
.

M
o
s
t

al
ik
e
pr
ot
ei
ns

in
th
e
a
l
i
g
n
m
e
n
t
m
a
y
b
e

cl
us
te
re
d
to

r
e
d
u
c
e

th
e
f
r
e
q
u
e
n
c
y
of

c
h
a
n
g
e
s

a
m
o
n
g

th
e
m
o
r
e
c
o
m
m
o
n
l
y

re
pr
es
en
te
d
a
m
i
n
o

A
c
i
d
s

(c
g.
,
fo
r
B
L
O
S
U
M
6
2
,

s
e
q
u
e
n
c
e
s

t
h
a
t
a
r
e
62
"/
n
o
r
m
o
r
e

id
en
ti
ca
l

a
r
e
c
l
u
s
t
e
r
e
d
)
.

T
h
e
r
e

is
n
o
sp
ut
ifi
c
ev
ol
ut
io
na
ry

m
o
d
e
l

fo
r

th
es
e
ma
tr
ic
es

as
th
er
e

IS
fo
r
P
A
M

ma
tr
ic
es
;

al
l

se
qu
en
ce
s

ar
e
co
ns
id
er
ed

ju
st

as
li
ke
ly

to
b
e
th
e

an
ce
st
or

of
th
e
ot
he
rs

(a
st
ar

ph
yl
og
en
y)
.

A
s
s
u
m
e
s
M
a
r
k
o
v
m
o
d
e
l
o
f
c
h
a
n
g
e

in
D
N
A

se
qu
en
ce
s

(s
ee
P
A
M

ma
tr
ic
es

bc
ln
w)
.

Pr
ed
lc
ts

th
e
e
x
p
e
c
t
e
d
a
m
o
u
n
t
of

su
bs
ti
tu
tl
on

in
pr
ot
ei
n
s
e
q
u
e
n
c
e
s

th
at

ha
ve

h
a
d

a
gi
ve
n

a
m
o
u
n
t
of

ev
ol
ut
io
na
ry

t
i
m
e

to
di
ve
rg
e
f
r
o
m

<1
f
(
‘
n
l
n
1
fl
n

<
l
fl
(
L
‘
\
l
(
3
r
H
C
q
U
C
n
C
C
.

A
s
s
u
m
e
s

11
M
a
r
k
o
v
m
o
d
e
l
q
u
h
a
m
g
C

(n
u

si
tc
—I
o-

hl
lL

'
va
ri
at
lo
n
a
n
d
n
o
c
h
a
n
g
e

in
c
n
m
p
o
s
t
t
m
n
)
A
n
d

tb
rw
tt
rd

J
n
d

rc
vc
rs
c
L
h
d
n
g
c
s
eq
ua
ll
y

as
li
ke
ly
.

M
a
t
r
i
x

va
lu
es

gi
ve

lo
g
o
d
d
s

sc
or
es

fu
r
m
a
t
c
h
e
s

or
mi
xm
tl
tc
hc
sl

Be
st

o
d
d
s

sc
or
e

fo
r

dl
lg
nl
'n
t’
nl

15
f
o
u
n
d
W
h
e
n

sc
or
in
g
ma
tr
ix

th
at

m
a
t
c
h
e
s

n
u
m
b
e
r

of
m
n
m
d
t
c
h
c
s

in
th
e
a
l
i
g
n
m
e
n
t

is
us
ed
.

c
h
m
h

or
lo
ca
l
a
l
i
g
n
m
e
n
t
s

in
or
de
r
01

in
nl
.1
r1
ty

sc
or
e.

De
te
ct
io
n
of

si
mi
la
ri
ty

lw
—

t
w
c
c
n

pr
ot
ei
n
s
e
q
u
e
n
c
e
s

as
av
i-

d
e
u
c
e
of

c
v
u
l
u
l
m
n
a
r
y
h
o
m
o
l
-

O
g
y
.

Pr
ed
ic
ti
on

of
cv
ol
ut
in
na
ry

d
i
v

1
1
m
m

l
m
c
t
w
c
c
n
D
N
A

s
c
q
u
c
m
c
s
.

Vv
’h
en

us
ed

wi
th

a
l
i
g
n
m
e
n
t

p
r
o
g
r
a
m
,
pr
ov
id
es

m
e
a
s
u
r
e

Of
si
mi
la
ri
ty

b
e
t
w
e
e
n

2
ce
qu
en
cc
s

h
u
n
g

Lh
dt
hI
CI
‘I
/C
tl

by
cv
ol
tr

ti
on
ar
y
di
st
an
ce
.

1
P
A
M

m
r
g

r
e
s
p
o
n
d
s
m

th
e
av
er
ag
e
t
l
m
n
g
c

in
1
%

01
.1
11
a
m
i
n
o
m
i
d
p
m
i
—

ti
nn
s.

Table AH—l Bioinformatics Satfware A11.5

 



T
A
B
L
E

A
1

1-
1

(
C
o
n
t
i
n
u
e
d
) W
E
B

S
l
T
E
/
F
T
P
S
n
;

P
R
O
G
R
A
M
N
A
M
E
 D
N
A

S
e
q
u
e
n
c
e
A
l
i
g
n
m
e
n
t
:
Mu

lt
ip

le
S
e
q
u
e
n
c
e
A
l
i
g
n
m
e
n
t

M
S
A

h
t
t
p
:
/
/
w
w
w
.
p
a
g
e
d
u
/
g
c
n
c
m
I
/
m
t
'
t
w
a
r
c
/

(l
,i

pn
mn

at
J]
.
19
89
1

p
a
u
k
a
g
c
s
/
m
s
J
/
m
m
.
h
t
m
l

Il
m'
lm

III
'L‘

Hl
'l
r
tu
rn
”

at
:

hN
PZ
UW
WW
.1
lk
.\
\'
ll
sl
l.
k‘
dl
I/
SC
I'
Yi
CC
/

m
s
t
t
/
m
d
c
x
h
t
m
l

(o
th

er
p
r
o
g
r
a
m

Al
so

dV
di

ld
h'

C
n
n

th
i>

HI
E)

(3
1
U
S
T
A
L
W

(H
ig

gi
ns

a
n
d
S
h
a
r
p

19
88
;

Hi
gg
in
s

ct
al
.
19
92
;

I
h
u
m
p
m
n

at
.11

.
19

94
)

In
te

ra
ct

iv
e
W
e
b
—
l
m
s
e
d
f
o
r
m

at
:

ht
tp
:/
/w
ww
.i
bc
.w
us
tl
.e
du
/i
bc
/m
su
<h
tm
l

h
t
t
p
:
/
/
d
(
\
t
t
i
m
g
c
n
b
c
m
i
m
u
c
d
u
9
3
3
1
/

mu
lt
i-
dl
ig
n/
mu
lt
i~
ul
ig
n.
ht
m|

ht
tp

zl
lw

ww
.i

nf
ob

io
ge

nf
r/

du
cs
/

(Z
lu

st
ql

W/
cl

us
ta

lw
ht

ml
H
P
:

ft
p.

eb
1.

ac
.u

kd
ir

/p
uh

/s
ot

tw
ar

e/
un
ix
/d
us
ta
lw
.l
ar
.Z

P
I
M
A

(
l
’
a
t
t
e
r
n
—
i
m
i
u
c
c
d

In
ic

rm
‘l

iv
v

1M
’l

t—
17

11
51

’(
1_

li
;r

r1
1
at

:

Mu
lt

ip
le

A
l
t
g
n
m
c
n
t
)

h
t
t
p
:
/
/
d
o
t
.
1
m
g
e
n
l
w
m
t
m
c
r
d
u
fi
fl

1/
(
S
m
i
t
h
a
n
d
S
m
i
t
h

19
90
,

mu
1t
i~
al
ig
nf
mu
1t
i-
al
ig
nh
tm
l

19
92

)
F
T
P
:
ft
p.
eb
i.
;t
c.
uk
di
r/
pu
b/
5o
ft
wa
re
/u
ni
x

D
F
S
C
R
l
P
T
I
O
N
/
P
L
A
T
F
O
R
M
S

Al
tg

ns
se

ve
ra

l
nu
cl
ei
c
ac

id
or

pr
ot

ei
n
s
c
q
u
c
n
c
m

gh
wh

al
ly

z
nx

‘c
x
d
y
n
a
m
i
c
p
r
o
g
r
a
m
m
i
n
g
,

tu
p
r
o
d
u
c
e

up
tt
nm
l
a
l
i
g
n
m
e
n
t

ut
‘t

tl
l
sc
hl
an
L‘
h

(u
th
e
s
a
m
e

ti
me
;
ac

qu
cn

cc
s
ar
e
w
e
i
g
h
t
e
d

in
ac

co
rd

wi
th

th
ei
r
si
mi
la
rl
ty

to
ot

he
r
se
qu
en
cc
s

in
th
e
gr

ou
p,

Uh
tb

s
u
m

ut
‘
pa
ir
s
~s
cu
rc

fo
r
ev

al
ua

ti
ng
m
l
u
m
m

in
th
e
al

ig
tm

te
nt

;
n
o
r
m
a
l
l
y

li
mi
te
d
to

3
se

—
q
u
e
n
c
e
s
b
e
c
a
u
s
e

it
rc
qu
tr
es

la
rg
e
a
m
o
u
n
t
s

at
c
o
m
p
u
t
e
r
t
i
m
e
a
n
d
m
e
m
a
r
y
.
T
h
r
e
e

ve
rs

io
ns

al
lo
w

a
l
i
g
n
m
e
n
t
of

>
3

se
qu

en
ce

s:
u
p

to
50

se
qu

en
ce

s
w
h
e
r
e
ea

ch
s
e
q
u
e
n
c
e
ha
s
<
1
5
0

re
si
du
es
;
u
p

to
25

sc
qu
cn
cc
s
w
h
e
r
e
ea
ch

s
e
q
u
e
n
c
e

ha
s
<
5
0
0

rC
hI
dU
CS
:
u
p

ta
1(
)
se
qu
en
ce
s
w
h
e
r
e
Cu
ch

5C
-

q
u
c
n
c
c

h
a
s
<
“
1
0
0
r
e
s
i
d
u
c
s
t

ln
te
ra
ct
tv
e
W
e
b
~
b
a
s
e
d
fo
rm
;
U
N
I
X
.

P
e
r
f
o
r
m
s
mu

lt
ip

le
a
l
i
g
n
m
e
n
t
s
(
m

a
se
t
of
D
N
A

or
pr
ot
ei
n
s
e
q
u
e
n
c
e
s
or

a
d
d
s
n
e
w
se

qu
en

ce
s

to
an

ex
is
ti
ng

al
ig

nm
en

t;
us

ca
a
p
m
g
t
c
s
a
t
v
c
al
ig
u/

m
e
n
t
nt
‘s
eq
ue
nc
c
pa
ir
s
a
n
d
g
r
o
u
p
s
us
in
g
as

a
gu

id
e
of

si
mi

la
ri

ty
a
ne
ig
hb
nt
—j
oi
ni
ng

ph
yl
o—

ge
ne
ti
c

tr
ee

in
it
ia
ll
y
m
a
d
e
b
y
pa

ir
wi

se
al
ig
n—

m
e
n
t
s

of
th
e
se
qu
en
ce
s.

T
h
e

co
nt

ri
bu

ti
on

of
in

di
vi

du
al

se
qu
en
ce
s
to

th
e
a
l
i
g
n
m
e
n
t

is
w
e
i
g
h
t
e
d

in
ac
co
rd

wi
th

th
e

a
m
o
u
n
t
of

di
ve

rg
en

ce
f
r
o
m
th
e
ot

he
r
se
qu
en
ce
s

(d
if

fe
re

nt
f
r
o
m
M
S
A
)
.

Us
es

p
o
s
i
t
i
o
n
-
d
c
p
c
n
d
e
n
t
g
a
p

pe
na

lt
ie

s
d
e
p
e
n
d
—

in
g
o
n

th
e
es
ti
ma
te
d
di

ve
rg

en
ce

in
ea

ch
re
gi
on

of
th
e
al

ig
ne

d
se

qu
en

ce
s.

Ex
ce

ll
en

t
m
e
t
h
o
d

Fo
r
s
e
q
u
e
n
c
e
s

th
at

ar
e
no
t

ve
ry

di
ve
rg
en
t;

ca
n
m
a
k
e

er
ro
rs

in
th
e

in
it

ia
l

a
l
i
g
n
m
e
n
t
s
of

mo
st

—a
li

ke
s
e
q
u
e
n
c
e
s
th
at
b
e

c
o
m
e
s
m
o
r
e

po
ss
ib
le

w
i
t
h
in

cr
ea

si
ng

di
ve
rg
en
ce

Ma
tr

ic
es

th
at

m
a
y
b
e
u
s
e
d

ar
e
B
L
O
S
U
M
S
O
,
6
2
,

4
5
,
3
0
;
G
o
n
n
e
t
t
S
U
J

2(
),

I6
0,

25
0,

35
()

;
P
A
M
2
(
)
,
(
7
0
,

12
0,
35
0.
C
L
U
S
T
A
L
W

(w
ei
gh
te
d
al

ig
nm

en
ts

)
is

a
m
a
j
o
r
u
p
d
a
t
e
a
n
d

re
wr
it
e
of
C
L
U
S
T
A

LV
.

In
te

ra
ct

iv
e
We

b~
ba

se
d
fo
rm
;
A
N
S
L
C

ve
rs
io
n

fo
r
U
N
I
X
a
n
d
V
M
S

or
a
n
y
m
a
c
h
i
n
e
wi
th

A
N
S
L
C

co
mp

il
er

;
ex

cc
ut

ab
le

s
fo

r
m
a
j
o
r

pl
at

—
f
o
r
m
s
M
A
C
,
P
C
.

(?
Iu

st
dl

X
p
m
v
i
d
c
s

a
gr
ap
hi
t

in
te

rf
ac

c
fo

r
an

X
W
i
n
d
o
w
s
e
n
v
i
r
o
n
m
e
n
t
.

(I
on
st
ru
ct
s
m

ul
ti

pl
c
s
e
q
u
e
n
c
e
dl
ig
nm
cn
ta

b
y

fir
st

pe
rf

or
mi

ng
pa
ir
wi
se

al
ig

nm
en

ts
be

tw
ee

n
th
e
se

qu
en

ce
<
a
n
d

cl
us
te
ri
ng

th
e
se

qu
en

ce
s

in
to

o
n
e
or

m
o
r
e

fa
mi
li
es

ba
se

d
o
n

th
e
sc

or
es

.

|
N
P
U
T
F
O
R
M
A
T

1
A
§

l‘
A‘
(
K
X
L
H
R

a
n
d

Ul
ht

‘l
fu

rm
tt

ts
re

co
gn

i/
cd

b
y

th
e

R1
1A

11
51

1Q
p
r
o
g
r
a
m
.

F
A
S
T
A
;

al
so

G
C
G
/
M
S
F
,
N
B
R
F
/

PI
R,

E
M
B
L
/
S
w
i
s
s

Pr
at
,
G
D
P

tL
u

fil
e,

CL
US

’l
'A

L,
a
n
d
G
(
X
N
—

R
S
F

fo
rm

at
s.

Al
l
se
qu
en
ce
s

to
b
e

al
ig

ne
d
m
u
s
t
he

in
o
n
e

fil
e.

F
o
r
m
a
t
s
re

co
gn

iz
ed

b
y
R
I
Z
A
S
I
Z
Q

p
r
o
g
r
a
m
m
a
y
be

us
ed
.

S
C
U

P
I
'
L
’
V
I
O
U
S
e
n
t
r
y
.

 

I
N
T
E
R
P
R
E
T
A
T
I
O
N
/
R
E
S
U
L
T
S

ln
it

ia
ll

)
s
h
m
v
x

he
ur

is
ti

c
tl
li
gn
<

m
o
m
h
u
m
!
(
m

.1
pr

ag
rc

ss
h

p
a
i
r
w
n
c

dl
lg

nfl
lk

'H
l:

th
is

Al
ig
n-

m
e
n
t

is
u
s
e
d

to
li
mi
t
th
e
sc

ur
th

qw
tt

cc
fo
r
.m

np
ti

ma
l

Al
ig

n—
m
c
n
t
;
.
1
n
o
p
t
i
m
a
l
a
l
i
g
n
m
e
n
t

is

th
en

s
h
o
w
n
;

ca
lc
ul
at
io
n
of

A
l
i
g
n
m
e
n
t

Cn
xt
s;

d
i
v
e
r
g
e
n
c
e

va
lu
es

fo
r
e
a
c
h
pa
ir
wi
se

al
ig
n—

m
e
n
t
;
m
a
x
i
m
u
m

sc
or
e
of

Op
ti
—

m
a
l
al
ig
nm
en
t.

 

O
u
t
p
u
t
f
o
r
m
a
t
t
e
d
in
C
L
U
S
T
A
L

(
s
h
o
w
s
s
e
q
u
e
n
c
e
al

ig
ne

d
in

b
l
o
c
k
s
)
.
N
B
R
F
/
H
R
,
(
K
Z
U
/
M
S
1
‘

{o
r
in
pu
t

in
to

G
(
Z
G

so
ft
wa
re
;

P
H
Y
L
l
P

fo
r
In
pu
t

in
to

l’
hy

ll
p.

GD
I-
f

fla
tfi

lc
s.

Fo
r
gr
ap
hi
ca
l
vi
ew
s
of

th
e
ph
y—

lo
ge
ne
ti
c
tr

ee
s
ca

lc
ul

at
ed

af
te
r

s
e
q
u
e
n
c
e
al
ig
nm
en
t,

ot
he

r
so

ft
wa

re
,
s
u
c
h

as
Ph

yl
ip

,
m
u
s
t

he
us
ed
.

Mu
lt
ip
le

s
e
q
u
e
n
c
e
al

ig
nm

en
t.

AII.6 Appendix 1] Bioinformarzcs



'\
11
\(

\\
\'
1.
\]
l

.
\
1
g
n
m
c
n
l
(
u
n
x
l
r
u
u
m
n

.l
|1
t1
,\
ll
‘l
|\
\1
\H
yl
ll
hh
cl
hl
fl

(S
uh
ul
cl

cl
111

.
19
91
)

 

S
A
M

(
S
e
q
u
e
n
c
e
Al
ig
n

m
o
m

a
n
d
M
o
d
e
l
i
n
g
S
y
s
t
e
m
)

(
H
a
u
s
s
l
c
r

et
al

.
1
9
9
2
;

Il
ug

hc
y
a
n
d
n
g
h

19
95
,

1
9
9
6
)

H
M
M
L
R

(H
dU
h.

or
Cl

(11
.
19

92
;

H
u
g
h
e
y
a
n
d
K
r
o
g
h

1
9
9
5
,

1
9
9
6
)

5
A
(
u
\

(
S
e
q
u
c
n
g
c
Al
ig
n—

m
u
m

b
v
Ge

ne
ti

c
A
l
g
o
r
i
t
h
m
i

(
N
o
t
r
c
d
a
m
e
a
n
d

Hi
gg
in
s

1
9
9
6
)

H
‘
u
u
/
m
u
m
l
m
l

fu
l/

mv
m‘

kv
pu
gt
'

I

I
II
’~
11
11
H.
|1
I1
11
1

 

11
.g

<1
\d

|r
/p

11
w/

nm
um

ht
tp
:/
/w
ww
.c
sc
.u
cs
dx
du
/r
es
ca
rc
h/

LU
Il

le
iU

/b
dl

fl1
11

11
11

1
1
TP

:
f
t
p
.
c
s
e
.
u
c
s
c
fi
d
u
d
l
r
/
p
u
b
/
p
m
t
e
m
/

sd
ml
.(
)l
.l
.

X.
gr
‘y
pl

h
1
1
p
:
/
/
g
c
n
(
)
m
a
w
u
s
t
l
x
d
u
/
c
d
d
y
/
h
m
m
c
r
.

h
l
m
l

F
T
P
:
g
e
n
o
m
c
w
u
s
t
l
f
d
u
d
ir
/p
ub
/C
dd
)

h
t
t
p
z
/
N
W
W

el
vi

.4
c.

uk
/
~c
cd
ri
g

(
n
m
m
n
n

ll
L‘

Hh
‘I

lL
'h

lL
‘l

lL
'L

i1
11

C<
1k

|1
I‘

ll
ll

lh

 

A
n
d

I
h
r
x
c
l

01
x
u
l
u
c
m
m

|
~
1
h
c
n
.
1
1
i
g
n

 

[
m
u
g

1
1
1
C
\
c

P
-
l
l
l
c
l
l
h
J
x

xl
dl
‘l

1
"
p
n
|
1
1
1
\
;
1
1
\
C
\
u
m

\I
I‘
.1
11
11
\1
0
d
c
l
c
r
m
l
n
c
g
a
p
l
m
a
t
m
n
s
.

I
n
l
u
l
x
u
l
i
u
-
\
\
l
‘
h
~
h
.
l
w
d
1
m

11
-
l
'
\
1
\
1

I
n
u
l
u
x
.

.1
11

.1
]\

/L
‘\

,.
11

1d
Cd

ll
sl

il
t)

g1
\\

(1
1
l
m
d

1/
cd

x
c
q
u
c
m
c

si
nu
ld
rm
'
m
m
m
g

m
u
l
n
p
l
c
w
q
u
c
n
w
x
:

u
m
x
t
r
m
l
s

m
u
l
t
i
p
l
c

11
u
m
n
c
n
l
x

In
.1
n.
11
\/

1"

cd
lt
in
g‘

a
n
d
c
o
m
b
i
n
i
n
g
bl
oc
ks

01
"
a
h
g
n
c
d

xc
—

q
u
c
n
c
c
s
c
g
m
c
n
m

S
e
q
u
e
n
c
e
M
o
c
k
s

M'
L‘
h
u
n
t
e
d
us

in
g

a
31

11
11

of
p
a
i
n
a
m
r
i
n
g
sy
st
em

to
p
m
d
u
c
c

a
lo
ca
l
mu
lt
l—

pl
u
x
c
q
u
c
n
c
u
A
l
i
g
n
m
e
n
t
nr

th
c

(
-
h
h
x
x
d
m
p
l
c
r

(s
oc

(E
il
ah
s
hd
mp
lu
r,

hc
ln
w)
,

(1
sl

al
ix

li
ml

m
e
t
h
o
d
,

is
ux
cd
.

l'
hc

us
er

in
tc

rh
uc

dl
ln

wa
lh
c
c
d
m
n
g
A
n
d
l
m
k
m
g
y

of
bl
oc
ks
.

1’
(J
,N
'l
',

M
a
c
.

U
s
e
s

a
h
i
d
d
e
n
M
a
r
k
o
v
m
o
d
e
]

to
1‘

sp
xc

>c
nt

a
mu

lt
lp

le
s
e
q
u
e
n
c
e
d
h
g
n
m
e
m

Of
a
se
t
of

fu
ll

s
e
q
u
e
n
c
e
s
or

pa
rt
ml

se
qu

en
ce

s.
'1
hc
H
M
M

11
|]

0W
\1

11
dl

L‘
11

C5
.I

]1
\L

‘1
‘l

l(
)n

\.
dl

ld
de

le
ti

on
s
m

th
e

(1
11

21
11

11
1a

n
A
m
u
d
c
l

is
p
m
—

d
u
c
c
d

fo
r
Od
d]

s
e
q
u
e
n
c
e

ac
t
by

tr
ai

ni
ng

th
e

n
m
d
c
l

wi
th

.1
fa

mi
ly

of
[L

‘L
ll

cd
x
c
q
u
u
m
c
x

A
La
rg
e
n
u
m
b
e
r

of
se
qu
en
ce
s
(
>
5
0
)

ar
c
re

qu
nr

cd
to

p
r
o
d
u
c
e

a
re
pr
es
en
ta
ti
ve

m
o
d
e
l
,
a
n
d

th
e

la
rg
er

th
e

se
t,

th
e
be
tt
er

th
e
m
o
d
e
l
p
r
o
d
u
c
e
d
.

A
mu
lt
ip
le

s
e
q
u
e
n
c
e
a
l
i
g
n
m
e
n
t
m
a
y
be

u
s
e
d

an
in
pu
t.

T
h
u

tr
ai

nc
d
I
I
M
M

wi
ll

p
r
u
d
u
u
c

<1
mu

lt
ip

le
s
c
q
u
c
n
c
c
a
l
i
g
n
m
e
n
t
of

th
e
tr
ai
ni
ng

se
qu

en
ce

s,
a
n
d
m
a
y

11
15
0
he

us
ed

to
se

ar
ch

fu
r

n
e
w

fa
mi
ly

m
e
m
b
e
r
s

in
s
c
q
u
c
n
t
c
da

ta
ba

se
s.

H
M
M
S

h
a
v
e

th
e
a
d
v
a
n
t
a
g
e
of

of
fe

ri
ng

a
we

ll
—

d
e
fi
n
e
d

pr
ob

ab
il

is
ti

c
m
o
d
e
l
of

s
e
q
u
e
n
c
e

al
ig
n—

m
e
n
t
s
,

C
o
n
v
e
r
s
m
n
p
r
o
g
r
a
m
s

fo
r
H
M
M
E
R

f
o
r
m
a
t
s

ar
e
in
cl
ud
ed
.

11
nc

ry
pt

cd
so

ur
ce

co
de

;
U
N
I
X
,

Ma
s-

I’
dr

.

U
s
e
s
h
l
d
d
c
n
M
d
r
k
m
'
m
o
d
e
l
s

to
p
r
o
d
u
c
e

mu
lt

i—
pl

e
se

qu
en

ce
al
ig
nm
en
t
of

D
N
A
,
R
N
A
,

or
pr
o

te
in

s
e
q
u
e
n
c
e
s

(a
ce

al
so
S
A
M

cn
t

‘y
J.

U
s
e
s
h
i
d
d
e
n
M
a
r
k
o
v
m
o
d
e
l
s

to
se
ar
ch

da
ta

—
ba

se
s
fo

r
h
o
m
o
l
o
g
s
of

th
e
q
u
e
r
y
s
e
q
u
e
n
c
e

fa
lm

h'
.

L
'
N
I
X
z
m
d
A
N
S
I
—
C

wr
xi

un
s.

Cr
ea
te
s
mu

lt
ip

le
s
e
q
u
e
n
c
e
a
l
i
g
n
m
e
n
t
s
us

in
g

ge
nc

ti
g
Al

go
ri

th
ms

(
d
c
w
l
u
p
c
d

As
u
x
m
p
u
k
u

s
u
c
n
c
c

to
ol

)
a
n
d
u
s
c
r
—
d
c
fl
n
c
d

U
h
l
c
c
t
i
v
c
f
u
n
c

li
un
s
(
d
c
s
u
ip
tn
rs

uf
mu

lt
ip

le
(1

11
31

11
11

81
11

qu
hl

v)
.

Su
t‘
lw
nr
c
cx

nl
vc

s
p
n
p
u
l
a
l
m
n

of
.

1
g
n
m
c
n
l
s
m

1
\
\
I
.
\

D
N
A
,
R
N
A
‘

dl
ld

pr
ot

ui
n
Al
ph
a—

be
ts

;
u
s
c
r
d
c
fi
n
e
d

al
ph

ab
et

s,
m
o
s
t
c
o
m
m
o
n

f
o
r
m
a
t
s
su
ch

(1
x

15
/\

S'
1/

\‘
(;

u1
11

11
ml

\,
N
H
R
h

I‘
MI
KI
,

(Z
(‘
('
.,
D
N
A

S
n
i
d
e
r
,

P
l
n
l
i
p
,

(
K
I
G
/
M
S
H

P
A
U
I
’
N
l
-
X
U
S
,

1’
1R
(?
()
1)
/\

,\
;
U
m

h
e

31
\

13
11

‘1

p
r
e
d
e
t
e
r
m
m
e
d
mu

lt
ip

le
s
e
q
u
e
n
c
e

al
ig

nm
en

t.
U
s
e
s
R
F
A
I
)
S
F
Q
p
r
o
g
r
a
m

to
r
e
c
o
g
n
i
/
e
s
e
q
u
C
H
C
e

f
O
l
’
l
T
l
d
l
S
.

IJ
AS

'I
'A

,
G
e
n
B
a
n
k
,

1‘
“3

1
,
S
n

“
—

1’
r0
t,
G
C
G
/
M
S
F
,
S
E
L
E
X

 

S
o
c
p
r
o
g
m
m

n
o
t
c
x

Mu
ll
lp
lu

w
q
u
c
n
u

.1
g
u
n
c
u
t

1x
1x
cd

(
m
h
h
u
k
x
;

xl
dt

lx
lu

al

c
m
h
m
l
m
n

u!
l
e
m
l
x
m
u
l
l
.
“

|1
\

H
i
d
d
e
n
M
d
r
k
m

m
o
d
c
l
—
h
a
s
c
d

mu
lt
lp
lc

s
e
q
u
e
n
c
e
A
l
l
g
n
m
c
m
;

d
a
m
h
a
x
c

xe
dr
ch

fo
r
n
o
“

f
a
m
i
h

n
w
m
h
c
r
»

H
i
d
d
e
n

1\
1‘

II
'L

U\
m
u
d
d
-
l
m
x
c
d

mu
lt
ip
le

s
e
q
u
e
n
c
c
Al

ig
nm

en
t,

5
m
l
t
h
—
\
\
’
a
t
e
r
m
a
n

10
ca
l
a
h
g
n
—

m
c
n
t
s
f
o
u
n
d
b
y
da

ta
ba

se
se
ar
ch
in
g

m
I
m
h
A
]
N
u
-
d
l

‘n
mr
.
“
u
n
s
k
h

d
h
g
n
m
c
n
t
x
l
n
u
n
d

h}
d
d
t
d
l
m
w

 

s
c
u
l
d
fl

11.
11

(1
10
1x
11
1)

n
p
n
n
m
l

m
u
l
t
i
p
l
u

s
e
q
u
e
n
c
e
n
h
g
n
m
c
m
.

TableAH—l Bi0in01711111155 5oftwnrc A1 1.7

 



T
A
B
L
E

A
1
1
-
1

(
C
o
n
t
i
n
u
e
d
)

P
R
O
G
R
A
M
N
A
M
E

D
I
A
L
I
G
N
s
e
g
m
e
n
t

a
l
i
g
n
m
e
n
t

(
M
o
r
g
e
n
s
t
e
r
n

et
al
.
19

96
)

M
u
l
t
A
l
i
n

(C
or

pe
t

19
88
)

P
R
R
P

pr
og

re
ss

iv
e
gl

ob
al

a
l
i
g
n
m
e
n
t
(
r
a
n
d
o
m
l
y
or

do
ub
ly
—n
es
te
d)

(
G
o
t
o
h

1
9
9
5
)

D
N
A
:
M
o
t
i
f
s
a
n
d
Pa
tt
er
ns

M
E
M
E

(M
ul
ti
pl
e
Ex

pe
ct

a-
ti

on
M
a
x
i
m
i
z
a
t
i
o
n

fo
r

M
o
t
i
f
El

ic
it

at
io

n)
(B
ai
le
y
a
n
d
E
l
k
a
n

19
94
,

19
95
;
Ba
il
ey

19
95
)

W
E
B

S
I
T
E
/
F
T
P

SI
TE

ht
tp

:/
/w

ww
.g

sf
.d

e/
bi

0d
v/

di
al

ig
ni

ht
ml

ht
tp

:/
/p

ro
te

in
.t

0u
lo

us
e.

in
ra

.f
r/

m
u
l
t
a
l
i
n
h
t
m
l

f
t
p
.
g
e
n
o
m
e
.
a
d
‘
j
p
/
p
u
b
/
g
e
n
o
m
e
/

sa
it

am
a-

cc

h
t
t
p
:
/
/
w
w
w
.
s
d
s
c
.
e
d
u
/
M
E
M
1
:
/
m
e
m
e
/

we
bs
it
e/
in
tr
o.
ht
m1

In
te
ra
ct
iv
e
W
e
b
—
b
a
s
e
d
f
o
r
m

at
:

w
w
w
.
s
d
s
c
.
e
d
u
/
M
E
M
E
/
w
e
b
s
i
t
e
/

m
e
m
e
.
h
t
m
1

D
E
S
C
R
I
P
T
I
O
N
/
P
L
A
T
F
O
R
M
S

 

N
P
U
T
F
O
R
M
A
T

qu
a>
i~
ev
ol
ut
io
na
ry

m
a
n
n
e
r
;
i
m
p
r
o
v
e
s
th
e
fi
t

ne
ss

of
th

e
p
o
p
u
l
a
t
i
o
n
us
in
g
th
e
ob

je
ct

iv
e

fu
nc

ti
on

s.
T
h
e

so
ft

wa
re

c
a
n

al
ig
n

£2
0
s
e
q
u
e
n
c
e
s
th
at

ar
e

<4
()
()

re
si
du
es

lo
ng

,
A

re
la
te
d
p
r
o
g
r
a
m
,
C
O
F
F
l
-
L
h
(
N
o
t
r
e
d
d
m
c

et
al
.

19
98
;a
va
i1
ab
le

at
s
a
m
e

si
te
),

c
a
n
h
e
us
ed

to
op

ti
mi

7e
th

e
mu
lt
ip
le

se
qu

en
ce

al
ig

nm
en

t
ob
ta
in
ed
.

A
N
S
I
—
C
a
n
d
U
N
I
X

ve
rs

io
m.

C
o
m
p
a
r
e
s
w
h
o
l
e
s
e
g
m
e
n
t
s
of

s
e
q
u
e
n
c
e
s
in

st
ea

d
E
M
B
L
,
P
A
S
T
A
,
G
C
G
/
R
S
F
,

of
si
ng
le

re
si
du
es
.

G
a
n
a
n
k
.
D
N
A
/
p
r
o
t
e
i
n

C
o
n
s
t
r
u
c
t
s
pa
ir
wi
se

a
n
d

mu
lt
ip
le

s
e
q
u
e
n
c
e

al
ig

n-
s
e
q
u
e
n
c
e
s
<
1
M
b
.

m
e
n
t
s
f
r
o
m
ga

p<
fr

ee
pa

ir
s
of

eq
ua

l-
le

ng
th

se
g~

me
ri

ts
,
ca

ll
ed

d
i
a
g
o
n
a
l
s

Es
pe
ci
al
ly

us
ef

ul
fo

r
de
te
ct
in
g
lo

ca
l
si

mi
la

ri
ti

es
in

ot
he
rw
is
e
un

re
la

te
d
se
qu
en
ce
.

D
o
w
n
l
o
a
d

ex
ec
ut
ab
le
s
fo

r
D
E
C
,
S
U
N
,
H
P
,
S
G
,

C
O
N
V
E
X
,
a
n
d
L
I
N
U
S
.

(
F
o
r
c
o
m
m
e
r
c
n
a
l

us
e,

c
o
n
t
a
c
t
g
e
n
o
m
a
t
i
x
®
g
s
t
.
d
e
.

D
1
A
L
1
G
N
2

of
fe
rs

a
We
b<
ba
se
d

in
te

ra
ct

iv
e
fo
rm

.

W
e
b
-
b
a
s
e
d

in
te

ra
ct

iv
e
f
o
r
m

fo
r
mu
lt
ip
le

s
e
q
u
e
n
c
e

Mu
lt

i-
Al

in
P
A
S
T
A
;

al
ig
nm
en
t.

E
M
B
L
S
w
i
s
s
P
r
o
t
;
G
e
n
B
a
n
k

A
l
i
g
n
m
e
n
t
p
a
r
a
m
e
t
e
r
s
c
a
n
b
e

se
t;

c
o
n
s
e
n
s
u
s

le
ve
l

o
p
t
i
o
n
s
c
a
n
b
e
c
h
o
s
e
n

fo
r
ou
tp
ut
.

It
er
at
iv
e
m
e
t
h
o
d
of

mu
lt
ip
le

s
e
q
u
e
n
c
e
a
l
i
g
n
m
e
n
t

Sp
ec
ia
l
f
o
r
m
a
t

(s
ee

p
r
o
g
r
a
m

no
te

s)
.

b
a
s
e
d
o
n
a
pr
ofi
le

m
e
t
h
o
d

in
w
h
i
c
h
g
r
o
u
p
s
of

se
~

q
u
e
n
c
e
s
ar
e
re
pe
at
ed
ly

al
ig

ne
d,

g
u
i
d
e
d
b
y

a
tr

ee
un
ti
l
be
st

sc
or

e
is
ob

ta
in

ed
.
A
v
o
i
d
s
er
ro
rs

m
a
d
e

by
pr

og
re

ss
iv

e
al

ig
nm

en
t
me

th
od

s
w
h
e
n
se

qu
en

ce
s

ar
e
di

ve
rg

en
t.

D
e
t
e
c
t
s
m
o
t
i
f
s
(
c
o
n
s
e
r
v
e
d
s
e
q
u
e
n
c
e
p
a
t
t
e
r
n
s
o
f

th
e
s
a
m
e

le
ng
th
;
n
o

ga
ps
;
n
o
co

va
ri

at
io

ns
be
—

t
w
e
e
n

po
si

ti
on

s)
in

g
r
o
u
p
s
of

re
la
te
d
D
N
A

or
pr

ot
ei

n
se
qu
en
ce
s.

T
h
e
so

ft
wa

re
us

es
a

st
at
is
ti
ca
l
t
e
c
h
n
i
q
u
e

( t
he

ex
pe
ct
at
io
n
m
a
x
i
m
i
z
a
t
i
o
n
or
E
M

al
go
ri
th
m)

to
lo

ca
te

mo
ti

fs
of

a
gi

ve
n
le
ng
th

ra
ng
e,

of
w
h
i
c
h

th
er

e
m
a
y
b
e

0,
1,

or
m
o
r
e

in
a
n

in
di
vi
du
al

<e
—

q
u
e
n
c
e
,
as

sp
ec
ifi
ed

b
y
th

e
us
er
.

T
h
e
o
u
t
p
u
t

is
a
P
S
S
M

(a
po
si
ti
on
—s
pe
ci
fic
-s
co
ri
ng
—

m
a
t
r
i
x
)
o
f
e
a
c
h
m
o
t
i
f
f
o
u
n
d
w
i
t
h
c
o
l
u
m
n
s

th
at

r
e
p
r
e
~

se
nt

mo
ti

f
po
si
ti
on
s
an
d
ro

ws
th
at

re
pr
es
en
t
th

e
di
st
ri
—

bu
ti

on
of

re
si
du
es

in
ea
ch

co
lu

mn
in

a
lo

g-
od

ds
fo

rm
at

T
h
e
m
a
t
r
i
x
m
a
y
be

u
s
e
d
to

se
ar

ch
s
e
q
u
e
n
c
e

|
N
T
E
R
P
R
E
T
A
T
I
O
N
/
R
E
S
U
L
T
S

A
l
i
g
n
m
e
n
t
of

in
pu
t
se
qu
en
ce
;

gr
ap

hi
ca

l
re
pr
es
en
ta
ti
un

of
d
e
g
r
e
e
of

lo
ca

l
si

n
'
ar

it
y
be
-

t
w
e
e
n

al
ig
ne
d
se
qu
en
ce
s;

se
qu

en
ce

tr
ee

sh
ow

in
g
de
gr
ee
s

o
f
si
mi
la
ri
ty
.

Mu
lt

ip
le

s
e
q
u
e
n
c
e
a
l
i
g
n
m
e
n
t

ou
tp
ut

as
co

lo
re

d
im

ag
e,

pl
ai

n
te

xt
,
or
H
T
M
L
.

Be
st

a
l
i
g
n
m
e
n
t

af
te
r
re
pe
at
ed

tr
ia

ls
.

Re
su
lt
s
ar

e
e-

ma
il

ed
to

us
er

,
in

cl
ud

in
g:

P
S
S
M
S
,
w
h
i
c
h

re
pr

e—
se
nt

th
e
di
st
ri
bu
ti
on

of

re
si
du
es

in
e
a
c
h
c
o
l
u
m
n

of
th

e
mo

ti
fs

f
o
u
n
d
;
d
i
a
g
r
a
m
s
h
o
w
—

in
g
th
e
i
n
f
o
r
m
a
t
i
o
n
co
nt
en
t
of

ea
ch

c
o
l
u
m
n

(r
ep

re
se

nt
s

de
gr
ee

of
co

ns
er

va
ti

on
at

ea
ch

m
o
t
i
f
po

si
ti

on
),

mu
lt
il
ev
el

c
o
n
s
e
n
s
u
s
se

qu
en

ce
,
e
x
a
m
p
l
e
s

of
mo
ti
fs

fo
un
d,

a
n
d

lo
ca

ti
on

in
in

pu
t
se

qu
en

ce
s;

mo
ti
f
al

so
o
u
t
p
u
t

in
B
L
O
C
K
S

fo
rm

at
.

P
S
S
M
m
a
y
b
e
su

bs
eq

ue
nt

ly

A11.8 Appendix 11: Bioinformatic.

 



.\
1c

tu
—.

\'
\1

j\
11

r(
1r

tm
dv

ct
.11

.
19
97
)

A
S
S
F
T

(A
li

gn
ed

S
e
g
m
e
n
t

St
at
is
ti
ca
l
Ev

al
ua

ti
on

To
ol
)

(
N
c
u
w
d
l
d

11
nd

(l
rc

cn
19

94
)

B1
O
C
K
S

s
e
r
v
e
r

(s
ee

a
l
m

Ta
bl

e
A
1
1
—
2
)

(
S
m
i
t
h

et
a
l
.
1
9
9
0
;
l
‘
l
e
n
i
-

k
n
f
f
a
n
d
c
h
i
k
o
f
f

1
9
9
1
;

H
e
m
k
n
t
t

ct
11
1.

1
9
9
9
1
1
1
)

B
L
I
M
P
S
A
B
L
O
C
K
S

I
m
p
r
o
v
e
d

Se
ar

ch
er

(
H
e
n
i
k
n
f
f
a
n
d
H
e
n
l
k
u
f
f

1
9
9
1
;
W
a
l
l
a
c
c
a
n
d
H
e
n
i
-

k
o
f
f
1
9
9
2
)

e
m
o
t
i
f
(E

xp
lo

ri
ng

th
e

M
o
t
i
f
U
n
i
v
e
r
s
e

(
c
h
i
l
l
—
M
a
n
n
i
n
g
Ct

dl
.1

99
8)

M
A
S
T

(
M
o
t
i
t
'
A
l
l
g
n
m
m
t

a
n
d
S
c
a
t
h

T
o
o
l
)

(B
ai
le
y
a
n
d
G
r
i
h
s
k
m
’

19
98

)

(C
un
lu
zm
’t
lo
n

{1
11

11
11

14
11

ng
ng

1
11

):
n
w
t
d
n
t
c
i
n
t
u
l
x
t
x
d
u

l
u
l
w
t
u
m
'
t
‘

11
2'

11
—1

11
13

1'
11

11
11

17
11

1/
1

ll
ll

PI
//

\\
'\

\'
\\

’A
(l

SL
.k

‘(
ll

I/
l\

ll
M
L
/
m
c
m
c
/

we
bs

it
c/

in
t1

't
1.

ht
ml

F
T
P
:

nc
bi

.1
1l

m.
11

1h
.g

01
1)

i
./

pu
l)

/d
ss

ct

h
t
t
p
:
/
/
w
w
w
.
h
1
n
c
k
s
fl
w
c
r
c
o
r
g

ht
tp

:/
/b

l(
)c

ks
.
f
h
c
r
c
n
r
g

F
T
P
:

nc
bi
.n
lm
.n
ih
,g
(1
v

1)
ir

:/
re

po
nt
or
y/
bl
oc
ks
/u
ni
x/
bl
im
ps

F
T
P
:
h
o
w
a
r
d
f
h
c
r
c
n
r
g

Di
r:
/b
li
mp
s/

ht
tp

:/
/d

na
.s

ta
nf

or
d.

ed
u/

em
ot

if
/

s
i
m
p
l
e
.
h
t
m
l

ll
ll
pi
//
¥V
\N
W.
5(

l5
L.

L’
Ll

L1
/M
h
M
H
m
c
m
c
/

w
c
h
s
n
c
/
n
m
s
L
h
t
m
l

dd
lt

ll
th

LN
th
in
g
M
A
N

1.

l
u
c
n
w

n
e
e
d
e
d

fo
r
u
n
n
m
c
u
m
l

u
w
,

In
tc

rt
tc

tn
'c

\\
’c

lw
~1

ms
cd

10
1‘

11
1;

f\
t\

'5
1

\(
Hl
l&
L‘

\U
ll

L'
.

(
i
o
m
l
fl
n
m
D
N
A

or
pr

ot
ei

n
mo
ti
t

pd
tt
cr
nx

11
11

11
1

?\
il

-‘
Ml

1
1
1
1
0
1
1
h
u
l
d
c
n
M
d
r
k
n
v
m
m
l
c
l
1
1
1
M
M
1

th
at

rc
pr

cs
cn

ts
11
11

11
13
11
11
10
11

ut
th
e
qu
lL
‘n
u‘
s

t
h
r
o
u
g
h
Al

lg
nm

cn
ts

(1t
h
th
e
u
n
n
e
r
v
e
d

mn
ti
lx
.

'1
l1
c
l
l
M
\
1
m
a
y

th
en

he
us
ed

in
sc
ar
dt

s
c
q
u
c
m
u

da
ta

ba
se

s
fo

r
ot

he
r
fa
mi
ly

m
e
m
b
e
r
s
.

In
te

rd
cn

vc
W
c
l
r
b
a
s
e
d

fo
r1

11
;A

NS
l~

(.
w
u
r
c
c
c
o
d
e

a
n
d
p
r
o
g
r
a
m

bi
nd
rl
es

fo
r
se

le
ct

ed
pl
at
fo
rm
.

P
e
r
f
o
r
m
s

a
d
e
p
t
h
-
fi
m
t

se
ar

ch
fo

r
c
o
n
s
e
r
v
e
d

s
e
q
u
e
n
c
e
pa
tt
er
ns

to
cr
ea
te

11
mu
lt
tp
lc

s
c
q
u
c
n
c
c

a
l
i
g
n
m
e
n
t
b
y

11
14

ni
ti
ng

th
e
lo
g

11
10
31
11
10
00
1

m
t
m

Nt
dt
l‘
él
lt
‘.

Av
ai

la
bl

e
1
5
C

c
o
d
c

fo
r
U
N
I
X

hy
ht
cm
.

 

Bl
oc

ks
ar
e
c
o
n
s
e
r
v
e
d
pa

tt
er

ns
Of

a
m
i
n
o

ac
id

s
e
q
u
e
n
c
e
s
o
f
t
h
e
s
a
m
e
l
e
n
g
t
h
(
n
o
g
a
p
s
)
f
o
u
n
d

in
m
e
m
b
e
r
s
o
f
a

pr
ot
ei
n

fa
mi
ly
.

T
h
e
B
L
O
C
K
S
r
c
w
u
r
w

wi
ll

u'
ct
lt
c
bl

og
ks

11
01
11

a

mu
lt
lp
lc

s
e
q
u
e
n
c
e
a
l
i
g
n
m
e
n
t
or

lo
ca

te
t
h
e
m

in
u
n
a
l
i
g
n
e
d
s
e
q
u
e
n
c
e
s
b
y

ei
th

er
a
p‘
tt
tc
rn
—

se
ar

ch
in

g
m
e
t
h
o
d

or
st
at
is
ti
ua
l
m
e
t
h
o
d

(
G
i
b
b
s

sa
mp

li
ng

).

B
L
O
C
K
S

se
rv
er

is
u
s
e
d
to

p
r
o
d
u
c
e
p
o
s
i
t
i
o
m
s
p
e
c
i
fi
c

s
c
o
r
i
n
g
m
a
t
r
i
c
e
s
(
P
S
S
M
S
)
a
n
d

a
c
o
n
s
e
n
s
u
s

(c
ob
bl
er
)
S
e
q
u
e
n
c
e
th
at

m
a
y

in
tu
rn

b
e
u
s
e
d

to

sc
an

ad
di

ti
on

al
pr

ot
ei

ns
in

s
e
q
u
e
n
c
e
da

ta
ba

se
s

fo
r
pr
es
en
ce

of
bl
oc
k,

A1
1
i
n
p
u
t
s
e
q
u
e
n
c
e
m
a
y

al
so

b
e
s
c
a
n
n
e
d

a
g
a
i
n
s
t

bl
UL
k5

d
a
t
a
b
a
s
n
.

Bl
oc
ks

h
a
v
e
b
e
e
n

ca
ll

br
at

ed
fo

r
s
p
e
a
fi
c
i
t
y

ag
ai

ns
t
th
e
Pr
os
it
e
a
n
d

Sw
is
s-
Pr
ot

da
ta

ba
se

s.

A
l
i
g
n
m
e
n
t
se
ar
ch

so
ft
wa
re

th
at

sc
or

es
s
c
q
u
c
n
c
c

ag
ai
ns
t
B
L
O
C
K
S

da
ta

ba
se

or
bl

oc
ks

ag
ai
ns
t

se
qu
en
ce
t

(S
ee

al
so
B
L
O
C
K
S

da
ta
ba
se

in
D
N
A
:

M
u
t
i
f
s

a
n
d

Pa
tt
er
ns
.)

F
o
r
m
s

mo
ti
fs

or
su

bs
et

s
of

al
ig

ne
d
se
qu
en
ce
s.

In
te
ra
ct
iv
e
W
e
b
-
b
a
s
e
d
fo
rm
.

Se
ar

ch
es

da
ta

ba
se

s
fo

r
sc
qu
cn
cc
s

th
at

co
nt
ai
n

o
n
e

or
m
o
r
e

mo
ti
fs
.
(
M
(
m
f
s

ar
c
d
c
fi
n
u
d

01
1

th
ls

si
te

as
c
o
n
s
e
r
v
e
d
s
e
q
u
e
n
c
e
pa
tt
er
ns

(x
f
th
e
s
a
m
e

le
ng

th
th
at

oc
cu

1
u
n
c

01
m
o
r
e

ti
me

s
11
1

<1
1c

—

la
tc

d
ac
t
of

se
qu

en
ce

s.
)

Mo
ti
fs

ar
e

id
en
ti
fi
ed

b
y
se

ar
ch

in
g
t
h
r
o
u
g
h

a
so
t

11
1‘
re

la
te

d
sc
qu
cn
cc
s
Wl
th

lh
c
M
1
3
M
l
‘

(l
l

Se
t

01
m
n
i
l
a
r
D
N
A

11
1
p
m
t
m
n

s
c
q
u
c
m
u
1
1
1
\
1
1
1
1
c
t
\

ut
I
m
m
a
t
x

t
u
g
”

l-
AS
lA
)

01
.1
w
t

01
1m

1t
1l

‘

n
m
d
c
l
s

pr
cv
io
us
lv

d
u
t
c
r
m
m
c
d

th
in
g

Ml
-‘
Ml
'

F
A
S
T
A

I
n
p
u
t
se
qu
en
ce
s

in
P
A
S
T
A
f
o
r
m
a
t

a
n
a
l
i
g
n
m
e
n
t

(s
ee

de
sc

ri
pt

io
n)

,

S
e
e
B
L
O
C
K
S

xc
rv
cr
.

A
l
i
g
n
e
d
se
qu
en
ce
.

01
11
:
or

m
u
r
c

mo
ti
fs

in
M

la
Ml
a

o
u
t
p
u
t

(11
‘
a
n
y

fil
e

.1
11

.1
11
d
p
p
m
—

pr
ia
te

f
o
r
m
d
t
(
G
(
Z
G
pr
ofi
le

fil
e,

LU
ll

Ld
lfi

fll
dt

fk
l
G
(
Z
G

pr
ofi
le

fil
es

,

m
o
t
i
f
fi
l
e
f
o
r
m
a
t
)
.
T
h
e
i
n
d
w
i
d
u
d
l

m
o
t
i
f
s

L<
1I

ll
l(

)t
c
o
n
t
a
i
n

g
a
p
s
.

ux
ct
l
1
m

tl
.t
t.
|l
mw
“
u
m

u
x
n
1
g
\
1
;
\
\
1

 

M
m
i
l
-
l
m
s
c
d

mu
lt

tp
lc

s
c
q
u
c
m
c

.1
11

g1
11

11
c|

1t
ut

q
u
c
n

50
1

wt
“
u

q
u
c
n
w
s

to
r

Ll
sc

11
1
xc

tn
th

mu
,

s
c
q
u
c
n
c
u
da
ta
ba
se
s

lm
'
A
d
d
y

ti
n|
1.
11

Ln
ni
lv
m
c
m
h
c
n

C
o
m
p
u
t
c
a

Vi
tc

rh
i

3&
01
1‘

or
to
ta
l

pr
ob

ab
il

it
y
sc
or
e
fo
r
h
o
m
o
l
o
g
y

dc
tc
ct
io
n
re
po
ne
d

As
l
o
g
o
d
d
s
sc
or
es

Pa
tt
en

11
5
f
o
u
n
d

ar
e
re
po
rt
ed

as

mu
ti
fs

wt
th

sc
or
e
a
n
d

lu
ca
ti
on
a

in
ac

qu
cn

ce
st

Bl
oc
ks

f
o
u
n
d

ar
e
re

po
rt

ed
in

th
ei
r
o
w
n

(b
lo
ck
s)

fo
rm
at
.

P
S
S
M
s
a
n
d

J
co
bb
le
r
(c

un
sc

n

su
m)

ar
c

Al
an

gi
ve
n

11
11

It
tr
th
ct

da
ta

ba
se

sc
ar
cl
nn
g.

O
u
t
p
u
t
ca

n
be

us
ed

[0
pl

'c
‘d

lL
l

P
C
R

pr
im
er
s
us

in
g
(
Z
O
D
E
H
O
P
S
.

S
c
c
B
L
O
C
K
S

50
1
vc

r.

Lt
st

of
r
e
m
e
v
e
d

mo
ti
fs
.

R
e
t
r
i
e
v
e
d

mu
tt

fs
;1

11
4x

11
11

ut
11

t1
1

51
)
m
a
t
c
h
e
s

rc
tu

rn
cd

.

O
u
t
p
u
t

co
ns

is
ts

of
n
a
m
e
s
of

hi
gh

—s
co

ri
ng

se
qu
en
ce
s,

m
o
n
f

d
i
a
g
r
a
m
s
s
h
o
w
i
n
g
or

de
r
a
n
d

sp
ac

in
g
of

mo
ti
fs

(
P
S
S
M

th
at

de
sc
ri
be
s

su
1r
c

«1
1

£1
11
.1
1
p
u
s
s
r

Table AII-J Bioinfbrmatics SoftwarC A11.9

 



T
A
B
L
E

A
l

1-
1

(
C
o
n
t
i
n
u
e
d
)

P
R
O
G
R
A
M
N
A
M
E

G
i
b
b
s
s
a
m
p
l
e
r
(
G
i
b
b
s

S
a
m
p
l
i
n
g
St

ra
te

gy
fo

r
Mu

lt
ip

le
A
l
i
g
n
m
e
n
t
)

(
L
a
w
r
e
n
c
e

et
al
.
1
9
9
3
)

D
N
A
:

G
e
n
e
s
,
E
x
o
n
s
,
I
n
t
r
o
n
s

G
e
n
i
e

(K
ul
p

et
al
.
19
96
;
Re

es
e

et
al

.
19

97
)

G
e
n
e
M
a
r
k

(
B
o
r
o
d
o
v
s
k
y
a
n
d
M
c
l
n
i
c
h

1
9
9
3
)

W
E
B

S
l
T
E
/
F
T
P

SI
TE

D
E
S
C
R
I
P
T
I
O
N
/
P
L
A
T
F
O
R
M
S

|
N
P
U
T
F
O
R
M
A
T

|
N
T
E
R
P
R
E
T
A
T
I
O
N
/
R
E
S
U
L
T
S
 

F
T
P
:
nc

bi
.n

lm
.n

ih
.g

ov
l)

ir
:/

pu
b/

gi
bb

s

ht
tp
:/
/w
ww
.f
ru
it
fly
‘o
rg
/s
eq

to
ol
s/

g
e
n
i
e
h
t
m
l

ht
tp
:/
/g
en
em
ar
k.
bi
ol
og
y.
ga
te
ch
.e
du
/

G
e
n
e
M
a
r
k
/
g
m
_
i
n
f
o
.
h
t
m
l

e-
mu
il

se
rv

ic
e:
g
e
n
e
m
a
r
k
@
a
m
b
e
r

bi
ol
og
y.
ga
te
ch
.e
du
O
R

g
e
n
e
m
a
r
k
@
e
m
b
l
—
e
b
i
.
a
c
.
u
k

11
1
O
(
?
K
S

sc
rv

er
'x

:
ea
ch

ar
e
re

pr
es

en
te

d
by

a
P
S
S
M

(p
us

io
n-

sp
ec

ifi
c
sc

or
in

g
ma
tr
ix
)
al
lo
w

in
g
th
e
va
ri
at
io
n

in
ea
ch

m
l
u
m
n

of
th
e
al
ig
ne
d

mo
ti
fs

.1
>
d
10
g
o
d
d
s

S&
OI
'C
.

E
a
c
h

1’
9
M

Ls
m
n
v
c
d

ac
ro

ss
ea

ch
da

ta
ba

se
at

-
q
u
e
n
c
e

tn
id
en
ti
fy

hi
gh

—s
co

ri
ng

ll
‘l

uI
Ch

L‘
S.

S
e
q
u
e
n
c
e
s
wi
th

hi
gh

es
t-

sc
nr

in
g
m
a
t
c
h
e
s

ar
e

id
en

ti
fie

d.
\N

eb
<b

as
cd

in
te

ra
ct

iv
e
fo
rm
.

Fi
nd

s
c
o
n
s
e
r
v
e
d
pa

tt
er

ns
of

s
e
q
u
e
n
c
e
o
f
th
e

s
a
m
e

le
ng

th
in

a
se

t
of

re
la
te
d
s
e
q
u
e
n
c
e
s
(
1
m

ga
ps
,
n
o
co

rr
el

at
io

ns
b
e
t
w
e
e
n

po
si
ti
on
s)

b
y

a
G
i
b
b
s
s
a
m
p
l
i
n
g

st
ra

te
gy

.
Th
is

m
e
t
h
o
d

re
pe
at
ed
ly

re
sc
an
s
in
di
vi
du
al

se
—

q
u
e
n
c
e
s

in
th
e

se
t
w
i
t
h
a

tr
ia

l
P
S
S
M

(p
os
it
io
n—

s
p
e
c
i
fi
c
s
c
o
r
i
n
g
m
a
t
r
i
x
)

to
fi
n
d
c
o
n
s
e
r
v
e
d

pa
tt

er
ns

,
us
in
g

a
pr

ob
ab

il
is

ti
c
a
p
p
r
o
a
c
h

fo
r

ch
oo

si
ng

a
ma

tc
hi

ng
lo
ca
ti
on

in
th
e
se
qu
en
ce
,

a
n
d

th
en

up
da
te
s
th
e
ma

tr
ix

.
Ev
en
tu
al
ly
,
c
o
m
m
o
n

pa
tt
er
ns

wi
ll

b
e

re
cr
ui
te
d

to
th
e
ma
tr
ix
.

M
a
y

re
qu

ir
e

in
it
ia
l
es

ti
ma

te
of

pa
tt

er
n
le

ng
th

(s
ee

al
so
B
L
O
C
K
S
W
e
b

Si
te

a
n
d
M
A
C
A
W
)
.

Fi
nd
s

po
te
nt
ia
l
ge
ne
s

in
Dr

os
op

hi
la

g
e
n
o
m
i
c

s
e
q
u
e
n
c
e
s
us
in
g

a
h
i
d
d
e
n
M
a
r
k
o
v
m
o
d
e
l

tr
ai
ne
d

o
n
k
n
o
w
n

Dr
os

op
hi

la
ge

ne
s,

in
cl

ud
in

g
a
ne
ur
al

n
e
t
w
o
r
k
tr
ai
ne
d
o
n
Dr

os
op

hi
la

sp
li

ce
si

te
s.

Tr
ie
s
to

fi
n
d
on
e
ge

ne
ma
tc
h
o
n
ea

ch
st
ra
nd

of
e
a
c
h
s
e
q
u
e
n
c
e
su

bm
it

te
d;

mu
lt
ip
le

s
e
q
u
e
n
c
e
s

c
a
n
b
e
su

bm
it

te
d.

So
ft

wa
re

ha
s
b
e
e
n
tr

ai
ne

d
o
n
h
u
m
a
n

ge
ne
s,

b
u
t
cl

ai
ms

to
gi

ve
g
o
o
d

re
su

lt
s
fo

r
ot
he
r
ve
rt
e—

br
at

e
se

qu
en

ce
s,

Dr
os
op
hi
la
,
ot

he
r

in
ve

rt
eb

ra
te
s.

Id
en
ti
fie
s
pr
ot
ei
n—
co
di
ng

re
gi

on
s

in
pr
ok
ar
yo
ti
c

or
eu

ka
ry

ot
ic

g
e
n
o
m
i
c
D
N
A

se
qu

en
ce

st
U
s
e
s
i
n
h
o
m
o
g
e
n
e
o
u
s
M
a
r
k
o
v
ch
ai
n
m
o
d
e
l
s
,

ea
ch

tr
ai

ne
d
o
n
k
n
o
w
n

ge
ne
s
o
f
e
a
c
h
o
r
g
a
n
i
s
m
.

An
al
yz
es

E
S
T
se
qu
en
ce
s;

pr
ed
ic
ts

lo
ng

ex
on
s;

c
a
n
b
e
us
ed

fo
r
d
e
s
i
g
n
e
d
R
T
<
P
C
R

pr
im

er
s.

W
e
b
—
b
a
s
e
d

in
te

ra
ct

iv
e
fo
rm
;
e-
ma
ll

se
rv
er
.

Li
ce
ns
e
re
qu
ir
ed

fo
r
us
e
of

lo
ca

l
ve
rs
io
n.

G
e
n
e
M
a
r
k
h
m
m

al
go
ri
th
m
(
L
u
k
a
s
h
i
n
a
n
d

B
o
r
o
d
o
v
s
k
y

1
9
9
8
)

is
a
n
e
x
t
e
n
s
i
o
n
o
f
G
e
n
e
M
a
r
k

u
s
e
d

fo
r
m
o
r
e
ac
cu
ra
te

fi
n
d
i
n
g
of

5'
e
n
d
s

in
ba

ct
er

ia
l,

h
u
m
a
n
,
a
n
d

C.
el
eg
an
s
ge
ne
s.

F
A
S
T
A

D
N
A

s
e
q
u
e
n
c
e

in
F
A
S
T
A

or
m
u
l
t
i
p
l
e
—
F
A
S
T
A
;
m
a
x
i
m
u
m

D
N
A

s
e
q
u
e
n
c
e
le

ng
th

is
9
0
,
0
0
0

ba
se
s.

D
N
A

s
e
q
u
e
n
c
e

in
G
C
G
,
F
A
S
T
A
,

E
M
B
L
,
G
e
n
B
a
n
k
,
PI
R,

N
B
R
F
,

Ph
yl
ip
,
te

xt
fo
rm
at
s.

hl
c

le
tt
er

at
ea
ch

po
si
ti
on
m

t
h
e
p
a
t
t
e
r
n
)
,
d
e
t
a
i
l
e
d
a
n
n
o
t
a
—

ti
on

of
se

qu
en

ce
;
s
e
q
u
e
n
c
e
s

s
h
o
w
n

wt
th

th
c
I
o
m
t
m
n

a
n
d

sc
ar

es
fm

’
m
c
h

m
n
t
i
f
fo
un
d.

a
n
d

a
c
o
m
b
i
n
e
d

pr
ob
db
ih
ty

sc
or
e

th
at

th
es

e
m
a
t
c
h
e
s
w
o
u
l
d

ha
ve

o
c
c
u
r
r
e
d
b
y
c
h
a
n
c
e

is
al
so

s
h
o
w
n

H
T
M
L

or
A
S
C
I
I

fo
rm

at
.

Lo
ca
ti
on

of
c
o
n
s
e
r
v
e
d

pa
tt
er
n

in
th
e
se
qu
en
ce
s.

Hi
gh
es
t-
sc
or
in
g
g
e
n
e

lo
ca

ti
on

o
n

ea
ch

in
pu

t
D
N
A

st
ra
nd
.

C
o
d
i
n
g

si
gn
al
s

fo
r
pu

ta
ti

ve
ge

ne
s
s
h
o
w
n

in
gr

ap
hi

ca
l

fo
r—

m
a
t
(
P
S
G
R
A
P
H
)

Te
xt

o
u
t
p
u
t

fo
r
O
R
F

pr
ed

ic
io
ns
;
po

ss
ib

le
fr
am
es
hi
ft
s;

ri
gh
t
a
n
d

le
ft

e
n
d
of

O
R
F
Q
;

or
ie
nt
at
io
n
a
n
d
f
r
a
m
e

01
re
gi
on
;
m
e
a
n

pr
ob
ab
il
it
y
fu

nc
—

ti
on

;
in
te
rn
al

e
x
o
n

pr
ed

ic
ti

on
s.

AILIO Appendix II: Bioinformatics

 



11
1.
11
11
1

11
11

11
11

11
11

11
11

11
“

11
11

1
11
11
11
11
11
/1
11
1-
11
11
'1
11
11
11
:

1l
|1

1'
11

1.
11

11
1'

|.
1|

11
1\

11
11

11
1

1
9
0
1
1

(1
c1

1c
11

11
1‘

s1
'1

(N
nv
dc
r

11
11
11

81
11

11
11

11
19

9}
,

1
9
9
5

1

G
L
N
S
C
A
N

(1
11

11
11

0
11

11
11

1\
.1
r1
11
1

19
97
1

N
e
t
G
e
n
e

(
B
r
u
n
a
k
61

61
11

99
11

1‘
13

1—
N
15

(1
’.

\'
.

51
11
11
1

11
11

,
11
11
11
11
11
1.
)

M7
11
‘1
1\
Ii
11
11
11
'1
/1
11
11
1g
\

1\
11
11

11
11
11
01
7

1/
.1

11
11

1g
19
97
1

N
11

11
/1

11
11

1'
11

11
11

11
1/

11
11

1'
11

11
y

[1
11

1'
1'

1
I

|1
l1

11
11
11
11
11
11
11
11
11
11
11
1<
1x

 

1
1'

1"
11

1‘
11

14
11

'1
11

11
(1

11
11

11
11

11
11

/1
11

11
1/

(1
1‘

11
1’

1’
dl

x1
‘l

11
11
11
:/
/(
’(
‘R
4(
)8
1

11
11
'1
.1
'1
11
1/
(1
1‘
.\
'1
\(

1
\
N
,

11
11

11
1

W1
41

xc
1‘

v1
11

x.
11

\1
11

11
51

11
11

11
11

11
L'
11
i1
1‘
1x
11
\,

1)
K1

71
13
11
11
11
11
1

11
1‘

11
11

‘1
11

1‘
1'

g,
1’

11
s1

1'
11

1
11

15
11

11
11

0
e
m
a
i
l
s
e
n
e
r

at
P
a
s
t
c
m

In
at
it
ut
e

ht
tp

:/
/

1 3
0
2
2
5
1
1
7
.

] 9
9/

5c
rv

ic
es

/N
et

Ge
ne

/
1n
de
x.
hl
ml

0—
11
11
11
/1
1‘
11
'1
11
’1

11
11
15
11
11
11
11
1s
.1
11
11
.1
1k

11
11
p:
//
g1
'1
11
11
11
i1
.s
.1
11
g,
cr
..
11

.1
11

1/
g1

7g
11

11
11

11
1

11
11
11
W“
11
!1
11
,1
s1
11
11
11
'g
’g
11
11
11
11
11

I
II
’:

p
h
d
g
c
x
s
h
l
x
n
'

1
11

11
1/

11
11

11
/s

11
1'

11
1‘

11
/1

11
/1

‘1

 

 

1’
|1
~1
11
11
\

1'
\1
11
1\
|1
11
11
11
11
.1
11
A'
1'
|1
11
11
11
1

~1
11

11
1|

11
u

\1
'\
11
.1
1

11
'1

11
11

11
\.

1\
1'

\1
11

*1
11

11
11

11
'1

\\
11

11
\\

11
.1

11
11

'1
11

11
11

11
11

11
11

11
11

31
11

11
.

(,
(

11
11

11
11

11
x1

11
11

11
,1

11
11

11
11

11
x1

g1
‘,

(1
11
11
”

11
11

-1
1-

11
'1

11
1‘

“1
11

11
1,

x1
11

11
1‘

11
11

11
1'

11
11

1
x1

11
11

1~
,1

11
11

11
11

11
1'

1'
11

‘.
11

11
1‘

1‘
1

11
11
‘x
1w
11
11
‘1
-x

.1
11

‘
11
11
54
11
11
11
1

11
1

11
11

‘
11

1'
11

11
11

11
11

11
11

1
1\

x1
1.
l\
11
1g
1\
1‘

11
11

~|
11

Nl
11

11
11

11
11
11
'1
11
11
11
11
11
11

11
11

"
11

11
11

11
15

;
x1

~1
|1

11
11

11
1x

1<
11

11
11

11
x1

~1
11

11
'1

11
1’

~,
.1

41
11

11
11

1
50

11
11

01
11

1“
11

11
11

11
11

1
lx

11
11

11
11

11
11
11
11
“

11
11
-
“1

11
11

11
11

11
.1

11
11

11
11

1‘
1-

11
11

11
11

11
11

‘\
11

11
x1

<1
11

‘1
1s

11
1.

11
11

'1
11

1
11

.1
11

1
11

11
11

11
11

1.

1’
1‘

1‘
11

11
‘1

s
g
o
n
e
s
t
r
u
u
u
r
c

11
1

11
11
11
11
11
11
1

1)
\'
»\

x1
‘~

S1
10

11
11
11
11
11
1'
11
11
11
1'
11
11
.

qu
en
cc
s,

L'
su

s
x
c
q
u
c
n
c
t

11
11

11
11

11
11

“
11

11
11

11
1

11
1

11
11

11
11

11
c\
11
11
a,

i
n
t
r
o
n
s
,

11
11
11
sp
li
11
’1
11
11
1‘
11
11
11
s

11
00

11
11

11
11

11
1

01
31
11
11
11
11
11
11
'1
‘1
1'
11
11
11
11

11
11
11

11
50
11
11
11
11
1

11
11
11
1

111
1'

1‘
11

1'
1‘

x1
'1

1h
111

1
m
a
m

(1
1

11
11

11
11

1
A
p
p
h
c
s

11
11

11
11

11
11

11
1'
11
11
1'
11
11
11
11
11
13
4.
11
g1
11
‘1
11
11
11

11
1

11
11
11

(1
11

1
1'
\<
11
1/
11
11
1‘
11
11
11
11
11
11
11
11
11
11
11

11
1.

11
11

11
11

11
11
11
/1
-x
11
11
-1
11
11
'1
11
11
11
11
11
11
11
11
11
11
11
11
11
'1
11
1'
11
11
11
11
51
1

g
e
n
e

st
ru

ct
ur

e.
N
e
u
r
a
l
n
e
t
w
o
r
k
us
ed

11
1

(1
11
11
15
1
wu
ig
ht
x

11
1
sc

—
q
u
c
n
c
e

in
di
ca
to
rs

11
11

be
st

fit
11
1

11
11

11
11

11
ge
ne
».

1’
1‘

1-
11

11
‘1

1
54
11
11
0

11
1g
1~
11
11
11
1i
1

1)
.\
J,
»\
11
11
w1
11
11
1

1)
1\

,\
“1

11
11

11
11

11
,1

11
11

1—
11

‘1
11

‘1
11

11
11

2
11

1‘
11

11
11

11
11

1x
11

1‘
11
11
11
10
“

11
1
g
u
n
u

x1
1'
11
1‘
11
11
'1
'

11
1

“1
11

11
1“

11
1'

g.
11

11
>1

11
s.

|
\1

*1
‘1

1L
11

11
1'

s
11

11
41

11
11

11
1

111
1'

L1
1\

'1
X;

11
11

'1
1s

1'
11

11
11

11
11

1
fo

r
c
u
m
m
e
rc

ml
U>

C.

Pr
ed
ic
ts

sp
li
ce

51
16

5
in

ve
rt
eb
ra
te

g
e
n
e
y
Us
es

ne
ur
al

n
e
t
w
o
r
k
s
tr
ai
ne
d

to
18
01
11
11
17
6

di
ff

er
—

cn
cc
x

in
s
c
q
u
c
n
c
c

11
’1

11
11

1'
1‘

8
11
11
11
11
01
11
1

1‘
\(

11
1

.1
11

d
[1
11
11
11
11
11
11

xc
qu
cn
u‘
x

(x
00

(w
ai

l)
.

TA
ST
I‘

I’
rc

di
cl

s
gu
nc
s

11
11

11
1‘
\1
11
1s
11
)'
11
x1
11
g

11
11

11
11

11
1—

ba
se

d
st

ru
ct

ur
e
pr
ed
ic
ti
on
.

A
l
g
o
r
i
t
h
m

11
11

90
11

11
11

pa
tt

er
n

re
co

gn
it

io
n
of

d
i
f
f
e
r
e
m
t
y
p
e
s
O
f
e
x
o
n
s
,
p
r
o
m
o
t
e
r
s
,
a
n
d
p
0
1
y
1
A
1

si
gn

al
s;

d
y
n
a
m
l
c

11
11
13
11
11
11
11
11
11
5
fi
n
d
s

11
11

11
11

11
11

(1
11

11
11

11
11

11
11

11
15

11
11

11
11

1c
11

1‘
11

11
x1

1‘
11

11
s

s1
‘1

(1
11

11
11

10
11

11
11

10
1»

11
11

01
11

11
11

1“
11

1-
11

1-
10

11
11

11
'1

11
.

11
(}
11
N1
‘5
1

11
(1

\.
,»

\.
S1

11
11

11
11

11
11

11
11

\’
.\

'.
54
11
11
11
11
.

11
11

11
11

11
11

1
pr

od
ic

tx
11
11
11
11
11
11
1
gc
nc
x

11
1
g
e
n
o
m
i
c

D
N
A

se
qu

en
ce

um
in

g
a
hi
dd
en

M
a
r
k
m

n1
11
de
1

11
1

ge
ne

s
a
n
d

si
mi
la
ri
ty

11
11
11
k
n
o
w
n
p
m
m
m
.

F
G
E
N
E
S
—
M

p
r
o
d
u
c
e
s
pa

tt
er

nv
bd

se
d
h
u
m
a
n

m
u
l
t
i
p
k

\d
l‘
1d
nt
>

(1
1
g
e
n
e

st
ru
ct
ur
e

11
11

11
15

11
91

1.

I‘
AS

I
»\

,
11
11
11
11

sc
11

11
1'

11
11

'.

1’
11

'1
11

11
11

11
11

'1
‘1

11
11

11
11

11
11

g
c
w
u
x
,

11
.1

x1
‘1

11
11

1
111

'1'
4

11
11

11
11

11
11

15
11

11
11

11
1

11
11

11
1:

11
11

11
11

11
11

11
11

\1
1'

|1
11

11
1.

11
11

11
11
11
11
11
11

11
11

11
11

11
11

\1
11

‘1
11

11
'

x1
11

|1
\1

11
.1

1
11

.1
11

1‘
1‘

11
11

10
51

11
11

01
1

(h
os

t
11

11
11

'1
11

11
11

11
11

15
11

11
11

11
11

11
1

1.
’\
()
11

11
11

11
1
1
(
)
1
]
C
\
U
]
1
5
C
K
I
U
C
H
L
C
S

1
1
5
1
1
1
1
1
\
C
(
‘
U
L
‘
1
]
L
.
C

1
C
1
1
1
U
I
L
‘
S

51
11

11
11

11
‘1

11
1h

11
sc

d
m
c
r
i
b
c
d

11
11
11
1‘
11
11
1.

51
11

11
11

11
11

11
1r

SL
'N
,1
)1
1(
,.
\1
11
11
.1
.
N
e
e
d

51
11
1

11
11

'1
1x

1'
11

11
‘1

11
11

11
11

01
1‘

11
11

11
st

.

1
\S

1.
\;

11
11

1\
11

11
11

11
11

11
31
11
11
11
1.

11
\1
11
11
11
'\
11
11
11
1

11
11

11
'1

'\
11

11
\

11
11
11

11
11
1x
1

11
11

11
11

11
11

'1
41

11
1

\1
11

11

11
11
1”

1
ht

11
11
10
1

11
11
11
11
11
11
11
11
'\
11
11
x

11
11
11

11
11
1“

11
11

11
11

11
11

1'
«5
11
11
0

~1
1'
11
1—

t
u
l
‘
c
x
.

1\
I1

1~
1

11
11
11
11
11
11
1g
1'
11
1‘
x1
11
11
11
11
'1
's
.

P
r
o
d
u
c
e
s

li
st

of
m
o
s
t

51
11
11
15
41
11

11
11

11
11

11
11

1
1‘

\1
11

1\
,

10
11

1
ou
tp
ut
:

11
11

11
11

11
11

111
pr
e—

di
ct
ed

ge
ne

s,
11
11
11
1b
cr
11
f

pr
e~

di
ct
ed

ex
on
s,

p
m
i
t
i
o
n
s
of

pr
ed
ic
te
d
g
e
n
e
s
a
n
d
cx

on
s.

1
\(
1|
1

11
11
11
11
11
11
1

11
's

11
1
11
11
10
11
11
1“
,

11
11
x1
1'
1‘
i1
11
'1
11
‘1
11
11
11
11
11
11
',
11
11
11
11
'

11
11

-1
11

“1
11
1“

s1
11
1‘
1‘
,
0
1
1
1

11
11

11
11

11

11
11
“,
a
c
c
c
p
m
r

su
n'
c,

11
71
11
11
g

1
1
1
'
1
t
h
‘
C
1
1
1
L
'

x1
11

11
‘,

11
11

l1
11

1
51
11
11
2

Tab/eAlI—I Bi0lefl1r111¢11111< Sothvarc A11.”

 



T
A
B
L
E
A
1
1
-
1

(
f
o
u
l
i
n
u
v
d
)

P
R
O
G
R
A
M

N
A
M
E

W
E
B

S
|
T
E
/
F
T
P

SI
TE

D
E
S
(
‘
R
|
P
T
|
0
N
/
P
L
A
T
F
0
R
M
5

|
N
P
U
T
F
O
R
M
A
I

|
N
T
E
R
P
R
E
T
A
T
I
O
N
/
R
E
S
U
I

rs
 D
N
A
:

Pr
om

ot
er

s,
'I
‘r
an
sc
ri
pt
i0
n—
fa
ct
or

B
i
n
d
i
n
g
Si
te
s

‘
1
m
n
s
m
x

ht
tp
z/
h[
xl
ns
mg
gl
wt
ld
c/

I
R
A
N
S
I

.\
(‘

(
H
u
n
c
m
c
u
'
l

cl
A]

1
9
9
9
1

I
[I
’
I
r
n
n
x
t
A
L
g
l
e
d
c

C
o
r
e
l
’
r
o
m
u
t
c
r

(
Z
h
a
n
g
1
9
9
8
1

ht
tp
:/
/s
ci
cl
iu
,c
sh
1.
0r
gl

g
c
n
c
fl
n
d
e
r
/

(
?
I
’
R
O
M
O
T
E
R

N
N
P
P

(
P
r
o
m
o
t
e
r
Pr

ed
lc

—
t
i
o
n
b
y
N
e
u
r
a
l
N
e
t
w
o
r
k
)

(
R
e
e
s
e

1
9
9
4
;
R
e
e
s
e
a
n
d

E
L
‘
k
n
m
n

1
9
9
3
;
R
c
c
s
c

cl
.1
1.

19
96
1

ht
tp
:/
/w
ww
4f
ru
it
fly
‘o
rg
/
se
q

to
ol
s/

p
r
o
m
o
t
e
r
-
i
m
t
r
u
c
s
.
h
t
m
l

T
E
S
S

(
I
m
n
s
c
r
i
p
t
i
u
n

E
1
e
m
e
n
t
Se
ar
ch

Sy
st

em
)

(
S
c
h
u
g
a
n
d
O
v
e
r
t
o
n

1
9
9
7
)

11
11
p:

//
ww

w.
cl

n|
.u

pc
nu

.c
du

/l
c>

s

'l
'1
"1
11
N1
)

h
t
t
p
z
/
M
b
i
n
d
.
i
m
s
.
u
-t

nk
y0

.a
c,

1p

(
l
s
u
n
n
d
d
a
n
d

Ih
ka

gi
1
9
9
9
1

11
.1
11
4.
“

i\
A
r
c
l
d
n
m
m
l
<
1
.
1
m
l
m
w
u
t
'
t
r
u
m
w
r
i
p
i
i
n
n

m
a
m
u
m
u
l
m
g
h
m
d
m
g

xl
lL
‘N
a
n
d
[
m
n
u
n
p
t
m
n

L
u
l
u
n
f
r
o
m
m
a
n
)
n
r
g
a
m
x
m
s
,
a
n
d

al
so

m
d
u
d
c
s

P
S
S
M
x

(p
ux
lt
in
n—
qw
ci
th

xu
n‘
in
g
n
m
t
r
u
c
x
)

re
pr

es
en

ti
ng

lh
c
n
h
s
c
r
w
d

va
ri
at
io
n

11
1
Cd
kh

c
n
h
l
m
n

of
th
e
al

ig
ne

d
b
i
n
d
i
n
g

si
te
s
fo

r
o
n
e

fa
ct

or
.
(
S
u
m
o

mu
tr

ic
cs

m
J
y

no
t
be

sp
cc
ifi
c
so

th
at

fa
ls
e
po

si
ti

ve
H
u
t
c
h
e
s

ar
c
L
a
m
m
o
n
.
)

D
o
w
n
l
o
a
d

is
fla
t
A
S
C
H

fil
es
.
So

ft
wa

re
is

fo
r

ll
Ul

lC
nl

ll
Il

lC
lL

1d
1
us
e
on
ly
.

I
’
m
g
m
m
s

i
n
c
l
u
d
e
(
I
m
m
p
u
c
l
o
r
,
M
a
l
l
n
s
p
u
l
m
:

1\
1.
11
11
1d
.

Pr
ed

ic
ts

tr
an
sc
ri
pt
io
na
l

st
ar
t

si
te
s
A
n
d

lo
ca
hl
cs

t
h
e
m

in
to

50
41

00
13

1)
c
o
r
e
-
p
m
m
o
t
e
r

re
gi

on
s.

Us
ss

qu
ad

ra
ti

c
di
sc
ri
mi
na
ti
on

JI
LI

I)
’\

15
IO

di
s-

t
i
n
g
u
i
s
h
s
c
q
u
c
n
c
c
f
e
a
t
u
r
e
s

(c
.g
.,
u
m
s
c
r
v
c
d

s
u
q
u
c
n
w
w
o
r
d
s
)
d
m
c
h
l

Sl
ig

"1
4
p
m
m
u
l
u
‘

se
qu

en
ce

s.
W
’
s
b
—
b
u
s
c
d

in
te
ra
ct
iv
e
fo
rm
.
Li
ce
ns
e
n
c
u
d
c
d

fo
r
c
o
m
m
u
n
a
l

us
e.

F
m
d
s

eu
ka

ry
ot

ic
a
n
d
pr
ok
ar
yo
ti
c
p
r
o
m
o
t
e
r
s

in

D
N
A

<e
qu

en
ce

.
Us
es

ti
me

-d
el

ay
ne
ur
al

n
e
t
w
o
r
k
s

(
T
D
N
N
)

11
1.
11

r
c
g
n
g
n
i
/
c

(c
.l

tu
re

s
s
u
c
h

(1
5
t
h
e

'
l
A
'
l
'
A
1
7
0
x
,
l
h
c
(
i
(
1
1
m
x
,
t
h
c
(
?
A
A
T

17
1m
,
a
n
d

t
h
e

in
it

ia
lm

‘
re

gi
on

11
m!

s
p
a
n
s
th

e
tr
an
sc
ri
pl
in
n

st
ar
t

31
10

(
1
5
5
)
.

T
D
N
N

is
re
pe
at
ed
ly

tr
ai
ne
d
a
n
d
r&
tr
ai
ne
d

un
ti
l

it
re

co
gn

i7
es

th
e
m
o
s
t
1
m
p
0
r
t
a
n
t

fe
at

ur
es

of
e
a
c
h
e
l
e
m
e
n
t

as
a
sc

or
in

g,
ma

tr
ix

.

Pr
ed

ic
ti

on
s
fo

r
ea
ch

e
l
e
m
e
m

ar
e
t
h
e
n
c
o
m
b
i
n
e
d

so
th
at

e
l
e
m
e
n
t
s

C;
n
h
e
f
o
u
n
d
c
v
u
n
w
h
e
n

th
ei
r

ts
de

‘i
I‘

lg
va
ri
es
.

Fi
nd
s

po
te

nt
ia

l
1
m
m
c
r
l
p
t
i
o
n
—
t
a
c
t
o
r
-
b
l
m
i
m
g

si
te
s

in
D
N
A

s
e
q
u
e
n
c
e
(
w
e
T
r
a
n
s
f
a
c
L

H
a
s
V
V
C
b
—
b
a
s
e
d

in
te

ra
ct

iv
e
f
o
r
m
s

fo
r
c
o
m
b
i
n
e
d

se
ar
ch

qu
er

y,
b
r
o
w
s
i
n
g
Tr
an
sf
ac
,
st

ri
ng

—b
as

ed

se
ar

ch
in

g,
fil
te
re
d
sl
ri
ng
—h
as
ed

se
ar
th
in
g.

U
p
l
m
m

fu
r
fil

te
ri

ng
,
x
c
m
n
g

th
re
sh
ol
ds
.
At

tn
—

hu
lc
x,

a
n
d

sc
or

in
g
s
c
h
e
m
e
s
.

Se
ar

ch
es

fo
r
1
m
n
s
c
r
i
p
t
1
0
1
1
—
1
;
M
0
r
—
b
m
d
m
g

mi
cs
,

in
cl
ud
in
g

'1
f\

'1
'A

1m
\'

es
,(

;(
j

ho
xc

x,
(fi

(f
x\

1\
'1

‘
b
u
s
z
,
a
n
d

tr
an
sc
ri
pt
io
n

st
un
t

si
te
s.

S
E
C

\\
01

)
\1

lk
'.

P
A
S
T
A
;
D
N
A

s
e
q
u
e
n
c
e
m
u
s
t
be

<
2

kb
.

P
A
S
T
A

D
N
A

s
c
q
u
c
n
c

1‘
AS
'1

A

I’
rc

dl
al

cd
I
m
a
t
m
n

(1
1

ll
lu

nd

m
g

x
l
l
c
x

N
—
p
m
fi
l
e

po
si
ti
xm

sc
or

es
;

st
ra

nd
;
pr

io
r
pr
ob
ab
il
lt
y;
Q
D
A

d
a
m
;
m
a
x
i
m
u
m
n
u
m
b
e
r

of
Pl
'k
‘d
ik
li
fll
lh
.

'1
‘r

dn
sc

ri
pt

io
n

st
ar

t
si
te
s
m
o
s
t

li
ke
ly

to
he

p
r
o
m
o
t
e
r
s
.
Fn

r
cL

Ik
dl

’y
OI

Ch
,

ll
01

th
e

51
17
11
sz

a
p
q
n
n
l
n
g
4
4
0

to
+1
1
w
h
m
c

11
is

[h
e
pr
ed
ic
te
d

tr
an
sc
ri
pt
io
n

st
ar
t

si
te
.

F
o
r
pr

ok
ar

yo
te

s,
46

ba
se
s

s
p
a
n
n
i
n
g
f
r
o
m
—4
1

to
+
5

w
h
e
r
e

I
1

is
th
e
pr
ed
ic
te
d

tr
an
sc
ri
pt
io
n

st
ar
t

si
te

.

l’
I'
cd
ch
cd

su
es

.

Pr
ed
ic
te
d

si
te

s.

AII.12 Appendix II:Bi'omj'ormatin

 

 



I
s
“
.

(\
.\
A
a
n
u
n
m

cl
x1
1,

u
n
p
u
h
L

b
u
"

hl
lp
.’

do
t
I
m
g
c
n
l
n
m
u
m

u
d
u

"
fi
fi
l
/
g
c
n
v

I
h
u
l
c
u
g
t
h
t
m
h
l

v1
5
5
\
\
'

(\
'.
\'
A
N
d
m
v
m

ct
A
L

un
pu
bl
.

xc
c

hl
l;

./
/

d
u
t
l
m
g
e
n
b
c
m
I
m
u
v
d
u
:

9
3
3
1
/
g
c
n
u
—
fi
n
d
c
r
/
g
fi
h
t
m
l
I
)

 

M
A
R
—
l

i
n
d
c
r

(
K
r
a
m
e
r

ct
d]
.
19
90
;
S
i
n
g
h

Ct
211

.
19
97
)

G
e
n
o
m
c
l
n
s
p
c
c
t
o
r

(
Q
u
a
n
d
t

re
l

ul
.
l
9
9
(
m
,
b
)

D
N
A
:
O
t
h
e
r
R
e
g
u
l
a
t
o
r
y
Si
te
s

(
u
n
s
e
n
x
u
s
a
n
d

“
T
O
H
S
C
H
S
L
I
N

{H
cl
'l
/
a
n
d
N
o
r
m
“

1
9
9
9
1

H
H
u
r
l
m
u
m
l
m
1
f
u
l
/
m
w
u
g
l
w
g
m

‘

ll
ll
p'

g
c
n
u
n
m
.
x
.
m
g
c
|
.
.
1
x
.
u
l
\
Q
M
l
a
l
p

lw
‘

l
m
n
l

||
Hl
|1
lU
rI
1L
lI
lU
I1

A
H
I
A
l
I
/
w
'
H
l
u
'
w
n
n
v
w
h
a
n
n
l
n
h
x

I
u
h
x
d
u

l’
ul

bx
},

|n
x
u
h
l
u
l

l
m
r

u!
m
m
m
g
c
.

lt
ll
pz
/f
gc
nm
n1
g.
xd
ng
u.
.1
c.
uk
/g
1/
|I
cl
p/

l
x
fl
y
h
l
m
l
l
n
l

u
n
t
u
r
n
m
l
m
n

L
HI
N/
l'

M'
f'
l’
H‘
t'
.‘

\k
‘l
'\
R
C
W
I
K
h
x
u
h
u
h
!

(
H
Q

x
u
n
ic
cs
éi
’l
)|
<)
in
fm
‘n
ml
1m
.“
ci
1m
.1
11
n.
ac
.i
l

l’
ut

ts
sw

in
su
bj
ec
t

li
ne

or
m
u
s
s
d
g
L

 

h
t
l
p
:
/
/
\
v
w
w
m
g
l
z
n

‘3
/
M
a
r
]
l
n
d
m
/

a
b
o
u
t
h
t
m
l

I
m
p
:
”
w
w
w
.
g
s
f
.
d
c
/
b
i
o
d
v
/

g
e
n
o
m
e
i
n
s
p
e
c
t
o
r
h
t
m
l

F'
I‘
l’
fln
g

c
a
w
l
n
m
d
o
x
d
u
/
p
u
h
/
k
n
n
x
c
n
s
n
x

l
w
x

n
u
:
H

|l
m.
|I
||
\

i
I
J
I
h
L
I
x

\L
ll
.l
|>
.l
w

  

ml
ll

U
H

\.
1|
uv
\
w
u
-

l
u
m
x
l
m

\\
'c
l>
l
m
w
d

i
n
t
o
n
n
l
u
x

lu
tn
‘

R
c
u
v
g
m
/
v
x
E
n
m
m
n

I’
nl
ll
p
m
n
m
h

ll
‘l
ll
m
“
p
l
u
m

\l
(|
|l

u
l
c
.

m
u
m
”

J
u
d

 

l
)
\

\
w
q
u
v
n
x

a
n
‘
x

.1
l
u
n
a
u
d
h
u
u
n
n
m
n
l
l
u
m
l
u
m

ll
ml

u
m
!

h
i
n
u
x
d
m
m
u
u
1
m
m

ut
l
u
m
n
m
m
l

m
u
l
l
h
A
m
i

n
l
m
g
n
m
l
m
l
u
l
v
w
m
p
m
n
m
n
0
1
I
1
.
1
|
1
>
U
|
p
l
l
t
»
|
l

\I
dl
‘l

\i
lL
‘\
.

RC
LU
‘fl
nl
/C
\
h
u
m
a
n

Pu
ll

]
p
m
m
n
l
c
r
w
g
m
n

a
n
d

N
u
m
-

01
w
q
u
c
n
u
'
:
s
c
q
u
c
m
c

1
1
3
m
m
r
l
p
l
m
n

fli
nt

xi
lc

lc
ll
mx

.\
1‘
1\
1m
um

||
nc
lc
ng
l|
1

[\
L'
wx

Ii
nu
u‘

xl
is
u‘
lm
nm
nl

i
u
m
l
i
n
n

to
r

pl
k‘
dl
LI
lU
ll
,

79
kl
hl
ld
kl
c

'\.
c
o
m
l
n
n
c
x

Lh
dl
dk
lk
’l

is
li
cs

de
sc
ri
bi
ng

fu
nc
ti
on
al

11
10
1e
r
A
n
d
o
l
i
g
n
n
u
c
l
u
m
d
c
c
o
m
p
m
l
t
i
n
n

nf
th
e

xi
lc
x,

U
c
d
m
c
x

pl
cs
cn
u‘

UI
ll
hl
ll
'fl
ul
flU
Ll
dl
L‘
d

re
gi
on
s

(
M
A
R
s
)

in
D
N
A

s
e
q
m
‘
n
u
‘
.
(
M
a
t
r
i
x
—
a
a
o
c
m
t
e
d

rc
gi
on
s

ar
e
th
e

re
gi
on
s‘

at
w
h
i
c
h

th
e
c
h
r
o
m
a
t
i
n

fi
b
e
r
a
t
t
a
c
h
m

to
th
e
nu
cl
ea
r
m
a
t
r
i
x
a
n
d

ar
e
ne
ce
s—

sa
ry

fu
r
tr
an
sc
ri
pt
io
na
l

re
gu
la
ti
on
.)

M
c
l
h
n
d

us
cd

1x
xm
li
sl
lm
l
m
t
c
r
c
n
u
'
A
n
d

(I
l
i
n
n
l
u
m

Io
gi
g
nc
lw
m'
k;

[8
mu
li
ls

k
n
o
w
n

10
o
u
u
r
m

th
e

n
e
i
g
h
b
o
r
h
o
o
d

of
M
A
R
x

ar
c
c
h
d

in
th
e
an
al
ys
is
.

“
L
'
b
—
w
a
d
m
l
c
m
d
i
v
c

fo
rm
;
rc
gl
nt
ml
ln
n

HC
LL
‘S
SJ
I)

lu
~\

\l
\

De
te
ct
s
di
st
an
ce

co
rr
el
at
io
n
b
e
t
w
e
e
n
o
p
e
n

r’
ad
in
g
f
r
a
m
e
s
a
n
d
tr
am
cr
ip
ti
on

b
m
d
i
n
g

si
te
s

o
n
m
e
g
a
l
m
x
m
o
f
n
u
c
l
e
o
t
i
d
e
s
e
q
u
e
n
c
e
;
u
s
e
s

M
a
n
y

fo
rm
at
s
in
cl
ud
in
g
da
ta
ba
se

a
n
n
o
t
a
t
i
o
n
,
G
C
G
,

(
I
o
n
s
l
n
s
p
c
c
t
o
r

M
a
t
l
n
x
p
u
l
m
'

,

 
la
rg
c-
su
lc

un
‘r
cl
dl
io
n

an
al
ys
ix
.

D
o
w
n
l
o
a
d
c
w
u
l
h
l
b
l
c
s

fu
r
D
M
Z

/\
]p
h.
1,
S
U
N

HP
,
5
1
1
m
m
0

ul
ph
lu
,

(,
()
N\
«'
li
X,
U
N
I
X

A
n
d

X
—
w
i
n
d
u
w
m
L
u
c
m
c

ll
L‘
Cd
L‘
d
to
r
w
m
m
c
r
u
d
l

us
u.

,\
xl
id
in
g
u
l
m
l
m
x

l
l
n
m
u
u
h
x
u
q
u
c
m
u

1x
w
u
m
c
d

5c
!

01
m
p
n
l
s
x
q
m
n
u

 

ug
‘u
nx
l
u
m
d
m
w

01
t
h
e
r
c
n
m
m
l
n
g
w
q
u
c
n
u
‘
x

In
11
nd

t
h
c
m
m
l

al
ik
c

1c
g|
u|
1x
.'
l|
1c
u
n
n
h
m
c
d

d
l
i
g
n
m
c
n
h

nl
(
W
u

01
m
a
r
s
u

IH
LI
U\
\'
\
A
r
c
l
h
c
n

us
ed

to
r
u
r
u
n

Ad
di
tl
fln
dl

ma
ll
xh
in
g
r
c
g
i
o
m

f
m
m

nt
hc
r
sc
qu
cn
gu
s.

ll
w
Al
go
ri
th
m

|x
gr
cc
dv

in
th
e
xc
nx
c

th
at

th
c

fi
n
l
s
c
q
u
c
m
c
x

Io
Ix
“
n
m
u
h
c
d
d
c
l
u
m
i
n
c

l
h
c

u
l
l
m
m
l
c
A
l
l
g
n
m
c
n
l

01
"

.\
II

x
l
l
u
I
n
u
n
d
.

I
h
m
,

l
‘
m
m
n
l
u

x
c
g
u
m
,
1
m
h
n
|
m
:
.
,

w
q
u
u
m
c

”
J
i
m
"

I
I)
!

l
l
n
c
x
h
u
l
d

A
n
d

le
ng
th

at
w
q
u
c
n
u
,
n
u
m

b
u

mt
p
r
c
d
u
l
c
d
p
m
m
n
l
v
l

r
u
g
m
m
,

}\
(7
\|
ll
(\
11
\
of

p
w
d
u
t
c
d

xi
tc
x,

l\
'l

\
h
m

t
h
l
t
l
fl
l
h
,

le
ln
xu
‘l
pl
io
n

st
ar
t
sn
u
p
o
w

t
u
m
x
t
u
m
m
n
d
l

mn
ti
tx

[h
r

CA
LI
]
p
l
c
d
u
l
u
l

lc
gi
un
.

?\
lu
nc

nt
x
c
q
u
c
m
c
,
1
1
m
m

k|
|\

u
m
m
m
n
l

I
u
m
l
u
m

l
h
r
c
x
h
u
l
d

4
n
d

lc
ng
th

nt
x
c
q
u
c
n
w
;
n
u
m
A

bv
r
of

p
r
e
d
i
u
c
d
p
m
m
u
t
c
r

r
e
g
i
o
n
s
;
p
u
s
i
t
i
o
m

ut
p
r
c
d
u
l
c
d

si
te
s,

T
A
'
I
A

h
(
n
,
a
n
d

t
r
a
n
s
c
r
i
p
-

I
n
m

xl
dl
l

xi
lc

p
m
i
l
m
n
x
;
f
u
m
—

l
i
m
m
l
m
u
l
l
h
[
m
u
n
h

p
r
u
d
u
l

cd
r
c
g
m
n
.

Hi
gh
-b
un
‘i
ng

re
gi
on
s

in
l
m
w

pa
ir
s,

in
cl
ud
in
g
Av
er
ag
e
a
n
d

in
te
gr
at
ed

st
re
ng
th
s;

gr
ap
hi
ca
l

o
u
t
p
u
t
s
h
o
w
m
g

ou
tp
ut

of
re
la
—

ll
e‘

p
(
m
t
m
n
s
of

pn
tc
nt
ml

M
A
R
»
.

Gr
ap
hi
ca
l
di
sp
la
y
s
h
o
w
i
n
g
u
n
—

re
la
ti
on

of
0
l
e

a
n
d
A
R
S
—

b
i
n
d
i
n
g
1
1
m
m

I
h
i
n
d
m
g
s
u
m
.

\|
1g
nc
d
m
m

|
I
1n
|m
l

s
c
q
u
c
n
w
x
a
n
d
p
u
n
t
m
n
—
x
p
u
u
fl
u

x
u
m
n
g

11
1.
1!
“c
h
1
m
l
h
c
w

xi
lc
x.

Table AH—I Bioin/ ohwun’OI‘HI(N1(5 S AII.I3

 



 

T
A
B
L
E

A
1

1-
1

(
C
o
n
t
i
n
u
e
d
)

P
R
O
G
R
A
M
N
A
M
E

p
o
l
y
a
d
q

(
Z
h
a
n
g

1
9
9
7
)

1’
01

35
ca

n

(P
av
es
i

L1
(11

,
19
94
)

R
N
A
:
S
e
c
o
n
d
a
r
y
St
ru
ct
ur
e

M
F
O
L
D

(I
ae

ge
r

ct
J]
.
19
89
;
Z
u
k
e
r

19
89
;
Wa
lt
er

ct
al
,
19

94
)

V
t
c
m
m
R
N
A

p
a
c
k
a
g
e

(S
ha
pi
ro

19
88
;
Mc
Ca
sk
il
l

19
90
;
S
h
a
p
l
m
a
n
d
[
h
a
n
g

W
E
B

S
l
T
E
/
F
T
P

SI
TE

ht
tp
zf
/s
ci
di
o.
cs
h1
.o
rg
/m
7h
an
gl
ab
/t

a
b
a
s
k
a
/
p
0
1
y
a
d
q
/
p
o
1
y
a
d
q
_
f
0
r
m
.
h
t
m
l

h
t
t
p
:
/
/
i
r
i
s
b
m
c
b
i
o
t
m
i
p
r
j
t
l
p
D
B
s
c
a
n
h
t
m
l

ht
tp
:/
/b
io
we
b.
pa
st
eu
r.
fr
/s
eq
an
al
/

in
te
rf
ac
es
/m
fo
ld
ht
ml

hn
p'
J/
ww
w.
1b
i.
\u
\i
\'
ic
.m
..
dt
/N
i
v
o
/
R
N
A

D
E
S
C
R
I
P
T
I
O
N
/
P
L
A
T
F
O
R
M
S

 

 

mu
lt
ip
le

C}
le
‘\

o
f
m
a
t
c
h
i
n
g
ar
c
nc
cc
ma
r)
.

In

co
ns
en
su
s,
w
m
d
u
w

W
i
d
t
h

15
u
s
t
r
s
p
c
c
i
fi
c
d
,
a
n
d

in
“
r
u
n
s
e
n
s
u
s
,

it
Ls

no
t
sp
cc
lfl
cd

s
m
c
e

th
e

m
e
t
h
o
d
c
a
n

re
cr
ui
t
fl
a
n
k
i
n
g
a
c
q
u
c
n
c
c

if
in
fo
r-

ma
ti
ve
.
T
h
e

nb
lc
cl

is
m

m.
1\
1m
i/
c
th
e
i
n
f
n
r
n
m
-

t
i
o
n
c
o
n
t
e
n
t

(
h
i
g
h
e
s
t
c
o
n
s
e
r
v
a
t
i
o
n
o
f
h
a
s
m

in

ea
ch

c
o
l
u
m
n
)
o
f

.1
P
S
S
M

(
p
m
i
t
i
n
n
—
s
p
c
u
fl
c

sc
or
in
g
ma
tr
ix
).

In
cl
ud
es

i
m
p
o
r
t
a
n
t

st
at
is
ti
ca
l
ev
al
ua
ti
on

of
th
e

P
S
S
M
<
N
o
t
e

th
at

th
er
e

is
n
o
a
c
c
o
u
n
t
i
n
g
fo
r

co
va
ri
at
io
n
wi
th
in

th
e

si
te
s
as

in
p
a
l
i
n
d
r
o
m
i
c

rc
gu
la
tu
ry

xi
te
a,

hu
t
m
e
t
h
o
d
s

to
lo
ca
te

s
u
c
h

re
gi
on
s
h
a
v
e
b
e
e
n
de
sc
ri
be
d
(H
er
tz

a
n
d
S
t
o
r
m
n

1
9
9
5
)
.

Av
ai
la
bl
e
fo
r
i
m
p
1
c
m
c
n
t
a
t
i
n
n
o
n
U
N
I
X

pl
at
fo
rm
s.

De
ci
de
s

if
a
gi
ve
n
A
A
T
A
A

or
A
T
T
A
A
A
h
e
x
a
m
e
r

is
a
tr
ue

p
o
l
y
(
A
)
si
gn
a1
.A
lg
0r
it
hm

us
es

qu
ad
ra
ti
g
di
sc
ri
mi
na
nt

an
al
ys
is

(s
ee
M
Z
E
F
)

W
e
b
-
b
d
s
e
d

in
te
ra
ct
iv
e
fo
rm
.

Se
ar
ch
es

eu
ka
ry
ot
ic
D
N
A

s
e
q
u
e
n
c
e

fo
r

13
91
11
1

in
te
rg
en
ic

co
nt
ro
l
re
gi
on
s:

ca
n
di
sc
ri
mi
na
te

be
-

t
w
e
e
n
t
R
N
A

ge
ne
s
a
n
d

re
la
te
d
cl
as
s

II
I
el
em
en
ts
.

A
l
g
o
r
i
t
h
m
i
c
m
e
t
h
o
d
b
a
s
e
d
o
n

an
al
ys
is

of
2
3
1

eu
ka
ry
ot
ic

t
R
N
A
p
r
o
m
o
t
e
r

re
gi
on
s;

w
e
i
g
h
t

(p
os
it
io
n—
sp
ec
ifi
c
sc
or
in
g)

ma
tr
ic
es

a
n
d
w
e
i
g
h
t

ve
ct
or
s
u
s
e
d

fo
r
sc
or
in
g.

W
e
b
-
b
a
s
c
d

in
te
ra
ct
iv
e
fo
rm
.

Pr
ed
ic
ts
R
N
A

s
e
c
o
n
d
a
r
y
st
ru
ct
ur
e;

c
o
m
p
u
t
e
s

n
u
m
b
e
r

01
fo
ld
s,

5
ba
se

n
u
m
b
e
r

(s
ta
rt
),

a
n
d

3/
ba
se

n
u
m
b
e
r
(
fl
o
p
l

Us
es

e
n
e
r
g
y
m
i
n
i
m
i
z
a
t
i
o
n
m
e
t
h
o
d
o
f
Zu
ke
r.

A
m
a
x
i
m
u
m

Of
14
01
)
ba
se
s
ca
n
b
e

fo
1d
ed
.

‘
N
e
b
—
b
a
s
c
d

in
te
ra
ct
iv
e
f
o
r
m
.
C
a
n
be

i
m
p
l
e
m
e
n
t
—

ed
o
n

a
lo
ca
l
U
N
I
X

ho
st

wi
th

gr
ap
hi
c

in
te
rf
ac
e

fo
r
ex
pl
or
in
g
al
te
rn
at
iv
e
st
ru
ct
ur
al

m
o
d
e
l
s

in

gi
ve
n
e
n
e
r
g
y
ra
ng
e.

(I
t\
lc
ul
at
Cs

p
r
c
d
i
d
i
u
m
uf
R
N
A

xt
ru
ct
ur
cs

w
i
t
h

m
i
n
i
m
u
m

fI
CC

c
n
e
r
g
i
m

as
we
ll

db
eq
ui
li
br
iu
m

p
a
r
t
i
t
m
n
fu
nc
ti
on
s
a
n
d
b
a
s
e
—
p
d
i
r
m
g
pr
ob
ab
il
/

|
N
P
U
T
F
O
R
M
A
T
 

F
A
S
T
A
‘
C
a
n

se
t
cu
t-
of
f
sc
or
e
b
y

fo
ur

m
e
t
h
o
d
s
.

R
e
a
d
S
e
q
;

al
so

41
1
m
m
m
u
n

fo
rm
at
s
m
c
l
u
d
m
g
P
A
S
T
A
,

G
e
n
B
a
n
k
,
E
M
B
L
,
G
C
G
,

et
c.

R
N
A

a
n
d
D
N
A

1-
nu
cl
eo
ti
de

se
—

q
u
e
n
c
e

i
n
m
o
s
t
c
o
m
m
n
n

f
o
r
m
a
t
s
,

in
cl
ud
in
g

FA
S'
I'
A,

IG
.
G
e
n
B
a
n
k
,

N
B
R
F
,
E
M
B
L
,

ct
c,

R
N
A

ac
qu
cn
cc
;

Hl
’l

r
c
p
r
c
w
n
m
—

t
i
o
n

Fo
r
s
t
r
u
c
t
u
r
e
r
e
p
r
e
s
e
n
t
a
t
i
u
n

AH.14
|
N
T
E
R
P
R
E
T
A
T
I
O
N
/
R
E
S
U
L
T
S

,
_
_
.
_
_
_
_
—
_
~
_
—
—
—
—
—
/

Appendix 11 : Bioin
f
ormatlcs

Pr
ed
ic
ti
on

fu
r
ea
ch

A
A
T
A
A

or

A
T
'
I
A
A
A
f
o
u
n
d

in
th
e
qu
er
y

se
qu
en
ce
.
O
u
t
p
u
t

is
he
ad
,
pl
us

or
m
i
n
u
s

pr
ed
ic
ti
nn
,

si
te
,
se
-

qu
en
ce
,
a
n
d

sc
or
e.

Pr
ed
ic
ti
on
s
uf

cl
as
s

11
1
i
m
m
—

ge
ni
c
re
gi
on

an
d
pr
es
en
ce

of

tr
an
sc
ri
pt
io
n
te
rm
in
at
io
n

si
te
s.

E
n
e
r
g
y
ma
tr
ic
es

th
at

d
e
t
e
r
m
i
n
e

th
e
o
p
t
i
m
a
l
a
n
d
s
u
b
o
p
t
i
m
a
l

s
e
c
o
n
d
d
r
y

st
ru
ct
ur
e;

c
o
m
p
u
t
e
d

fo
ld
in
g,

ha
s
cn
et
gy

wi
th
in

g
w
c
n

r
a
n
g
e
of

c
o
m
p
u
t
e
d
m
i
n
i
m
u
m

fr
ee

en
er
gy
.

Ma
tr
ic
es

ar
e
wr
it
te
n

to
an

ou
t—

p
u
t

fil
e.

Pl
ot
fo
ld

so
ft
wa
re

is

u
s
e
d

to
re
ad

th
e
fil

e
a
n
d

di
s—

pl
ay

a
rc
pr
cs
cn
tu
ti
vc

sc
i

(11
o
p
t
i
n
n
fl
a
n
d
s
u
b
o
p
t
i
m
a
l
s
u
—

(m
da
ry

st
ru
ct
ur
cx

K
N
A
f
o
l
d
p
r
o
d
u
m

pl
ot
s
a
n
d

do
t

pl
ot

o
f
m
m
i
m
u
m

fr
ee

e
n
e
r
g
y
st
ru
ct
ur
e
a
n
d
ba
se

pa
ir

 



|‘
)‘
N'
,[
‘l
()
|1
[l
(|
\”
kl
L'
l‘
{
U
K
}

2
,

 

W
‘
H

l
u
a
n
.
‘

cl
«1

H
n
t
m
k
n
'
l

cl
xii

I
‘
M
]
:

\\
l|
«|
xl
\

cl
A

I‘
Nl
)

 
 

R
N
A
:
R
N
A
—
s
p
e
c
i
f
y
i
n
g
Ge
ne
s,

M
o
n
f
s

{
R
.
N
h
u
m

SI

(
l
i
d
m
n
l
A
n
d
B
u
r
k
s
I
W
I
;

ld
d)
’
A
n
d

lh
lr
ln
n

19
91
1:

Pm
.
cs

l
st

41
.

19
9-
1;

L
o
w
e

a
n
d
F
d
d
y

19
97
)

hl
lp
:/
/\
\'
\\
'\
\A
gc
nu
mw
vu
xl
Lu
iu
/c
dc
h/

I
R
N
A
m
J
n
—
N
l

s
n
o
R
N
A

(I
o
w
e
a
n
d

[fi
dd
ly

19
99
)

h
t
t
p
:
/
/
r
n
d
A
v
u
s
t
l
f
d
u
/
h
n
u
R
N
A
d
h

Pr
ot
ei
n:

S
e
q
u
e
n
c
e
A
l
i
g
n
m
e
n
t

I
t
\
S
l
\
,
5
.
\
]
1
\
R
(
,
H
.
H
.
E
\
C
\

I
’
l
m
w

>C
C
U
N
A

s
u
l
u
u
m
v
J
h
g
m
n
c
n
t

hl
m‘
k
al
lg
nc
r

s
m
t
m
n
,

/(
m
l
/
H
u
m
l
m
l

l
u
l
l
u
u
'
m
g
[
r
u
g
u
x
/

1|
1k
"-
.\
\L

\
ln
hu
i
l
u
l
u
m
h
u

h
\l

/L
'(

|
R
\

\\

H
\

\l
<v
|d

ul
lu
lI
Al
lc
x
w
u
m
d
‘
l
n

|{
.\

\
s
l
i
m
“

L
R\
'

\L
‘\
.l
]
ul
iu
li
‘l
lg
N

L‘
HL
‘I
\

\
n!

I{
\\
\L
'L
Il
JL
‘I
1K
L'

n
Iu
|

11
10
th

ML
"

 
 

HI
]

3;
\
C
H
\
1
I
H
L
1
H
I

'

R.
\.
\|
1L
nl
l
m
l
u
l
L
l
l
g
w

\|
\'
Ll
l|
\

h
e
a
l

“I
l{
\

\.
R
N

\
|
|
1
\
c
r
w
h
m
“

a
n
R
.
\
\

\L
‘k
[1
1L
‘H
u‘
\\
It
h

g
u
m

x
u
n
n
d
d
H

x
t
l
m
l
m
c
.

R
\
M
u
t
a
m
c
u
l
l
g
u
h
l
u

(h
r
d
h
m
m
c

u]
I{
.\
\

w
m
n
d
u
n

sl
xu
uu
rc
.

R
\
'
»
\
p
b
d
m
m
i
g
u
l
a
t
m

th
c

dl
xl
dl
1£
C

mt
t
h
m
m
o

d
n
m
m
h
R
N
A

M
‘
u
n
l
d
a
r
x

\l
ll
l(
tl
ll
‘c
g
r
o
u
p
»

R
N
—
h
u
l
m
p
l

L
J
I
C
U
L
H
C
N
x
u
h
o
p
n
n
m
i
x
c
u
m
d
d
n

\l
ll
l\
ll
lI
L‘

l
h
m
n
h
u
n
i

“1
11
ch

uv
dc
x
H

u
n
l
c
l
i
b
m
n

)
m

s
m
n
d
—
A
l
n
n
c
p
m
g
m
m
x

lu
r

l
‘.
\'
I\
',

I
[\
l'
\_

S
c
a
n
h
c
x

fo
r
(
R
N
A
g
c
n
u

in
g
u
n
m
n
k

I)
.\

',
\
or

R
N
A
s
c
q
u
c
m
u

(I
dn
di
da
tc

l
R
N
A
x

ar
c
ld
un
ll
fiu
d

A
n
d

dl
ml
v/
ud

In
.1
hi
gh
[)

wl
cg
li
vc

[
R
N

\
u
n
J
r

a
n
c
e
m
o
d
e
l

(
s
e
q
u
e
n
c
e
m
r
m
t
l
o
n

th
at

oc
cu
rs

at
t
w
o
se
pa
ra
te
d

si
te
s
to

(
u
n
s
c
n
e

ba
se

pa
ir
in
g

in
re
gi
on
s
of
R
N
A

s
e
c
o
n
d
a
r
y
st
ru
ct
ur
e)
;
se
ar
ch
es

a
r
e
d
o
n
e

at
3
0
,
0
0
0

b
p
/
s
e
c
.

'l
hm

m
e
t
h
o
d

al
xu

sk
‘d
lk
hk
‘x

1
m

Cl
ll

\d
ll

\'
(‘

[]
C

l’
nl

ll
l

\I
IL

‘\
a
n
d
R
N
A

pI
‘U
an
IC
I‘
x
\\
'u
lr
lm
xc
d
m
l
c
m
u
n
c

t
u
r
m
l
N
I
X
w
u
r
w
m
d
c
u
m

al
so

[
w
(u
nu
ss
cd

f
r
o
m

th
e
W
e
b

pa
gu
.

R
a
n
x
c
q
n
c
m
c
,

l
/\

S'
I:

\‘
(
i
c
n
l
h
n
k
,

I
M
l
”

,
(;
(Z
(

1,
I(
}.

S
u
l
l
‘
t
h
u
s
A
r
c

lw
xl

.1
\(
11
1C
s
c
q
u
c
m
c

at
a
tu
ne
,

e
a
c
h
s
e
q
u
e
n
c
e
u
n
d
e
r

[
0
0
‘
0
0
0

nu
cl
eo
ti
de
s.

 

Se
ar
ch
ex

pr
es
cr
cc
ne
d
s
c
c
n
o
m

of
g
e
n
o
m
i
c

SC
<

q
u
e
n
c
e
wi
th

ch
ar
ac
te
ri
st
ic

s
e
q
u
e
n
c
e
pa
tt
er
ns

fo
r
2’
-O
—1
‘i
bo
sc

mc
th
yl
at
ir
m
gu
id
e
m
G
R
N
A

g
e
n
e
x

(
x
n
n
,
s
m
a
l
l

n
u
c
l
c
o
l
d
r
)
.

Ih
c
Al
go
ri
th
m

lG
Cx

pm
lm
lw
il
ls
lu

m
c
l
h
u
d
x

x
n
m
L
u

ln
[
h
o
w
m
u
d
m

s
p
c
u
h
l
u
‘
o
g
m
l
m
n
J
u
d

u
n
n
p
u
l
‘
l
l
i
m
m
l

Il
gm
sl
lu
.

b
u
U

m
o
d
e
l
s
(
>
U
n
h
d
5
1
i
u
,
m
n
l
u
I
-
i
r
c
c
g
m
m
-

m
d
r
x
i

AI
‘L
‘
m
e
d

tn
r
c
c
fl
g
m
/
c
r
e
g
m
n
x

xx
th

a
pa
rt
ig
uh
r

pa
tt
er
n
or

s
c
q
u
c
n
c
c
c
m
a
r
i
d
t
i
o
n

11
1

se
pa
ra
te
d
r
c
g
i
o
m

of
x
c
q
u
e
n
c
c

tl
mt

c
o
r
r
e
s
p
o
n
d
s

to
s
e
q
u
e
n
c
e
s

Il
mt

ba
se

pa
ir

tn
f
o
r
m
d
e
\
'

\
sc
un
ni
dn
'\
IH
1L
1U
I‘
L‘
.

p
m
l
m
h
l
l
l
l
l
m

]\
‘.
\.
\L
‘\
‘l
l
y
n
c
x

cn
cx
g

\
n
k
m
]

m
u
h

R
N

\
t
h
l
‘
n
m
p
c
m
l
l
m

m
d
u
g
l
c
c
x
(

,\
}‘
k"
Ll
fi
k
hu
ll

m
R
A
M
,

Jm
o
l
t
“

ix
:

|{
'\

\1
11
\c
l\
c

I
n
u
m
i
w
q
u
c
n
u
u

[
l
e
m
m
y
d
l
x
m
m
u

lo
xl
‘n
‘l

\(
‘(
]l
|L
‘l
Hk
'.

 

[{
f\
fl-
\d
l~
td
nc
c.
l
m
w
p
a
n

(1
1x
11

l
m
t
i
n
n
.

R
N
A
p
h
d
i
s
l
,
p
a
r
t
n
m
n
f
u
n
c
n
u
n

Jl
ld

m
a
t
r
h

mt
lx
m‘
—p
.1
i1
1n
g

Pl
‘l
flh
lh
ll
lt
ic
m

«l
ot

pl
ul
x

R
N
A
s
u
l
m
p
l
,

\l
|
m
l
u
r
u
m

l
m
u
k
c
l
n
n
m
l
m
n

a
n
d
c
m
“

g\
m

[
x
m
l
/
m
u
l
c

(l
lm
li
dd
lc

IR
I\

\
g
e
m

Table A 1 1—1 Bi0m/ornmtu‘s Software 1411.15

 



T
A
B
L
E

A
1
1
-
1

(
C
o
n
t
i
n
u
e
d
)

P
R
O
G
R
A
M
N
A
M
E

W
E
B

S
I
T
E
/
F
T
P

SI
TE

Pr
ot

ei
ns

:
Mo
ti
fs
,
Pa

tt
er

ns
,
Pr
ofi
le
s

cn
mt

it
.
l
’
m
fl
I
c
h
k
c
r
,

I’
lc

as
c
w
c
D
N
A

mn
ti

tk
,p

dt
tn

:1
'l

t\
.p

t'
0fl

lc
s

lN
i—
Bl

A
8
1
,
l’
ht
—B
LA
S

1,
SK
KI
HH
L

l
’
n
w
u
r
B
l
A
S
]
.

Bl
as
t

3.

Ba
ye
s
M
u
c
k

dl
'g

nc
r,

I
A
M
A
,
B
L
O
C
K
S

Po
we

rB
lt

~\
ST

ht
tp
:/
/\
\'
W\
v.
nc
bi
.n
|n
t
ni
h
.g

0\
'/

Ku
eh

1/
pr

ef
]n

is
hs

d/
po

wb
lu

st
.h

tm
l

P
m
e
n

(P
ru

fil
eS

ca
n)

(
S
w
i
s
s

In
st
it
ut
e
o
f
H
i
m

ll
ffl

l’
ln

dt
ic

s
[
c

w
w
w
s
l
t
c
l
)

ht
tp
z/
l
ww
w.
Ls

rc
c.

is
lv

<s
il

).
cl

1/
sn

tt
wu

rc
/

|’
FS
(
l
A
N
g
l
t
i
r
m
J
t
t
m
l

P
f
a
m

ht
tp
:/
/w
ww
.s
an
ge
r.
ac
.u
k/
So
ft
wa
re
/P
fa
m

(
S
n
n
n
l
m
m
m
c
r

ct
AL

19
97
,

Sw
ml
t’
n:

w
w
w
.
c
g
r
.
k
i
.
s
c
/
P
f
a
m

19
98
;
B
d
t
c
m
d
n

ct
all

.
I9
‘)
9,

U
S
A
:
p
t
l
l
m
t
w
u
a
t
l
x
d
u

2
0
0
0
)

D
E
S
C
R
I
P
T
I
O
N
/
P
L
A
T
F
O
R
M
S

I
N
P
U
T
F
O
R
M
A
T

Pr
ov

id
es

a
d
d
e
d

fu
nc
ti
on
al
it
y
ov
er

th
e
tr
ad
it
lo
na
l

l—
AS

1
A

B
L
A
S
T
p
r
o
g
r
a
m
s
.

Al
lo
ws
.
m
d
x
k
i
n
g
uf

a
s
e
q
u
e
n
c
e
ag

ai
ns

t
h
u
m
a
n

re
ps
—

ti
ti
vc

el
em

en
ts

,
c
o
m
p
a
r
i
s
o
n
of

m
d
s
k
c
d
s
e
q
u
e
n
c
e

ag
ai
ns
t
mu
lt
ip
le

dd
ta

ln
ls

cs
si
mu
lt
an
eo
us
ly
.

A
l
l
o
w
s

ra
pi
d
c
x
t
t
m
m
t
l
t
m
n
nf

FS
'I

R.
$1
89
,
a
n
d
g
e
n
e

hi
ts

in
th

e
m
n
t
c
x
t

of
th
ei
r
sp
at
ia
l
rc
lt
tt
iu
mh
ip
s
to

o
n
e

an
ot
he
r.

U
s
e
r
ca

n
se
t
ad

di
ti

on
al

pa
ra
me
te
rs
,

fil
te
r
B
L
A
S
T

ht
ts

b
y
n
r
g
d
m
s
m
,
a
n
d
c
h
o
o
s
e
mu

lt
ip

le
o
u
t
p
u
t

op
ti

on
s.

W
e
h
—
b
a
s
e
d

in
te

ra
ct

iv
e
f
o
r
m
.

S
c
a
n
s

pr
ot
ei
n
or
D
N
A

s
e
q
u
e
n
c
e
Ag

ai
ns

t
pr
ofi
le
s

I'
AQ

'I
'A

f
r
o
m

th
e

PR
OS
l'
l‘
l-
i
ca

ta
lo

g.

l’
RO

Sl
'l

’E
CO
Il
ld
ln
b
a
m
i
n
o

ar
id

p
a
t
t
c
r
m
t
o
u
n
d

in
fa
mi
li
es

of
fu

nc
ti

on
al

ly
re

la
te

d
pr
ot
ei
ns
.

e.
g.
,

re
pr

es
en

ti
ng

ac
ti

ve
si

te
of

pr
ot

ei
n

ki
na
se
s.

T
h
e

pa
tt

er
ns

ar
e
gi
ve
n
as

re
gu

la
r
ex
pr
es
si
on
s
th
at

pr
ov
id
e

a
Ii

xl
“f

th
e
se

qu
en

ti
al

a
m
i
n
o

ac
id
s

f
o
u
n
d

in
th
e

si
te
s
s
h
o
w
i
n
g
co

ns
er

ve
d,

va
ri
ab
le
,

a
m
i
n
o

ac
id

s
no
t
f
o
u
n
d
a
n
d
s
k
i
p
p
e
d
a
m
i
n
o

ac
id

po
si
ti
on
s.

Al
so

sc
an

s
pr

ofi
le

s
Ag

ai
ns

t
Sw

is
s—

Pr
ot

pr
ot
ei
n

s
e
q
u
e
n
c
e
da

ta
ba

se
.
C
a
n

se
ar

ch
ag
ai
ns
t
th
e
P
f
a
m

da
ta
ba
se
.
W
e
b
—
b
a
s
e
d

in
te

ra
ct

iv
e
f
o
r
m
.

En
ab
le
s
ra

pi
d
a
n
d
a
u
t
o
m
a
t
i
c
cl
as
si
fic
at
io
n
of

F
A
S
T
A

p
r
e
d
i
c
t
e
d

p
r
o
t
e
i
n
s

i
n
t
o
p
r
o
t
e
i
n
d
n
m
a
i
n

fa
mi

li
es

;

co
ns
id
er
s
d
u
m
d
i
n

or
ga
ni
za
ti
on

o
f
pr

ot
ci

m.
A
n
n
o
t
a
t
e
s

pr
ot
ei
n

us
in
g,

h
i
d
d
e
n
M
a
r
k
o
v
m
o
d
e
l

bO
ft

W'
dF

C
(a
ce
H
M
M
E
R
)

th
at

rc
pr

ca
cn

tb
hi
gh
ly

su
it
ab
le

pr
ob

ab
il

ie
ti

c
m
o
d
e
l
s
of

pr
ot
ei
n

fa
mi
li
es
,

pr
ed
ic
ts

ge
ne

s,
a
n
d

an
no

ta
te

s
D
N
A

s
e
q
u
e
n
c
e

us
in

g
th
e
W
i
c
h

pa
ck
ag
e.

T
h
e
da
ta
ba
se

co
nt
ai
ns

2
1
2
8

fa
mi

li
ex

m
a
t
c
h
i
n
g

(u
h‘
Vn

u
t
'
t
h
c
p
r
o
t
c
m
s
m

S
w
t
x
s
—
l
’
m
t
.
(
w
n
m
m
c

D
N
A

ca
n
he

dl
rc

ct
ly

sc
ar
ch
rd

u
g
a
m
s
t

th
c
P
f
a
m

li
br

ar
y.

'1
hi

s
so
ft
wa
re

w
a
s
us
ed

to
a
n
n
o
t
a
t
e

th
e

(f
,
ul
cg
nn
s

g
e
n
o
m
e
.

I
N
T
E
R
P
R
E
T
A
T
I
O
N
/
R
E
S
U
L
T
S

Te
xt

,
H
T
M
L
,

01
“
A
S
N
.
1

o
u
t
p
u
t
.

A
fil
c

is
o
u
t
p
u
t

fo
r
ea
ch

se
—

q
u
e
n
c
e

in
th
e
qu

er
y.

T
h
e

ou
t

pu
t
c
a
n
he

VI
CW

L‘
d
Wl
th

.1
m
a
s
k
.

S
e
q
u
i
n

c.
ln

hc
us
ed

to
an

no
ta

te
th
e

B1
A
S

I'
hl

t\
.

O
p
t
i
m
a
l
a
l
i
g
n
m
e
n
t

5L
UI

’L
’N

fu
r

p
m
fi
l
c
s

P
R
O
S
I
T
h

pr
ofi
le
s
N

sc
or

e;
l’
t‘
um
—A

Nb
LO

I’
C;

G
r
i
b
s
k
o
v
Z

sc
or
e;

P
R
O
S
I
T
E

pa
tt

er
ns

. 

Gr
ap

hi
ca

l
re

pr
es

en
ta

ti
on

of
d
o
m
a
i
n

st
ru

ct
ur

e.
N
a
m
e

of
d
u
n
m
i
n

in
l’
tl
un
;
st

ar
t
a
n
d
e
n
d

po
in

ts
of

d
o
m
a
i
n
;

st
dt

tx
ti

ct
ll

sc
or
e
of

ma
tc

h
in

bi
ts

an
d

L"
va

lu
es

:
a
l
i
g
n
m
e
n
t
of

m
a
t
c
h
t
n
g

s
e
c
t
i
o
n
O
f
q
u
e
r
y
s
e
q
u
e
n
c
e

(
0

re
le

va
nt

h
i
d
d
e
n
M
a
r
k
o
v

m
o
d
e
l
.

P
r
o
v
i
d
e
s
t
u
n
c
t
m
n
d
l
a
n
n
u
m
—

ti
nn
,

li
te

ra
tu

re
rc

tl
'r

cn
cc

x,
a
n
d

da
ta

ba
se

li
nk

s
fu
r

L’
dL
h

tl
tm

il
l.

T
h
e
o
u
t
p
u
t
ca

n
be

li
nk
ed

to
th
e
S
(
I
O
P
da

ta
ba

se
to

d
e
t
e
r

m
i
n
e

it
th
e
d
o
m
a
i
n
'
s

st
ru

ct
ur

e
ha

s
b
e
e
n
s
o
l
v
e
d

A11.16 Appcndz"x 11 Bioin]Offilflflf

 

 



N
u
l
i
'
m
w
l
c

‘
\
\
\
1
\
\
|
H
\
1
1
[
H
I
L
'
1
|
1
H
I
“

l
n
t
m
n
m
l
l
n

\
m
~
\
\

\\
\\

q
u
-

l’
|’
\[

\l
{(

H

fl
l
l
m
p
m
n

HI
UI

IH
HI

II
LI

II
kx

ln
xl
ll
ul
v.

H
l
n
\
|
U
H
,
l

k
}

M
U

)\
[

I
l

(K
ld
lm

H
m
m
u
t
h
,
t
'
m
w
fl

\I
I\

(7
1\
lC
|1
IL
IH
\I
J|
1I
lU
d

l)
.

/
m
‘
n
,

I
a
“
r
u
m
c
H
u
r
L
c
l
m

[
a
l
m
m
l
m

\]

“I
\
l
'
[
\

(”
I

\
\
|

l
n
l
m
n
c
c
d

H
i
g
n
m
c
m

(
fi
l
m
)

(
“
o
r
l
c
v

cl
J}
.
19
95
,

19
93
)

hl
lp

‘.
\\

\\
\
m
p
'
l
n

J]
ll

n\
]\

x
u
l
p
x
m

11
1m

l

I
m
p
"

\\
\\
\\
’.
.c
h1
.1
\.
uk

p
p
x
m
u
h

I1
1[
}\
.’
,‘
ph
ll

x
l
e
p
J
L
L
g
I
h
m
’
n
p
x
a

A
m
m
m
n
t
p
l
?
p
a
g
c
—
n
p
m
l
p
m
x
n
u
h
l
m
l

II
I’
,
g
u
m
m
u
l
h
l
g
m

l
h
r
:
/
p
u
b
/
p
r
n
x
i
t
c

li
lg
:
l
’
m
b
i
t
c
A
I
M
L
/

h
l
l
p
z
/
L
u
i
u
[
n
i
m
b
c
h
L
H
H
H
N
/

«

x
c
a
r
c
h
l
d
u
n
c
h
u
/L

11
11

1d
1c

r.
hr

m|

‘
x
u
m

xu
iu
g'

m
-

.|
5;
.|
|n
~x

p.
l
l
u
n
x
m

I
’
M
“
I

I
I

m
.
1
;
n
1
l
h
|
n
.
1
3
1
.
1
|
n
\
1
M
n
“

I
’
m
l

\
\
c

3
l
n
l
w
d

m
x
c
m
u
l
u
t
m
m

\
J
n
x
w
q
u
c
n
w
.
1
;
L
.
1
|
n
~
1
p
m
m
n
u
n
l
’
R
(
)
\
[
l
l

N.
In
s
m
l
l
l
c
m
c

.g
.l
|n
>l
m
l
l
u
m
[
m
m

I‘
RU
NI

l
11

u
m

d
c
h
n
c

lo
w!

at
m
i
x
n
u
t
r
l
w
x
.

\\
\|

\\
Al

’m
l‘

l
\
\
l

\,
\S
(

l]

“
c
h
i
n
s
c
d
m
l
c
m
d
n

us
f
o
r
m
.

l
)
m
\
n
l
u
.
1
d
l
'
.
\
'
I
X
\
(

u
r
d
c
.

\
|
~
0
m
a
i
l
d
h
l
c

L
u
m
m
c
n
m
l
l
y

\I
An
\'

o
t
h
e
r
p
r
o
g
r
a
m
s

ll
mt
m
c

I’
RU
NI

I
l-
A
w

li
flc

d
A11

\\
\\
\\
'.
C\
}h
l\
\'
.k
h/
kg
l‘
hl
n/

l
e
l
x
/
p
m
x
m
u
n
g

\n
r
n
h
d
m
c
d
w
n
m
n

“I
N
E
H
!

li
l
A
5
]

ll
ml

t.
1c
1h
l.
1t
c~
.
1d
cn
ti
fic
zl
lm
n
of

f
u
n
c
t
m
n
s

01
n
m
t
c
h
c
d

s
c
q
u
c
m
c
s
.

l.
\5

1\
A
n
d

ot
he
r
lu
rm
dt
x.

In
tc

gl
xl

lc
s
pr

ot
ei

n
tl

nm
ll

u,
m
n
s
m
‘
w
d

re
gi

on
s,

a
n
l
m
l
d
t
c
d

r
e
g
i
o
n
s
,
A
l
i
g
n
m
e
n
t

d
i
s
p
h
v
s
,
A
n
d

\\
'\

\'
\\

'
r
c
s
o
u
r
u
'
x
.
l
n
d
l
l
d
o
n
m
x
d
a
m
h
m
u

ul
‘

u
m
w
l

vu
d
r
c
g
l
m
n
4
n
d
t
u
m
m
m
a
l
d
m
n
a
m
x

tm
'

p
m
l
c
i
n
su
qu
cn
u‘
s
m

N
(

BI
l-
nt
rw
.

A
n

u
p
d
d
l
c
d
w
m
u
n

01
Bl
‘
\L

"l
\'
—,
\
p
r
m

Id
es

c
n
l
m
m
c
d

o
u
t
p
u
t

fo
r
D
N
A

qu
er

ie
s,

Jb
ll

it
)’

10
s
e
a
r
c
h
a
n
v
p
r
o
t
e
i
n
d
a
t
a
b
a
s
e
,
a
n
d
m
a
r
s
d
o
m
a
i
n

i
n
f
o
m
m
l
i
o
n
.
\\
'e
b—
ba
se
d

il
ll
t‘
ld
LI
lV
C
fo
rm
.

h
m
p
h
l
m

u
m
p
u
l

\
5
(

IL
l
’
n
q
t
m
n
x

of
pt
ll
lm

In

t
h
x

n
u
n
d
o

w
q
u
c
n
u
‘
:
u
w
n

pl
cl
c
l’

RU
NI

l
l-
mt
tc
rn
;
p
(
m

(
1
0
1
1
p
d
t
l
c
m
n
p
r
I
l
c
r
l
n
a
n
—

n
‘
m
c
x
1
m

mu
ll

pa
ll

y]
n.

t
h
m
a
m

dl
xp

l.
“
m
m
p
m
c
v

rc
la

ti
w
l
m
d
t
i
o
m

ut
m
m
c
r
w
d

rc
gm
ns
,
J
n
n
fl
t
d
l
c
d
d
o
m
m
n
x

a
n
d

si
te
»
In
ca
”)

al
xg
nc
d

m
g
i
n
m
n
m
u
h
u
l
'

.1
13
!

,\
\‘

I

\t
‘.
l|
L|
1,
dI
1t
|\
\\
\\
\
h
u
b

10

C
\
1
L
‘
l
‘
|
1
d
|
d
A
l
d
l
m
n
w
l
u
l
M
M
I
—

l
a
n
]
i
u
m
l
m
l
m
l
m
t
m
n
u
l
u
m

 

Him711le A 1 1—1 Hi (71 mam \‘ Software A11.17

 



.w....—mmp..-

T
A
B
L
E
A
1
1
-
2
D
a
t
a
b
a
s
e

S
i
m
i
l
a
r
i
t
y
S
e
a
r
c
h
S
o
f
t
w
a
r
e

P
R
O
G
R
A
M
N
A
M
E

W
E
B

S
l
T
E
/
F
T
P

SI
TE

BI
A\
,\
|

(l
im
it

.\
l|
g1
11
11
u1
1l

50
11

11
1
I
O
U
”

(.
\l
l-
kh
ll
|

ct
.1|

.
19

90
;
K
u
h
n

a
n
d
M
m
h
u
l

m
u
n
,

19
95
;

'l
‘.

tt
us

nv
.|
a
n
d
M
a
d
d
e
n

19
90
]

P
H
I
-
B
L
A
S
T

(
P
o
s
i
t
i
o
n
H
i
t

In
it

ia
te

d
B
L
A
S
T
)

(
Z
h
a
n
g

ct
a]
.
19
98
)

h
t
t
p
:
/
/
w
w
w
.
n
c
b
i
.
n
l
m
.
n
i
h
.
g
0
v
/
B
I
A
S
T

PS
l/
BL
AS
'I
'
(P
os
it
io
n-
sp
cc
ifi
c

h
t
t
p
:
/
/
w
w
w
‘
n
c
b
i
.
n
l
m
.
n
i
h
.
g
o
v
/
B
L
A
S
T

M
I
A
M
I
)

(
A
l
t
s
c
h
u
l

ct
AI
.

1
9
9
7
)

I
N
P
U
T

D
E
S
C
R
I
P
T
I
O
N
/
P
L
A
T
F
O
R
M
S

F
O
R
M
A
T

 

S
e
q
u
e
n
c
e

si
mi

la
ri

ty
sc
ar
ch

[U
UI

fu
r
an
al
vx
ix

nf
nu
cl
eu
ti
dc

F
A
S
I
'
A

m‘

(
D
N
A
)
a
n
d
p
m
l
c
m

da
ta
ba
se
s:

us
c>

hc
m‘

ifl
t:

Al
go
ri
th
m

A
c
c
c
x
x
m
n
/

tl
ml

w
c
l
w

h|
gh
—.
\u
n‘
in
g
W
o
l
d
s
a
n
d

th
an

us
ts

th
os
e

to
p
m
—

G
u
n
l
i
‘
m
k

d
u
c
c
g
d
p
p
c
d

hs
cd

l
d
h
g
m
n
c
n
t
s
;

fil
te

rs
o
u
t
l
u
w
—
c
m
n
p
l
c
x
i
t
y

m
d
c
\

nu
.

re
gi
on
s
f
r
o
m

th
c
st
ar
ch

(o
pt

io
na

l)
;
as
si
gn
s
sc
or
es

wi
th

W
C
“
-

d
c
fi
n
c
d

st
at

is
ti

ml
in

tc
rp

t‘
ct

dt
in

n
m

th
at

rc
tt

l
m
d
t
c
h
c
x
g
u
m
ha

dl
st
in
gu
is
hc
d
f
r
o
m
r
a
n
d
o
m
b
a
c
k
g
r
o
u
n
d

hi
ts

.

De
fa
ul
t
sg
ur
in
g

lt
ld
tl

ix
is
B
L
O
S
L
'
M
G
Z
.
T
h
e
si
gn
ifi
ca
nc
es

of

th
e
m
a
t
c
h
e
s

ar
e
gi
ve
n
an

E
x
p
e
c
t

(E
)

sc
or
e.

th
e
ex
pe
ct
ed

n
u
m
b
e
r
of

a
l
i
g
n
m
e
n
t
s
b
e
t
w
e
e
n

A
r
a
n
d
o
m
q
u
e
r
y
s
e
q
u
e
n
c
e

a
n
d

.1
da
ta
ba
se

of
r
a
n
d
o
m

s
e
q
u
e
n
c
e
s
of

th
e
s
a
m
e

“c
ff
cc
ti
vc
’

le
ng
th

a
n
d
n
u
m
b
e
r

th
at

wi
ll

s
m
r
e

as
we
ll
.

Av
ai
ld
hl
c

as
in
tc
rd
ct
iv
c
“1
0h

ba
se
d

in
te

rf
ac

e,
st
ab
le

U
R
I

,

c-
nm
il

se
rv
er
.
n
c
t
w
m
k
B
L
A
S
T

wi
th

d(
“a
nD
dd
db
lL
‘

cl
ie
nt

fo
r

A
I
X
,
U
N
I
X

(s
ee

W’
eb

bi
te

fo
r
de
ta
il
s)
.

S
u
b
p
r
o
g
r
a
m
s
in
cl
ud
e:

bl
as
nl
—C
OI
HP
M‘
CS

nu
cl

eo
ti

de
q
u
e
r
y
s
e
q
u
e
n
c
e
ag
ai
ns
t
nu
cl
e—

ot
id
e
s
e
q
u
e
n
c
e
da
ta
ba
se

M
U
M
P
—
(
n
n
t
p
d
t
‘
c
s
a
m
i
n
o

ac
id

q
u
e
r
y
s
e
q
u
e
n
c
e
ag
ai
ns
t

pr
o—

lc
in

s
c
q
u
c
n
c
c
da
t‘
ll
ms
c

I
l
l
m
t
x
~
c
o
m
p
d
r
c
s
(w

-f
ru

mc
co
nc
ep
tu
d]

tr
an

sl
at

io
n
p
r
o
d
u
c
t
s

at
nu

cl
eo

ti
de

q
u
e
r
y
s
e
q
u
e
n
c
e
(h

ot
h
st

ra
nd

s)
ag
ai
ns
t
p
m
—

te
in

se
qu

en
ce

da
ta

ba
se

r
b
l
a
s
m
—
c
o
m
p
a
r
c
s
pr
ot
ei
n
q
u
e
r
y
s
e
q
u
e
n
c
e
ag
ai
ns
t
nu

cl
eo

ti
de

s
e
q
u
e
n
c
e
da

ta
ba

se
d
y
n
a
m
i
c
a
l
l
y
tr
an
sl
at
in
g

al
l
6
re

ad
in

g

f
r
a
m
e
s

rb
ln

sr
x—

co
mp

nr
cs

6
-
f
r
a
m
e
tr
an
sl
at
io
ns

nt
n
u
d
c
n
t
i
d
c
q
u
e
r
y

s
e
q
u
e
n
c
e
ag
ai
ns
t
6
~
f
r
u
m
c

tr
an
sl
at
io
ns

of
nu

cl
eo

ti
de

s
c
q
u
c
n
c
c

da
ta

ba
se

A
s
t
a
n
d
a
l
o
n
e
B
L
A
S
T
s
y
s
t
c
m
c
a
n
h
e
es
ta
bl
is
he
d

lo
ca
ll
y
o
n

m
a
n
y
co

mp
ut

er
pl

at
fo

rm
s,

in
du
di
ng

P
C
W
i
n
d
o
w
s

32
,
by

F
T
P
fr
om

nc
bi
.n
]m
.n
ih
.g
0v
/b
la
st
/c
xc
cu
ta
bl
cs
.

Fi
nd
s
pr
ot
ei
n
s
e
q
u
e
n
c
e
s
th
at

sh
ar
e
a
n
a
m
i
n
o

ac
id

pa
tt
er
n,

P
A
S
T
A

or

en
te
re
d
us

in
g
P
R
O
S
I
T
E

sy
nt
ax

(a
re
gu
la
r
ex

pr
ca

bi
on

).
A
c
c
e
s
s
m
n
/

P
r
o
g
r
a
m

is
in
te
gr
at
ed

wi
th

PS
I—
BL
AS
'I
‘
so

th
at

q
u
e
r
y

re
su

lt
s

G
e
n
B
a
n
k

c
a
n

bL
‘
us
ed

to
st
ar
t
o
n
e
or

m
o
r
e
r
o
u
n
d
s
of

PS
l—
BL
AS
'I

in
de
x

no
,

se
ar
ch
in
g
us
in
g
W
c
l
y
l
m
s
c
d

in
te
ra
ct
iv
e
fo
rm
.

Se
ar
ch

fo
r
si
mi
la
r
pr
ot
ei
n
s
e
q
u
e
n
c
e
s
us
in
g

a
mu
lt
ip
le

se
-

P
A
S
T
A

or

q
u
e
n
c
e
a
l
i
g
n
m
e
n
t

as
th

e
qu
er
y.

th
us

al
lo
wi
ng

se
ar
ch
es

Ac
ce
ss
in
n/

fo
r
n
e
w
m
m
h
h
m
t
m
m

(w
t
rc
sl
du
cs

f
o
u
n
d

11
1
th
e
al
ig
nm
en
t.

("
yc
nl
ia
nk

St
ar
ts

wi
th

a
re
gu
la
r
B
L
A
S
T

se
ar
ch
,
bu
t

as
n
e
w
m
a
t
c
h
i
n
g

1n
dc
x

nu
.

s
e
q
u
e
n
c
e
s

ar
e
f
o
u
n
d
,
t
h
e
m

ar
e
a
d
d
e
d

to
th

e
a
l
i
g
n
m
e
n
t
a
n
d

an
lt
cr
at
io
n
of

th
e
ac
ar
ch

ca
m
th
en

be
pe
rf
or
me
d;

mu
lt
ip
le

it
er
at
io
ns

ar
e
p
o
m
i
b
l
c

un
ti
l
n
o
m
o
r
e
m
a
t
c
h
i
n
g
se
qu
en
ce
s

ar
e
fo
un
d.

W
e
b
~
b
a
s
e
d

in
te
ra
ct
iv
e
fo
rm
.

 
|
N
T
E
R
P
R
E
T
A
T
I
O
N
/
R
E
S
U
L
T
S

M
n
u
w
-
c
l
i
c
k
d
h
l
c
h
i
x
t
o
g
m
m

ul
'
m.
tt
ch
m;

li
st

Of
ht
gh
—s
co
rt
ng

d
a
t
a
m
s
c
xc
h\
CH
LC
\l

g
d
p
p
c
d
,

In
ga

]
a
l
i
g
n
m
e
n
t

of
qu

cr
)

s
c
q
u
c
n
c
c
wt
lh

m
a
t
c
h
i
n
g
da

ta
lu
v:

s
c
q
u
c
n
c
c
s
wi
th

st
at
is
tl
m]

L'
\'
d|
L|
dl
lU
n,

li
st

of
p
a
r
a
m
e
t
e
r
»
us

cd
a
n
d

sm
ti
xt
im
l

ca
lc
u—

la
ti
on
s
m
a
d
e
du
ri
ng

se
ar
ch
.

St
at

is
ti

ca
l
si

gn
ifi

ca
nc

e
of

<e
qu
en
ce
s

th
at

co
nt

ai
n

pa
tt

er
ns

ar
e
re
po
rt
ed

us
in
g
E

va
lu
es
.

Mu
lt

ip
le

s
e
q
u
e
n
c
e
a
l
i
g
n
m
e
n
t

(.
1
po

sl
/

ti
nn

—s
pc

ci
fic

sc
or

in
g
m
a
t
r
i
x

ot
th
e

m
a
t
c
h
i
n
g
se

qu
en

ce
s)

c
a
n
th

en
bu

us
ed

fo
r
ad
di
ti
on
al

r
o
u
n
d
s

(i
te

ra
ti

on
s)

of

da
ta

ba
se

se
ar
ch
in
g
us
in
g
P
S
I
—
B
L
A
S
T
.

A
mu
lt
ip
le

s
e
q
u
e
n
c
e
a
l
i
g
n
m
e
n
t

(a
po
si
-

ti
on

—s
pe

ci
fic

<
c
0
r
m
g
ma
tr
ix

of
th
e

[
T
h
n
C
h
l
fl
g
N
L
‘
u
n
n
C
C
S
)

T
C
P
l
fl
C
C
S

‘
h
t
‘

in
it
ia
l
pa
tt
cr
n
a
n
d
m
a
y

he
us

cd
fu

r

at
‘l

di
ti

on
al

r
o
u
n
d
s
t
l
t
c
r
m
m
n
s
)
of

da
ta

ba
se

se
ar

ch
in

g
un
ti
l
no

m
o
r
e

m
a
t
c
h
i
n
g
se
qu
en
ce
s

ar
e
f
m
m
d
,

AII.I8 Appendix 11 Biainformatzc

 



 

1.
1
\
\
1
‘

1
11
1“
?

'
\1

1~
11

11
11

«1
.1

1
11

11
1

\~
1

11
11
11

\\
\\
\\
1

 

14
1

\
\
1
4
(
.
v
1
1
1
1
1
1
1
c
N
c
q
l
l
u
n
u
w

1
1
l
l
p
:
/
/
\
s
\
\
\
\
.
|
1
x
1
1
1
1
1
1
1
1
1
1
1
1
1
1
g
m
'

g
u
m
n
n
c
/
w
q

\\
L

—l
"»
1r
\$
’l

11
\'
.1
sh
i1
1g
10
11

l'
ni
wr
si
tx

[$
11
\\
I)

1
\|
[\
L1
1L
I1
(‘
|

.11
19
11
11
11
11

11
11
11

\1
‘1
1c
\

l‘
fl)
‘;

I\
11
1'
li
n

11
11
11

.\
11
\k
1]
ll
]

IL
)‘
)’
~;
1\
11
\1
11
11
|t
1|
1¢
1(
;|
\h

19
90
;

\\
’.
(;
1s
11

11
11
17
11
17
1.
)

11
t1
p:
//
1>
1.
1a
l.
\\
'1
1s
t1
.3
du

l'
AS

[
A

I’
m
15

41
11

11
15

P
A
S

'»\
|1
ll
p:
//
14
.1
s1
.1
.h
im
h.
\

II
'g
El
]1
d.
L‘
L1
Ll

(1
'L
‘d
l\
0n

(1
11
11

[J
pn
ld
fl

19
88
)

1'
II
’:
1-
1p
mi
rg
in
id
xd
ud
il

/p
ul
1/
,1
(1
\l
a

11
11
11
11
11
11
1'
1/
11
11
11
11
/1
11
1'
11
1g
/1
11
gm

1

1
1
\
\
1
1
\
1
1
\
1
n
1
1

1
1
1
1
1
\
\
1
1
1
'
l
l
1
1
1
~
1
‘
u
\
1

  

\1
11
|1
1

I
\
\
I

\
u
|

\\
\1
1v
1|
11
.1
11
1.
1I
1g
11
11
1c
11
l1
11
11
11
11
1

\\
l

m
m
h
u
t
m
d
1
1
x
1
'
x
1
l
1
t
'

\l
11
11
\1
1\

\\
u'

\\
11

1|
1

(
w
n
l
‘
m
n
k

1
1
1
1
1
m
1
1
n

 

“g
ul
fh
nn
uu
l1
Iu
-.
11
1g
m1
1c
11
1x
u1
1c
x1
~1
du
11
11
1\

11
1C
11
11
M1

11
11
1w

NL
'L
'U
L'
”L
C\
§
1
1
m

1\
lh
c1
11
11
11
11
11
11
11
11
11
11
”

11
11

11
11
11
1

\\
'1
2

11
11

13
41

11
11

1.
11
11
11
1

\C
1\
1<
11
1\
11
1

11
1

\\
I

11
11
‘1
11
11
11
‘1
1
11
lg
11
4\
u\
11
11
g

11
14
11
11
“,

11
11

11
u
w
d

11
1C
x
u
m

11
1
t
h
u
w
x
u
u
c
s

tn
v\
.1
11
1.
11
v

11
10
fl
g
m
fi

£
1
l
I
l
L
k
‘
U
1

[1
11
3

\
C
\
]
l
|
k
'
l
]
k
k
‘

\
l
l
]
1
l
1
.
l
l
]
[
\
.

l
\
\
1
,
\

11
1

,
\
g
c
¢
x
s
i
o
n
/

(
i
a
n
d
n
k

1
n
d
“

11
01

[
A
S
[
A
m
‘

.\
uc

\\
11

11
1/

(1
11
11
51
11
11
11

11
11
1c
\

11
11
.

\‘
31
11
th
\

11
(|
ll
C1
\
x
c
q
u
c
n
u
'

.1
y,
.1
1n
\1

[1
1C

11
11
11
11
11
1
g
c
n
m
n
c

«1
.1
1.
1

lm
xc

(o
r
a
n
y
ol
hc
r
g
c
n
u
m
u

x
c
q
u
c
n
c
c
(
L
u
d
h
m
u
)
.
I
n
l
c
m
u
l
l
w

\\
'Q
h—
1x
1>
cd

11
11
‘1
11
.

P
M

11
11
11
5

s1
11
11
11
1r
11
\
x
c
d
r
c
h
m

11
1
p
m
t
c
u
b

11
nd

n
u
d
e
o
t
i
d
c
v
b

qu
cn
u‘
«1
.1
11
11
11
1w
x;
xi
11
1i
|.
11
’l
(1

N
(

HI
HI

A
S
I

11
11
1
11
00
11
11
10
11

n
u
l
c
p
c
n
d
c
n
l
h

11
nd

1.
11
1p
md
uw
11
11
10
11
31
11

rc
xu
lt
x.

\\
'L

AR
I
A
S
I

2
us
cx

ga
pp
cd
dl
lg
nm
cn
tx
tu
11
11
11
11
11
1

11
11
11
11
11
11
3:

s
c
q
u
c
n
w
x
;
p
m
d
u
u
‘
x

11
33
11
11
01
1

11
11
.1
1

(\
11
11
1h
—\
\'
.1
tc
11
11
11
11
1

11
11
31
11
11
81
“;

c
a
l
c
u
l
a
t
e
s

st
at
is
ti
ca
l
s
i
g
n
i
fi
c
a
n
w
b
m
c
d
(
m

t
h
e

c
m
n
h
i
n
c
d

sc
or
es

01
hi
gh
—s
cu
li
l1
g1
65
11
01
15

(t
he

51
11
11

st
at
is
ti
cs

11
16
11
11
11
11
1»
in
ca
rl
ic
rp
ru
—v
cr
xi
tm

l
11
15
10
11
50
1
N
(
I
M

B
L
A
S
T
)
.

BL
AS
'I
‘N
,

BI
A
5

I‘
P,
T
B
]

AS
’I
‘N
‘

Bl
AS
'l
X
a
n
d
T
B
!

AS
'I
X

pr
o-

g
m
m
x

.1
1'
u‘
1\
11
1l
11
l1
1c

(a
ce

N
(
h
l

BI
AS
]1
;1
11
L1
11
11
vs
1m
p1
m1
u~

m
u
m
s

11
11
‘1
11
1‘
11
11
11
'1
11
1;

11
11
11
11
11
,
r
c
g
m
n
x

.1
11
d
LI
5C
51
)N
/\
m
m

111
13,

n
m
t
r
i
t
c
s

11
11
'1
11
01
1‘

51
11
11
11
10
11
“
a
h
g
n
m
c
n
l

01
41
11
11
10
11

d
u
d
s
.

(
‘
n
n
m
i
n
s
c
n
h
a
n
c
c
m
c
n
h
1
m

u
p
t
i
m
i
/
c
d
c
w
u
m
'
n
n
,

1‘
1-
(1
11
11
'1
1

vi
rt
ua
l
m
e
m
o
r
y

re
qu
ir
em
en
ts
,
s
u
p
p
o
r
t

fo
r
pa
ra
ll
el

pr
oc
es
si
ng
,

a
n
d
e
X
t
c
n
d
e
d
D
a
t
a
b
a
s
e
F
o
r
m
a
t
(
X
D
F
)
.

So
ft
wa
re

is
d
o
w
n
l
o
a
d
a
b
l
e
f
r
o
m
W
e
b

Si
te
:

I
w
e
n
s
e

is
fr
ee

fo
r

a
c
a
d
e
m
i
c

21
nd

n
o
n
p
r
o
fi
t

us
e;

fe
e
fo
r
c
o
m
m
e
r
c
i
a
l

us
e.

[1
11
3
FA
S'
I‘
A
p
n
t
k
a
g
c

11
11
11
11
1“

.1
su
it
e

<1
1‘
p1
‘n
gm
11
1s

11
11
'

11
11
11
1

I-
AS
TA

nr
lm
su

si
ml
la
ri
ty

su
.1
rc
l1
1n
g
11
nd

11
11
1m
11
‘4
v1
sc
sc
qu
cm
c
al
ig
n

A
u
c
w
n
n
/

11
16
11
1.

G
e
n
B
a
n
k

C
o
m
p
a
r
e
s
D
N
A

s
e
q
u
c
n
c
e

to
a
n
o
t
h
e
r
D
N
A

s
e
q
u
e
n
c
e
or

to
a

D
N
A

s
e
q
u
e
n
c
e
da
ta
ba
se

(d
es
ig
na
te
d
l
i
b
m
x
y
b
y

th
e
p
r
o
g
r
a
m
s
)
,

o
r

a
p
r
o
t
e
i
n
s
e
q
u
e
n
c
e

10
21
11
01
11

er
p
r
o
t
e
i
n
s
e
q
u
e
n
c
e
o
r
t
o

<1
p
m
t
c
i
n
s
c
q
u
c
n
g
c
da
ta
ba
se
;
Al
so

m
m
p
a
r
c
s

pr
ot
ei
n
s
c
q
u
c
m
c

11
1

11
.1
11
sl
11
1c
d
U
N
A

sc
q1
wm
c0
1'
l)
1\
'/
\
s
c
q
u
c
m
c
da
ta
ba
se

(l
ib
ra
ry
).

in
de
x

11
1)

.

I
A
S
'
I
'
A
H

(
v
e
r
s
i
o
n

3)
r
e
t
u
r
n
s

11
11
1t
g|
1c
x
l
m
s
c
d
o
n

11
n
o
r
m
a
I
i
/
c
d

Z
s
w
r
c
,
1
h
c
n
u
m
b
e
r
o
h
m
u
d
a
r
d

(1
m
fa
ti
un
s
a
b
o
v
e

a
m
e
a
n

(1
11

30
<1
11
d
s
t
a
n
d
a
r
d
d
e
v
i
a
t
i
o
n
1
1
1

11
11
11
11
11
11
tc
hm
g

(11
1
un
re
la
te
d

s
e
q
u
e
n
c
e
s
of

th
e
s
a
m
e

le
ng
th
m

th
e
da
ta
ba
se
.

T
h
u

If
(c
xp
en
t)

va
lu
e

(1
14
th
c
A

sc
or
e,

th
c
n
u
m
b
e
r

11
1
un
re
la
te
d

x
m
l
u
c
n
u
‘
s

11
1

11
11

“
11
11
11
11
11
1w
11
mt

m
u
m
p
c
t

11
'1
1

11
»
s
u
m
'

As
wc
ll
,

1\
g
m

1:
11
,

(A
11
1
w
d
u
h

II
1L
11
\I
(1
U1
11
14
01
11
11
11
05
;d
le
In
GC
N1
|\
[L
‘d
(1
11
\'
\1
C1
1

11
11
m
.
“
t
h
i
n
n
e
d

ll
]l
CI
'd
Ll
1\
L‘
1(
)I
‘n
l,
(1
r(
1(
)\
\’
n~
1(
hl
k1
d|
71
1.
‘
su
fi—

\\
11
rc
1
l
’
c
r
r
m
s
s
m
n
n
a
c
d
c
d

10
r
c
o
m
m
u
n
a
l

11
x

1
4
W
[
A
m
a
y

la
c
c
x
m
h
h
s
h
c
d

11
11
11

\1
1
rn
't
y
c
o
m
p
u
t
e
r

pl
at
fo
rm
s,

1'
11
L1
11
11
1'
11
25
r
M
a
c
m
t
o
s
h

(1
11
11
P
k

\\
'i
nd
nw
~,

bu
t
w
i
t
h
o
u
t

11
gr
ap
hi
ca
l

11
11
01
11
10
.

 

 

.\
11
I1
L1
1(
‘1
\L
'(
|U
L‘
I]
LU
1‘
\

11
11
11
11
1n
w1
11
c

n
u
m
b
e
r
.

M
n
u
x
u
—
d
u
k
a
h
l
c

11
11
11
11
11
11
11
11
11
11
11
54

xt
w

q
u
c
m
c
s
,
I
M
x

«1
1

11
11
11
11
11
11
;1
w
q
u
c
m
m

11
11
11
x1
11
11
4\
1.
11
1\
11
<s

Nk
(7
rC
‘v
‘
g
a
p
p
c
d
J
h
g
n
-

m
u
m
s

wl
lh

13
01
11
11
11
11
1)

11
11
|I
ti
pl
cu
g1
um

“1
\i

11
11
11
11
11
;

1.
11

1
hc

11
x1
1

11
1
>1
11
m

111
1

c
x
o
m

11
1
m
u
I
t
i
-
c
m
n

se
qu
en
ce
;

.11
I
c
o
m
—

pl
et
e

01
1

pd
lk
ti
dl

co
pi
es

01
1'
cp
ct
1t
1v
c

cl
c

11
1C
11
t

111
g
e
n
o
m
i
c

xc
qu
cn
ac
.

Pr
nv
it
lu
s

<1
g
m
p
l
m
a
l

th
xp
la
y
01

th
e
m
n
g
c

(1
1
a
l
i
g
n
m
e
n
t

SL
UT
L‘
N

11
11
11
11
1
b
e
t
w
e
e
n

[1
10

q
u
e
r
y
s
c
q
u
c
u
m
a
n
d
e
a
c
h
da
ta
ba
se

se
—

qu
en
ce
,
w
i
t
h

a
fit

of
th
e
Sc
or
es

wi
th

un
—

re
la
te
d
p
r
o
t
e
m
s

to
th
e
e
x
t
r
e
m
e
va
lu
e

di
fit
ri
bu
ti
on
.
A

li
st

o
f
h
i
g
h
—
s
c
o
r
i
n
g

se
—

q
u
e
n
t

cs
is.

th
en

gi
ve
n

1k
)|
l<
1w
cd

hy
g
a
p
p
c
d

a
l
i
g
n
m
e
n
t
s

111
4
lh
c
q
u
e
r
y
a
n
d

11
11
11
11
11
11

11
11
11
1
lm
xc

w
q
u
c
m
c
x
.

N
n
r
n
m
l
i
/
c
d
/

sc
or
es

ar
e
u
w
d

tu
dc
su
‘i
hc

th
e
re
la
ti
on
sh
ip

of
th
e
a
l
i
g
n
m
e
n
t
s
m
r
c

hu
—

t
w
c
c
n

re
la
te
d

<e
q1
1e
nc
es

to
th
at

t
o
u
n
d

10
1

u
m
re
la
te
d
s
e
q
u
e
n
c
e
s

in
th
e
5
2
m
m

le
ng
th

ra
ng
e
(
m
e
a
n

30
,
st
an
da
rd

de
vi
at
io
n

10
).

Ih
c

I
1'
11
11
11
'1
11

lh
cx
c

11
11
51
1
/

su
n‘
cx

1x
11
1c

m
p
u
t
c
d

11
11

11
11

11
1

(1
1
un
re
la
te
d
s
c
q
u
c
m
u

A
h
g
n
m
c
n
l
s
wi
th
Z

NL
UI
‘C
N

11
s

11
11
41
1

11
\

11
1.

11
11
11
11
11
1
w1
1h

11
m
”
m
t
g
h
c
d
w
q
u
c
m
c
.

77111101111;7 Database S 11111far If)’ Scarvh 501111111? AII.19



 

T
A
B
L
E
A
1
1
-
2

(
C
o
n
t
i
n
u
e
d
)

P
R
O
G
R
A
M
N
A
M
E

W
E
B

S
I
T
E
/
F
T
P

SI
TE
 

T
4.

S'
I‘
X/
H
A
S
H

IA
SI
'Y
‘
P
A
R
T
Y

(
F
I
L
M

ct
J]
.
1
9
9
3
)

ht
tp

:/
/t

.1
st

.1
.h

im
~h

\i
r

n|
.1

.c
du

F
A
S
T
S
/
T
F
A
S
'
I
‘
S

F
A
S
T
F

'l
"l
fA
S'
l
F

ht
tp
:/
/f
ds
mb
in
ch
xi
rg
in
i.
1.
cd
u

D
E
S
C
R
I
P
T
I
O
N
/
P
L
A
T
F
O
R
M
S
 

C
o
m
p
a
r
e
s

p
r
o
t
e
i
n
s
c
q
u
c
n
c
c

tn
Il
ul
lh
ld
lc
d
D
N
A

a
c
q
u
c
n
c
c

01
D
N
A

m
c
q
u
c
n
t
c
da

ta
ba

se
('
l‘
FA
S'
l‘
X/
’l
‘l
—A
S'
I'
\

)
or

lr
dn

sl
dt

ud
IN

N
\
s
c
q
u
c
n
u
:
ag
ai
ns
t
p
m
t

n
s
c
q
u
c
n
u
:
d
n
m
l
m
w

(
I
A
S

I
X/

b
\
S

I‘
Y)
:
de
si
gn
ed

to
J
n
m
m
m
u
d
a
l
c

hi
gh

L.
‘m
'
m
m

in
1-

5]
nc
-

q
u
c
n
c
c
s
by

Al
lo
wi
ng

fl
'd

lfl
cs

hi
fl

s
a
n
d

su
bs
ti
tu
ti
on
“.

C
o
m
p
a
r
e
s
s
e
q
u
e
n
c
e

ot
‘p

sp
ti

dc
fi
a
g
m
c
n
l
s

(n
ms
s—
sp
ec
:r
o~

p
l
m
l
m
n
c
t
r
i
c
an
al
ys
is
)

[F
AS
'I
‘S
)
or

an
o
r
d
e
r
e
d
pe
pt
id
e
m
i
x
t
u
r
e

(F
AS
'I

l‘
)
ag
ai
ns
t
a
p
m
l
c
i
n

(l
H
T
S
)

or
D
N
A

(I
FA
S’
I‘
S)

da
ta

ba
se

.

I
N
P
U
T

F
O
R
M
A
T

|N
TE
RP
RI
:
I
A
T
I
O
N
/
R
E
S
U
L
T
S
 

l'
.‘
\S
'l
‘-
\
m
“

A
c
t
c
w
m
n
/

(
w
n
l
u
n
k

i
n
d
n

no
.

S
e
e
W
e
b

si
ts

Si
ng
le

Al
ig
nm
en
t
b
c
t
u
c
c
n

_'
a
c
q
u
u
n
w
s
:

1)
s
e
q
u
e
n
c
e

ix
[m
l

xl
dt

cd
in

3
f
o
t
h
r
d

a
n
d

3
re

ve
rs

e
f
u
m
e
»
:
p
m
l
u
m
q
u
v
n

n

 

(
n
m
p
d
r
c
d

tn
c.
lc
h
of

th
e

(a
de
ri
ve
d
p
m
l
c
m

s
c
q
u
c
n
c
c
x
.
D
N
A

s
e
q
u
e
n
c
e

i\
tr
an
sl
at
ed

_,
se
qu
en
ce
s
ar
e
no
t
ed

it
ed

ou
t;

I
c
r
m
i
l
m
t
m
n

c
o
d
o
n
s
ar
c
tr

‘m
al

dt
cd

in
to
u
n
k
n
m
v
n

a
m
i
n
o

ac
id

s.

1
m
m

u
n
c
e
n
d

in
th

e:
m
h
c
r
a
n
d
m
l
c
n
c
n

”1
‘

Si
mi
la
r

to
F
A
S
T
A
,

in
cl
ud
cs

li
st

of
n
m
t
x
l
r

in
g
x
u
q
m
'
n
c
c
s

in
th
e
da
ld
lm
sc
.

 

A11.20 Appvml'ix 11 Bioz nfo r"I(IIZCS



T
A
B
L
E
A
1
1
-
3

B
i
o
i
n
f
o
r
m
a
t
i
c
s
D
a
t
a
b
a
s
e
s

D
A
T
A
B
A
S
E

D
N
A (
ye

n
1
L
m
k

E
M
B
L

(B
ak
er

ct
d]
.
2
0
0
0
)

D
D
B
)

D
N
A
:

Mo
ti
fs
,
Pa
tt
er
ns

C
n
d
o
n

us
e
da
ta
ba
se

Ar
ab
id
op
si
s

Ye
as
t

sp
li
ce

fil
ms

b
y
M
.

Ar
cs
,]

la
bo
ra
to
ry

(
S
p
i
n
g
o
l
a

et
al
‘
1
9
9
9
)

D
N
A
:
P
r
o
m
o
t
e
r
s
a
n
d
R
e
g
u
l
a
t
o
r
y
S
e
q
u
e
n
c
e
s

EP
I)

(E
uc
ar
yo
ti
c
p
r
u
m
u
t
c
r
Da
ta
ba
se
)

(
B
u
c
h
c
r

19
90
;

Pe
ri
cr

ct
11]

.
19
99
)

T
R
R
I
)

(T
ra
ns
cr
ip
ti
on
al

Re
gu
la
to
ry

c
h
i
o
n

Ih
lt
db
as
q)

(
K
o
l
c
h
a
n
o
v

et
al
l.

1
9
9
9
)

T
S
S
W

(R
ec
og
ni
ti
on

of
h
u
m
a
n

P0
11
1

p
r
o
m
o
t
e
r

re
gi
on

a
n
d

st
ar
t
of

tr
an
sc
ri
p-

ti
on

b
y

li
ne
ar

di
sc
ri
mi
na
nt

fu
nc
ti
on

an
al
ys
is
)

0
0
T
H
)

(O
bj
ec
t—
()
ri
cn
t<
:d

Tr
an
sc
ri
pt
io
n

Fa
ct
or

Da
ta
ba
se
)

(
G
h
u
s
h

1
9
9
8
)

P
L
A
C
E

(p
la
nt

ci
s—
ac
ti
ng

re
gu
la
to
ry

el
em
en
ts
)

(
H
i
g
o

el
111

.
19
99
)

P
l
a
m
C
A
R
E

(p
la
nt

us
—a
ct
in
g
re
gu
la
to
ry

el
em
en
ts
)

(
R
o
m
b
a
u
t
s

et
‘dl

.
19
99
)

T
h
y
r
o
i
d

re
ce
pt
or

re
so
ur
ce

(
C
o
n
t
i
n
u
e
d
o
n
[
b
i
l
o
w
m
g
pu
gv
s.
)

W
W
W

A
D
D
R
55
5

w
w
w
.
n
c
h
i

. n
l
m
.
m
h
.
g
m
‘
/
(
1
c
n
b
a
n
k/
(
1c
n
1m
n
k
S
m
r
c
I
t
h
m
l

ww
w.
cb
i.
ac
.u
k/
em
bl
/

w
w
w
.
d
d
b
]
.
n
i
g
.
.
1
c
.
u
k

h
t
t
p
:
/
/
w
w
w
.
k
u
u
s
a
.
o
r
‘
j
p
/
c
o
d
o
n
/

h
t
t
p
:
/
/
g
e
n
o
m
c
~
w
w
w
.
~
;
m
n
F
o
r
d
.
c
d
u
/
A
m
b
i
d
o
p
s
i
s
/
a
p
l
i
u
c
_
5
i
l
c
.
h
t
m
l

ht
tp
:/
/W
WW
.C
s‘
c‘
ll
cs
c‘
ed
U/
rc
sc
ur
Ch
/c
om
ph
io
/y
cu
st
_i
mr
on
s.
ht
ml

ht
tp
:/
/w
ww
.e
pd
Ai
sb
-s
il
xc
hl
;

ht
tp
:/
/w
ww
.e
pd
.i
sb
-s
ib
.c
hl
pr
mm
)t
er
_e
lc
me
nt
s/

h
n
p
z
l
/
w
w
w
m
g
s
.
b
i
o
n
c
t
.
n
s
c
.
r
u
/
m
g
s
/
s
y
s
t
e
m
s
/
g
c
n
e
e
x
p
r
e
s
s
/

h
tt
pz
l/
ge
no
mi
c.
sa
ng
er
.a
c.
uk
/g
f/
gf
sh
tm
l;

ht
tp
:/
/d
0t
.i
mg
en
.l
)c
1n
tn
1c
ed
uz
93
3
1/
ge
ne
-fi
11
de
r/
gfl
ht
ml

h
t
t
p
fl
/
W
W
W
J
S
b
L
H
C
U

h
t
t
p
:
/
/
w
w
w
.
d
n
a
.
a
f
f
r
c
.
g
o
.
j
p
/
h
t
d
o
c
s
/
P
I
A
C
H

ht
tp
zl
/s
ph
in
x‘
ru
g‘
ac
.l
w:
8(
)8
0/

Pl
a
nt
(
IA
RE
/i
nd
cx
.
h
t
m

ht
tp
zf
/x
an
ad
u.
mg
h‘
ha
rv
nr
dp
du
/r
ec
ep
to
r/
tr
rf
mn
th
tm
l

D
E
S
C
R
I
P
T
I
O
N

D
N
A

s
c
q
u
c
n
c
c
da
ta
ba
se

n
m
i
n
t
‘
u
n
c
d

by
Na
ti
on
al

(fi
cm
ct

fo
r
B
i
o
t
c
c
h
n
u
l
u
g
y
I
n
f
o
r
m
a
t
i
o
n

(N
(I
BI
);

m
e
m
b
e
r

of
ln
lc
rn
dt
in
nd
l
D
N
A

Da
td
lm
ac
s.

D
N
A

s
e
q
u
e
n
c
e
da
ta
ba
se

m
a
i
n
t
a
i
n
e
d
b
y
E
u
r
o
p
e
a
n

B
i
m
n
f
o
r
m
a
t
i
c
s

In
st
it
ut
e
(E
BI
);

m
e
m
b
e
r

of
In
te
rn
at
io
na
l

D
N
A

da
ta
ba
se
s.

D
N
A

s
e
q
u
e
n
c
e
da
ta
ba
se

11
mi
nt
ai
nc
d
b
y
D
N
A

D
a
t
a
B
a
n
k
of

Ja
pa
n;

m
e
m
b
e
r

of
In
te
rn
at
io
na
l
D
N
A

Da
ta
ba
se
s.

L
L
o
m
c
n
s
u
s

sp
ll
ce

si
tc
s.

Table A11-1 Bi0!nfimnatics 50]twa re AILZI

 



T
A
B
L
E
A
1
1
-
3

(
C
o
n
t
i
n
u
e
d
)

A11.22

 D
A
T
A
B
A
S
E

W
W
W

A
D
D
R
E
S
S

D
E
S
C
R
I
P
T
I
O
N
 R
N
A

 
 

35
r
i
h
m
c
m
m
l
R
N
A
d
a
m
l
u
n
L

(
S
7
y
n
m
n
s
k
i

st
111

.
19

99
)

(‘
yu

bd
sc

fo
l
M
i
t
o
c
h
o
n
d
r
i
a
l
S
e
q
u
e
n
g
c
s

(K
nr

ab
—I

,.
1s

km
vs

k;
1

et
.11

.
19

98
)

G
u
i
d
c
R
N
A

(
g
R
N
A
)

d
a
t
a
b
a
s
e

(
S
o
u
m
a
n
d
G
u
n
n
g
c
r

1
9
9
8
)

I
R
N
A

G
e
n
t
s
,
h
i
g
h
c
r
p
l
d
m
m
i
l
u
d
m
n
d
l

1.1
(C
ec
n

et
a1

.
19
99
)

Nu
cl

ei
c
a
d
d

da
ta

ba
se

a
n
d

st
ru
ct
ur
e

re
so

ur
ce

(
B
a
r
m
a
n

cl
(ll

.
19

98
)

l’
sc

ud
oh

ds
c
(
l
’
s
c
u
d
o
k
m
n
da

ta
ba

se
m
a
m
—

m
i
n
e
d
b
y

E
v
a
n
Ba

lc
nb

ur
g.

Le
id

en

Un
iv

er
si

ty
)

R
i
b
o
s
o
m
a
l
R
N
A

m
u
t
a
t
i
o
n
da

ta
ba

se
s

(
T
r
i
m
a
n
a
n
d
A
d
a
m
s

19
97

)

R
N
A

m
o
d
i
fi
c
a
t
i
o
n

da
ta

ba
se

(
L
i
m
l
m
c
h

cl
11

1.
1
9
9
4
;
R
o
z
c
n
s
k
i

ct
.1
|.

19
99

)

R
N
A

s
e
c
o
n
d
a
r
y

st
ru
ct
ur
es
,
(
G
r
o
u
p

1
i1
11
r0
r1
5—
16
S
r
R
N
A
—
2
3
S
r
R
N
A
)

(G
ut

el
l
19

94
;
S
c
h
n
a
r
e

et
a1

.
19
96

a
n
d

re
fe

re
nc

es
th

er
ei

n)

R
N
A

st
ru

ct
ur

e
da

ta
ba

se

R
N
A

W
o
r
l
d

At
[
M
B

l
e
n
d

(5
11
11
11
01

19
97
)

r
R
N
A

(
d
a
t
a
b
a
s
e
o
f
r
i
b
o
s
o
m
a
l
s
u
b
u
n
i
t

s
e
q
u
e
n
c
e
s
)

(
D
e
Ri

jk
et

a1
.
1
9
9
2
,
1
9
9
9
)

Sm
al

l
R
N
A

da
ta

ba
se

s
n
o
k
N
A

da
ta
ba
se

fo
r

5.
wr
cv
is
iu
v

(
L
o
w
e
a
n
d
E
d
d
y

19
99

)

t
m
R
N
A

da
ta

ba
se

(
W
o
w
e
r
a
n
d
[
w
i
e
h

19
99
)

|1
11

p:
//

ro
su

md
n.

po
/n

dn
pl

/3
$l

>.
lt

J/
3$

RN
/\

.|
nm

l

11
nd

m
i
r
r
o
r
e
d

at

I
m
p
:
/
/
u
s
c
r
p
a
g
c
x
h
e
m
i
c
,
t
L
1
-
b
c
r
l
i
n
d
c
/
t
b
_
c
h
c
m
i
c
/
i
b
c
/
a
g
c
r
d
m
d
n
1
1
/
S
S
A
r
R
N
A
.
h
l
m
|

ht
tp
z/
ld
li
cc
.b
ch
.u
m<
ml
re
al
.c
d/
ge
ne
rd
/g
ob
as
c/
go
ba
sa
ht
ml

1
1
l
1
p
:
/
/
w
w
w
.
b
i
o
c
h
c
m
.
m
p
g
.
d
c
/
~
g
0
c
r
i
n
g
c
/

11
pz

/m
p.

eb
i.

.1
c.

uk
/p

ub
/d

aw
bu

sc
s/

pl
mi

lr
nd

/

ht
tp
:/
/n
db
se
rv
er
‘r
ut
ge
rs
fd
u/

ht
1p
:/
/W
W\
\'
hi
0.
lc
id
cn
um
V1
11
1/
~b
fll
cn
bu
rg
/p
kh
ht
ml

h
t
t
p
:
/
/
w
w
w
.
f
a
n
d
m
.
e
d
u
/
D
e
p
a
r
t
m
e
n
t
s
/
B
i
0
1
o
g
y
/
D
a
m
b
a
s
e
s
/
R
N
A
h
t
m
l

h
t
t
p
z
l
l
m
c
d
l
i
b
.
m
o
d
.
u
m
h
r
d
u
/
R
N
A
m
o
d
s
/

ht
tp
z/
lp
un
di
t.
ic
mb
.u
lc
xu
b.
cd
u

ht
tp

:/
/g

rs
cr

v.
mc

d.
j
h1

11
i.

cd
u/

~v
cn

k/
rn

.1
/

h
t
t
p
:
/
/
w
w
w
.
1
m
h
—
i
c
m
x
l
c
/
R
N
A
h
l
m
l

ht
tp
:/
/r
rn
a.
ui
a.
ac
.b
e/

h
t
t
p
:
/
/
m
b
c
r
b
c
m
.
t
m
c
,
c
d
u
/
s
m
a
l
]
R
N
V
s
m
d
l
l
r
l
m
h
t
m
l
)

h
t
t
p
:
/
/
r
n
n
.
w
u
s
t
L
c
d
u
/
s
n
o
R
N
A
d
b
/

ht
tp
:/
/p
sy
ch
e.
ut
hc
tc
du
/d
bs
/t
mk
l)
B/
tm

1{
l)
1£
.h
tm
l

Appendix 11 HfBioz 0177101165

 



l|
l\
'.
\

\
d.
|l
.|
|)
.m
'

h
l
l
p
m
p
n
u
l
u

ul
lu
|,
u1
u/
k|
|n
/l
|1
{\

\[
)H
/1
1R
\\
l)
|€
.h
(|
n|

4/
\\
1c
|7

F‘
N'
T)

\
m
m
l

A
n
d

\
m
u
d

li
ke

I
{
\

\
w
q
u
c
m
v
x

hl
lp
z/
/\
\\
\\
\.
m|
]1
\l
u,
x|

u
x
h
c
r
h
m
/

IP
IV
L‘
I

1.
1

(l
J
i
n
n
l
a
m
c

cl
M.

19
99
;

Pr
ot
ei
n:

M
o
l
x
fi
B
a
s
e
d
o
n
S
e
q
u
e
n
c
e
A
l
i
g
n
m
e
n
t
s

H
S
S
P

I
l
l
n
n
m
l
u
g
)
«
i
c
r
n
c
d
S
c
u
m
d
d
r
)

St
rm
‘t
uu
‘
of

Pr
ot
ei
ns
)

(
m
m
d
c
r
a
n
d
Sc
hn
ei
dc
r

19
91
)

hx
lp
./
/\
\

\\
nm
md
cl
.c
ml
vl
m‘
bi
..
xg
.u
l\
/h
ss
p

B
L
O
C
K
S

m
u
m
}
,

p
r
a
n
k
p
n
n
t
x
,
p
r
u
d
n
m

Se
c

Ta
lw
lc

x\
l

I—
l.

S
Y
S
I
F
R
S

Im
p:
//
\v
\\
\\
.d
kf
/

h0
1d
cl
hc
rg
flc
/I
ln
/x
cn

IC
L‘
s/
xl
ll
th
l'
/\
‘\
'\
IC
I
f
o
r
m

(
l
e
d
u
w

cl
d]
.

I‘
)‘
)9
)

s \

P
r
n
t
o
n
m
p

h
n
p
:
/
/
w
w
u

pr
ot
om
ap
xs
hu
ii
.A
c.
1I

(
Y
u
m

cl
(11

,
19
98
)

I
’
r
o
d
o
m

h
r
l
p
:
/
/
p
r
o
t
0
1
n
.
t
0
|
o
u
s
a
i
n
m
f
r
/
p
r
o
d
o
m
h
t
m
l

(U
n‘
pc
l

cl
dl
,
19
98
)

Pr
ot
ei
n:

St
ru
ct
ur
al

A
l
i
g
n
m
e
n
t

S
C
O
P

(S
tr
uc
tu
ra
l
Cl
as
si
fic
al
iu
n
o
f

P
r
o
r
c
i
m
)

(M
Ll
r/
in

ct
Al
.
19
95
)

ht
tp
:/
/s
co
p.
mr
c—
im
b.
ca
m.
dc
.u
k/
sc
op
/

11
55
1)
(I
'v
fll
dk
ld
hfi
ifi
kd
li
Un

lm
sc
d
o
n

M
r
u
c
l
u
r
c
—
S'
tr
uc
lu
rc

d
l
l
g
n
m
c
n
l

of
Pr
ot
ei
ns
)

(
H
o
l
m
a
n
d
S
a
n
d
e
r

1
9
9
0
)

hl
lp
:/
/w
ww
2.
ub
l.
ac
.u
k/
da
li
/f
ss
p/
tk
sp
ht
ml

3
D
—
A
l
i

h
t
t
p
:
/
/
c
m
b
l
—
h
c
i
d
e
l
b
c
r
g
d
e
/
d
r
g
o
s
/
a
l
i
/
d
l
L
1
1
1
fl
)
.
h
t
1
n
l

(
P
a
s
m
r
c
l
l
a
a
n
d
A
r
g
u
s

1
9
9
2
)

N
J
l
i
m
M
]

(A
‘I
HL
‘I
‘
to
r
B
m
l
u
h
n
n
l
n
g
y

h
l
l
p
:
/
/
w
w
w
.
m
l
n
.
n
l
m
.
n
|h
.g
m'
/S
lr
uc
tu
rc
/

In
li
n
m
a
l
i
n
n
S
t
r
m
l
u
r
c
(
u
r
n
u
p

B
i
m
n
o
f
e
c
u
l
a
r
St
ru
ct
ur
e
a
n
d
M
o
d
e
l
l
i
n
g

g
r
o
u
p

at
th
e
Un
iv
er
si
ty

(I
ol
lc
gt
‘,

l
n
n
d
u
n

ht
tp
:/
/w
ww
.b
i0
ch
em
.L
lc
l.
dc
.l
e/
bs
m/

F
u
r
n
p
m
n

H
i
u
i
n
l
h
r
m
a
l
i
u

In
st
it
ut
e.

H
i
m
l
u
n
‘
(
J
d
m
h
r
i
d
g
c

h
t
t
p
fl
“

\\
\\

l.
L‘
l>
i.
<l
L.
le
/

{(
‘
m
r
l
l
m
m
i

01
1
fo
ll
ow
in
g
p
a
w
s
)

D
e
r
i
v
e
d
da
ta
ba
se

th
at

m
u
r
g
m

(
“
W
P
a
n
d

lh
IC
C<
dl
ll
lC
H

s
i
m
m
l
s
n
m
t
m
c

a
n
d
x
c
q
u
c
n
c
c
i
n
t
o
r
n
m
l
m
m

l
h
x
u
d
o
n
«l
us
lc
rm
g

or
al
l
si
ml
lm
'
x
c
q
u
c
n
w
s

in
5
“
i»
—

l’
ml
.

A
u
t
o
m
a
t
i
c
h
i
c
m
r
c
h
l
m
l
cl
am
ifi
cu
li
on

01
11
11

Sw
is
s—
Pr
ol

p
l
(
)
t
L
‘
l
l
l
\

G
r
o
u
p
x

(s
f
s
c
q
u
c
n
c
c
x
c
g
m
c
n
l
x
nr

d
n
m
m
n
x
(
m
m

su
ni
Ll
l

s
c
h
c
h
t

5
(
1
m
m
!

in
Ns
is
s—
l’
ml

(l
dl
dl
mw

by
Ii
la
sl
p

J
l
g
m
'
n
h
n

Ml
li
gn
cd

b)
mu
lt
ip
le

hC
(]
ll
CH
L‘
C
Al
ig
nm
en
t.

Cl
as
si
fic
at
lo
n
of

11
pr
ot
ei
ns

w
h
o
s
e

st
ru
ct
ur
e

is
k
n
o
w
n

l
m
s
c
d
(
m

ex
po
rt

an
al
ys
is
;
in
cl
ud
cx

al
l
I’
DB

CI
‘I
ll
'I
CN
.

I
1
1
r
c
c
—
d
i
n
w
m
i
n
l
m
l
st
ru
ct
ur
e
m
m
p
a
r
l
s
n
n

nf
p
m
t
c
i
n

st
ru
ct
ur
es

in
P
U
B
;

st
ru
ct
ur
al

al
ig
nm
en
ts

ar
e
p
e
r
f
o
r
m
e
d

b
y

Da
li

p
r
o
g
r
a
m
.

Al
ig
ne
d
pr
ot
ei
n

<t
ru
ct
ur
cq

a
n
d

re
la
te
d
Q
C
u
n
n
C
C
S

us
in
g

un
ly

s
e
c
o
n
d
a
r
y
sl
ru
ct
ur
cx

as
si
gn
ed

h)
Il
lc

Jl
ll
hm
‘

UI
‘
lh
c

s
l
r
u
u
u
r
m
,

M
o
l
e
c
u
l
a
r
m
o
d
e
l
i
n
g
dd
ld
lm
sc

(
M
M
D
B
)
,
v
a
l
o
r

Jl
lg
n

m
e
n
t

se
ar
ch

10
0]

(
V
A
S
T
)

fo
r
st
ru
ct
ur
al

c
o
m
p
a
r
i
s
o
n
s
,

Vi
ew
er
s‘

th
re
ad
er

so
ft
wa
re
.

(
?
A
T
H

da
ta
ba
se
,
a
hi
er
ar
ch
ic
al

d
o
m
‘
l
m

cl
as
si
fic
at
io
n
of

pr
ot
ei
n

st
ru
ct
ur
es

[
W
(l
aw
,
an
hi
lc
ct
ur
c,

fo
ld

le
il
},

JI
M]

\U
PL
‘I

fa
mi
ly
,
ul
hc
r

LL
IL
II
MN
L‘
N
A
n
d

sh
lI
CI
Ul
'd
]
(u
ml
yx
cx
,

I
h
r
m
d
c
r
m
t
t
w
a
r
c
.

l
h
m
l
m
s
c
s
,

‘l
(
H
’
fi
p
r
u
l
c
m
s
l
r
l
u
t
u
m
l

l
n
p
o
l
n
g
)
’

ul
l‘
lu
fll
lh
,

Da
li

d
n
m
a
i
n

sc
nc
r,

a
n
d

I
SS
I’

dd
ld
lm
sc
.

Table A] 1—1 Bioinformam“i 507‘TWHI‘C AII.23

 



T
A
B
L
E
A
1
1
4
;

(
f
o
n
t
i
n
u
e
d
)

D
A
T
A
B
A
S
E

W
W
W

A
D
D
R
E
S
S

P
r
o
t
e
i
n
:
S
t
r
u
c
t
u
r
a
l
C
o
o
r
d
i
n
a
t
e
s

I’
DB

(
I
’
m
t
c
m
[
u
m

R
a
n
k
)

(
H
e
r
m
a
n

L‘
I

‘
.
2
0
0
0
)

h
t
l
p
:
/
/
w
w
w
<
r
c
s
h
n
r
g
/
p
d
h

 

D
E
S
C
R
I
P
T
I
O
N

T
h
r
e
e
-
d
u
n
c
m
i
o
n
a
l
m
a
c
m
n
w
l
e
c
u
l
u
r

st
ru
ct
ur
e
da
ta

d
e
t
e
r
m
i
n
e
d
m
a
i
n
l
y
b
y
X
~
m
y
cr
ys
ta
ll
og
ra
ph
y
a
n
d
nu
-

cl
ea
r
m
a
g
n
e
t
i
c

re
so
na
nc
e;

al
so

co
nt
ai
ns

a
t
o
m
i
c
co
or
di
-

na
te
s,

r
e
f
E
r
a
n
e

ci
ta
ti
on
s,

a
n
d
p
r
i
m
a
r
y
a
n
d
s
e
c
o
n
d
a
r
y

St
ru
ct
ur
e
in
fo
rm
at
io
n.

O
p
e
r
a
t
e
d
b
y
th
e
Re
se
ar
ch

Co
ll
ab
or
at
io
n

fo
r
St
ru
ct
ur
al

Bi
oi
nf
or
ma
ti
cs
,
Ru
tg
er
s.

Th
is

su
rv
ey

of
da
ta
ba
se
s

li
st
s
th
e

pr
in
ci
pa
l
da
ta
ba
se
s

as
we
ll

as
s
o
m
e
of

th
e
m
o
r
e

sp
ec
ia
li
ze
d
da
ta
ba
se
s

fo
r
D
N
A
,

pr
ot
ei
n,

a
n
d
R
N
A
.
T
h
e
r
e

ar
e
se
ve
ra
l
W
e
b

pa
ge
s

th
at

li
st
a
n
d
pr
ov
id
e

li
nk
s
to

th
e

la
rg
e

ar
ra
y
of

da
ta
ba
se
s.
A
m
o
n
g

th
es
e

ar
e:

 

(L
lh
r

is
H
o
t

Li
st

h
t
l
p
:
/
/
w
w
w
.
b
m
m
.
i
c
n
c
t
.
u
k
/
u
s
c
f
u
l
/
u
s
e
f
u
l
z
h
t
m
l

Ex
te
ns
iv
e

li
st
s
of

li
nk
s
to

s
e
q
u
e
n
c
e
a
n
d

st
ru
ct
ur
e
da
ta
ba
se
s
a
n
d

to
sp
ec
ia
li
ze
d
da
ta
ba
se
s.

A
Li
st

of
Da
ta
ba
se
s,

Ro
ck
ef
el
le
r
Un
iv
er
si
ty

ht
Ip
:/
/

'
fla
ng
e.
mc
kc
fc
lI
cr
.c
du
/w
Ii
/g
cn
c/
da
ta
ha
xc
sh
tm
l

Li
nk
s.

t
n
D
N
A
,

p
r
o
t
e
i
n
,
a
n
d
g
c
n
u
m
c

d
a
t
a
b
a
s
e
s
.

Bi
om
tb
rm
at
ic
s
Re
so
uc
es
,
Bi
oi
nf
or
ma
ti
cs

Gr
ou
p,

Un
iv
er
si
ty

of
Wa
te
rl
oo
,
C
a
n
a
d
a

ht
tp
:/
/w
h.
ma
th
.u
ma
te
rl
oo
.c
a/
bi
oi
nf
o_
re
s.
ht
ml

Li
nk
s

to
D
N
A
,

pr
ot
ei
n,

a
n
d
g
e
n
o
m
e

da
ta
ba
se
s.

T
h
e
R
N
A

\N
()
rl
d

h
t
t
p
:
/
/
w
w
w
.
i
m
h
—
j
c
n
d
.
d
C
/
R
N
A
.
h
t
m
l

Li
nk
s

to
R
N
A
—
s
p
c
c
i
fi
c

da
ta
ba
se
s.

A
m
o
s
’
W
W
W

Li
nk
s

ht
tp
:/
/w
ww
.e
xp
as
y.
ch
/a
li
nk
s.
ht
ml

Ex
te
ns
iv
e

li
st
s
o
f
li
nk
s
to

pr
ot
ei
n
da
ta
ba
se
s
a
n
d

re
so
ur
ce
s.

A
n
d

al
so

se
c

ht
tp
:/
/w
ww
.h
io
in
fo
rm
ut
ic
so
nl
in
c.
c0
m,

a
W
e
b

Si
te

fo
r
M
o
u
n
t

1)
.
Bi
oi
nf
br
mm
n‘
s:

S
e
q
u
e
n
c
e
t
m
d
g
e
n
o
m
c

an
al
ys
is

(C
ol
d
Sp
ri
ng

H
a
r
b
o
r
L
a
b
o
r
a
t
o
r
y

Pr
es
s
20
0]

 

A11.24 Appmdix I I Bioinformatics



Appendix 12
 

Cautions

GtNERAL CAUTIONS

The following general cautions should always be Observed.

Become completely familiar with the properties of all substances used before beginning the

procedure.

The absence of a warning does not necessarily mean that the material is safe, since informa-

tion may not always be complete or available.

If exposed to toxic substances, contact the local safety office immediately for instructimis.

Use proper disposal procedures for all chemical, biological, and radioactive waste.

For specific guidelines on appropriate gloves, consult the local safety office.

Handle concentrated acids and bases with great care. Wear goggles and appropriate gloves. as

well as a face shield if handling large quantities.

Do not mix strong acids with organic solvents as they may react. Sulfuric acid and nitric

acid especially may react highly exothermically and cause fires and explosions‘

Do not mix strong bases with halogenated solvent as they may form reactive carbeiies which

can lead to explosions.

When preparing diluted solutions of acids from concentrated stocks, add acid to water (“If

you do what you oughta, add acid to wata”).

Never pipette solutions using mouth suction. This method is not sterile and cam be dangerous.

Always use a pipette aid or bulb.

Keep halogenated and nonhalogenated solvents separately (e.g., mixing chloroform and ace—

tone can cause unexpected reactions in the presence of bases). Halogenated solvents are orgair

ic solvents such as chloroform, dichloromethane, trichlorotrifluoroetheme, zmd

dichloroethane. Some nonhalogenated solvents are pentane, heptane, ethanol, methanol, ben—
zene, toluene, N,N/dimethylf0rmamide (DMF), dimethylSLilfoxide (DMSO), and acetonitrile

Laser radiation, visible or invisible, can cause severe damage to the eyes and skin. Take prop-

er precautions to prevent exposure to direct and reflected beams. Always follow manufacturers

safety guidelines and consult the local safety office. For more detailed information, see caution

below.

Flash lamps, due to their light intensity, can be harmful to the eyes and may explode on occa—

sion. Wear appropriate eye protection and follow the manufacturer’s guidelines.
Photographic fixatives and developers contain harmful chemicals. Handle them with care
and follow manufacturer’s directions.

A12.I

 



A112 Appendix 12: Cautions

Power supplies and electrophoresis equipment pose serious fire hazard and electrical shock

hazards if not used properly.

Microwave ovens and autoclaves in the lab require certain precautions, If the screw top on the

bottle is not loose enough, and there is not enough space for the steam to vent, the bottle can

explode when the containers are removed from the microwave or autoclave. Always loosen

bottle caps before microwaving or autoclaving.

Use extreme caution when handling cutting devices such as microtome blades, scalpels, razor

blades, or needles. Microtome blades are extremely sharp! If unfamiliar with their use, have an

experienced person demonstrate proper procedures. For proper disposal, use a “sharps” dis—

posal container in the lab. Discard used needles unshielded, with the syringe still attached. This

method prevents injuries (and possible infections) while manipulating used needles since

many accidents occur while trying to replace the needle shield. Injuries may also be caused by

broken Pasteur pipettes, coverslips, or slides.

GENERAL PROPERTIES OF COMMON CHEMICALS
 

The hazardous materials list can be summarized in the following categories:

Inorganic acids, such as hydrochloric, sulfuric, nitric, or phosphoric, are colorless liquids with

stinging vapors. Avoid spills on skin or clothing. Dilute spills with large amounts of water. The

concentrated forms of these acids can destroy paper, textiles, and skin as well as cause serious

injury to the eyes.

Salts of heavy metals are usually colored powdered solids that dissolve in water. Many of them

are potent enzyme inhibitors and therefore toxic to humans and to the environment (e.g., fish

and algae).

Most organic solvents are flammable volatile liquids. Breathing their vapors can cause nausea

or dizziness. Also avoid skin contact.

Other organic compounds, including organosulphur compounds such as mercaptoethanol or

organic amines, have very unpleasant odors. Others are highly reactive and must be handled

with appropriate care.

If improperly handled, dyes and their solutions can stain not only the sample, but also skin and

clothing. Some of them are also mutagenic (e.g., ethidium bromide), carcinogenic, and toxic.

Nearly all names ending with “ase” (e.g., catalase, B-glucuronidase, or zymolase) refer to
enzymes. There are also other enzymes with nonsystematic names like pepsin. Many of them

are provided by manufacturers in preparations containing buffering substances‘ etc. Be aware

of the individual properties of materials contained in these substances.

Toxic compounds often used to manipulate cells (e.g., cycloheximide, actinomycin D, and

rifampicin) can be dangerous and should be handled appropriately.
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HAZARDOU$_MATERIALS
 

Acetic acid (concentrated) must be handled with great care. It may be harmful by inhalation, ingex-
tion, or skin absorption. Wear appropriate gloves and goggles. Use in a chemical fume hood.

Acetonitrile is very volatile and extremely flammable. It is an irritant and a chemical asphyxiant that
can exert its effects by inhalation, ingestion, or skin absorption. Trent cases of severe exposure as

cyanide poisoning. Wear appropriate gloves and safety glasses. Use only in a chemical fume hood. Keep

away from heat, sparks, and open flame.

Acrylamide (unpolymerized) is a potent neurotoxin and is absorbed through the skin (effects are

cumulative). Avoid breathing the dust. Wear appropriate gloves and a face mask when weighing pow-
dered acrylamide and methylene—bisacrylamide. Use in a chemical fume hood. l’olyacrylamide is con-

sidered to be n ontoxic, but it should be handled with care because it might contain small quantities ot‘
unpolymerized acrylamide.

Actinomycin D is a teratogen and a carcinogen. It is highly toxic and may be fatal it‘inhztled, ingested.
or absorbed through the skin. It may also cause irritation. Avoid breathing the dust. Wear appropriate

gloves and safety glasses. Always use in a chemical fume hood. Solutions olklcti|101mtin l) are light-

sensitive.

AgNOS, 560 Silver nitrate

(x-Amanitin is highly toxic and may be fatal by inhalation, ingestion, or skin absorption. Symptmm
may be delayed for as long as 6—24 hours. Wear appropriate gloves and safety glasses. Always use in A
chemical fume hood.

Aminobenzoic acid may be harmful by inhalation, ingestion, or Skin absorption. Wear appropriate

gloves and safely glasses.

Ammonium acetate, HSCCOONH4, may be harmful by inhalation, ingestion, or skin absorption.
Wear appropriate gloves and safety glasses. Use in a chemical fume hood.

Ammonium chloride, NH4C1, may be harmful by inhalation, ingestion, or skin absorption. Wear
appropriate gloves and safety glasses. Use in a chemical fume hood.

Ammonium formate, see Formic acid

Ammonium hydroxide, NH4OH, is a solution of ammonia in water. It is caustic and should be han-

dled with great care. As ammonia vapors escape from the solution, they are corrosive, toxic, and cam
be explosive. Use only with mechanical exhaust. Wear appropriate gloves. Use only in a chemical fume
hood.

Ammonium molybdate, (NH4)6M07024-4H2) (or its tetrahydrate) may be harmful by inhalation,

ingestion, or skin absorption. Wear appropriate gloves and safety glasses. Use in a chemical fume hood.

Ammonium persulfate, (NH4)25208, is extremely destructive to tissue of the mucous membranes and
upper respiratory tract, eyes, and skin. Inhalation may be fatal. Wear appropriate gloves, safety glass—
es, and protective clothing. Always use in a chemical fume hood. Wash thoroughly after handling.

Ammonium sulfate, (NH4)ZSO4, may be harmful by inhalation, ingestion, or skin absorption. Wear
appropriate gloves and safety glasses.

Ampicillin may be harmful by inhalation, ingestion, or skin absorption. Wear appropriate gloves and

safety glasses. Use in a chemical fume hood.

Aprotinin may be harmful by inhalation, ingestion, or skin absorption. It may also cause allergic reac—
tions. Exposure may cause gastrointestinal effects, muscle pain, blood pressure changes, or bron—

chospasm. Wear appropriate gloves and safety glasses. Do not breathe the dust. Use only in a chemical

fume hood.
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Arc lamps are potentially explosive. Follow manufacturer’s guidelines. When turning on are lamps,
make sure nearby computers are turned off to avoid damage from electromagnetic wave components.

Computers may be restarted once the arc lamps are in operation.

Aspartic acid is a possible mutagen and poses a risk of irreversible effects. It may be harmful by inhalw

tion, ingestion, or skin absorption. Wear appropriate gloves and safety glasses. Use in a chemical fume

hood. Do not breathe the dust.

Bacterial strains (shipping of): The Department of Health, Education, and Welfare (HEW) has clas—
sified various bacteria into different categories with regard to shipping requirements (please see

Sanderson and Zeigler, Methods Enzymol. 204: 248—264 [1991] or the instruction brochure by

Alexander and Brandon (Packaging and Shipping ofBiologicalMaterials atATCC [1986] available from
the American Type Culture Collection lATCC], Rockville, Maryland). Nonpathogenic strains of
Iisvlwrichiu coli (such as K—12) and Bacillus subtilis are in Class 1 and are considered to present no or

minimal hazard under normal shipping conditions. However, Salmonella, Haemophilus, and certain
strains of Streptomyces and Pseudomonas are in Class 2. Class 2 bacteria are “Agents of ordinary poten—
tial hazard: agents which produce disease of varying degrees of severity...but which are contained by
ordinary laboratory techniques.”

BCIG, see 5-Bromo—4-ch10ro-3—indolyl-B-D-galactopyranoside

Biotin may be harmful by inhalation, ingestion, or skin absorption. Wear appropriate gloves and safe—

ty glasses. Use in a chemical fume hood.

Bisacrylamide is a potent neurotoxin and is absorbed through the skin (the effects are cumulative).
Avoid breathing the dust. Wear appropriate gloves and a face mask when weighing powdered acry—
lamide and methylene—bisacrylamide.

Blood (human) and blood products and Epstein-Barr virus. Human blood, blood products, and tis—

sues may contain occult infectious materials such as hepatitis B virus and HIV that may result in lab—
oratory—acquired infections. Investigators working with EBV-transformed lymphoblast cell lines are
also at risk of EBV infection. Any human blood, blood products, or tissues should be considered a bio-
hazard and be handled accordingly. Wear disposable appropriate gloves, use mechanical pipetting
devices, work in a biological safety cabinet, protect against aerosol generation, and disinfect all waste
materials before disposal. Autoclave contaminated plasticware before disposal; autoclave contaminat-

ed liquids or treat with bleach (10% [v/v] final concentration) for at least 30 minutes before disposal.

Consult the local institutional safety officer for specific handling and disposal procedures.

Boric acid, H3BO3, may be harmful by inhalation, ingestion, or skin absorption. Wear appropriate

gloves and goggles.

5-Br0m0-4-chloro-3-indolyl—B-D—galactopyranoside (BCIG; X—gal) is toxic to the eyes and skin and
may be harmful by inhalation, ingestion, or skin absorption. Wear appropriate gloves and safety gog—
gles.

Bromophenol blue may be harmful by inhalation, ingestion, or skin absorption. Wear appropriate

gloves and safety glasses. Use in a chemical fume hood.

n-Butanol is irritating to the mucous membranes, upper respiratory tract, skin, and especially the

eyes. Avoid breathing the vapors. Wear appropriate gloves and safety glasses. Use in a chemical fume
hood. n-Butanol is also highly flammable. Keep away from heat, sparks, and open flame.

Cacodylate contains arsenic, is highly toxic, and may be fatal if inhaled, ingested, or absorbed through
the skin. It is a possible carcinogen and may be mutagenic. Wear appropriate gloves and safety glasses.
Use in a chemical fume hood.

Cacodylic acid is toxic and a possible carcinogen. It may be mutagenic and is harmful by inhalation,

ingestion, or skin absorption. Wear appropriate gloves and safety glasses. Use only in a chemical fume
hood. Do not breathe the dust.

Carbenicillin may cause sensitization by inhalation, ingestion, or skin absorption. Wear appropriate

gloves and safety glasses.  
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Carbon dioxide, C02, in all forms may be fatal by inhalation, ingestion, or skin absorption. In high
concentrations, it cam paralyze the respiratory center and cause suffbcation. Use only in well»\'eiiti—

lated areas. In the form of dry ice, contact with carbon dioxide can also cause frostbite. Do not place
large quantities of dry ice in enclosed areas such as cold rooms. Wear appropritite gloves and safety
goggles.

Cesium chloride, CsC], may be harmful by inhalation, ingestion‘ or skin absorption \\'e;1r dppl‘OPI'lf

ate gloves and safety glasses.

Cetylpyridinium bromide (CPB) causes severe irritation to the eyes, skin, and respiratory tract. W‘ar
appropriate gloves and safety glasses. Use in a chemical fume hood.

Cetyltrimethylammonium bromide (CTAB) is toxic and an irritant zmd may be harmful by inhnld»
tion, ingestion, or skin absorption. Wear appropriate gloves and safety glasses. Avoid breathing the

dust.

CH3CH20H, see Ethanol

CGHSCHZSOZF, see Phenylmethylsulfonyl fluoride

CHCls, see Chloroform

C7H7FOZS, sou Phenylmethylsulfonyl fluoride

Chloramphenicol may be harmful by inhalation, ingestion, or skin absorption and is a carcinogen.

Wear appropriate gloves and safety glasses. Use in a chemical fume hood.

chloroform, CHCI3, is irritating to the skin, eyes, mucous membranes, and respiratory tmct. It is it

carcinogen and may damage the liver and kidneys. It is also volatile. Avoid breathing the vapors. Wear
appropriate gloves and safety glasses. Always use in a chemical fume hood.

Citric acid is an irritant and may be harmful by inhalation, ingestion, or skin absorption. lt poses a
risk of serious damage to the eyes‘ Wear appropriate gloves and safety goggles. Do not breathe the dust.

C02, see Carbon dioxide

Cobalt chloride, CoClz, may be harmful by inhalation, ingestion, or skin absorption. Wear Appropri—

ate gloves and safety glasses.

CoClz, sec Cobalt chloride

Coomassie Brilliant Blue may be harmful by inhalation, ingestion, or skin absorption. Wear atppm»
priate gloves and safety glasses.

Copper sulfate, Cu504, may be harmful by inhalation or ingestion. Wear appropriate gloves and safe—

ty glasses.

CPB, sec Cetylpyridinium bromide

m-Cresol may be fatal if inhaled, ingested, or absorbed through the skin. It may also cause burns and
is extremely destructive to the eyes, skin, mucus membranes, and upper respiratory tract. W ‘ar appro-

priate gloves zmd safety glasses. Use in a chemical fume hood.

CsCl, see Cesium chloride

CTAB, 500 Cetyltrimethylammonium bromide

CuSO4, see Copper sulfate

Cysteine is im irritant to the eyes, skin, and respiratory tract. It may be harmful by inhalation, inges~
tion, or skin absorption. Wear appropriate gloves and safety glasses. Do not breathe the dust.

DEAE, see Diethylaminoethanol

DEPC, see Diethyl pyrocarbonate

Dichloromethylsilane, see Dichlorosilane  



A116 Appendix 12: Cautions

Dichlorosilane is highly flammable and toxic and may be fatal if inhaled. It is harmful by inhalation,
ingestion, or skin absorption. Wear appropriate gloves and safety goggles. Use only in a chemical fume
hood. lt reacts violently with water. Keep away from heat, sparks, and open flame. Take precautionary

measures against static discharges.

Diethylamine, NH(C2H5)2, is corrosive, toxic, and extremely flammable. It may be harmful by inhala—

tion, ingestion, or skin absorption. Wear appropriate gloves and safety glasses. Use only in a chemical

fume hood. Keep away from heat, sparks, and open flame.

Diethylaminoethanol (DEAE) may be harmful by inhalation, ingestion? or skin absorption. Wear
appropriate gloves and safety glasses. Use in a chemical fume hood.

Diethyl ether, EtZO or (C2H5)20, is extremely volatile and flammable. It is irritating to the eyes,
mucous membranes, and skin. It is also a CNS depressant with anesthetic effects. It may be harmful

by inhalation, ingestion, or skin absorption. Avoid breathing the vapors. Wear appropriate gloves and

safety glasses. Always use in a chemical fume hood. Explosive peroxides can form during storage or on
exposure to air or direct sunlight. Keep away from heat, sparks, and open flame.

Diethyl pyrocarbonate (DEPC) is a potent protein denaturant and is a suspected carcinogen. Aim
bottle away from you when opening it; internal pressure can lead to splattering. Wear appropriate

gloves and lab coat. Use in a chemical fume hood.

Diethyl sulfate (DES), (Csz)zSO4’ is a mutagen and suspected carcinogen. It is also volatile. Avoid
breathing the vapors. Wear appropriate gloves. Use in a chemical fume hood. Use screw—cap tubes for
all DES-treated cultures and mechanical pipettors to manipulate DES solutions. Dispose of all DES—

treated cultures in bleach.

N,N—Dimethylformamide (DMF), HCON(CH3)2, is irritating to the eyes, skin, and mucous mem—
branes. It can exert its toxic effects through inhalation, ingestion, or skin absorption. Chronic inhala—
tion can cause liver and kidney damage. Wear appropriate gloves and safety glasses. Use in a chemical
fume hood.

Dimethylsulfate (DMS), (CH3)2 504, is extremely toxic and is a carcinogen. Avoid breathing the

vapors. Wear appropriate gloves and safety glasses. Use only in a chemical fume hood. Dispose of solu—
tions containing dimethylsulfate by pouring them slowly into a solution of sodium hydroxide or
ammonium hydroxide and allowing them to sit overnight in the chemical fume hood. Contact the
local safety office before re-entering the lab to clean up a spill.

Dimethylsulfoxide (DMSO) may be harmful by inhalation or skin absorption. Wear appropriate

gloves and safety glasses. Use in a chemical fume hood. DMSO is also combustible. Store in a tightly
Closed container. Keep away from heat, sparks, and open flame.

Dinitrophenol (DNP) may be fatal by inhalation, ingestion, or skin absorption. Wear appropriate

gloves and safety glasses. Use only in a chemical fume hood.

Diphenyloxazole (PPO) may be carcinogenic. It may be harmful by inhalation, ingestion, or skin
absorption.Wear appropriate gloves and safety glasses. Consult the local institutional safety officer for
specific handling and disposal procedures.

Disodium citrate, see Citric acid

Dithiothreitol (DTT) is a strong reducing agent that emits a foul odor. It may be harmful by inhala—
tion, ingestion, or skin absorption. When working with the solid form or highly concentrated stocks,
wear appropriate gloves and safety glasses. Use in a chemical fume hood.

DMF, see MN—Dimethylformamide

DMS, see Dimethylsulfate

DMSO, see Dimethylsulfoxide

DNP, sec Dinitrophenol

Dry ice, 500 Carbon dioxide

~ m...“w" mm._,__
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DTT, see Dithiothreitol

EDC, soc N-Ethyl-N'—(dimethylaminopropyl)-carbodiimide

EMS, sec Ethyl methane sulfonate

Ethanol (EtOH), CHSCHZOH, may be harmful by inhalation, ingestion, or skin absorption. Wear

appropriate gloves and safety glasses.

Ethanolamine, HOCH,CH2NH2, is toxic and harmful by inhalation, ingestion, or skin absorption.

Handle with care and avoid any contact with the skin. Wear appropriate gloves and goggles. Use in ii
chemical fume hood. Ethanolamine is highly corrosive and reacts violently with acids.

Ether, sec Diethyl ether

Ethidium bromide is a powerful mutagen and is toxic. Consult the local institutional safety officer for
specific handling and disposal procedures. Avoid breathing the dust. Wear appropriate gloves when
working with solutions that contain this dye.

Ethyl acetate may be fatal by ingestion and harmful by inhalation or skin absorption. Wear appropri-
ate gloves and safety goggles. Do not breathe the dust. Use in a well—ventilated area.

N-Ethyl—N'-(dimethylaminopropyl)-carbodiimide (BBC) is irritating to the mucus membranes zmd
upper respiratory tract. It may be harmful by inhalation, ingestion, or skin absorption. Wear appro-
priate gloves and safety glasses. Handle with care.

Ethyl methane Sulfonate (EMS) is a volatile organic solvent that is a mutagen and carcinogen. it is
harmful if inhaled, ingested. or absorbed through the skin. Discard supernatants and washes contain?
i115y EMS in a beaker containing 50% sodium thiosulfate. Decontaminate all material that has come in
contact with EMS by treatment in a large volume of 10% (w/v) sodium thiosultlite. Use extreme ctui~
tion when handling. When using undiluted EMS, wear protective appropriate gloves and use in ii
chemical fume hood. Store EMS in the cold. DO NOT mouth pipette EMS. Pipettes used with undif
luted EMS should not be too warm; chill them in the refrigerator before use to minimize the volatili—
ty of EMS. All glassware coming in contact with EMS should be immersed in a large beaker of l N
NaOH or laboratory bleach before recycling or disposal.

EtOH, see Ethanol

FeCl3, see Ferric chloride

Ferric chloride, FeC] , may be harmful b inhalation, in estion, or skin zlbsor ition. Wear a i am iriate3 4 Y i l
gloves and satety glasses, Use only in a chemical fume hood.

Formaldehyde, HCOH, is highly toxic and volatile. It is also a carcinogen. It is readily absorbed
through the skin and is irritating or destructive to the skin, eyes, mucous membranes, and upper res—
piratory tract, Avoid breathing the vapors. Wear appropriate gloves and safety glasses. Always use in A
chemical fume hood. Keep away from heat, sparks, and open flame.

Formamide is teratogenic. The vapor is irritating to the eyes, skin, mucous membranes, and upper res—
piratory tract. It may be harmful by inhalation, ingestion, or skin absorption. Wear appropriate gloves
and safety glasses. Always use in a chemical fume hood When working with concentrated solutions tit
formamide. Keep working solutions covered as much as possible.

Formic acid, HCOOH, is highly toxic and extremely destructive to tissue of the mucous membranes,
upper respiratory tract, eyes, and skin. It may be harmful by inhalation, ingestion, or skin absorption.
Wear appropriate gloves and safety glasses (or face shield] and use in a chemical fume hood.

B-Galactosidase is an irritant and may cause Allergic reactions. It may be harmful by inhalation, inges—
tion, or skin absorption. Wear appropriate gloves and safety glasses.

Giemsa may be fatal or cause blindness by ingestion and is toxic by inhalation and skin absorption.
There is a possible risk of irreversible effects. Wear appropriate gloves and safety goggles. Use only in
a chemical tume hood. Do not breathe the dust.
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Glassware, pressurized must be used with extreme caution. Handle glassware under vacuum, such as

desiccators, vacuum traps, drying equipment, or a reactor for working under argon atmosphere, with

appropriate caution. Always wear safety glasses.

Glass wool may be harmful by inhalation and may cause skin irritation. Wear appropriate gloves and

mask.

Glutaraldehyde is toxic. It is readily absorbed through the skin and is irritating or destructive to the
skin, eyes, mucous membranes, and upper respiratory tract. Wear appropriate gloves and safety glass-

es. Always use in a chemical fume hood.

Glycine may be harmful by inhalation, ingestion, or skin absorption. Wear gloves and safety glasxes.
Avoid breathing the dust.

Guanidine hydrochloride is irritating to the mucous membranes, upper respiratory tract, skin, and

eyes. It may be harmful by inhalation, ingestion, or skin absorption. Wear appropriate gloves and safe—

ty glasses. Avoid breathing the dust.

Guanidine thiocyanate may be harmful by inhalation, ingestion, or skin absorption. Wear appropri—
ate gloves and safety glasses.

Guanidinium hydrochloride, sea Guanidine hydrochloride

Guanidinium isothiocyanate, see Guanidine thiocyanate

Guanidinium thiocyanate, see Guanidine thiocyanate

HjBOy see Boric acid

H3CCOONH4, see Ammonium acetate

HCl, see Hydrochloric acid

HCOH, see Formaldehyde

HSCOH, see Methanol

HCON(CH3)2, see Dimethylformamide

HCOOH, sec Formic acid

Heptane may be harmful by inhalation, ingestion, or skin absorption. Wear appropriate gloves and
safety glasses. It is extremely flammable. Keep away from heat, sparks, and Open flame.

HNO3, see Nitric acid

H202, see Hydrogen peroxide

HOCHZCHZNHZ, see Ethanolamine

HOCHzCstH, see B—Mercaptoethanol

H3P02, see Hypophosphorous acid

H3PO4, see Phosphoric acid (concentrated)

HZS, sec Hydrogen sulfide

H2504, see Sulfuric acid

Hydrazine, N2H4, is highly toxic and explosive in the anhydrous state. It may be harmful by inhala—

tion, ingestion, or skin absorption. Avoid breathing the vapors. Wear appropriate gloves, goggles, and
protective clothing‘ Use only in a chemical fume hood. Dispose of solutions containing hydrazine in
accordance with MSDS recommendations. Keep away from heat, sparks, and open flame.

Hydrochloric acid, HCl, is volatile and may be fatal if inhaled, ingested, or absorbed through the skin.
It is extremely destructive to mucous membranes, upper respiratory tract, eyes, and skin. Wear appro—

priate gloves and safety glasses. Use with great care in a chemical fume hood. Wear goggles when han—
dling large quantities.  
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Hydrogen peroxide, “202, is corrosive, toxic, and extremely damaging to the skin. it may be harmtul

by inhalation, ingestion, and skin absorption Wear appropriate gloves and satety glasses. Use only in

a chemical fume hood.

Hydrogen sulfide, HZS, is an extiemely toxic gas that causes paralysis of the respiratory center. It is

irritating7 and corrosive to tissues and may cause olfactory fatigue. Do not rely on odor to detect its
presence. Take great care when handling it. Keep HWS tanks in a chemical fume hood or in a room
equipped with appropriate ventilation. Wear appt‘opijiate gloves and safety glasses It is also very flam—
mable. Keep away from heat, sparks, and open flame.

N-Hydroxysuccinimide is an irritant and may be harmful by inhalation, ingestion, or skin absorption.

Wear appropriate gloves and safety glasses.

Hygromycin B is highly toxic and may be fatal if inhaled, ingested7 or absorbed through the skin. Wear

appropriate gloves and safety goggles. Use only in a chemical fume hood. Do not breathe the dust.

Hypophosphorous acid, H3POZ, is usually supplied as a 50% solution, which is corrosive and should

be handled with care. It should be freshly diluted immediately before use. Wear appropriate gloves and
safety glasses. Use in a chemical fume hood.

Inositol may be harmful by inhalation, ingestion, or skin absorption. Wear appropriate ghwes and

safety glasses.

IPTG, sec [sopropyl—[3-D-thiogalactopyranoside

Isoamyl alcohol may be harmful by inhalation, ingestion, or skin absorption and presents a risk of
serious damage to the eyes. Wear appropriate gloves and safety goggles. Keep away from heat, sparks,
and open flame.

Isobutanol, see Isobutyl alcohol

Isobutyl alcohol (Isobutanol) is extremely flammable and may be harmful by inhalation or ingestion.
Wear appropriate gloves and safety glasses. Keep away from heat, sparks, and open flame.

150 ro anol is irritatin Y and ma be harmful b inhalation, incestion, or skin absor wtion. Wear a ) m»b c
priate gloves and safety glasses. Do not breathe the vapor. Keep away from heat, sparks, and open flame.

Isopropyl-[5-D-thi0galactopyranoside (IPTG) may be harmful by inhalation, ingestion, or skin
absorption. Wear appropriate gloves and safety glasses

Isotope 1251 accumulates in the thyroid and is a potential health hazard. Consult the local radiation

safety office for further guidance in the appropriate use and disposal of radioactive materials. Wear
appropriate gioves when handling radioactive substances. The 1351” formed during oxidation of Nam]
is volatile. Work in an approved chemical fume hood with a charanl filter when exposing the Nam]
to oxidizing reagents such as chloramine—T, IODO-GEN, or acids. Because the oxidation proceeds very
rapidly and releases large amounts of volatile 13517 when chloramine—T is used, it is important to be
well prepared for each step of the reaction, so that the danger of contamination from volatile radia-
tion can be minimized. Shield all forms of the isotope with lead. When handling the isotope, wear (me
or two pairs of appropriate gloves, depending on the amount of isotope being used and the difficulty
of the manipulation required.

KCl, sec Potassium chloride

Ker(CN)6, sec Potassium ferricyanide

K4Fe(CN)6-3HZO, sec Potassium ferrocyanide

KH2P04/K2HPO4/K3PO4, see Potassium phosphate

KMnO see Potassium permanganate4’ *

KOH, sec Potassium hydroxide

Laser radiation, both visible and invisible, can be seriously harmful to the eyes and skin and may gen—
erate airborne contaminants, depending on the class of laser used. High—power lasers produce perma~
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nent eye damage, can burn exposed skin, ignite flammable materials, and activate toxic chemicals that

release hazardous by—products. Avoid eye or skin exposure to direct or scattered radiation. Do not stare

at the laser and do not point the laser at someone else. Wear appropriate eye protection and use suit—

able shields that are designed to offer protection for the specific type of wavelength, mode of opera—
tion (continuous wave or pulsed), and power output (watts) of the laser being used. Avoid wearing

jewelry or other objects that may reflect or scatter the beam. Some non—beam hazards include electro-
cution‘ fire, and asphyxiation. Entry to the area in which the laser is being used must be controlled and
posted with warning signs that indicate when the laser is in use. Always follow suggested safety guide
lines that accompany the equipment and contact your local safety office for further information.

LiCl, see Lithium chloride

Liquid nitrogen can cause severe damage due to extreme temperature. Handle frozen samples with
extreme caution. Do not breathe the vapors. Seepage of liquid nitrogen into frozen Vials can result in
an exploding tube upon removal from liquid nitrogen. Use vials with O—rings when possible. Wear
cryo—mitts and a face mask.

Lithium chloride, LiCl, is an irritant to the eyes, skin, mucous membranes, and upper respiratory
tract. It may be harmful by inhalation, ingestion, or skin absorption. Wear appropriate gloves and safe-

ty goggles. Use in a chemical fume hood. Do not breathe the dust.

Lysozyme is caustic to mucus membranes. Wear appropriate gloves and safety glasses.

Magnesium chloride, MgClz, may be harmful by inhalation, ingestion, or skin absorption. Wear
appropriate gloves and safety glasses. Use in a chemical fume hood.

Magnesium sulfate, MgSO4, may be harmful by inhalation, ingestion, or skin absorption. Wear appro-
priate gloves and safety glasses. Use in a chemical fume hood.

Manganese chloride, MnClz, may be harmful by inhalation, ingestion, or skin absorption. Wear

appropriate gloves and safety glasses. Use in a chemical fume hood.

MeOH or HSCOH, see Methanol

B—Mercaptoethanol (2-Mercaptoethanol), HOCHZCHZSH, may be fatal if inhaled or absorbed
through the skin and is harmful if ingested. High concentrations are extremely destructive to the
mucous membranes, upper respiratory tract, skin, and eyes. B-Mercaptoethanol has a very foul odor.
\\"ea1' appropriate gloves and safety glasses. Always use in a chemical fume hood,

MES, see 2-[N—morpholino]ethanesulfonic acid

Methanol, MeOH or H3COH, is poisonous and can cause blindness. It may be harmful by inhalation,
ingestion, or skin absorption. Adequate ventilation is necessary to limit exposure to vapors. Avoid

inhaling these vapors. Wear appropriate gloves and goggles. Use only in a chemical fume hood.

Methotrexate (MTX) is a carcinogen and a teratogen. It may be harmful by inhalation, ingestion or
skin absorption. Exposure may cause gastrointestinal effects, bone marrow suppression, liver or kid-
ney damage. It may also cause irritation. Avoid breathing the vapors. Wear appropriate gloves and safe-

ty glasses. Always use in a chemical fume hood.

N,N’~Methylenebisacrylamide is a poison and may effect the central nervous system. It may be harm—
ful by inhalation, ingestion, or skin absorption. Wear appropriate gloves and safety glasses. Do not
breathe the dust.

Methylene blue is irritating to the eyes and skin. It may be harmful by inhalation, ingestion, or skin
absorption. Wear appropriate gloves and safety glasses.

Methylmercuric hydroxide is extremely toxic and may be harmful by inhalation, ingestion, or skin
absorption. It is also volatile. Therefore, carry out all manipulations of solutions containing concen—
trations of methylmercuric hydroxide in excess of 10’2 M in a chemical fume hood and wear appro—
priate gloves when handling such solutions. Treat all solid and liquid wastes as toxic materials and dis-
pose of in accordance with MSDS recommendations.

1» w—p-mmm- -......_. N, W ._.~,-~..  
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MgClz, see Magnesium chloride

MgSO4, sue Magnesium sulfate

2-[N-morpholino]ethanesulfonic acid (MES) may be harmful by inhalation, ingestion, or skin
absorption. Wear appropriate gloves and safety glasses.

3-(N-Morpholino)-pr0panesulf0nic acid (MOPS) may be harmful by inhalation, ingestion‘ or skin
absorption. It is irritating to mucous membranes and upper respiratory tract. Wear appropriate gloves
and safety glasses. Use in a chemical fume hood.

MnClZ, sec Manganese chloride

MOPS, see 3—(N—Morpholino)-propanesulfonic acid

MTX, see Methotrexate

NaF, see Sodium fluoride

NaZHPO4, see Sodium hydrogen phosphate

NaN3, see Sodium azide

NaNO3, see Sodium nitrate

NaOH, sec Sodium hydroxide

N2H4, see Hydrazine

NH4C1, see Ammonium chloride

(NH4)6M07024-4H20, sec Ammonium molybdate

NH4OH, sea Ammonium hydroxide

(NH4)ZSO4, sec Ammonium sulfate

(NH458208, sec Ammonium persulfate

Nickel sulfate, NiSO4, is a carcinogen and may cause heritable genetic damage. It is a skin irritant and
may be harmful by inhalation, ingestion, or skin absorption. Wear appropriate gloves and safety glass~
es. Use in a chemical fume hood. Do not breathe the dust.

NiSO4, see Nickel sulfate

Nitric acid, HNOs, is volatile and must be handled with great care. It is toxic by inhalation, ingestion,
and skin absorption. Wear appropriate gloves and safety goggles. Use in a chemical fume hood. Do not
breathe the vapors. Keep away from heat, sparks, and open flame.

PEG, see Polyethyleneglycol

Perchloric acid may be fatal by inhalation, ingestion, or skin absorption. Wear appropriate gloves And
safety glasses. Use only in a chemical fume hood.

Phenol is extremely toxic, highly corrosive, and can cause severe burns. It may be harmful by inhala-
tion, ingestion, or skin absorption. Wear appropriate gloves, goggles, and protective clothing. Always
use in a chemical fume hood. Rinse any areas of skin that come in contact with phenol with 21 large
volume of water and wash with soap and water; do not use ethanol!

Phenylmethylsulfonyl fluoride (PMSF), C7H7FOZS or CGHSCHZSOZF, is a highly toxic cholinesterase
inhibitor. It is extremely destructive to the mucous membranes of the respiratory tract, eyes‘ and skin.
It may be fatal by inhalation, ingestion, or skin absorption. Wear appropriate gloves and safety glass—
es. Always use in a chemical fume hood. In case of contact, immediately flush eyes or skin with copi-
ous amounts of water and discard contaminated clothing.

Phosphoric acid, H3P04, is highly corrosive and may be harmful by inhalation, ingestion, or skin
absorption. Wear appropriate gloves and safety glasses.  
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Piperidine is highly toxic and is corrosive to the eyes, skin, respiratory tract, and gastrointestinal tract.
It reacts violently with acids and oxidizing agents and may be harmful by inhalation, ingestion, or skin

absorption. Do not breathe the vapors. Keep away from heat, sparks, and open flame. Wear appropri-
ate gloves and safety glasses. Use in a chemical fume hood.

PMSF, see Phenylmethylsulfonyl fluoride

Polyacrylamide is considered to be nontoxic, but it should be treated with care because it may con—

tain small quantities of unpolymerized material (see Acrylamide).

Polyethyleneglycol (PEG) may be harmful by inhalation, ingestion, or skin absorption. Avoid inhala—
tion of powder. Wear appropriate gloves and safety glasses.

Polyvinylpyrrolidone may be harmful by inhalation, ingestion, or skin absorption. Wear appropriate
gloves and safety glasses. Use in a chemical fume hood.

Potassium cacodylate, see Cacodylate

Potassium chloride, KC], may be harmful by inhalation, ingestion, or skin absorption Wear appro-

priate gloves and safety glasses.

Potassium ferricyanide, K3Fe(CN)6, may be fatal by inhalation, ingestion, or skin absorption. Wear

appropriate gloves and safety glasses. Always use with extreme care in a chemical fume hood. Keep

away from strong acids.

Potassium ferrocyanide, K4Fe(CN)6-3H20, may be fatal by inhalation, ingestion, or skin absorption.

Wear appropriate gloves and safety glasses. Always use with extreme care in a chemical fume hood.
Keep away from strong acids.

Potassium hydroxide, KOH and KOH/methanol, can be highly toxic. It may be harmful by inhala—
tion, ingestion, or skin absorption. Solutions are caustic and should be handled with great care. Wear
appropriate gloves.

Potassium permanganate, KMnO4, is an irritant and a strong oxidant. It may form explosive mixtures

when mixed with organics. Use all solutions in a chemical fume hood. Do not mix with hydrochloric
acid.

Potassium phosphate, KH2P04/K2HPO4/K3PO4, may be harmful by inhalation, ingestion, or skin
absorption. Wear appropriate gloves and safety glasses. Do not breathe the dust. KZHPO4 - 3HJO is

dilmsic and KHZPO4 is monolmsif.

PPO, sec Diphenyloxazole

Probe DNA or RNA, see Radioactive substances

Proteinase K is an irritant and may be harmful by inhalation, ingestion, or skin absorption. Wear
appropriate gloves and safety glasses.

Putrescine is flammable and corrosive and may be harmful by inhalation, ingestion, or skin absorp—
tion. Wear appropriate gloves and safety glasses. Keep away from heat, sparks, and open flame.

Radioactive substances: When planning an experiment that involves the use of radioactivity, consid—

er the physico-chemical properties of the isotope (half—life, emission type, and energy), the chemical
form of the radioactivity, its radioactive concentration (specific activity), total amount, and its chem—

ical concentration. Order and use only as much as needed. Always wear appropriate gloves, lab coat,

and safety goggles when handling radioactive material. X-rays and gamma rays are electromagnetic
waves of very short wavelengths either generated by technical devices or emitted by radioactive mate-
rials. They might be emitted isotropically from the source or may be focused into a beam. Their poten—
tial dangers depend on the time period of exposure, the intensity experienced, and the wavelengths
used. Be aware that appropriate shielding is usually made of lead or other similar material. The thick-
ness of the shielding is determined by the energy(s) of the X—rays or gamma rays. Consult the local
safety office for further guidance in the appropriate use and disposal of radioactive materials. Always  
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monitor thoroughly after using radioisotopes. A convenient calculator to perform routine radioactiy—

ity calculations can be found at:

http://\\ww.graphpad.com/calculators/radcalc.cfm

S-Adenosylmethionine is toxic and may be harmful by inhalation, ingestion, or skin absorption. Wear

appropriate gloves and safety glasses. Use in a chemical fume hood. Do not breathe the dust.

SDS, see Sodium dodecyl sulfate

Silane may be harmful by inhalation, ingestion, or skin absorption. It is extremely flammable. Keep

away from heat, sparks, and open flame. The vapor is irritating to the eyes, skin, mucous membranes,

and upper respiratory tract. Wear appropriate gloves and safety glasses. Always use in a chemical fume
hood.

Silica is an irritant and may be harmful by inhalation, ingestion, or skin absorption. Wear appropriate
gloves and safety glasses. Do not breathe the dust.

Silver nitrate,AgNO3, is a strong oxidizing agent and should be handled with care. It may be harmful
by inhalatiom ingestion, or skin ab501'ption.Ayoid contact with skin. Wear appropriate gloves and safe-

ty glasses. It can cause explosions upon contact with other materials.

Sodium acetate, sec Acetic acid

Sodium azide, NaNj, is highly poisonous. It blocks the cytochrome electron transport system,
Solutions containing sodium azide should be clearly marked. It may be harmful by inhalation, inges-

tion, or Skin absorption. Wear appropriate gloves and safety goggles and handle it with great care

Sodium cacodylate may be carcinogenic and contains arsenic. It is highly toxic and may be fatal by
inhalation, ingestion, or skin absorption. It also may cause harm to the unborn child. Effects of con-

tact or inhalation may be delayed. Do not breathe the dust. Wear appropriate gloves and safety gog-

gles. Use only in a chemical fume hood. See also Cacodylate.

Sodium citrate, see Citric acid

Sodium dodecyl sulfate (SDS) is toxic‘ an irritant, and poses a risk of severe damage to the eyes. It may

be harmful by inhalation, ingestion, or skin absorption. Wear appropriate gloves and safety goggles.
Do not breathe the dust.

Sodium fluoride, NaF, is highly toxic and causes severe irritation. It may be fatal by inhalation, inges—

tion, or skin absorption. Wear appropriate gloves and safety glasses. Use only in a chemical fume hood.

Sodium hydrogen phosphate, NaZHPO4, (sodium phosphate, dibasic) may be harmful by inhalation,
ingestion, or skin absorption. Wear appropriate gloves and safety glasses. Use in a chemical fume hood.

Sodium hydroxide, NaOH, and solutions containing NaOH are highly toxic and caustic and should

be handled with great care. Wear appropriate gloves and a face mask. All concentrated bases should be
handled in a similar manner.

Sodium nitrate, NaNOZ, is irritating to the eyes, mucous membranes, upper repiratory tract, and skin.

It may be harmful by inhalation, ingestion, or skin absorption. Wear appropriate gloves and safety
glasses and always use in a chemical fume hood. Keep away from acids.

Sodium nitrate, NaNO3, may be harmful by inhalation, ingestion, or skin absorption. W’ar appropri—
ate gloves and safety glasses. Use in a chemical fume hood.

Sodium pyrophosphate is an irritant and may be harmful by inhalation, ingestion, or skin absorption.
Wear appropriate gloves and safety glasses. Do not breathe the dust.

Sodium salicylate is an irritant and may be harmful by inhalation, ingestion, or skin absorption. Wear

appropriate gloves and safety glasses. Do not breathe the dust.  
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Spermidine may be corrosive and harmful by inhalation, ingestion, or skin absorption. Wear appro-
priate gloves and safety glasses. Use in a chemical fume hood.

Streptomycin is toxic and a suspected carcinogen and mutagen. It may cause allergic reactions. It may
be harmful by inhalation, ingestion, or skin absorption. Wear appropriate gloves and safety glasses.

Sulfuric acid, HZSO4, is highly toxic and extremely destructive to tissue ofthe mucous membranes and

upper respiratory tract, eyes, and skin. It causes burns and contact with other materials (e.g., paper)

may cause fire. Wear appropriate gloves, safety glasses, and lab coat. Use in a chemical fume hood.

SYBR Green I/Gold is supplied by the manufacturer as a 10,000-fold concentrate in DMSO which
transports chemicals across the skin and other tissues. Wear appropriate gloves and safety glasses and

decontaminate according to Safety Office guidelines. See DMSO.

TCA, see Trichloroacetic acid

TEMED, see N,N,N ',N '-Tetramethylethylenediamine

Tetracycline may be harmful by inhalation, ingestion, or skin absorption. Wear appropriate gloves and
safety glasses and use in a chemical fume hood. Solutions of tetracycline are sensitive to light.

N,N,N ',N '-Tetramethylethylenediamine (TEMED) is extremely destructive to tissues of the mucous
membranes and upper respiratory tract, eyes, and skin. Inhalation may be fatal. Prolonged contact can

cause severe irritation or burns. Wear appropriate gloves, safety glasses, and other protective clothing.
Use only in a chemical fume hood. Wash thoroughly after handling. Flammable: Vapor may travel a
considerable distance to source of ignition and flash back. Keep away from heat, sparks, and open flame.

TFA, see Trifluoroacetic acid

Thiourea may be carcinogenic and may be harmful by inhalation, ingestion, or skin absorption. Wear
appropriate gloves and safety glasses. Use in a chemical fume hood.

Tissues (human), sec Blood (human) and blood products

Trichloroacetic acid (TCA) is highly caustic. Wear appropriate gloves and safety goggles.

Trichlorotrifluoroethane may be harmful by inhalation, ingestion, or skin absorption. Wear appro—
priate gloves and safety goggles. Use in a chemical fume hood. Keep away from heat, sparks, and open
flame.

Trifluoroacetic acid (TFA) (concentrated) may be harmful by inhalation, ingestion, or skin absorp-
tion. Concentrated acids must be handled with great care. Decomposition causes toxic fumes. Wear

appropriate gloves and a face mask. Use in a chemical fume hood.

Tris may be harmful by inhalation, ingestion, or skin absorption. Wear appropriate gloves and safety
glasses.

Triton X-100 causes severe eye irritation and burns. It may be harmful by inhalation, ingestion, or skin
absorption. Wear appropriate gloves and safety goggles.

Trypan blue may be a carcinogen and may be harmful by inhalation, ingestion, or skin absorption. Do
not breathe the dust. Wear appropriate gloves and safety glasses.

Tryptophan may be harmful by inhalation, ingestion, or skin absorption. Wear appropriate gloves and
safety glasses.

Urea may be harmful by inhalation, ingestion, or skin absorption. Wear appropriate gloves and safety
glasses.

UV light and/or UV radiation is dangerous and can damage the retina of the eyes. Neyer look at an
unshielded UV light source with naked eyes. Examples of UV light sources that are common in the
laboratory include hand—held lamps and transilluminators. View only through a filter or safety glass-
es that absorb harmful wavelengths. UV radiation is also mutagenic and carcinogenic. To minimize
exposure, make sure that the UV light source is adequately shielded. Wear protective appropriate
gloves when holding materials under the UV light source.

, m. mmmvmv—n—a— - -- A -—  
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Valine may be harmful by inhalation, ingestion, or skin absorption. Wear appropriate glows and sale-
[y glasses.

X-gal may be toxic to the eyes and skin. Observe general cautions when handling the powder. Note

that stock solutions of ngal are prepared in DMF, an organic solvent. For details, see N,N-dimethyl—

formamide. See also S-Bromo-4—chloro—3-indolyl—B-D-galactopyranoside (BCIG).

X-rays, 500 Radioactive substances

Xylene is flammable and may be narcotic at high concentrations. It may be harmful by inhalation,
ingestion, or skin absorption. W‘ar appropriate gloves and safety glasses‘ Use only in a chemical fume
hood. Keep away from heat, sparks, and open flame

Xylene cyanol, see Xylene

Zinc chloride, ZnClz, is corrosive and poses possible risk to the unborn child. It may be harmful by
inhalation, ingestion, or skin absorption. Wear appropriate gloves and safety glasses. Do not breathe
the dust.

ZNC12,5cc Zinc chloride

Zymolase may be harmful by inhalation, ingestion, or skin absorption. Wear appropriate gloves and
safety glasses.
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Appendix 13
 

Suppliers

Commercial sources and products have been included in the text for the user’s convenience and

should not necessarily be construed as an endorsement by the authors. With the exception of

those suppliers listed in the text with their addresses, all suppliers mentioned in this manual can

be found in thc BioSupplyNet Source Book and on the Web Site at:

http://mvw.biosupplynet.com

It" a copy of BioSupplyN’r SOINCC Book was not included with this manual, A free copy can he

ordered by using, any of the following methods:

0 Complete the Free Source Book Request Form found at the “Get the Sourw Book" link on the

Web Site:

http://www.biosupplynet.c0m

0 E—mail a request to info®hi05upplynet.com

0 Fax a request to 631—370—8808

AI3.1
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Trademarks

Products mentioned in this book that may be trademarked or registered—trademarked are listed

on the www.MolecularC]0ning.com Web Site for informational purposes only. Any trademarks

or names being used are for editorial purposes only, with no intention of infringing upon that

trademark. CSHL Press has provided and will continue to provide, to the best of our ability, accu—

rate and up—to-date information on its Web Site. However, all registered trademarks and service—

marks are the property of their respective owners, and are listed on the Web Site solely for iden-

tification or description of the applicable goods and services. Therefore, please consult individ‘

ual manufacturers and other resources for current and specific product information.

A14.1

 





APPENDIX REFERENCES

mil (.. and Burst P. 1972. The gel electrophoresis of DNA.
Im'un‘lum. Bmpln’s. Ann 269: 192—200.

\L1dl]1.\:\.,(10115L111111g1),K211St‘1‘(:..(111dSICill‘nST. 1998. Methods
111 111151 gcnetirs: A lulnmzlm‘)’ course manual. (fold Spring
Harbor [Albumtory Press, Cold Spring Harbor, New York.

Adams .\1.1).. (jehliker S.H., Holt R.A., Evans C.A., Gocayne 1.11,
:\nmndtides P.(}., Scherer 8.1L, U P.\\"., Hoskins R.A., Galle
R1, ct Al. 2000. The genome sequence of Drosophila
lllt'hlnngush’r, Suivna’ 287: 2 1 85—2 1 95.

\1\erslmm B. and BjOrck L. 1986. A physicochemical study of
protem (1, a molecule with unique innnunoglolmlin G-bind—
ing properties. 1. Biol. Chem. 261: 10240—10247.

. 1989. Protein 1.1 An immunoglobulin light chain-binding
hacterial protein. Characterization of binding and physico—
chemlctll properties. /. Biol. Chem. 264: 19740—19746.

.\1\crstmm l1..Brodin'1'.,Reis K., and 1310er L. 1985. Protein G: A
powerful tool for binding and detection of monoclonal and
polyclonal antibodies. 1. lmmunol. 135: 2589—2592.

;\11e1’s 1.1, Salentiin E.M., Krem F.A., and Rouwendal (3.1. 1990.
Optimi/Jtitm of lmn—rzuhouctive Southern blot hybridiza—
tion: Single cop) detection and reuse of blots. Nut‘lcif Auds
Rm”. 18: 3099—3100.

Allen 11.13. and Loose L1). 1976. Phagocytic activation of a lumi—
nol‘depcndent chemiluminescence in rabbit alveolar and
peritoneal macrophages. Biochwu. Biophys. Res. Connmm.
69: 2457252.

\Ilt>\my ].l.. 1932. The transformation in vitro ofR pneumococci
into 5 forms of different specific types by the use of filtered
pneumococcus extracts. 1. Exp. Med. 55: 91—99.

. 1933. Further observations on the use of pneumococcus
extracts in effecting transformation of type in vitro. 1. Exp.
.\IL'11. 57: 2657278.

.\Im R.;\., Ling l .—S.. Moir D.T., King 8.1... Brown E.D., Doig P.C.,
Smith l).R., Noonan B.,(}ui1d B.(I., delonge 3.1... el al. 1999.
(1em>mic~scquence comparison of two unrelated isolates of
the human gastric pathogen Helifobacter pylori (erratum
. hmrv 11999] 397: 719). Nature 397: 176-180.

.\1tm.hu1 5.13. and Gish W. 1996. Local alignment statistics.
3101110115 Ifuzymol. 266: 460—480.

.\lt.schul S11, Gish W, Miller W., Myers E.W., and Lipman DJ.
1990. Basic local alignment search too]. 1. M01. Bio]. 215:
403—410.

.\Itschul 8.11, Madden T.1.., Schaffer A.A., Zhang J.. Zhang Z.,
Miller W, and l,ipman DJ. 1997. Gapped BLAST and P51-
BIAS'I: A new generation of protein database search pro-
grams. 1\’m‘[cu'/\cids Res. 25: 3389—3402.

Anderson 8. 1981. Shotgun DNA sequencing using cloned DNase
l-genemted fragments. Nucleic Adds Res. 9: 3015—3027.

Andersmn 8.(}., Zamorotfipour A., Andersson 1.0., Sicheritz—
I’omen 'l'.. Alsmurk U.(Z., Podowski R.M., Néislund A.K.,
liriksson .»\.~S., Winklcr H.H., and Kurland (?.G. 1998. The
genome sequence of Rickcllsia prowazckii and the origin of
mitoclmndria. Nature 396: 133—140.

.»\pplc)urd 11.1; 1954. Segregatmn of new 1ysogem'c types during
growth 01a doubly lysogcnic strain derived from Escherichia
(011 K12. (icm’lirs 39: 440—452.

kaAWJ H., Mdeda M., and Tsuji A. 1982. Chemiluminescence
emyme immunoassay of 17 a-hydroxyprogesterone using
glucose oxidase and bis(2,4,6-trichlorophenylJoxalate: fluo—
rexcent dye syfitsm. Chem. Pharm. Bull. 30: 3036—3039.

\rher\\’..Enquixt1...H0hnB.,MurrayN.E.,and Murray K. 1983.

4ppendiqutérences R.1

Experimental methods for use with lambda. ln Lambda 1!
(ed. R.W. Hendrix et al.), pp. 433—466. Cold Spring Harbor
Laboratory, Cold Spring Harbor, New York.

Arnold 1r.. L.]., Hammond P.W., Wiesc \\'.A., and Nelson NC.

1989. Assay formats involving acridinium-ester—labeled DNA
probes. Clin. Chem. 35: 158871594.

Avery O.T.. McLeod (Z.M., and McCarty M. 1944. Studies on the

chemical nature ofthe substance inducing transformation of
pneumococcal types. Induction of tmnstbmmtion by a des—

oxyribonucleic acid fraction isolated from pneumococcus
type 111. ]. Exp. Med. 79: 137—158.

Backman K. 1980.A cautionary note on the use ofcermm restric-

tion endonucleases with methylated substrates. Gene 11:
169—171.

Bailey 1.1. 1995. “Discovering motifs in DNA and protein
sequences: The approximate common substring problem.“

PhD. thesis, University of California, San Diego.

Bailey T.L. and Elkan C. 1994. Fitting a mixture model by expecA
tation maximization to discover motifs in hiopolymers. Ismb
21: 28-36.

—~——». 1995. Unsupervised learning of multiple motifs in
biopolymcrs using EM. Mach. Learn. 21: 51—80.

Bailey T.L. and Gribskov M. 1998. Methods and statistics for
combining motif match searches. I. (fomput, Biol. 5: 211—

221.

Baiorath ]., Hinrichs W., and Sacngcr W. 1988, The enzymatic
activity of proteinasc K is controlled by calcium. Eur. J.
Biochem. 176: 441—447.

Bajorath 1, Raghunathan S., Hinrichs W,, amd Saenger W. 1989.

Long—range structural changes in proteinase K triggered by
calcium ion removal. Nature 337: 481—484.

Baker W., van den Broek A., Camon E., Hingamp P., Stark P.,
Stoesser G., and Tuli MA. 2000. The EMBL Nucleotide
Sequence Database. Nucleic Adds Res. 28: 19—23.

Baldwin T.O., Berends T., Bunch T.A.,H01zman T.F., Rausch S.K.,
Shamansky [.., Treat M.L., and Ziegler MM. 1984. Cloning
of the luciferase structural genes from Vibrio harveyi and
expression of bioiuminescencc in Esvherichia mii. Bioclwnns—
try 23: 3663—3667.

Barany F. and Gelfand DH. 1991. Cloning, overexpression and
nucleotide sequence of a thormostahlc DNA hgase—encoding
gene. Gene 109: 1411.

Baret A. and Fert V. 1990. T4 and ultrasensitive TSH immunoas—
says using luminescent enhanced xanthine oxidase assay. 1.
Biolumin. Chemilumin. 4: 149—153.

Baret A., Fert V., and Aumaille I. 1990. Application 0111 long~term
enhanced xanthine oxidase-induced luminescence in solid—
phase immunoassays. Anal. Biathem. 187: 20—26.

Bassam B.1., Caetano-Anollés G., and Gresshoff RM. 1991. Fast
and sensitive silver staining of DNA in polyacrylamide gels.
Anal. Bt’oclzem. 196: 80—83.

Bateman A., Birney E., Eddy S.R., Finn R.D., and F..L.
Sonnhammer, 1999. Pfam 3.1: 1313 multiple alignments
match the majority of proteins. Nzu'lcu‘ Acids Res. 27: 260—
262.

Bateman A., Birney F.., Durbin R., Eddy SR, Howe K.L., and
Sonnhannner EL. 2000. The Pfam protein families database.
Nucleic Acids Res. 28: 263—266.

Baughman G. and Howell SH. 1988. Cauilflowcr mosaic virus
355 RNA leader region inhibits translation of downstream
genes. Virology 167: 125435.  



R.2 Appendix Rejérences

151mm (1.11. Holiday E.R., and Johnson EA. 1955. Optical prop—
erties. of nudeic acids and their components. In Thv nucleic
1111113‘ (ad. I-.. (fhargaffand 1.N. Davidson ), vol. 1, pp. 493—553.
Academic Press. New York.

11ch S. and K(1ster H. 1990. Applications of dioxetanc chemilu—
mincxcnt probes to molecular biology (erratum Anal.

(f11c111. 119911 63: 84811411111. Chem. 62: 2258—2270.

Beck 51. O'Keeffe '1’., Coull 1M, and Kbster H. 1989. Chemilumi-
ncscent detection of DNA: Applicatlon for DNA sequencing
and hybridization. Nucleic Acids Res. 17: 5115— 5123.

801 A.K. 11nd Mahbubani M11. 1994. Thermostable DNA poly—
merases for 111 vilro DNA amplifications. ln PCR technology:
(711110111 innovations (ed. H.G. Griffin and AM. Griffin), pp.
219—238. (111C Press, Boca Raton,F10rida.

1111.15 1L, Milchzlm A., Cohn D., Hilmen M., Simon M., and

Silverman M. 1982. Bacterial luminescence: Isolation and
cxprmaion of the Iuciferase genes from Vibrio harveyi.
81101100 218: 791—793.

Benncwcn 1.1.. and 111111 15.1). 1982. Codon selection in yeast. 1.
131111. (7110111. 257: 3026—3031.

Bcnsaudc O. 1988. Ethidium bromide and safety — Readers sug—
gest alternative solutions (letter). Trends Genet. 4: 89—90.

Berger 5.1... Wallace I).M., Puskas R.S., and Eschenfeldt W.H. 1983.
Reverse traltscriptdse and its associated ribonuclease H:
Interplay 01 two enzyme activities controls the yield of single—
strundcd complementary deoxyribonucleic acid. Biochemistry
22: 2365—2372.

BcrkA.1.and Sharp RA. 1977. Sizing and mapping of early aden—

nvirus mRNAs by gel electrophoresis of SI endonudease—
digested hybrids. Cell 12: 721—732,

Hcrkncr K.l.. and Folk W.R. 1977. Polynucleotide kinase exchange
reaction. Quantitative assay for restriction endonuclease—
generated 5‘»phosphoryl termini in DNAs. 1. Biol. Chem.
252: 3176~3184.

Bcrnmn H.M., Zardecki (L, and Westbrook 1. 1998. The nucleic

acid database: A resource for nucleic acid science. Acta
(frysmllogr. Sect. 1) Biol. Crystallogr. 54: 1095—1104.

Bcrmdn H.M., “Estbrook 1., Feng Z., Gilliland G., Bhat T.N.,

Wcissig, H., Shindyalov I.N., and Bourne RE. 2000. The

l’mtcin Data Bank. Nucleic Acids Res. 28: 235—242.
Bcrndrdi (1. 1961. Chromatography of native deoxyribonucleic

acid on calcium phosphate. Biochem. Biophys. Res. (301111111111.
6: 54—57.

. 1965. Chromatography of nucleic acids on hydroxyap—

atitc. N11111rc206: 779—783.

Bcrndrdi (1. and Bcrnardi (1. 1986. Compositional constraints
and genome evolution. 1. Mol. Evol. 24: 1—1 I.

Bernardi (1. and Timasheff SN. 1961. Chromatography of

Ehrlich ascites tumor cell high molecular weight ribonucleic
acid on calcium phosphate. Biochem. Biophys. Res. Commun.

6: 58—61.

Bcrnardi A., Gailldrd C., and Bernardi G. 1975. The specificity of
five DNAscs as studied by the analysis of 5’ terminal dou-

blet». Eur. 1. 13101118111. 52: 451—457.

Borldni (1. 11nd Wciglc 1.1. 1953. Host controlled variation in bac—

terial viruses. 1. Bacterial. 65: 113—121.
Bct/cl (L, PA] (1.1’., and Saenger W. 1988. Three—dimensional

structurc 01 proteinasc K at 0.15nm resolution. E111. I.

151011111111. 178: 155—171.
Bicklc 'I'.A. 1987. DNA restriction and modification systems. In

1‘.)Cht.‘1'1(h1'd (011 111111 Salmonella typhimurium: Cellular and
111111111111”- 1110111g)’ (Cd. F.(). Neidhardt at 211.1, vol. 1, pp,
(192—697. American Society for Microbiology, Washington.

1).( 1.

- mmlwn n... w...”

Bierwerth S., Kahl G., Weigand E, and Weising K. 1992. Oligonu—

cleotide fingerprinting of plant and fungal genomes: A com—

parison of radioactive, colorigenic and chemiluminescent

detection methods. Electrophoresis 13: 1 15—122.

Bird AP. and Southern EM, 1978. Use of restriction enzymes to

study eukaryotic DNA methylation. 1, The methylation pat—

tern In ribosomaIDNA from Xenopus laews. ]. Mol. Biol. 118:

27—47.

Bird AP, Taggart M., Frommer M., Miller 0.1., and Macleod 1).

1985. A fraction of the mouse genome that is derived from

islands of nonmethylated, CpG-rich DNA. (?1’1140: 91~99.

Birren B., Green E..D., I(Iapholz S., Myers R.M., and Roskdms 1.

1997. Genome analysix A laboratory 111111111111. vol. 1.A1zalyzi11g

DNA (ed ED. Green et 211.1. Cold Spring Harbor Laboratory

Press, Cold Spring Harbor, New York.

Bitler B. and McElroy W.D. 1957. The preparation and purifica-

tion of crystalline firefly luciferase. Arch. Biochwn. Biophys.

72: 358—368.
Bjerrurn 0.1. and Schafer-Nielsen C. 1986. Buffer systems and

transfer parameters for semidry electroblotting with a hori»

zontal apparatus. In Electrophoresis ‘86: Proceedings ofthe 5111

Meeting of the International Electrophorenfi Society (ed. M].
Dunn), pp. 315—327. VCH Publishers, Deerfield Beach.
Florida.

Bjerrum 0.1., Larsen K.P., and Heegaard NH. 1988. Non—apecific
binding and artifacts—specificity problems and troubleshoot-
ing with an atlas of immunoblotting artifacts. In CRC 11111111—
book of immunoblotting ofproteins: Techniml descriptions (ed.
0.1. Bjerrum and NH. Heegaard). vol. 1, pp. 227—254. CRC
Press, Boca Raton, Florida.

Bjérck L. 1988. Protein L: A novel bacterlal cell wall protein with

affinity for IgL chains. 1. 1111111111101. 140: 1194—1197.

Bjérck L. and Kronvall G. 1984. Purification and some properties
of streptococcal protein G, a novel IgG-binding reagent. 1.

1111111141101. 133: 969—974.

Bjérck, L., Kastern W., Lindahl G., and Wideback K. 1987. Strepto-
coccal protein G, expressed by streptococci or by Escherichia

coli, has separate binding sites for human albumin and IgG.

M01. 1111111111101. 24: 1113—1122.

Blackburn P., Wilson G., and Moore S. 1977. Ribonuclease

inhibitor from human placenta. Purification and properties.

1. Biol. Chem. 252: 5904—5910,

Blake C.C.F., Johnson L.N., Mair G.A., North A.C.T., Phillips

DC, and Sarma V.R. 1967. Crystallographic studies of the
activity of hen egg—white lysozyme. Proc. R. Soc. Lond. B Biol.
Sci. 167: 378—388.

Blake M.S., Johnston K.H., Russell-Iones G1, and Gotschlich

EC. 1984. A rapid, sensitive method for detection of alkaline

phosphatase—conjugated anti-antibody on Western blots.
Anal. Biochem. 136: 175—179.

B1attner F.R.,P1unkett 111, G., Bloch C.A., Perna N.T., Burland V.,
Riley M., CoIIado—Vides 1., Glasner 1.D., Rode (I.K., Mayhew

G.F.. et al. 1997. The complete genome sequence of

Escherichia coli K—12.Science 277: 1453—1474.
Bodenteich A., Chissoe S., Wang Y.—F., and Roe B.A. 1994.

Shotgun cloning as the strategy of choice to generate tem-

plates for high—throughput dideoxynucleotide sequencing. In
Automated DNA sequencing and analy5i5 (ed. MD. Adams et
211.1, pp. 42—50. Academic Press, San Diego, California.

Bolivar F. and Backman K. 1979. Plasmids of Esdwrichin coli as

cloning vectors. Methods Enzymol. 68: 245—267.
Bolivar F., Rodriguez R.L., Green P.1., Betlach M.(I., Heynekcr

H.L., Boyer I—I.W., Crosa 1.H., and Falkow S. 1977.

Construction and characterization of new cloning vehicles.

 



11. A multipurpose cloning system. Gene 2: 95—113.
1101111111 F1 1974. '1‘erminal deoxynucleotidyl transferase. In The

msymw. 3rd edition (ed. PD. Boyer), vol. 10, p. 145.
Academic Press, New York.

Bolton A1. and WM. Hunter. 1973. The labelling of proteins to
high specific radioactivities by conjugation to a 151~contain—
ing acylating agent. Biochem. J. 133: 529—539.

Bonhoeffer S., McCaskilI ].S., Stadter P.F., and Schuster P. 1993.
RNA multistructure landscapes. Biophys. /. 22: 13—24.

Bonner WM. and Laskey RA 1974. A fi1m detection method for
tritium-Iabelled proteins and nucleic acids in polyacry-
lamidc gels. Eur. [. Biochem. 46: 83—88.

Borck K., Beggs 1.1)., Brammar W.J., Hopkins A.S., and Murray
N15. 1976. The construction in vitro of transducing deriva—
tives of phage 1ambda. M01. Gen. Genet. 146: 199—207.

Borodovsky M. and Mclnich J. 1993. GeneMark: Parallel gene
recognition for both DNA strands. Comput. Chem. 17:

123—1 33.

Bouvet 1.1). 1994. Immunoglobin Fab fragment—binding proteins.
Int. /. 1m1mmoplmrmacol. 16: 419—424.

Bowman R.A., O‘Neil (1.1... and Riley TV. 1991. Non-radioactive

restrictinn fragment length polymorphism (RFLP) typing of
(flostridmm dificile. FEMS Microbiol. Lett. 63: 269—272.

Buyer H.W. and Roulland—Dussoix D. 1969. A complementation
analysis of the restriction and modification of DNA in
ifn‘ht’rit‘hia (oli. 1. Mol. Biol. 41: 459—472.

Boylan .‘\1., Pelletier 1., and Meighen E.A. 1989. Fused bacterial
Iucifemse subunits catalyze light emission in eukaryotes and

prokaryotes. I. Biol. Chem. 264: 1915—1918.

Boyle M.D.P. 1990. Baderial inzmunog/obin-binding proteins.
Academic Press, San Diego, California.

Boyle A’1.D.P. and Reis KJ. 1987. Bacterial Fc—receptors.

Biu/li‘t‘lmology 5: 697—703.
Bmxwrmdn (L, Mendecki J” and Lee 5X. 1972. A procedure for

the isolation of mammalian messenger ribonucleic acid.
Biochemistry 11:637—641.

Brent R. and Ptashne M. 1981. Mechanism of action of the lexA

gene product. Proc. Natl. Acad. Sci. 78: 4204—4208.

Brickman E. and Beckwith J. 1975. Analysis of the regulation of
1:51'lzt’r‘ic/1ia coli alkaline phosphatase synthesis using dele—
tiom and phi80 transducing phages. 1. Mol. Biol. 96:
307—316.

Britten 1L]. and Kohne D.E. 1966. Nucleotide sequence repetition.
(jumegiv Inst. 1111511. Your Book 65: 78—106.

. 1967. Repeated nucleotide sequences. Carnegie Inst. Wash.

1171115001: 66: 73—88.

. 1968. Repeated sequences in DNA. Hundreds of thou—
mnds of copies of DNA sequences have been incorporated
into the genomes of higher organisms. Science 161: 529—540.

Britten R.L. Graham 1).E., and Neufeld B.R. 1974. Analysis Of

I'Cpedting DNA sequences by reassociation. Methods Enzymol.
29: 363—418.

Hmmtein 1. 1990. Chemiluminescem 1,2—dioxetane-based
enzyme substrates and their applications. In Luminescence
inmuumassays and moleadar applications (ed. K. Van Dyke
and R. Van Dyke), pp. 255—274. CRC Press, Boca Raton,
Florida.

Bronstcin 1. and Krickd LJ. 1989. Clinical applications 0f1umi~

nascent assays for enzymes and enzyme labels. ]. Clin. Lab.
Anal. 3: 316—322.

Bmmtcin 1. and McGrath P. 1989. Chemi1uminescence lights up.
Nature 338: 599—600.

Bronstcin 1. and \’oyt.1 ].C. 1989. Chemiluminescent detection of

hcrpm simplex virus 1 DNA in blot and in situ hybridization

Appendix References R.3

assays. Clin. Chem. 35: 1856—1860.
Bronstein 1., Edwards 8, and Voyta ].C. 1989. 1,2—(1ioxetanes:

Novel chemiluminescent enzyme substrates. Applications to
immunoassays. J. Biolumin. Chemilmnizz. 4: 99—111.

Bronstein 1., Iuo R.R., Voyta LC, and Edwards B. 1991. Nove1

chemiluminescent adamantyl 1,2-dioxetane enzyme sub—
strates. In Biolmninesa’nce and chemillunizlcscenee: Current
smtus (ed. RE. Stanley and 1.1. Kricka), pp, 73—82. Wiley,

Chichester, United Kingdom.
Bronstein 1., Voyta LC, Murphy 0.1, Bresnick L, and Kricka L].

1992. Improved chemiluminescent Western blotting proce—
dure. BioTechniques 12: 748—753.

Bronstein I., Voyta I.C., Lazzari K.G., Murphy 0, Edwards B., and
Kricka L]. 1990. Rapid and sensitive detection of DNA in

Southern blots with chemiluminescence. Bionclmiques 8:
310—314.

Bronstein 1., Voyta LC, Murphy 0.1, Tizatd R., Ehrenfels CW.
and Cate R.L. 1993. Detection of DNA in Southern blots
with chemiluminescence. Methods Enzymol. 217: 398—414.

Brunak S., Engelbrecht I., and Knudsen J. 1991. Prediction 011
human mRNA donor and acceptor sites from DNA
sequence. 1. Mol. Biol. 220: 49—65.

Brunk CF. and Simpson L. 1977. Comparison of various ultravi-

olet sources for fluorescent detection of ethidium bromide»

DNA complexes in polyacrylamide gels. Anal. Biochem. 82:
455—462.

Bucher P. 1990. Weight matrix descriptions of four eukaryotic
RNA polymerase 11 promoter elements derived from 502

unrelated promoter sequences. ]. Mol. Biol. 212: 563—578.
Bullock W.O.,Ferr1andez J.M., and Short J.1\1. 1987. X11—b1ue: A

high efficiency plasmid transforming recA Escherichia coli
strain with 8—galactosidase selection. BioTedmiques 5: 376—
379.

Bulmer M. 1990. The effects of context on synonymous codon

usage in genes with 10W codon bias. Nucleic Acids Res. 18:
2869—2873.

Bult C.I., White O., Olsen G.J.,ZhouL.,F1eischmann R.1),, Sutton

G.G.,Blake ].A.,FitzGera1d L.1\/1., Clayton R.A.. Gocayne J.D.,

et al. 1996. Complete genome sequence of the methanogenic

archaeon,Methanococcusjammschii. Science 273: 1058—1073.

Burge CB. and Karlin S. 1997. Prediction ofcomplete gene struc—
tures in human genomic DNA. ]. Mol. Biol. 268: 78—94.

Burke B., Griffiths G. Reggio H., Louvard D.» and Warren G:

1982. A monoclonal antibody against a 135—K Golgi mem—
brane protein. EMBO J. 1:1621—1628.

Burnette W.N. 1981.Western blotting: Electrophoretlc transfer of

proteins from sodium dodecyl sulphate—polyacrylamide gels
to unmodified nitrocellulose and radiographic detection
with antibody and radioiodinated protein A. Anal. Biat‘hem.
112: 195—203.

Butler ET. and Chamberhn MJ. 1982. Bacteriophage SP6—specif—
ic RNA polymerase. 1. Isolation and characterization of the
enzyme. J. Biol. Chem. 257: 5772—5778.

C. elegans Sequencing Consortium. 1998. Genome sequence of
the nematode C. elegans: A platform for investigating biolo-
gy (errata Science [1999] 283: 35; 283: 2103; 285: 1495).
Science 282: 2012—2018.

Campbell A. 1965. The stem effect in lysogenization by bacterio—
phage lambda. I. Lysogenization ofa partially diploid strain
of Escherichia coli K12. Virology 27: 329—339.

Campbell A.K. 1988. Chemillmnnescence. E1115 Horwood,
Chichester, United Kingdom.

Campbell I.L., Richardson CC, and Studier EW. 1978. Genetic

recombination and complementation between bacterio—

 



R.4 AppendixReferences

phage T7 and cloned fragments of T7 DNA. Proc. Natl. Acad.
511. 75: 2276—2280.

Campbell V.W. and Jackson D.A. 1980. The effect of divalent
cations on the mode ofaction of DNase I. The initial reaction
products produced from covalently Closed circular DNA. ].
Biol, Chem. 255: 3726—3735.

(jardwell H.M.F. and Smith S. 1953. The structure of digoxy—
genin. Experientia 9: 267—368.

. 1954. Digitalis gluosides.\’11. The structure of the digital—
is anhydrogenins and the orientation of the hydroxy-groups
in digoxygenin and gitoxigenin. J. Chem. Soc. 1954:
2012~2023.

Carlson 1).P., Superko C., Mackey I., Gaskill M.E.,ar1d Hansen P.
1990. (Ihemiluminescent detection ofnucleic acid hybridiza—
tion. Focus (Life Technologies) 12: 9—12.

(th10 11.1... Ehrenfels C.W.. Wysk M., Tizard R., Voyta ].C., Murphy
(11., and Bronstein 1. 1991. Genomic Southern analysis with
alkaline phosphatase-conjugated oligonucleotide probes and
the chemiluminescent substrate AMPPD. Genet. Ann]. Tech.
Appl. 8: 102—106.

(feci 1..R., Volpicella M., Liuni S., Volpetti V., Licciulli F., and
Gallemni R. 1999. PLMItRNA, a database for higher plant
mitochondrial tRNAs and tRNA genes. Nucleic Acids Res. 27:
156—157.

Cesarone (LE, Bolognesi (l, and Santi L. 1979. Improved micro—
fluorimetric DNA determination in biological material using
33258 Hoechst. Anal. Biochem. 100: 188—197.

. 1980. Fluorometric DNA assay at nanogram levels in bio—
logical material. Boll. Soc. Ital. Biol. Sper. 56: 1666—1672.

(fihalfie M., Tu Y., Euskirchen G., Ward WW, and Prasher DC.
1994. Green fluorescent protein as a marker for gene expres—
sion. Science 263: 802—805.

Chalon, .\/1.1’., R.W. Milne, and LP. Vaerman. 1979. Interactions

between mouse immunoglobulins and staphylococcal pro-
tein A. Scand. 1. Immunol. 9: 359—364.

(Ihamberlain LP. 1979. Fluorographic detection of radioactivity
in polyacrylamidc gels with the water-soluble fluor, sodium
salicylatc.A1ml. Biochem. 98: 132—135.

(Ihang 1..M.S. and Bollum FJ. 1986. Molecular biology of termi—
nal transferase. Crit. Rev. Biochem. 21: 7—52.

(fihao K.—M., Pearson W.R., and Miller W. 1992. Aligning two
sequences within a specified diagonal band. Comput. App].
Biosti. 8: 481—487.

(ihao S., (Ihao L., and Chao J. 1989. Enhanced specificity in
immunoscreening of expression cDNA clones using radiola-
helled antigen technology. BioTechniques 7: 68—72.

(fihcn W., Tabor S., and Struhl K. 1987. Distinguishing between
mechanisms of eukaryotic transcriptional activation with
bacteriophage T7 RNA polymerase. Cell 50: 1047—1055.

(ihcng H. and Rudick MJ. 1991. A membrane blotting method
for following the time course of protein radioiodination
using Iodobeads.Ana1. Biochem. 198: 191—193.

(fihien A., Edgar 1).B., and Trela J.M. 1976. Deoxyribonucleic acid

polymerase from the extreme thermophile Thermus aquati-
(115.1. Btlt‘tt’rio1. 127: 1550—1557.

(thu W.1.., Niwa Y., Zeng W., Hirano T., Kobayashi H., and Sheen
1. 1996. Engineered GFP as a vital marker in plants. Curr.
Biol, 6: 325—330.

(ihnthia (i. 1976. The nature of the accessible and buried surfaces
in proteins. /. Mol. Biol. 105: 1—12.

(fihmmhach A. and Rodbard D. 1972. Polymerization of poly-
acrylamide gels: Efficiency and reproducibility as a function
01“ catalyst concentrations. Sep. Sci. 7: 6639703.

Church GM. and Gilbert W. 1984. Genomic sequencing. Proc.
Natl. Acad. Sci. 81: 1991—1995.

Church GM. and Kieffer-Higgins S. 1988. Multiplex DNA
sequencing. Science 240: 185—188.

Cohn D.H., Mileham A.]., Simon ML, Nealson K.H., Rnusch
S.K., Bonam D., and Baldwin TO. 1985. Nucleotide sequence

of the luxA gene of Vibrio harveyi and the complete amino
acid sequence of the (1 subunit of bacterial luciferase. ]. Biol.
Chem. 260: 6139—6146.

Cole S.T., Brosch R., Parkhill I., Garnier T., Churcher C.. Ham's

D., Gordon S.V, Eiglmeier K., Gas S., Barry C.E., et al. 1998.
Dec1phering the biology ofMycobacterium tuberculosis from
the complete genome sequence (erratum Nature [1998] 396:
190). Nature 393: 537—544.

Cook RF, Cook S.]., and Issel CJ. 1992. A nonradioactive micro—

assay for released reverse transcriptase activity of a lentivirus.
BioTechniques 13: 380—386.

Carpet F. 1988. Multiple sequence alignment with hierarchical

c1ustering.NucleicAcids Res. 16: 10881—10890.
Corpet E, Gouzy I., and Kahn D. 1998. The ProDom database of

protein domain families. Nucleif Acids Res. 26: 323—326.
CozzareHi N.R., Kelly RB, and Kornberg A. 1968. A minute cir-

cular DNA from Escherichia cali 15. Proc. Natl. Ami St‘i. 60:
992—999.

—~. 1969. Enzymic synthesis of DNA. XXXlll. Hydrolysis of a
5'—triphosphate—terminated polynucleotide in the active cen-
ter of DNA polymerase. ]. Mol. Biol. 45: 513—531.

Creasey A., D’Angio L.]., Dunne T.S., Kissinger C., O’Keefe T.,
Perry—O’Keefe H., Moran L., Roskey M., Schildkraut I., Sears

L.E., and Slatko B. 1991. Application of a novel chemilumi—

nescent—based DNA detection method to a single vector and
multiplex DNA sequencing. BioTechniques 11: 102—109.

Crooke S.T. 1998. Molecular mechanisms of antisense drugs:
RNase H. Antisense Nucleic Acid Drug Dev. 8: 133—134.

Crouch R. 1990. Ribonuclease 1-1: From discovery to 3D structure.
New Biol. 2: 771-777.

Daniels D.L., Schroeder ].L., Szybalski W., Sanger F, and Blattner

FR. 1983. Appendix I: A molecular map of coliphage lamb—
da. In Lambda11(ed.R.W.Hendrix eta1.), pp. 469—517. Cold

Spring Harbor Laboratory, Cold Spring Harbor, New York.

Davanloo R, Rosenberg A.H., Dunn 11., and Studier F.W. 1984.
Cloning and expression of the gene for bacteriophage T7
RNA polymerase. Proc. Natl. Acad. Sci. 81: 2035—2039.

Davidson ].N. 1972. The biochemistry of the nucleic acids, 7th edi—

tion. Academic Press, New York.
Davidson RF. 1959. The effect of hydrodynamic shear on the

deoxyribonucleic acid from T2 and T4 bacteriophages. Proc‘.
Natl. Acad. Sci. 45: 1560—1568.

. 1960. Biophysics: Sedimentation of deoxyribonucleic acid
isolated under low hydrodynamic shear. Nature 185:
918—920.

Davis BJ. 1964. Disc electrophoresis. 11. Method and application
to human serum proteins. Ann. N. Y. Acad. Sci. 121: 4044127.

Davis M.M. 1986. Subtractive cDNA hybridization and the T-cell
receptor genes. In Handbook of experimental immunology
(ed. D.M. Weir et al.). pp. 761—7613. Blackwell Scientific,
Oxford, United Kingdom.

Daxhelet G.A., Coene M.M., Hoet RR, and Cocito CG. 1989.
Spectrofluorometry of dyes with DNAs of different base
composition and conformation. Anal. Biochem. 179:
401—403.

Dayhoff M.O., ed. 1972. Atlas ofprotein sequence and structure,
vol. 5. National Biomedical Research Foundation,

 

 



(worgetmx n L'mversity Medical Center, Washington, 11C.

1).1\'110111\1.().. Schxmrw R.M.,'.1m10rcutt B.(f. 1978. A model of

uolulionary change in proteins. In Atlas ofpmtcm sequence
11m] .~1ruc1urc (ed. MO. Dayhoff et .11.), vol. 5,5upp1. 3. pp.

345—352. National Biomedical Research Foundation,
Georgetown University Medical Center7 Washington, DC.

dc 151.1w\.1dlndChel'Winski H.1\1. 1983.1)etecti0n ofantigens on
nitrocellulose: In situ staining ofalkaline phosphatase conju—
gated .11111hody..~\nal. Biodzcm. 133: 214~219.

Dccken (}.,\\11rren 1).V.,(1aaster1and'1‘.,Y0ung\4/.G.. Lenox A.L.,
Graham 1).E., Ovcrbeek 1L, Snead M.A., Keller 1\1.: Aujay M.,
Hulm 1L: Fe1dman R.A.,Short1,1\1., Olsen G.l.,and Swanson

1{.\’. 1998. The complete genome of the hyperthermophilic
lucterium Aquitl’x acoltcus. Nature 392: 353—358.

Demrtc R. and (Lassiman 1.1. 1991. Detection of amplified VNTR

alleles by direct chemiluminescence: Application to the

genem identification ofbinlogical samples in forensic cases.
1111011 51117171. 58: 371—390.

11einingcr1’.1.. 1983. Approaches to rapid DNA sequence analysis.
Aim]. 11101110111, 135: 247—263.

Heisenhofer 1. 1981. Crystallographic refinement and atomic
models 01.1 human Fc fragment and its complex with frag—
ment 13 01 protein A from Staphylocoa‘us nureus at 2.9— and
28.4 resolution. Biodu’misiry 20: 2361—2370.

1)e1 um M. and McElroy WI). 1978. Purification and properties

01'111'011)’ luciferase. Methods Enzymol. 57: 3—14.
. 1984. Two kinetically distinguishable ATP sites in firefly

luufemsc. Bindwm. Biophys. Res. Commun. 123: 764—770.

Deng (1. and Wu R, 1983. Terminal transferase: Use in the taihng

011)NA and for in vitro mutagenesis.11461110115 Enzymol. 100:
911—1 16.

Denhdrdl 111. 1966. A membrane—filter technique for the detec»
[ion 01 complementary DNA. Biochem. Biophyfi. Res.
(fommmz. 23: 641—646.

DenHoleder N'. and Befus 1). 1989. 1,055 of antigens from
imnunmh1ottingmembranesJ. Inununol. Methods 122: 129—
1.15.

Home 1 .,(Ies.1reni (L, and Cortese R. 1983. pEMBL: A new 131m

111 01" single—stmnded plasmids. Nucleif Acids Res: 11:
16-15—1655.

1h“ Riik P., Ned‘s ].I\1., Van de Peer Y., and De Wachter R. 1992.

(Iompildtion 0151112111 ribosomal subunit RNA sequences.
.\'111‘1C1(;11‘1(15 Res, 20: 2075—2089.

1)e Ruk P., Rohhrecht H, de Hoog S., Caers A., Van de Peer Y., and

De 11’achter R. 1999. Database on the structure of large sub—
unit ribosomal RNA. Nucleic Acids Res. 27: 174—178.

Derrick 1.1’. And Wigley 1113. 1992. Crystal structure of a strepto—

mccdl protein (1 domain bound to a Fab fragment. Nature
359: 7534754.

dc Wet 1.11, Wood K.V,, Helinski D.R.. and DeLuca M. 1985.

(Iluning 017 firefly luciferase cDNA and the expression of

active luciferase in Escherichia coli. Proc, Natl, Acad. Sci. 82:
7870—7873.

. 1986. Cloning firefly luciferase. Methods Enzymol. 133: 3—
14.

do \\'e1 1.1{., Wood K.V., DeLuca M., He1inski D.R., and

Subramani S. 1987. Firefly luciferase gene: Structure and
expression in mammalian cells. Mal. Cell. Biol. 7: 725—737.

1)11cll.1:\,(}.,Hope1).A.,(fhen H., Trumbauer M, Schwartz R.1.,

and 8mi1h R.(1. 1988. Utility of firefly luciferase as a reporter
gene for promoter activity in transgenic mice. Nudeif Acids
RC). 1614159.

Dooley 81, Welter (L, and Blin .\1. 1992. 1\onradi0dcti\e south—

AppendixReferences R.5

western analysis using chemiluminescent detection.
BioTechniques 13: 540—542.

Dresel HA. and Schettler G. 1984. Characterization and visuah»
sation of the low density lipoprotein receptor by ligand blot»
ting using anti-low density lipoprotein enzymefllinked

immunoabsorbent assay (ELISA). Electrophoresis 5: 372—373.
Dubitsky A., Brown 1., and Brandwein H. 1992. Chemilumine-

scent detection of DNA on nylon membranes. Bio R‘L‘hntqws
13: 392-400.

Durrant 1. 1990. Light-bdsed detection 01 biomolecules. Nature
346: 297—298.

Earnshaw WC. and Rothfield N. 1985. Identification 01. a family

of human centromere proteins using autoimmune sera from
patients with scleroderma. Chromosonm 91: 313—32 1.

Ebeling W., Hennrich N., Klockow M., Metz H., Orth H.D., and
Lang H. 1974. Proteinase K from Tritinu‘hiunl album Limber.
Eur. ]. Biochem. 47: 91—97.

Economou 1.S., Rhoades K., Essner R., McBride W.H., Gasaon

I.C., and Morton D.L. 1989. Genetic analysis of human
tumor necrosis factor oz/cachectin promoter region in a
macrophage cell 111m]. Exp. Med. 170: 321—326.

Eddy S.R. and Durbin R. 1994. RNA sequence analysis usmg
covariance models. Nucleic Acids Res. 22: 20794088.

Edgar R.S. 1966. Conditional lethals. In Phage and the origins of

molecular biology (ed. 1. Cairns et al.), pp. 166—170. Cold
Spring Harbor Laboratory, Cold Spring Harbor, New York.

Edgar RS. and Lielausis 1. 1964. Temperature—sensitive mutants
of bacteriophage T4D: Their isolation and genetic character»
ization. Genetics 49: 649—662.

Efstratiadis A., Kafatos F.C., Maxam A.M., and Maniatis T. 1976.

Enzymatic in vitro synthesis ofglobin genes. (fell 7: 279—288,

Ehrlich S.D., Devillers—Thiery A., and Bernardi G. 1973. Further

investigations on the specificity of an acid deoxyribonuclease
from Helix aspersa 1Mu11.1. E1171]. BiOL/IL’HI. 40: 139—141.

Eliasson M., Andersson R., 0155011 A,, Wigzell H.. and Uhle’n .\1.

1989. Differential IgG-binding characteristics of staphylo—
coccal protein A, streptococcal protein G, and a chimeric
protein AG. ], Immunol. 142: 575—581.

Eliasson M., Olsson A., Palmcrantz E., Wlberg K., lnganas 1\1.,

Guss B., Lindberg M., and Uhle’n M. 1988. Chimeric IgG»
binding receptors engineered from staphylococcal protein A
and streptococcal protein G. J. Biol. Chem. 263: 4323—4327.

Eng1er MJ. and Richardson CC. 1982. DNA 1igases, In The

enzymes, 3rd edition (ed. RI). Boyer), vol. 15, pp. 3—29.

Academic Press, New York.
Engler-Blum G., Meier M., Frank L, and Muller GA. 1993.

Reduction of background problems in nonradioactive
northern and southern blot analyses enables higher sensitiv—
ity than ”P—based hybridizations. Anal, 8106110111. 210: 235-
244.

Engvall E. 1980. Enzyme immunoassay ELISA and EMIT.
Methods Enzymol. 70: 419—439.

Epstein R.H,, Bolle A.7 Steinberg C.M., Ke11enberge1‘ En Boy de la

Tour E., Chevalley R., Edgar R.S., Susman 1\1., Denhardt

G.H., and Lielausis A. 1964. Physiological studies of condi—
tional lethal mutants of bacteriophage T4D. Cold Spring
Harbor Symp. Quant. Biol. 28: 375—394.

Erntell M., Myhre E.B., and Kronvall G. 1985. Non—immune IgG

F(ab')2 binding to group C and G streptococci is mediated
by structures on gamma chains. Stand. 1. Inununol. 21: 151—
157.

Eschenfeldt W.H., Puskas R.S., and Berger 81. 1987.
Homopolymeric tailing. Methods Enzymol. 152: 337—342.  



R.6 Appendix References

liy P1... mese 5.1, and Jenkin CR. 1978. Isolation of pure IgGl,
lgG3d and lngb immunoglobulins from mouse serum using
protein A-Sepharose. Immunochemistry 15: 429—436.

[Eyrc—\\'alker AC. 1991. An analysis of codon usage in mammals:
Selection or mutatlon-bias?1. Mol. Evol. 33: 442—449.

Favalom ].,'1‘reisman R., and Kamen R. 1980. Transcription maps

of polyoma virus-specific RNA: Analysis by two-dimension-
al nuclease 51 gel mapping. Methods Enzymol. 65: 718—749.

FJ/ckas de St. Groth S., Webster RC. and Datyner A. 1963. Two
new staining procedures for quantitative estimation of pro—
teim on electrophoretic strips. Biochim. Biophys. Acta 71:
377~391.

Felton 1. 1983. M13 host strain IM103 contains two restriction

systems. BioTefhniques 1: 42—43.
Ferguson W1, Hraunschweiger K.1., Braunschweiger W.R., Smith

].R., McCormick ].I., Wasmann C.C., Jarvis N.P., Bell DH,

and Good NE. 1980. Hydrogen ion buffers for biological
research. Anal. Biochem. 104: 300—3 10.

Fichant GA. and C. Burks. 1991. Identifying potential tRNA
genes in genomic DNA sequences. 1. Mol. Biol. 220: 659—671.

Hclds—Berry S.(I,’ Halliday A.L., and Cepko CL. 1992. A recom-

binant retrovirus encoding alkaline phosphatase confirms
clonal boundary assignment in lineage analysis of murine
retina. Proc. Natl. Acad. Sci. 89: 693—697.

Fierz-David HF). and Blangey L. 1949. Fundamentalprocesses of

dye chemistry. Interscience, New York.

Heischmann R.D., Adams M.D.,White Q, C1ayton R.A., Kirkness
E11, Kerlavage A.R., Bult C1, Tomb I.F., Dougherty B.A.,

1\1errickl.M.,et 31. 1995. Whole~genome random sequencing

and assembly of Haemophilus influenzae Rd. Science 269:
496—512.

Fleming A. 1922, On a remarkable bacteriolytic element found in
tissues and secretions. Proc. R. Soc. Lond. B Biol. Sci. 93: 306—
317.

Fontana W., Konings D.A.M., Stadler P.F., and Schuster P. 1993.

Statistics of RNA secondary structures. Biapolymers 13:
1389—1404.

Forsgren A. and Squuist J. 1966. “Protein A” from S. aureus. I.
Pseudodmmune reaction with human gamma-globulin. ].
Immunol. 97: 822~827.

— . 1967.“Protein A” from Staphylococcusaureus. 111. Reaction
with rabbit gamma-globulin. I. Immunol. 99: 19—24.

Fraker P1. and Speck 1r., LC. 1978. Protein and cell membrane
iodinations with a sparingly soluble chloroamide, 1,3,4,6—
tetrach10r0~3a,6a—diphrenylglycoluril. Biochem. Biophys. Res.
(fmnmun. 80: 849—857.

anci (1. and Vidal 1. 1988. Coupling redox and enzymic reac—
tions improves the sensitivity of the ELISA—spot assay. ].
Immunol. Methods 107: 239—244.

Fraser (1M. Gocayne 1.D., White 0, Adams M.D., Clayton R.A.,
Fleischmann R.D., Bult C.I., Kerlavage A.R., Sutton G., Kelley
1..\1., et al. 1995. The minimal gene complement of
.\I}'t'oplasnm genitalimn. Science 270: 397—403.

meer (j..\/1., CaSJens 8, Huang W.M., Sutton G.G., Clayton R.,
Lathigra R., White 0, Ketchum K.A., Dodson R., Hickey
E.1\'., et a]. 1997. Genomic sequence of a Lyme disease
spirochaete, Borrelia burgdorferi. Nature 390: 580—586.

Fraser C.M.. Norris S.J., Weinstock G.M., White 0, Sutton G.G.,
Dodson R., Gwinn M,, Hickey E.K., Clayton R, Ketchum

K.A., et 311. 1998. Complete genome sequence of Treponema

pallidum, the syphilis spirochete. Science 281: 375—388.

Freit‘elder 1). 1971. Electron microscopic study of the ethidium

hromide-I)NA complex. 1. Mol. Biol. 60: 401—403.

French B.T., Maul H.M., and Maul CG. 1986. Screening CDNA
expression libraries with monoclonal and polyclonal anti—

bodies using an amplified biotin—avidin-peroxidase tech—
nique. Anal. Biochem. 156: 417—423.

Frischauf A.M., Garoff H., and Lehrach H. 1980. A subcloning

strategy for DNA sequence analysis. Nucleic Acids Res. 8:
5541—5549.

Frischauf A.M., Lehrach H., Poustka A., and Murray N. 1983.

Lambda replacement vectors carrying polylinker sequences.
J. Mol. Biol. 170: 827—842.

Fursht A. 1985. Enzyme structure and mechanism, 2nd edition.
W.H. Freeman, New York.

Gaillard C. and Strauss F. 1990. Ethanol precipitation of DNA

with linear acrylamide as a carrier. Nucleic Acids Res. 18: 378.
Galas D.]. and Schmitz A. 1978. DNAase footprinting: A simple

method for the detection of protein—DNA binding specifici-
ty. Nucleic Acids Res. 5: 3157—3170.

Gallimore RH, Sharp RA, and Sambrook 1. 1974. Viral DNA in

transformed cells. 11. A study of the sequences of adenovirus
2 DNA in nine lines of transformed rat cells using specific
fragments of the genome. 1. Mol. Biol. 89: 49—72.

Garner RC. 1975. Testing of some benzidine analogues for

microsomal activation to bacterial mutagens. Cancer Left. 1:
39742.

Gaugain B., Barbet J., Oberlin R., Roques B.P., and LePecq LB.

1978. DNA bifunctiona1 intercalators. 1. Synthesis and con—

formational proerties of an ethidium homodimer and of an

acridine ethidium heterodimer. Biochemistry 17: 5071—5078.

Gelb L.D., Kohne DE, and Martin M.A. 1971. Quantitation of

simian Virus 40 sequences in African green monkey. mouse
and virus—transformed cell genomes. ]. Mal. 3101. 57: 129—145.

Gerard GP. 1983. Reverse transcriptase. In Enzymes ofmwleic acid
synthesis and modification: DNA enzymes (ed. S.T. 1ac0b),v01.
1, p. 1. CRC Press, Boca Raton, Florida.

Gershoni 1.M. 1988. Protein blotting: A manual. Methods

Biochem. Anal. 33: 1—58.
Gershoni 1.M. and Pa1ade GE. 1982. Electrophoretic transfer of

proteins from sodium dodecyl sulfate—polyacrylamide gels to
a positively charged membrane filter. Anal. Biochem. 124:
396—405.

Ghosh D. 1998. OOTFD (Object-Oriented Transcription Factors
Database): An object—oriented successor to TFD. Nucleic

Acids Res. 26: 360—362.

Gibson TJ. 1984. “Studies on the Epstein—Barr virus genome.”
Ph.D. thesis, Cambridge University, United Kingdom.

Gillespie RG. and Hudspeth AJ. 1991.Chemi1uminescence detec»
tion of proteins from single cells. Proc. Natl. Acad. Sci. 88:
2563—2567.

Gish W. and States DJ. 1993. Identification of protein coding
regions by database similarity search. Nat. Genet. 3: 266—272.

Glasel 1. 1995. Validity of nucleic acid purities monitored by
260nm/280nm absorbance ratios. BioTechniques 18: 62—63.

Glazer AN. and Rye HS. 1992. Stable dye—DNA intercalation
complexes as reagents for high sensitivity fluorescence detec»
tion. Nature 359: 859—861.

Glazer A.N., Peck K., and Mathies RA. 1990. A stable souble-
stranded DNA—ethidium homodimer comp1ex: Application
to picogram fluorescence detection of DNA in agarose gels.
Proc. Natl. Acad. Sci. 87: 3851—3855.

Goding 1.W. 1978. Use of staphylococcal protein A as an
immunological reagent. ]. Immunol. Methods 20: 241—253.

Godson G.N. and Vapnek D. 1973. A simple method of preparing
large amounts of ¢X174 RFI supercoiled DNA. Biochim.

 



Biophys. Add 299: 516-520.

L111t"1btttt A. Barrel! B.G.. Bussey H.. Davis R.W., Dujon B.,
Fchhmnn H., Uillitht 11, Hoheisel 1.11, Jacq (L, Johnston
.\1., Louis 15.1. Mewes H.W., Murakami Y.. Philippsen P.,

Tcttclin H.. and Oliver 8.6. 1996. Life with 6000 genes.
St'u’m't’ 274: 346, 503—567.

Goldberg 1).A, 1980. Isolation and partial characterization of the
Drosophiln alcohol dehydrogenase gene. Proc. Natl. Acad. Sfi.
77: 5794~5798.

Gomori G. 1946. Buffers in the range 0pr 6.5 to 9.6. Proc. Soc.
Exp. 8101. Med. 6: 233—234.

, — e. 1955. Preparation of buffers for use in enzyme studies.
Methods Enzymol. 1: 138—146.

thmnctt G.H., Cohen MA, and Benner S.A. 1992. Exhaustive
matching of the entire sequence database. Science 256: 1443—
1445.

Good NE. and Izawa S. 1972. Hydrogen ion buffers. Methods
Enzymol. 24: 53—08.

Good N.E., Winger G.D., Winter W., Connolly T.N., Izawa S., and
Singh R.M..\1. 1966. Hydrogen ion buffers for biological
research. Biochemistry 5: 467—477.

(yotoh O. 1995. A weight system and algorithm for aligning many
phvlogenetically related sequences. Comput. App]. Bioscz. 11:
543—551.

Goudswaard 1.. Van der Dunk 1.A., Noordzij A., van Dam R.H.,

and Vaerman I.-P. 1978. Protein A reactivity of various mam-

malian immunoglobulins. Scand. ]. Immzmol. 8: 21—28.
Gough LA. and Murray NE. 1983. Sequence diversity among

related genes for recognition of Specific targets in DNA mol—
ecules. 1. M01. Biol. 166: 1—19.

Gould 8.1. and Subramani S. 1988. Firefly luciferase as a tool in

molecular and cell biology. Anal. Biochem. 175: 5—13.
Gouy .\1. and Gautier C. 1982. Codon usage in bacteria:

Correlation with gene expressivity. Nucleic Acids Res. 10:
7055—7074.

Graham In. RC. and Karnovsky MJ. 1966. The early stages of
Abaorption of injected horseradish peroxidase in the proxi-
mal tubules of mouse kidney: Ultrastructural cytochemistry
by a new technique]. Histochem. Cytochem. 14: 291—302.

Gtxmtham R., Gautier C., Gouy M., Iacobzone M., and Mercier R.
1981. Codon catalog usage is a genome strategy modulated
to r gene expressivity. Nucleic Acids Res. 9: r43—r74.

Gmntham R., Gautier C., Gouy M., Mercier R., and Pave A. 1980.

(fodon catalog usage and the genome hypothesis. Nucleic
Acids Res. 8: r49-r62.

Grassmann W. and Deffner G. 1953. Verteilungschromatograph—
isches Verhahen von Proteinen und Peptiden in phenolhalti—
gen Lbsungsmitteln. Hoppe-Seylor’s Z. Physiol. Chem. 293:
89—98.

Grav hi. H.B., Winston T.P., Hodnett ).L., Legerski R.]., Nees

1).\\'., Wei C.—F,, and Robberson D.L. 1981. The extracellular
nuclease from Alteromonas espejiana: An enzyme highly spe—
cific for nonduplex structure in nominally duplex DNAs. In
Gene amplification and analysis: Structural analysis of nucleic
acids(ed.1.G.Chirikiian and TS. Papas), vol. 2, pp. 169—203.
Elsevier, New York.

Green A.A. 1933. The preparation of acetate and phosphate
buffer solutions of known pH and ionic strength. J. Am.
(31mm. Soc. 55: 2331—2336.

Green .\'.Z\1. 1975. Avidin. Adv. Protein Chem. 29: 85—133.
Green .\',.\1. and Toms 13.1. 1972. The dissociation ofavidin-biotin

mmplexes by guanidinium chloride. Biochem. I. 130:
707-71 1.

Appendix References R.7

f—a 1973. The properties of subunits of avidin coupled to
sepharose. Biochem. J. 133: 687—700.

Greene P.H., Poonian M8, Nussbaum Al... Tobias 1... Garfm
D.E., Boyer H.W., and Goodman HM. 1975. Restriction and
modification of a self-complementary octanucleotide con-
taining the EcoRI substrate. 1. Mol. Biol. 99: 237461.

Greenfield L., Simpson L.. and Kaplan D. 1975. Conversion 01
Closed circular DNA molecules to single—nicked molecules by
digestion with DNAase 1 in the presence of ethidium bro-
mide. Biochim. Biophys. Acta 407: 365—375.

Greenwood F.C., Hunter W.M., and Glover 1.8. 1963. The prepa-
ration of 13‘I-labelled human growth hormone of high spe»
cific radioactivity. Biochem. ]. 89: 114—123.

Gronenborn A.M., Filpula D.R., Essig N.Z., Achari A., Whitlow

M.,Wingfield PT, and Clare GM. 1991. A novel, highly sta-
ble fold of the immunoglobulin binding domain of strepto-
coccal protein G. Science 253: 657—661.

Grundy W.N., Bailey TL , Elkan C.P., and Baker M.E. 1997.
Meta-MEME: Motif—based hidden Markov models of pro-
teins families. Comput. App]. Biosci. 13: 397—406.

Guarente L. and Ptashne M. 1981. Fusion of Escherichia coli lacZ
to the cytochrome c gene of Saccharomyces cerevisiae. Proc.
Natl. Acad. Sci. 78: 2199—2203.

Gundermann K.—D. and McCapra F. 1987. Chemiluminesc‘ence in
organic chemistry. Springer-Verlag, Berlin.

Gunkel EA. and Gassen H.G. 1989. Proteinase K from
Tritirachium album Limber. Characterization ofthe Chromo-

somal gene and expression of the cDNA in Estherichia coli.
Eur. J. Biochem. 179: 185—194.

Gutell RR. 1994. Collection of small subunit (165— and 16S-like)

ribosomal RNA structures. Nucleic Acids Res. 22: 3502-3507.
Hanahan D. 1983. Studies on transformation of Escherichia coli

with plasmids. J. Mol. Biol. 166: 557—580.

. 1985. Techniques for transformation of E. C011. In DNA
cloning: A practical approach (ed. D.M. Glover), vol. 1, p.
109-135. IRL Press, Oxford, United Kingdom.

Hancock K. and Tsang V.C. 1983. India ink staining of proteins
on nitrocellulose paper. Anal. Biochem. 133: 157~162.

Harlow E. and Lane D. 1988. Antibodies: A laboratory manual.
Cold Spring Harbor Laboratory, Cold Spring Harbor, New
York.

. 1999. Using antibodies: A laboratory manual. Cold Spring
Harbor Laboratory Press. Cold Spring Harbor, New York.

Harper DR. and Murphy G. 1991. Nonuniform variation in band
pattern with luminol/horse radish peroxidase Western b10t~
ting. Anal. Biochem. 192: 59—63.

Hattman S., Brooks LE. and Masurekar M. 1978. Sequence-speci-
ficity of the P1 modification methylase (M.Eco P1) and the
DNA methylase (M.Eco dam) controlled by the Escherichia

coli dam gene. 1. Mol. Biol. 126: 367—380.
Hansen P. and Stein H. 1970. Ribonuclease H. An enzyme

degrading the RNA moiety of DNA-RNA hybrids. Eur. J.
Biochem. 14: 278-283.

Haussler D., Krogh A., Mian S“ and delander K. 1992. Protein
modeling using hidden markov models. In C.I.S. Technical
Report UCSC-CRL-92-93. University of California, Santa
Cruz.

Hawkes R. 1986. The dot immunobinding assay. Methods
Enzymol. 121:484—491.

Hawkes R., Niday E., and Gordon 1. 1982. A dot-immunobinding
assay for monoclonal and other antibodies. Anal. Biochem.
119: 142—147.

Hayashi K., Nakazawa M., Ishizaki Y., Hiraoka N. and Obayashi

 

 

 



R.8 Appendix References

A. 1986. Regulation of inter— and intramolecular ligation
with T4 DNA ligase in the presence of polyethylene glycol.

.\'uclcicAcid$ Res. 14: 7617—7631.

Hegenauer R. 1971. Pflanstoffe und Pflanzensystematik.
Nanfrwissensclmften 58: 585—598.

Hememeyer 12, Chen X., Karas H., Krel A.E., Ke10.V.,Liebach I.,
Meinhardt T., Reuter I., Schacherer E., and Wingender E.
1999. Expanding the TRANSFAC database towards an expert
system of regulatory molecular mechanisms. Nucleic Acids
Res. 27: 318—322.

Heitman 1. and Model P. 1987. Site-specific methylases induce the
SOS DNA repair response in Escherichia 6011.1. Bacteriol. 169:
3243—3250.

Hemmati—Brivanlou A., Frank D., Bolce M.E., Brown B.D., Sive

H.L., and Harland R.M. 1990. Localization of specific
mRNAs in Xenopus embryos by who1e-m0unt in situ
hybridization. Development 110: 325—330.

Hengen RN. 1997. Shearing DNA for genomic library construc—

tion. Trends Biochem. Sci. 22: 273—274.
Henikoff ].G., Henikoff S., and Pietrokovski S. 1999a. New fea-

tures of the Blocks Database servers. Nufleic Acids Res. 27:

226—228.

7—7 77. 19991). Blocks+: A non—redundant database of protein

alignment blocks derived from multiple compilations.

Bioinformatics 15: 471—479.

Henikoff S. 1984. Unidirectional digestion with exonuclease III
creates targeted breakpoints for DNA sequencing. Gene 28:

351—359.

Henikoff S. and Henikoff 1.G. 1991. Automated assembly of pro-
tein blocks for database searching. Nucleic Acids Res. 19:
6565—6572.

77 —. 1992. Amino acid substitution matrices from protein

blocks. Proc. Natl. Acad. Sci. 89: 10915—10919.

7—7— 7: 1993. Performance evaluation of amino acid substitution
matrices. Protein 17: 49—61,

—. 1994 Protein family classification based on searching a
database of blocks. Genomics 19: 97—107.

Henikoff S., Henikoff1.G., Alford W.1., and Pietrokovksi S. 1995.
Automated construction and graphical presentation of pro—
tein blocks from unaligned sequences. Gene 163: GC17—26.

Herrin D.L. and Schmidt GM’. 1988. Rapid, reversible staining of
northern blots prior to hybridization. BiaTechniques 6:
196—200.

Hertz G.Z. and Stormo GD. 1995. Identification of consensus
patterns in unaligned DNA and protein sequences: A large

deviation statistical basis for penalizing gaps. In Proceedings

of the 3rd International Conference on Bioinformatics and
Genome Research (ed. H.A. Lim and CR. Cantor), pp.
201—216. World Scientific, Singapore.

——— 7. 1999. Identifying DNA and protein patterns with statisti-
ca11y significant alignments of multiple sequences.
Bioinformatics 15: 563—577.

Higgins 1).G. and Sharp RM. 1988. CLUSTAL: A package for per—

foming multiple sequence alignment on a microcomputer.
Gene 73: 237—244.

Higgins D.G., Bleasby A.I., and Fuchs R. 1992. CLUSTAL V:

Improved software for multiple sequence alignment.
Comput. App]. Biosci. 8: 189—191.

Higo K., Ugawa Y., Iwamoto M., and Korenaga T. 1999. Plant cis—

acting regulatory DNA elements (PLACE) database: 1999.
Nudeic Acids Res. 27: 297—300.

Hilwig 1. and Gropp A. 1975. pH-dependent fluorescence of DNA
and RNA in cytologic staining with “33258 Hoechst”. Exp.

Cell Res. 91: 457—460.
Hilz H., Wiegers U., and Adamietz P. 1975. Stlmulation of pro—

teinase K action by denaturing agents: Application to the iso~
lation of nucleic acids and the degradation of ‘masked' pro—
teins. Eur. J. Biochem. 56: 103—108.

Himmelreich R., Hilbert I-I., Plagens 1-1., Pirkl E., Li B.(I., and

Herrmann R. 1996. Complete sequence analysis of the
genome of the bacterium Mycoplasrna pneumonine. Nucleic

Acids Res. 24: 4420—4449.
Hjelm 11., Hjelm K., and Sjéquist I. 1972. Protein A from

Staphylococcus aureus. Its isolation by affinity chromatogra-
phy and its use as an immunosorbent for isolation of
immunoglobulins. FEBS Lett. 28: 73—76.

Hodgson M. and Jones P. 1989. Enhanced chemiluminescence in
the peroxidase—1uminol—H,O2 system: Anomalous reactivity
of enhancer phenols with enzyme intermediates. ]. Biolumin.
Chemilumin. 3: 21-25.

Hofacker I.L., Fontana W., Stadler RE, Bonhoeffer S., Tacker M.,

and Schuster P. 1994. Fast folding and comparison of RNA
secondary structures. Monatsh. Chem. 125: 167—188.

Hohn B. 1979. In vitro packaging of A and cosmid DNA. Methods
Enzymol. 68: 299—309.

Hohn B. and Murray K. 1977. Packaging recombinant DNA mol-
ecules into bacteriophage particles in vitro. Proc. Natl. Acad.

Sci. 74: 3259—3263.

Holm L. and Sander C. 1996. Mapping the protein universe.
Science 273: 595—603.

Holmstrom K., Rossen L., and Rasmussen O.F. 1993. A highly
sensitive and fast nonradioactive method for detection of
polymerase chain reaction products. Anal. Biochem. 209:
278—283.

Hdltke HA]. and Kessler C. 1990. Non-radioactive labeling of

RNA transcripts in vitro with the hapten dlgoxigenin (DIG):
Hybridization and ELISA—based detection. Nucleic Acids Res.
18: 5843—5851.

Hbltke H.-].,Ett11., Obermaier 1, and Schmitz G. 1991. Sensitive

chemiluminescent detection of digoxigenin (DIG) labeIed
nucleic acids. A fast and simple protocol and its applications.
In Bioluminescence and chemiluminescenfe: Current status
(ed. RE. Stanley and LI. Kricka), pp. 179—182. Wiley,

Chichester, United Kingdom.
Holtke H.—1., Seibl R., Burg 1, Mfihlegger K., and Kessler C. 1990.

Non-radioactive labeling and detection of nucleic acids. 11.
Optimization of the digoxigenin system. Biol. Chem. Hoppe-
Seyler 371: 929—938.

Hong GE. 1982. A systemic DNA sequencing strategy. 1. Mol. Biol.

158: 539—549.
Hostomsky Z., Hostomska Z., and Matthews DA. 1993.

Ribonucleases H. In Nucleases, 2nd edition (ed. S.M. Linn et
311.1, pp. 341—376. Cold Spring Harbor Laboratory Press,C01d
Spring Harbor, New York.

Huang X. and Miller W. 1991. A time—efficient linear—space local
similarity algorithm. Adv. Appl. Math. 12: 337-357.

Huang X., Hardison RC, and Miller W. 1990. A space—efficient
algorithm for local similarities. Comput. App]. Biosci. 6:
373—381.

Hudson L.G., Santon 1.B., and Gill G.N. 1989. Regulation of epi-
dermal growth factor receptor gene expression. M01.
Endocrinol. 3: 400—408.

Hughey R. and Krogh A. 1995. SAM: Sequence alignment and
modeling software system. In C.I.S. Technical Report UCSC-
CRL-95—7. University of California, Santa Cruz.

—. 1996. Hidden Markov models for sequence analysis:  



1,\tcnsion and analysis of the basic method. Comput. App].
Bmu'i, 12: 957107.

Hunkttpillcr .\1.\\'.. Ltljdn E., Ostrander F., and Hood LE. 1983.

lsoltttmn of microgrdm quantities of proteins from polyacry—
lamide gel» for amino acid sequence analysis. Methods
hnzymul. 91: 227~236.

Hunter WAI. and Greenwood EC. 1962. Preparation of iodine—

131 labelled human growth hormone of high specific activi—
ty. Nature 194: 4957496.

Hum 11A. and Chantler S.M. 1980. Production of reagent anti—
bodies. Mezhods Enzymol. 70: 104—142.

Ikedd S. and Oda T. 1993. Nonisotopic gel—mobility shift assay
Llhlllg chemiluminescent detection. BioTechniques 14:
878—880.

lkcmum T. 1982. Correlation between the abundance of yeast
transfer RNAS and the occurrence of the respective codons in
protein genes. ]. Mol. Biol. 158: 573697.

. 1985. (lodon usage and tRNA content in unicellular and
multicellular organisms. Mol. Biol. Evol. 2: 13—34.

Isaacstm U. and Wettermark G. 1974. Chemiluminescence in ana—
lytical chemistry. Anal. Chirn. Arm 68: 339—362.

18120. 1982. [SCOTABLESY A handbook of data for biological and
physimlsticntisrs, 8th edition. ISCO, Inc, Lincoln, Nebraska.

Jacobsen H., Klenow H., and Overgaard~Hansen K. 1974. The N-
terminal amino-acid sequences of DNA polymerase I from
k’n‘lwridzia (OH and of the large and the small fragments
obtained by a limited proteolysis. Eur. 1. Biochem. 45:
(1234327.

ltteger 1A. Turner 1).H., and Zuker M. 1989. Improved predic—
tions of secundary structures for RNA. Proc. Natl. Acad. Sci.
86: 7706—7710.

Min \’.1\'. and Magmth LT. 1991. A chemiluminescent assay for
quantitation of B-galactosidase in the femtogram range:
Application to quantitiation of B—galactosidasc in lac Z—

tmnsfcctcd cells. Anal. Biochem. 199: 639—650.

Ianin 1. 1979. Surface and inside volumes in globular proteins.
Nature 277: 491492.

lan)’ K.—l)., Lederer G., and Mayer B. 1986. Amino ac1d sequence
of proteinase K from the mold Tritimchium album Limber.
FFBS 1.011. 199: 139—144.

Icndristlk 1., Young R.A., and Engel ID. 1987. Cloning cDNA into
?.gt 10 and kgtl 1. Methods Enzymol. 152: 359—371.

lerpscth B., Greener A., Short 1.M., Viola I., and Kretz P.L. 1992.

X1.1~Blue MRF E. coli cells. In Strategies Newsletter, vol. 5, pp.

81—83. Stratagene, La Iolla, California.

lohansson S. and Skoog B. 1987. Rapid silver staining of poly—
acrylamide gels. 1. Biochem. Biophys. Methods (suppl.) 14: 33.

1011115011 1).A,, Gautsch ].W., Sportsman ].R., and Elder I.H. 1984.

Improved technique utilizing nonfat dry milk for analysis of
proteins and nucleic acids transferred to nitrocellulose. Gene
Anal. T1111. 1: 3—8.

lolmmn F.H., Shimomura O., Saiga Y., Gershman L.C., Reynolds

(1.11, and Waters IR. 1962. Quantum efficiency of Cypridina

luminescence, with a note on that ofAcquorea. J. Cell. Comp.
Physiol. 60: 85—103.

lnhnston T.(I., Thompson R.B., and Baldwin TO. 1986.
Nucleotide sequence of the luxB gene of Vibrio harveyi and
the complete amino acid sequence of the [3 subunit of bacte—
rial luciferase. I. Biol. Chem. 261: 4805—481 1.

lulles P. 1960. Lysozyme. In The Enzymes, 2nd edition (ed. RD.
Boyer et al.), pp. 431—445. Academic Press, New York.

101165 1).'T.,’1;1)'lt)r W.R., and Thornton 1M. 1992. The rapid gen—
cmtmn of mutatlon data matrices from protein sequences.

AppendixRefbrenccs R.9

Comput. App]. Biosci. 8: 275—282.
lénsson Z.O., Thorbjarnardéttir S.H., Eggertsson (L, and

Palsdottir A. 1994. Sequence of the DNA ligase—encodmg
gene from Thermus scotodtu‘tus and conserved motifs in

DNA ligases. Gene 151: 177—180.
Joyce CM. and Grindley N.DF. 1983. Construction of a plasmid

that overproduces the large proteolytic fragment (Klenow
fragment) of DNA polymerase I of Escherichia coli. Prov.
Natl. Acad. Sci. 80: 1830—1834.

lung Y.H. and Lee Y. 1995. RNases in ColEl DNA metabolism.

Mol. Biol. Rep. 22: 195—200.
Kalman S., Mitchell W., Marathe R., Lammel C., Fan 1., Hyman

R.W., Olinger L., Grimwood J,, Davis R,W,, and Stephens

R.S. 1999. Comparative genomes of Chlamydia pnemnoniac
and C. trachomatis. Nat. Genet. 21: 385-389.

Kan N.C., Lautenberger ].A., Edgell MR. and Hutchison CA.
1979. The nucleotide sequence recognized by the Escherichia
coli K12 restriction and modification enzymes. ]. Mol. Bzol.

130: 191—209.

Kanaya S. and Ikehara M. 1995. Functions and structures 01"
ribonuclease H enzymes. Subcell. Biochem. 24: 377—422.

Kaneko T., Sato S., Kotani H., Tanaka A., Asamizu E., Nakamura
Y., Miyajima N., Hirosawa M., Sugiura M, Sasamoto S.,eta1.
1996. Sequence analysis of the genome of the unicellular
cyanobacterium Synechocystis sp. strain PCC6803. 11.

Sequence determination of the entire genome and assign»

ment of potential protein-coding regions. DNA Res. 3: 109—
136.

Karger A.E., Weiss R., and Gesteland RF. 1993. Line scanning sys-
tem for direct digital chemiluminescence imaging of DNA
sequencing blots.Anal. Chem. 65: 1785—1793.

Karlin S. and A1tschulS.F. 1990. Methods for assessing the statis»
tical significance of molecular sequence features by using
general scoring schemes. Proc. Natl. Acnd. 5d. 87: 2264—2268.

. 1993.App1ications and statistics for multiple high—scoring
segments in molecular sequences. Proc. Natl. Acad. Sci. 90:
5873—5877.

Karlin S. and Bucher P. 1992. Correlation analysis of amino acid
usage in protein classes. Proc. Natl. Acad. Sci. 89: 12165—
12169.

Karn ]., Brenner S., Barnett L., and Cesareni G. 1980. Novel bac—
teriophage A cloning vector. Proc. Natl. Acad. Sci. 77: 51724
5176.

Kawarabayasi Y., Sawada M., Horikawa H., Haikawa Y., Hino Y.,

Yamamoto S., Sekine M., Baba S., Kosugi H., Hosoyama A., et
al. 1998. Complete sequence and gene organization of the
genome of a hyper-thermophilic archaebacterium, Pyrocaccus

horikoshii OT3. DNA Res. 5: 55—76.
Keller G.-A., Gould S., DeLuca M., and Submmani S. 1987. Firefly

luciferase is targeted to peroxisomes in mammalian cells.
Proc. Natl. Acad. Sci. 84: 3264—3268.

Kelley W.S. and Stump K.H. 1979. A rapid procedure for isolation
of large quantities of Escherichia coli DNA polymerase I uti—

lizing a ApolA transducing phage. ]. Biol. Chem. 254: 3206—
3210.

Kerkhof L. 1992. A comparison of substrates for quantifying the

signal from a nonradiolabeled DNA probe. Anal. Biochem.
205: 359—364.

Kessler C. 1991. The digoxigeninzanti—digoxigenin (DIG) tech-
nology — A survey on the concept and realization Of a novel
bioanalytical indicator system. Mol. Cell. Probes 5: 161—205.

Kessler C. and Manta V. 1990. Specificity of restriction endonucle-
ase and DNA modification methyltransferases — A review.

 

 



R.10 Appendix References

(into 92: 1—248.

Kessler (l, Hbltke H.-]., Seibl R., Burg J., and Muhlegger K. 1989.

A novel DNA labeling and detection system based on digox-

igenin: Anti~digoxigenin ELISA principle. ]. (flin. Chem.
(flm, Biachcm. 27: 130—131.

— f . 1990. Non—radioactive labeling and detection of nucleic
acids. 1. A novel DNA labeling and detection system based on
digoxigenin: Anti-digoxigenin ELISA principle (digoxigenin
system). Biol. Chem. Hoppe—Seyler 371: 917—927.

Kim Y., Grable LC, Love R.I., Greene P.]., and Rosenberg LM.
1990. Refinement of ECORI endonuclease crystal structure: A
revised chain tracing. Science 249: 1307—1309.

Kinkel T., Lubbers H., Schmidt E., M012 P., and Skrzipczyk HJ.
1989. Synthesis and properties of new luminescent acridini—
um—9—carb0xylic acid derivatives and their application in
luminescence immunoassays (LIA). J. Biolumin. Chemi-
lumm. 4: 136—139.

Kirby K.S. 1956. A new method for the isolation of ribonucleic

acids from mammalian tissues. Biochem. ]. 64: 405.
v-. 1957. A new method for the isolation of deoxyribonucleic

acids: Evidence on the nature of bonds between deoxyri»

bonucleic acid and protein. Biochem. J. 66: 495—504.
———. 1964. Isolation and fractionation of nucleic acids. Prog.

Nucleic Acid Res. Mol. Biol. 3: 1—31.
Kirchner G., Roberts ].L., Gustafson G.D., and Ingolia TD. 1989.

Active bacterial luciferase from a fused gene: Expression of a
Vibrio harveyi quAB translational fusion in bacteria, yeast
and plant cells. Gene 81: 349—354.

Klenk H.P., Clayton R.A., Tomb I.F., White O., Nelson K.E.,

Ketchum K.A., Dodson R.I., Gwinn M., Hickey E.K., Peterson
1.D., et al. 1997. The complete genome sequence of the hyper—

thermophilic, sulphate-reducing archaeon Archaeoglobus
fulgidus (erratum Nature [1998] 394: 101). Nature 390: 364—
370.

Klenow H. and Henningsen I. 1970. Selective elimination of the
exonuclease activity of the deoxyribonucleic acid polymerase
from Escherichia coli B by limited proteolysic digestion. Proc.

Natl. Acad. Sci. 65: 168—175.

Klimasauskas S., Kumar S., Roberts R.]., and Cheng X. 1994. HhaI

methyltransferase flips its target base out of the DNA helix.

Cell 76: 357—369.

Klug A., Jack A., Viswamitra M.A., Kennard O., Shakked Z., and
Steitz TA. 1979. A hypothesis on a specific sequence-depen-
dent conformation of DNA and its relation to the binding of
the Iac-repressor protein. 1. Mol. Biol. 131: 669—680.

Knecht DA and Dimond R.L. 1984. Visualization of antigenic
proteins on Western blots. Anal. Biochem. 136: 180—184.

Kobatake E, Ikariyama Y., and Aizawa M. 1995. Production ofthe

chimeric-binding protein, maltose-binding protein-protein

A, by gene fusion. ]. Biotechnol. 38: 263—268.

Kohen E, Pazzagli M., Kim ].B., and Lindner H.R. 1979, An assay

procedure for plasma progesterone based on antibody
enhanced chemiluminescence. FEBS Lett. 104: 140—143.

Kolchanov N.A., Ananko E.A., Podkolodnaya O.A., Ignatieva
E.V., Stepanenko I.L., Kel-Margoulis O.V., Kel A.E.,
Merkulova T.I., Goryachkovskaya T.N., Busygina T.V.,
Kolpakov F.A., Podkolodny N.L., Naumochkin A.N., and
Romashchenko AG. 1999. Transcription Regulatory Regions
Database (TRRD): Its status in 1999. Nucleic Acids Res. 27:
303—306.

Koncz C., Olsson O., Langridge W.H.R., Shell I., and Szalay A.A.
1987. Expression and assembly of functional bacterial
luciferase in plants. Proc. Natl. Acad. Sci. 84: 131—135.

mm»..«n « -» ,. ~w~m

Korab—Laskowska M., Rioux P., Brossard N., Littleiohn T.G., Gray

M.W., Lang B.F., and Burger G. 1998. The Organelle Genome

Database Project (GOBASE). Nucleic Acids Res. 26: 138—144.
Koren LE, Melo T.B., and Prydz S. 1970. Enhanced photoemul—

sion sensitivity at low temperatures used in radiochromatog-
raphy. J. Chromatogr. 46: 129—131.

Kornberg A. and Baker TA 1992. Topoisomerases. In DNA repli—
cation, 2nd edition, pp. 379—401. W.H. Freeman, New York.

Kornberg T. and Kornberg A. 1974. Bacterial DNA polymerases.
In The enzymes, 3rd edition (ed. RD. Boyer),v01. 10, p. 119.
Academic Press, New York.

Kotewicz M.L:, Sampson C.M., D’Alessio J.M., and Gerard GP.

1988. Isolation of cloned Moloney murine leukemia virus

reverse transcriptase lacking ribonuclease H activity. Nucleic
Acids Res. 16: 265—277.

Kramer ].A., Singh G.B., and Krawetz SA. 1996. Computer-assist-
ed search for sites of nuclear matrix attachment. Genomics
33: 3057308.

Krause A., Nicodeme P., Bornberg-Bauer E., Rehmsmeier M., and
Vingron M. 1999. WWW access to the SYSTERS protein
sequence cluster set. Bioinformatics 15: 262—263.

Kricka L]. 1991. Chemiluminescent and bioluminescent tech-

niques. Clin. Chem. 37: 1472—1481.
. 1992. Nonisotopic DNA probe techniques. Academic Press,

San Diego, California.
Kricka L.]. and DeLuca M. 1982. Effects of solvents on the cat-

alytic activity of firefly luciferase. Arch. Biochem. Biophys.
217: 674—68 1.

Kricka L.]. and Stanley RE. 1992. Bioluminescence and chemilu—
minescence literature—1991:Part I. ]. Biolumin. Chemilumin.
7: 47—73.

Kricka LI. and Thorpe G.H. 1986. Photographic detection of
chemiluminescent and bioluminescent reactions. Methods
Enzymol. 133: 404—420.

Kricka L.]., Nozaki O., and Stanley RE. 1993. Bioluminescence

and chemiluminescence literature—1992: Part I. I. Biolumin.

Chemilumin. 8: 169—182. .

Kroeker W.D. and Kowalski D. 1978. Gene-sized pieces produced
by digestion of linear duplex DNA with mung bean nuclease.
Biochemistry 17: 3236—3243.

Kronvafl G. 1973. A surface component in group A, C, and G
streptococci with non—immune reactivity for immunoglobu-
lin G. ]. Immunol. 111: 1401—1406.

Kronvall G., Grey H.M., and Williams Ir., R.C. 1970a. Protein A
reactivity with mouse immunoglobulins. Structural relation‘
ship between some mouse and human immunoglobulins. I.
Immunol. 105: 1116—1123.

Kronvall G., Seal U.S., Finstad J., and Williams Ir., R.C. 1970b.

Phylogenetic insight into evolution of mammalian Fc frag-
ment of AG globulin using staphylococcal protein A. J.
Immunol, 104: 140—147.

Kulp D., Haussler D., Reese M.G., and Eeckman EH. 1996. A gen-
eralized hidden Markov model for the recognition of human
genes in DNA. Ismb 4: 134—142.

Kumar S., Cheng X., Klimasauskas S., M1 5., Posfai I., Roberts R.].,
and Wilson G.G. 1994. The DNA (cytosine-S) methyltrans-
ferases. Nucleic Acids Res. 22: 1—10.

Kunitz M. 1950. Crystalline desoxyribonuclease. 11. Digestion of
thymus nucleic acid (desoxyribonucleic acid). The kinetics of
the reaction. ]. Gen. Physiol. 33: 363—377.

Kunkel T.A., Roberts ID, and Zakour RA 1987. Rapid and effi-
cient site—specific mutagenesis without phenotypic selection.
Methods Enzymol. 154: 367—382.

 

 



Kunst 1-.. Ogttisawara N, Moszer 1., Albertini A.M., Alloni G.,
;\/e\edo \.. Bertcm MLL, Bessieres P, Boiotin A.. Borchert

S.. et al. 1997. The complete genome sequence of the gram—

pmitive batterium Bacillus 5111719115. Nature 390: 249—256.
Kyle ]. and Doolittle R F. 1982. A simple method for displaying

the hydmpathic character of a protein. ]. Mol. Biol. 157:
105—132.

1 abated (I. and Paigen K. 1980. A simple, rapid and sensitive DNA

assay procedure. Anal. Biochem. 102: 344—352.
I..ieiflinli UK. 1970. Cleavage Of structural proteins during the

assembly of the head of bacteriophage T4. Nature 227:
680—685.

1 atontaine l).A., Deschenes P., Bussiere F., Poisson V., and

Perreault LP. 1999. The viroid and viroid-like RNA database.
N'm‘lc’rc‘Ac‘IdS Res. 27: 186—187.

Langone 1.1. 1980. Radioiodination by use of the Bolton—Hunter

and related reagents. Methods Enzymol. 70: 221—247.

”if. 1982. Protein A of Staphylococcus aureus and related
immunoglobulin receptors produced by streptococci and
pneumonococci. Adv. Immunol. 32: 157—252.

1.askeyR.A. 1980. The use of intensifying screens or organic scin—

tillators for visualizing radioactive molecules resolved by gel
electrophoresis. Methods Enzymol. 65: 363—371.

Laskey RA. and Mills AD. 1975. Quantitative film detection of
‘H and HC in polyacrylamide gels by fluorography. Eur. J.
Biochem. 56: 335—341.

w——. 1977. Enhanced autoradiographic detection of 3319 and
151 using intensifying screens and hypersensitized film. FEBS
Left. 82: 314—316.

Laskowski Sr., M. 1980. Purification and properties of the mung
bean nuclease. Methods Enzymol. 65: 263—276.

Lathe R. 1985. Synthetic oligonucleotide probes deduced from
amino acid sequence data: Theoretical and practical consid—
erations. ]. MOI. Biol. 183: 1—-12.

Latt SA and Wohlleb LC. 1975. Optical studies ofthe interaction
of 33258 Hoechst with DNA, chromatin and metaphase
chromosomes. Chromosoma 52: 297—316.

1.311 RP. and Gray In, H.B. 1979. ExtraceHular nucleases of
Alteromonas espejiana BAL 31. IV. The single strand—specific
deoxyriboendonuclease activity as a probe for regions of
altered secondary structure in negatively and positively
supercoiled closed circular DNA. Nucleic Acids Res. 6:
331—357.

Lauer G., Rudd E.A., McKay D.L., Ally A., Ally D., and Backman
KC. 1991. Cloning, nucleotide sequence, and engineered
expression of Thermus thermophilus DNA ligase, a homolog
of Escherichifl coli DNA ligase. }, Bacteriol. 173: 5047—5053.

Law S.»]., Miller T., Piran U., Klukas C, Chang S., and Unger ].
1989. Novel poly—substituted aryl acridinium esters and their
use in immunoassay. J. Biolwnm. Chemilumin. 4: 88—98.

Lawrence C.E..A1tschul S.F., Boguski M.S., LiuI.S.,Neuwa1d A.P.,

and Wootton TC. 1993. Detecting subtle sequence signals: A
Gibbs sampling strategy for multiple alignment. Science 262:
208—214.

Leary ].I., Brigati D.]., and Ward DC. 1983. Rapid and sensitive

colorimetric method for visualizing biotin—labeled DNA
probes hybridized to DNA or RNA immobilized on nitrocel-
lulose: Bio-blots. Proc. Natl. Acad. Sci. 80: 4045—4049.

Leder H, Tiemeier D., and Enquist L. 1977. EKZ derivatives of bac—
teriophage lambda useful in the cloning of DNA from higher
organisms: The ?.gtWES system. Science 196: 175-177.

Legerski R.]., Hodnett LL, and Gray Ir., H.B. 1978. Extracellular
nucleases of Pseudomonas BAL 31. 111. Use of the double-

Appendix References R.11

strand deoxyriboexonuclease activity as the basis 0111 come
nient method for the mapping of fragments of DNA pro-
duced by cleavage with restriction en7vmcs. Nucleic Acids
Res. 5: 1445—1464.

Legocki R.P., Legocki 1\1., Baldwin 1",O., and Szalay A.A. 1986.

Bioluminescence in soybean root nodules: Demonstration of

a general approach to assay gene expression in vivo by using
bacterial luciferase. Proc. Natl. Acad. Sci. 83: 9080—9084.

Lehman LR. 1981. DNA polymerase I of Esrheridzin call". In The
enzymes, 3rd edition (ed. RD. Boyer). vol. 14, pp. 15—37.
Academic Press, New York.

Lehrach H., Diamond D., Womey ].M., and Boedtker H. 1977.

RNA molecular weight determinations by gel electrophoresis
under denaturing conditions. a critica1 reexamination.
Biochemistry 16: 47434751.

LePecq LB. and Paoletti C. 1967. A fluorescent complex between
ethidium bromide and nucleic acids. Physical—chemical char-
acterization. ]. Mol. Biol. 27: 87—106.

Lerner RA. 1984. Antibodies of predetermined specificity in
biology and medicine. Adv. Immunol. 36: 144.

Levinson A., Silver D., and Seed B. 1984. Minimal size plasmids
containing an Ml3 origin for production of single—stranded
transducing particles. ]. Mal. App]. Genet. 2: 507-517.

Limbach P.A., Crain RE, and McCloskey 1A. 1994. Summary:

The modified nucleosides of RNA. Nucleic Acids Res. 22:
2183—2196.

Lin 1.1, Smith M., lessee I., and Bloom 13. 1992. DHllS: An
Escherichia coli strain for preparation of singlc-stranded
DNA from phagemid vectors. BioTechniques 12: 718—72 1.

Lin W. and Kasamatsu H. 1983. On the electrotransfer of
polypeptides from gels to nitrocellulose membranes. Anal.
Biochem. 128: 302—311.

Lind 1., Live L, and Mansa B. 1970. Variation in staphylococcal
protein A reactivity with gamma G—gJobulins of different
species. Acta Pathol. Microbiol. Scand. B Microbiol. Immunol.
78: 673—682.

Lindbladh C., Persson M., Bulow L., Stahl S., and Mosbach K.
1987. The design of a simple competitive ELISA using
human proinsulin-alkaline phosphatase coniugates prepared
by gene fusion. Biochem. Biophys. Res. Commun. 149:
607—614.

Lindsay S. and Bird A.P. 1987. Use of restriction enzymes to
detect potential gene sequences in mammalian DNA. Nature
327: 336—338.

Lipman D.I., Altschul S.F., and Kececioglu J. 1989. A tool for mul—

tiple sequence alignment. PV‘GC. Natl. Acad. Sci. 86: 4412—4415.
Lis J.T. 1980. Fractionation of DNA fragments by polyethylene

glycol induced precipitation. Methods Enzymol. 65: 347—353.
Lis LT. and Schleif R. 197521. Size fractionation of double-strand—

ed DNA by precipitation with polyethylene glycol. Nucleic
Acids Res. 2: 383—389.

. 1975b. The regulatory region of the L-arabinose operon:
Its isolation on a 1000 base—pair fragment from DNA het-
eroduplexesj. Mol. Biol. 95: 409—416.

Little J.W. 1981. Lambda exonuclease. Gene Amplzf. Anal. 2: 135—
145.

Little ].W., Lehman LR, and Kaiser AD. 1967. An exonuclease
induced by bacteriophage lambda. 1. Preparation of the crys-
talline enzyme. ]. Biol. Chem. 242: 672—678.

Lomonossoff G.P., Butler RT, and KlugA, 1981. Sequence-depen—
dentvariation in the conformation of DNA. J. Mol. Biol. 149:
745—760.

Loontiens F.G., Regenfuss R, Zechel A., Dumortier L., and Clegg

 

 



R. 12 .~1ppcndix References

R..\1. 1990. Binding clmracteristics of Hoechst 33258 with
“1111111111115DNAJJOIHCKA T11,and d((ICJGGAATTCCGG):

Multiple stoichiometries and determination oftight binding
with a wide spectrum of site affinities. Biochemistry 29:
91129A9039.

Low 11. 1968. Fm'nmtion of merodiploids in matings with a class
011101: reelpient strains of Escherichia coli K12. PTOC. Natl.
Amd. 5d. 60: 160—167.

lmve TM. and Eddy SR. 1997. tRNAscan-SE: A program for
improved detection of transfer RNA genes in genomic
sequence. Nudcic Acids Res. 22: 955—964.

. 1999. A computational screen for methylation guide
moRNAs in yeast. Science 283: 1168—1 171.

Inekmv B., Renkawitz R., and Schiltz G. 1987. A new method for
constructing linker scanning mutants. Nucleic Acids Res. 15:
417—429.

Lukashin A.V. and Borodovsky M. 1998. GeneMark.hmm: New
snlutinns for gene finding. Nuclezc Acids Res. 26: 1107-1115.

1mm (1. and Sansone E.B. 1987. Ethidium bromide: Destruction
and decontamination of solutions. Anal. Biochem. 162:
453—458.

.\1.mnich (I. and Schneider W. 1941. Uher die Glykoside con
Digitalis orientalis L. Arch. Pharm. 279: 223—248.

.\1ac(}regor 1.T. and 10hnson 1.1. 1977. In vitro metabolic activa—

tion ofcthidium bromide and other phenanthridinium com~

pounds: Mutagenic activity in Salmonella typhimurium.
Alumt. Res. 48: 103407.

Mahler H.R. and Bastos RN. 1974. Coupling between mitochon—
drial mutation and energy transduction. Proc. Natl. Acad. Sci.
71: 2241—2245.

Main R.K. and (Zole L]. 1957. Chromatography of deoxyribonu-
cleic acids on calcium phosphate columns. Arch. Biochem.
11101711115. 68: 186—195.

.\1.1in R.K.,Wi11\ins M1, and Cole L1 1959. A modified calcium

phosphate for column chromatography of polynucleotides

and proteins. 1. Am. Chem. Soc. 81: 6490—6495.

Malone R.\\'., Felgner P.I.., and Verma 1. M. 1989. Cationic lipo-

some—mediated RNA transfection. Prov. Natl. Acad. Sci. 86:
6077—608 1.

Manchester K.1.. 1995. Value OfAlr'le/MO ratios for measurement of

purity of nucelic acids. BioTechniques 19: 208—219.
. 1996. Use of UV methods for the measu rement ofprotein

and nucleic acid concentrations. BioTechmques 20: 968—970.
Maniatis T., Jeffrey A., and Kleid D.G. 1975. Nucleotide sequence

of the rightward operator of phage lambda. Proc. Natl. Acad.
5d. 72: 1184—1188.

.\1.mi.1tis’1'.. Hardison R.C., Lacy E., Lauer1.,O’ConnellC.,Qu0n

1)., Sim (}.K., and Et'stratiadis A. 1978. The isolation of struc-
tum] genes from libraries of eucaryotic DNA. Cell 15:
687—701.

.\1.moil (L, Mekalanos 1.1., and Beckwith 1. 1990. Alkaline phos—
phatase fusions: Sensors of subcellular location. 1. Bacteriol.
172: 515—518.

.\1.n'inu.s ML}. 1973. Location of DNA methylation genes on the
Esclu‘rit'ltm coli K-12 genetic map. Mol. Gen. Genet. 127:
47—55.

. 1987. Methylation of DNA. In Escherichia coli and
Salmonella typhimurium: Cellularand molecular biology (ed.
EC. Neidhardt et al.), vol. 1, pp. 697—702. American Society
for Microbiology, Washington, DC.

.\1.1rinus MG. and Morris NR. 1973. Isolation of deoxyribonu-
cleic acid methylase mutants of Escherichia folz' K-12. /.
Bacterwl. 114: 1143—1 150.

Markwell MA. 1982. A new solid—stztte reagent to iodinate pro»
teins. 1. Conditions for the efficient labeling of antiserum.
Arm]. Bzochem. 125: 427—432.

Marshall 1., Molloy R., Moss G.W., Howe 1.R., and Hughes TE.
1995. The jellyfish green fluorescent protein: A tool for

studying ion channel expression and function. Neuron 14:
211—215.

Martin C, Bresnick L.,1uo R.R., Voyta 1.C., and Bronstein 1. 1991.

Improved chemiluminescent DNA sequencing. BioTec/miques
11: 110—113.

Martinson H.G. and Wagenaar EH. 1974. Thermal elution chro—
matography and the resolution of nucleic acids on hydroxy-
lapatite. Anal. Biochem. 61: 144—154.

Masuya H., Kondo K., Aramaki Y., and Ishimori Y. 1992. Pyrido—
pyridazine compounds and their use. European Patent No.
EPO491477.

Mattingly P.G. 1991. Chemiluminescent 10—methyl—acridinium-
9-(N—sulphonylcarboxamide) salts. Synthesis and kinetics of
light emission]. Biolumin. Chemilumin. 6: 107—114.

Matz M.V., Fradkov A.F., Labas Y.A.. Savitsky A.P., Zaraisky A.G.,

Markclov M.K., and Lukyanov S.A. 1999. Fluorescent pro-
teins from nonbioluminescent Anthozoa species. Nat.
Biotechnol. 17: 969—973.

Maxam A.M. and Gilbert W. 1977. A new method for sequencing

DNA. Proc. Natl. Acad. Sci. 74: 560—564.
May M5. and Hattman S. 1975. Analysis of bacteriophage

deoxyribonucleic acid sequences methylated by hostand R—

factor—controlled enzymes.1. Bacteriol. 123: 768—770.
McCann 1., Choi E., Yamasaki E., and Ames EN. 1975. Detection

of carcinogens as mutagens in the Salmonella/microsome
test: Assay of 300 chemicals. Proc. Natl. Acad. Sci. 72: 2241—
2245.

McCarty M. 1985. The transforming principle: Discovering that
genes are made ofDNA, lst edition, pp. 83—85. W.W. Norton,
New York.

McCaskill 1.1. 1990. The equilibrium partition function and base

pair binding probabilities for RNA secondary structures.
Biopolymers 29: 1105—1119.

McClelland M. 1981. Purification and characterization of two
new modification methylases: MClaI from Caryopharzon

latum L and MTan from Thermus aquatit‘us YT]. Nucleic
Acids Res. 9: 6795—6804.

. 1983. The frequency and distribution of methylatable

DNA sequences in leguminous plant protein coding genes. 1.
M01. Evol. 19: 346—354.

McClelland M. and Nelson M. 1987. Enhancement of the appar-
ent cleavage specificities of restriction endonucleases:
Applications to megabase mapping of chromosomes. In
Gene amplification and analysis: Restriction endonucleases
and methylases (ed. 1.G. Chirikjian), V0]. 5, pp. 257—282.
Elsevier, New York.

k. 1988. The effect of site—specific DNA methylation on
restriction endonucleases and DNA modification methyl—
transferases — A review. Gene 74: 291—304.

. 1992. Effect of site-specific methylation on DNA modifi-
cation methyltransferases and restriction endonucleases.
Nucleic Acids Res. (suppl.) 20: 2145—2157.

McCleHand M., Kessler LG, and Bittner M. 1984. Site-specific
cleavage of DNA at 8» and 10—basc—pair sequences. Pmc. Natl.
Acad. Sci. 81: 983—987.

McComb RB. and Bowers 1r., G.N. 1972. Study of optimum
buffer conditions for measuring alkaline phosphatase activif
ty in human serum. Clin. Chem. 18: 97—104.

 

  



\1t('nndhe) 111. and Dixon 11]. 1966. A method oftmce todinn—

11011 01" proteim for imnwnologic studies. Int. Arch. A11rrgy

111/71. [17111111110]. 29: 185489.
, 1980, Rddmiodilmtion 01" protems by the use 0tthe eh10~

mmme—l method. Methods Etzzyuzol. 70: 210—213.

.\1e(.tutcl\en S. 1989. Preparation of RNA transcripts using SP6
RNA pob'memse. 111 DNA probes ted. G.H. Ke11er and MM.

.\1.llhllx1.pp. 119-120. Stockton Press, New York.
.\1e1-‘.tr1and \\'.I\'. and Norris K.S. 1958.(Iontr01 opr and C0. by

buffer» in fish transport. Cali]. Fish Game 44: 291-310. A
Nle(iadev ], 1970. A tetm7011um method for non—specific aIkaline

phosphatase. Hisrocltt’mie 23: 180—184.

\1c1\'ee l.R.. Christman (LL, O’Brien 1r., W.D., and Wang S.Y.

1988. lifteets of ultrasound on nucleic acid bases. Biochem—
1511'}' 16: 4651—4654.

NIKKilflIfl-Bll‘bchkin LL, 1990. The use of tetramethylbenzidine
for solid phase 1m munoassays. J. Immunol. Methods 67: 1—1 1.

Wedgwsi (}..~\..Fust(}.,Gergely1.,and Bazin H. 1978.C1HSS€S and
subclasses of rat immunoglobulins: Interaction with the
complement system and with staphylococcal protein A.
lmmmtwhvntistry 15: 125—129.

Meier 11. Ami S.. Malarkannan S., Pomcelet M., and Hoessh D.
1992. Immunodeteetion ofbiotinylated lymphocytesurface
proteins by enhanced chemiluminescence: A nonradioactive
method for ce11-surface protein analysis. Amt]. Btudwm. 204:
220—226.

Nlcissner 1151, Sisk \\'.1’., and Herman ML. 1987. Bacteriophage k
cloning system lbr the construction of directional CDNA
libraries. Pmc. Natl. Amd. Sci. 84: 4171—4175.

Melgar E. and (ioldthwait D.A. 1968. Deoxyribonucleic acid
nudeases. 11. The effects of metals on the mechanism of

actionofdeoxyribonuclease1.]. 8101. Chem. 243: 4409-4416.
Mellon P1... (ilegg (?.H., (Iorrell L.A., and McKnight GS. 1989.

Regulatitm of. transcription by cyclic AMP-dependem pro—

tein kinase. Prof. Natl. Acad. Ed. 86: 448741891.
Melton D.A.. Krieg 1).A., Rebagliati M.R., Maniatis T., Zinn K.,

and Green .\1.R. 1984. Efficient in vitro synthesis ot‘biologi—
call) acme RNA and RNA hybridization probes from plas-
mids containing, a bacteriophage SP6 promoter. NudeicAcids
Res. 12: 7035—7056.

.\1eno1.1.i E11. Michel A., Pora H., and Miher A.O.A. 1990.

Absorption method for rapid decontamination of solutions
of ethidium bromide and propidium iodide. Chromato-

grap/tia 29: 167—169.

chrril (LR. 1987. Detection of proteins separated by electro—

P1101L‘S15.H111\'. Electrophor. 1: 111439.

. 1990. Silver staining of proteins and DNA. Nature 343:

779-780.

.\1erril (3.1L, Goldman 1).,and Van Keuren ML. 1984. Gel protein

stains: Silver stain. Methods Enzymol. 104: 441—447.

Nlcselson M. and Yuan R. 1968. DNA restriction enzyme from E.

(011. Nature 217: 1110—1114.

\1essing I. 1979. A multipurpose cloning system based on the sin?

gle»stmltded DNA bacteriophage Ml3. Recomb. DNA Tech.

Bull. 2: 43—48.

Messing, I.. Cred R., and Seeburg RH. 1981. A system for shotgun

sequencing. Nucleic Acids Res. 9: 309-321.
Messing 1.B.. Gronenborn B., Muller—Hill B., and Hofschneider

PH. 1977. Filamentous cohphage M13 as a cloning vehicle:
Insertion ofa HurdII fragment ofthe lac" regulatory region in
?\113 replicative form in vztro. PTDL‘. Natl. Acad. Sci, 74: 3642—
3246.

Meyer TS. and Lamberts B.L. 1965. Use of Coomassw brilliant

Appendix Refl'rcm‘es R.13

blue R250 for the electrophoresis of microgram quantities of
parotid saliva proteins on acrylamidc gel strips. Bioehim.

Bioplzys. Acta 107: 144—145.
Michaelis S., Guarente L. and Beckwith ]. 1983. 111 mm) con

struction and characterization of phM—Iac/ gene fusiom in

Escherichia coli. ]. Bacteriol. 154: 356465.

Michelson A.1\/1. and Orkin S.H. 1982. (Zhamcterimlion of the
homopolymer tailing reaction came/ed by terminal
deoxynucleotidyl transferdse. Implications for the cloning 01

cDNA.]. Biol. Chem. 257: 14773—14782.

Miele E.A., Milli D.R., and Kramer ER. 1983. Autocatalytic repli~

cation ofa recombinant RNA. 1. M01. Biol. 171: 281—295,
Mierendorf R.C., Percy C., and Young RA. 1987. Gene isolation

by screening th11 libraries with mtibodies. Methods

Enzymol. 152: 458—409.

Mi1ler 1.H. 1972. Experiments in molecular genetics. Cold Spring
Harbor Laboratory, Co1d Spring Harbor, New York.

Mirouchoud D. and Gautier C. 1988. High codon—usage change»
in mammahan genes. Mol. Biol. Evol. 5: 192—194.

Miska W. and Geiger R. 1987. Synthesis and characterization of
luciferin derivatives for use in bioluminescence enhanced
enzyme immunoassays. New ulttasensitive detection systems

for enzyme immunoassays, 1. ]. Clin. Chem. (flin. Biochem.
25: 23—30.

Misteh T., Caceres ].F., and Speetm' 1).L. 1997. The dynamics 0111
pre—mRNA sp1icing factor in living,[ cells. Nature 387:
523—527.

Mitchell L.G., Bodenteich A.. and Merril (LR. 1994. Use 01’silver-
staining to detect nucleic acids. Methods Mo]. 11101. 31:

197—203.
Modrich P. and Lehman IR. 1970. Enzymatic joining of polynu—

cleotides. 1X. A simple and rapid assay of polynucleotide
joining (ligase) activity by measurement of circle formation
from linear deoxyadenylate—deoxythymidyhttc eopolyl’ner. J.
Biol. Chem, 245: 3626—3631.

Moeremans M., Daneels G., and De Mey 1. 1985. Sensntive col—

loidal meta] (gold or silver) staining of protein blots on

nitrocellulose membranes. Anal. Biochem. 145: 315—321.
Monstein H.-1.,Geijer T, and Bakalkin G.\'. 1992. BLOTTO-MF,

an inexpensive and reliable hybridization solution in north—
em blot analysis using complementary RNA probes.
BioTechniques 13: 842—843.

Moos M. 1992. Isolation of proteins for microsequence analysis.

In Current protocols in immunology (ed. LE. Coligan at 311,
pp. 8.7.1—8.7.12.Wiley, New York.

Morgenstem B., Dress A., and Werner T. 1996.1\1ultip1eDNAand

protein sequence alignment based on segn‘tent-to-segment

comparison. Proc. Natl. Amd. Set. 93: 13098—12103.
Morise H., Shimomura O1, Iohnson F.H., and \\'in:mt I. 1974.

Intermolecular energy transfer in the bloluminescent system

of Aequorea. Biochemistry 13: 2656—2662.
Morris C.E., Klement J.F., and McAllister WT. 1986.010ningand

expression of the bacteriophage T3 RNA polymerase gene.

Gene 41: 193—200.

Mount D. 200]. Bioinformatics: Sequence and genome mm/ysifi.
Co1d Spring Harbor Laboratory Press, Cold Spring Harbot,

New York. (In press.)

Muilerman H.G., ter Hart HQ, and Van Diik W. 1982. Specific

detection of inactive enzyme protein After polyacrylamide

gel electrophoresis by a new enzyme-immunoassay method
using unspecific antiserum and partiafly purified active
enzyme: Application to rat liver phosphodiesterase 1. Anal.
Biochem. 120: 46—51.

 



R.I4 Appendices: References

Muller A., Hinriehs W., Wolf W.M., and Saenger W. 1994. Crystal
structure 01" calcium-free proteinase K at 1.5A resolution. J.
Biol. (fht’m. 269: 23108~23111.

Muller W. and Gautier F. 1975. Interactions of heteroaromatic

mmpounds with nucleic acids. A—T-specific non—intercalat—

ing DNA ligands. Eur. ]. Biochem. 54: 385—394.
Murray N.E., Brammar W.1., and Murray K. 1977. Lambdoid

phages that simplify the recovery of in vitro recombinants.
MOI. Gen. Genet. 150: 53—61.

.\1urzin A.G., Brenner S.E., Hubbard T., and Chothia C. 1995.

SCOP: A structural classification of proteins database for the
investigation of sequences and structures. ]. Mol. Biol. 247:

536—540.

Myers R.M., Larin Z., and Maniatis T. 1985. Detection of single
base substitutions by ribonuclease cleavage at mismatches in
RNAzDNA duplexes. Science 230: 1242—1246.

.\1yhre 15.8. and Kronvall G. 1977. Heterogeneity of nonimmune
immunoglobulin Fc reactivity among gram—positive cocci:
Description of three major types of receptors for human
immunoglobulin G. Inject. Immun. 17: 475—482.

——. 1980a. Immunochemical aspects of Fc—medicated binding
of human IgG subclasses to group A, C and G streptococci.
Mo]. Immunol. 17: 1563—1573.

-—-— -—. 1980b. Binding of murine myeloma proteins of different
1g classes and subclasses to Fc—reactive surface structures in
gram—positive cocci. Stand. 1. Immunol. 11: 37—46.

—7 ——. 1981. Specific binding of bovine, ovine, caprine and
equine IgG subclasses to defined types of immunoglobulin

receptors in gram—positive cocci. Comp. 1m munol. Microbiol.
Infect. Dis. 4: 317—328.

Nader WE, Edlind T.D., Huettermann A., and Sauer H.W. 1985.
Cloning of Physarum actin sequences in an exonuclease-defi-
cient bacterial host. Proc. Natl. Acad. Sci. 82: 2698—2702.

Nagai K. and Thogerson H.C. 1984. Generation of B-globin by
sequence—specific proteolysis ofa hybrid protein produced in
Escherichia coli. Nature 309: 810—812.

Nakamum Y., Goiobori T., and Ikemura T. 1999. Codon usage

tabulated from the international DNA sequence databases:
Its status 1999. Nucleic Acids Res. 27: 292.

Nakane PK. and Pierce Ir., GB. 1967. Enzyme—labeled antibodies

for the light and electron microscopic localization of tissue
antigens. ]. Cell Biol. 33: 307—318.

Nelson K.E., Clayton R.A., Gill S.R., Gwinn M.L., Dodson R.].,

Haft D.H., Hickey E.K., Peterson I.D., Nelson W.C., Ketchum

K.A., et al. 1999. Evidence for lateral gene transfer between
Archaea and bacteria from genome sequence of Thermotoga
marmma. Nature 399: 323—329.

Nelson M. and McClelland M. 1987. The effect of site—specific
methylation on restriction-modification enzymes. Nucleic
Acids Res. (suppl.) 15: 219—230.

Nelson M. and Schildkraut 1. 1987. The use of DNA methylases to
alter the apparent recognition specificities of restriction
endonucleases. Methods Enzymol. 155: 41—48.

Nelson M., Christ C., and Schildkraut I. 1984. Alteration of

apparent restriction endonuclease recognition specificities
by DNA methylases. Nucleir Acids Res. 12: 5165—5173.

Nelson T. and Brutlag D. 1979. Addition of homopolymers to the
3'—ends of duplex DNA with terminal transferase. Methods
Enzymol. 68: 41—50.

Neuwnld A.F. and Green P. 1994. Detecting patterns in protein
sequences. 1. Mol. Biol. 239: 698—712.

Nevill-Manning C.G., Wu T.D., and Brutlag D.L. 1998. Highly
specific protein sequence motifs for genome analysis. Proc.

Natl. Acad. Sci. 95: 58656871.
Nguyen N., Hansen C., and Braman J. 1992. Detection of 1751-2

t(14;18) chromosomal translocation using PCR and chemi—

luminescent probes. Clin. Chem. 38: 469.
Nguyen V.T., Morange M., and Bensaude O. 1988. Firefly

luciferase luminescence assays using scintillation counters
for quantitation in transfected mammalian cells. Anal.
Biochem. 171: 404—408.

. 1989. Protein denaturation durmg heat shock and related
stress. Escherichia coli B-galactosidase and Photimzs pyralis
luciferase inactivation in mouse cells. ]. Biol. Chem. 264:
10487—10492.

Niedenthal R.K., Riles L., Johnston M., and Hegemann 1.11. 1996.

Green fluorescent protein as a marker for gene expression
and subcellular localization in budding yeast. Yeast 12: 773—
786.

Nilsson B. and Abrahmsén L. 1990. Fusions to staphylococcal
protein A. Methods Enzymol. 185: 144—161.

Nilsson B., Abrahmsén L., and Uhle’n M. 1985. Immobilization
and purification of enzymes with staphylococcal protein A
gene fusion vectors. EMBO J. 4: 1075-4080.

Nilsson R., Myhre E., Kronvall G., and Sjogren H0. 1982.
Fractionation of rat IgG subclasses and screening for IgG Fc‘
binding to bacteria. M01. Immunol. 19: 119—126.

Nordeen S.1(. 1988. Luciferase reporter gene vectors for analysis
Of promoters and enhancers. BioTechniques 6: 454—458.

Normore WM. 1976. Guanine—plus—cytosine (GC) composition
of the DNA of bacteria, fungi, algae and protozoa. In
Handbook of biochemistry and molecular biology: Nucleic
acids, 3rd edition (ed. G.D. Fasman),v01. 2, p. 65. CRC Press,

C1eve1and, Ohio.
Nossal N.G. 1974. DNA synthesis on a double—stranded DNA

template by the T4 bacteriophage DNA polymerase and the
T4 gene 32 DNA unwinding protein. ]. Biol. Chem. 249:
5668—5676.

Notredame C. and Higgins D. 1996. SAGA: Sequence alignment
by genetic algorithm. Nucleic Acids Res. 24: 1515—1524.

Notredame C., Holm L., and Higgins DP. 1998. COFFEE: An
objective function for multiple sequence alignments.
Bioinformatics 14: 407—422.

Nozaki O., Kricka L.I., and Stanley RE. 1992. Nucleic acid

hybridization assays. J. Biolumin. Chemilumin. 7: 223—228.
Nygren P.A., Eliasson M., Abrahmsén L., Uhlén M., and

Palmcrantz E. 1988. Analysis and use of the serum albumin

binding domains of streptococcal protein G. 1. Mol. Recognit.
1:69-74.

Nygren P.A., Flodby P., Andersson R., Wigzell H., and Uhlén M.

1991. In vivo stabilization of a human recombinant CD4
derivative by fusion to a serum-albumin-binding receptor. In
Vaccines 91: Modern approaches to new vaccines includingpre-

vention ofaids (ed. R.M. Channock et al.), pp. 363—368. Cold

Spring Harbor Laboratory Press, Cold Spring Harbor, New
York.

Oakley B.R., Kirsch DR, and Morris. NR 1980. A simplified
u1trasensitive silver stain for detecting proteins in polyacry-
lamide gels. Anal. Biochem. 105: 361—363.

Ochs D.C., McConkey E.H., and Sammons D.W. 1981. Silver

stains for proteins in polyacrylamide gels: A comparison of
six methods. Electrophoresis 2: 304—307.

Oefner P.I., Hunicke-Smith S.P., Chiang L., Dietrich F., Mulligan
L, and Davis R.W. 1996. Efficient random subcloning of
DNA sheared in a recirculating point-sink flow system.
Nucleic Acids Res. 24: 3879—3886.

 

 



U‘1u1r1‘cll P.H.. Kuttcr 1-I.,and Nakanishi .\/1. 1980. A restriction
nmp of the bacteriophage T4 genome. Mol. Gen. Gamer. 179:
431—455.

Ogdl.) R. and Gilbert W. 1977. Contacrs between the lac repressor

And the thymines in the 1111" operator. Proc. Natl. Acad. Sci. 74:
4973—4976.

Oi \'.'I.. Glanr A.N.. and Stryer L. 1982. Fluorescent phyco—

hilipmtcin conjugates for analyses of cells and molecules. ].
(11111101. 93: 981—986.

01m '1'., Sakammo S., Miyoshi K., Fuwa ’1'., Yoda K., Yamasaki 1\1.,

'1‘.1mum (L, and Miyake T. 1985. Synthesis and secretion of
human epidermal growth factor by Escherichia foli. Prac.
N11“. Anni. SCI. 82: 7212~7216.

Okayama H. and Berg P. 1982. High efficiency cloning of full»
lcngth CDNA. Ma]. (3011. Biol. 2: 161—170.

Olmsted 1.1’). 1981. Affinity purification ofantibodies from diazo—
med paper blot: of heterogeneous protein samples. ]. Biol.
Chem. 256: 11955—11957.

Olsmn .»\.,E11.1.sson M, Guss 11. Nilsson B., Hel1man U., Lindberg
.\1., And L'hlc’n M. 1987.81ructure and evolution ofthe repet—
itivc gent encoding streptococcal protein G. Eur. 1. Bioc‘hwn.
168: 319—324.

(11 nslcm 1.. 1964.1)isc clectmphoresm. 1. Background and theory.
Arm. N. 1'. Amd. 5d. 121: 321—349.

I’dlmcr 11.11.11nd Marinus M.(}. 1994. The dam and 116111 strains of
1-5c/wriflim mli w A review. Gene 143: 1~12.

11:11:15ka 5..\1., Alzlzard 11.1, and Lehman IR. 1978. A simple,

threwstcp procedure for the large scale purification of DNA
llgdsc from a hybrid 71 lysogen constructed in vitro. ]. Biol.
(f/u’m. 253: 4590—4592.

I’maxcnko 5..\1., (idmcmn 1.R., Davis R.W., and Lehman IR.

1977. Five hundredfold overproduction of DNA ligase after
111L111C11011 01:1 hybrid X Iysogen constructed in vitro. Science
196: 188—189.

l’axmrella S. amd Argos P. 1992. A data bank merging related pro—
tein structures and sequences. Prorein Eng. 5: 121—137.

l’dmki S.. Meyer K., And Reichstein 1. 1953.1)ie Konfigurmon des
Digoxygcnins. Experientia 9: 253—254.

1’.nrct'5(m'1‘.f\. and Dean M. 1987. Preparation of high titer lamb—
da phage lysates. 1\'uclt’iCAcids Res. 15: 6298.

Pavchi /\., (lontcro E, Bolchi A., Dieci G., and Ottonello S. 1994.
Identification of new eucaryotic tRNA genes in genomic
databases hv a multistcp weight matrix analysis of transcrip—
tional control regions. Nucleic Acids Res. 22: 12474256.

Pa/mgli M., Bolelli (1.1—1, Messeri G., Martinazzo G., Tomassi A.,
Salerno R.. and Serio M. 1982. Homogeneous luminescent
immunoassay for progesterone: A study on the antibody~
cnhanccd chemiluminescence. [n Luminesa’nt assays:
Pt’l'S/M‘L‘IH’CS m cndocrznology and fli/lical chemistry (ed. M.
Scrio and M. Pazzagli), pp. 191—200. Raven Press, New York.

Pcdmck S.1.., .\Ic1ver C.M., and Monahan 1.1. 198]. Transforma—
tion of 11. (OH using homopolymer—hnked plasmid chimeras.
Biodiim, Biophys. Am: 655: 243—250.

Pearson \\’.1{. and Lipman 11]. 1988. Improved tools for biologi—
cal sequence analysis. Proc. Natl. Acad. Sci. 85: 244472448.

l’cricr [L(I.‘ Junier T., Bonnard (L, and Bucher P. 1999. The
13111“: ryotic Promoter Database (EPD): Recent developments.
.\'u{h'i¢'/1(ids Res. 27: 307—309.

Pcrlcr 1111, Kunmr S., and Kong 1—1. 1996. Thermostdble DNA
polylncmscs. Adv. Protein Chem. 48: 377—435.

l’ctcrhdns A., Mecklcnburg M., Meussdoerffer F., and Mosbach K.
1987. A snnple competitive enzyme-linked immunosorbent
Assay using antigcn-betwgalactosidase fusions. Anal. Bmdlem.

Appendix qubrcnces R.15

163z470—475.

Pheiffer RH. and Zimmerman 5.8. 1983. Polymenstimulated lig-

ation: Enhanced blunt— or cohesive—end ligation of DNA or
deoxyribooligonucleotides by T4 DNA ligase in polymer

solutions. NucleicAcids Res. 11: 7853—7871.
Phillips 11.1. 1973. Dye exclusion tests for cell viability. In Tissue

(ulture: Methods and applications (ed. RF. Kruse, Jr. and MK.

Paterson, 112), pp. 406—408. Academic Press, New York.

Piloty O. and Ruff O. 1897. Uber die Reduktion des tertlarsn

Nitroisobutylglycerins und den Oxim dos Dioxyacctons. Ber.
Dtsch. Chem. 665. 30:1656—1665.

P1uska1M.G.,Przek0p M.B., Kavonian MR, Vccoli (L, and HiCkb

DA 1986. Immobilon PVDF transfer membrane ._ A ne“
membrane substrate for western hlottlng 01. proteins.
Bio Techniques 4: 272—283.

Pollard—Knight D., Simmonds A.C.. Schaap AP, Akhavan H.. and
Brady M.A. 1990. Nonradioactive DNA detection on
Southern blots by enzymatically triggered chemilumines-
cence. Anal. Biochem. 185: 353—358.

Pouliot I.I.,Yao K.C., Robertson C.A., and Nash H.A. 1999. Yeast
gene for a Tyr—DNA phosphodiesrerasc that repairs topoiso-
merase 1 complexes. Suience 286: 552—555.

Poxton IR. 1990. 1mmun0b10tting techniques. (31m: 0pm.
1171171141101. 2: 905—909.

Prasher D.C., Eckenrode \’.K., Ward W.W., l’rendergast F.(}., and
Cormier MJ. 1992. Primary structure of the Aeqnorea vino»
ria fluorescent green protein. Gene 111: 229—333.

Prell B. and Vosberg H.P. 1980. Analysis 01 covalent complexes
formed between calf thymus DNA topoisomerasc and sin»
gle-stranded DNA. Eur. J. Bioc/zcm. 108: 389—398.

Premaratne S., Helms M., and Mower HF. 1993. Enhancement of
ethidium bromide fluorescence in double-strandcd DNA
reacted with chloroacetaldehyde. Biofl’duziqws 15: 594—395.

Price RA. 1972. Characterization of CaH and Mg" binding to

bovine pancreatic deoxyribonuclease A. J. Biol. Chem. 247:

2895—2899.

Puskas R.S., Manley N.R., Wallace D.M., and Berger S.L. 1982.

Effect of ribonucleoside—vanadyl complexes on enzyme—cat—

alyzed reactions central to recombinant deoxyribonucleic

acid technology. Biochemistry 21: 4602—4608.
Quandt K., Grote K., and Werner T. 19961. Gcnomelnspector:

Basic software tools for analysis of spatial correlations

between genomic structures within Illegabase sequences.
Genomics 15: 301—304.

7. 19961). Genomelnspector: A new approach to detect cor—
relation patterns of elements on genomic sequences.
Compuf. Appl. Bioscz. 12: 405—413.

Quillardet P. and Hofnung M. 1988. Ethidium bromide and safe-
ty — Readers suggest alternative solutions (letter). Trends
Genet. 4: 89—90.

Radloff R., Bauer W., and Vinograd 1. 1967. A dye—huoydnt den-
sity method for the detection and isolation of closed circular
duplex DNA: The closed circular DNA in HeLa cells. Prof.
Natl. Acad. Sci. 57: 1514—1521.

Raleigh EA. and Wilson G. 1986. Escherichia coli K—12 restricts
DNA containing 5—methy1cytosine. Prat Natl. Acmi. Sci. 83:
907049074.

Raleigh E.A., Murray N.E., Revel H.,B1umenthal R.1\/1.,\/\'estaway
D., Reith A.D., Rigby P.W., Elhai L, and Hunahan 1). 1988.
McrA and Mch restriction phenotypes of some E. coli
strains and implications for gene cloning (erratum Nzu'lcu'
Acids Res. [1995] 23: 3612). NucleicAcid: R05. 16: 1563—1575.

Rassoulzadegan M., Binetruy B., and Cuzin F. 1982. High fre-  



R. I 6 Appendix References

quency of gene transfer after fusion between bacteria and
cukdryntic cells. Nuturv 295: 257—259.

Rome .\1.(;. 1994. “Erkennung von Promotoren in pro— and

Cllkdl‘}’(11]lih€1‘1€11 DNA-Sequenzen durch k'unstliche

Ncummlc Nelle.” Ph,1). thesis, German Cancer Research

(Zentcr, Heidelberg, Germany.
Reuse .\1.(}. and RH. Eeckman. 1995. New neural network algo—

rithms for improved eukaryotic promoter site recognition.
(7191011113511. 121711101. 1:45.

Reese M.(}., N.1.. Harris, and EH. Eeckman. 1996. Large scale
sequencing apccific neural networks for promoter—splice site
recognition. In Biocmzputing: Proceedings ofthe 1996 Pacific
Symposium (ed. L. Hunter and '1‘.E. Klein]. World Scientific,
Singapore.

Rccac MAL, bH. Eeckmdn, 1). Kulp, and D. Hausalel. 1997.

Improved splice site detection in Genie. 7. Comput. Biol. 4:
31 1—323.

Rctchstcin '1'. 1962. Besonderheiten der Zucker von herzaktiven
($lk051den. Angew Chem. 74: 887—918.

Rcmdut 1{., Stanssens P., and Piers W. 1981. Plasmid vectors for
lngh-ct‘t‘tcienq expression controlled by the p, promoter of

mliphdgc lambda. Gene 15: 81—93.
chl .\1. and Kurz C. 1984. A colorimetric method for DNA

hybridization. .\’u(1wt‘f1fids Res. 12: 3435~3444

Rico 1’., (Iraigie R., and Davies D.R. 1996. Retroviral integrases
and their cousins. Curr, Opin. Struct. Biol. 6: 76—83.

Richardson (L(f. 1971. Polynucleotide kinase from Escherichia
(011 infected with bacteriophage T4. 1n Procedures in nucleic
acid rvsanc/t (ed. G1. Cantoni and DR. Davies), vol. 2, p.

815—828. Harper and Row, New York.

. 1981. Bacteriophage T4 polynucleotide kinase. In The

0712171105. 3rd edition (ed. RD. Boyer), vol. 14, pp. 299—314.

Acadcmtc 1’re55, New York.
Richardson 1.5. and Richardson D.C. 1989. Principles and pat—

terns of protein conformation. In Prediction ofprotein struc-
ture am] the principles of protein conjbrmation (ed. GD.
Fasman ), pp. 1—97. Plenum Press, New York.

Richman 1).1).,(11eveland P.H.. Oxman M.N.,and10hnson KM.
1981. The binding of staphylococcal protein A by the sera of
different animal species. J. Immunol. 128: 2300—2305.

thhterich 1). and Church G.M. 1993. DNA sequencing with direct

transfer electrophoresis and nonradioactive detection.

1101110115 Enzynml. 218: 187—222.

1{tgby1).\\'.,Dieckmann M., Rhodes (l, and Berg P. 1977. Labeling

deoxyrilmnucleic acid to high specific activity in vitro by

nick translation with DNA polymerase 1. /. Mol. Biol. 113:

157~l51.

Robbins 1)., Fahimi H.1)., and (Iotran R.S. 1971. Fine structural

q'tochemicul localization of peroxidase activity in rat peri—
toneal (£1152 Monunuclear cells, eosinophils and mast ce115.1.

Hxstoc'hmz. (31105110111. 19: 571~575.

Roberts 1.1\1., [ones S.L., Premier R.R., and Cox LG. 1991. A com-

parison of the sensitivity and specificity of enzyme

1mmummssays and time-resolved fluoroimmunoassay. ].
lmmmml. A/lcthods 143: 49—56.

Roberts '1"_1\1., Swanberg S L, Poteete A., Riedel G., and Backman

K. 1980. A plasmid cloning vehicle allowing a positive selec—
tion for inserted fragments. Gene 12: 123—127.

Rnbtnmn M.().. McCarrey 1.1{., and Simon M.1. 1989.

1‘r.m.scription.11 regulatory regions of testis—specific PGKZ
defined in transgenic mice. Proc. Natl. Acad. Sci. 86:
843741441.

Rogers S.(L and Wei» 8. 1980. Exonuclease 111 of Escherichia coli

K-12, an AP endonuclease. Methods Enzymol. 65: 201—21 1.
Rohringer R. and Holden D.W. 1985. Protein blotting: Detection

of proteins with colloidal gold, and of glycoproteins and
lectins with biotin—conjugated and enzyme probes. Anal.

Biochem. 144: 118—127.
Rombauts S., Dehais P., Van Montagu M., and Rouze P. 1999.

PlantCARE, a plant cis—acting regulatory element database.
Nucleic Acids Res. 27: 295—296.

Rose G.D., Geselowitz A.R., Lesser G.1., Lee R.H., and Zehfus
MN. 1985. Hydrophobicity of amino acid residues in globu-
lar proteins. Science 229: 834—838.

Rosenberg SM. 1985. ECOK restriction during in vitro packaging
of coliphage lambda DNA. Gene 39: 313—315.

Roswell DP. and White E.H. 1978. The chemiluminescence of
luminol and related hydrazides. Methods Enzymol. 57:
409—423.

Roychoudhury R. and Wu R. 1980. Terminal transferase—cat—
alyzed addition of nucleotides to the 3'-tcrmini 01 DNA.
Methods Enzymol. 65: 43—62.

Roychoudhury R, Jay E., and Wu R. 1976. Terminal labeling and
addition of homopolymer tracts to duplex DNA fragments

by terminal deoxynucleotidyl transferase. Nucleic.~1cids Res.
3: 101—116.

Rozenski ]., Crain PF., and McCloskey ].A. 1999. The RNA
Modification Database: 1999 update. Nm‘leic Acids Res. 27:
196—197.

Rfither U. and MUller-Hill B. 1983. Easy identification of cDNA
clones. EMBO ], 2: 1791—1794.

Salinovitch O. and Montelaro RC. 1986. Reversible staining and
peptide mapping of proteins transferred to nitroce1lulose
after separation by sodium dodecyl sulfate—polyacrylamide
gel electrophoresis. Anal. Biochem. 156: 341—347.

Sambrook ]., Fritsch E., and Maniatis T. 1989. Molecular cloning:
A laboratory manual, 2nd edition, p. 18.15. Cold Spring
Harbor Laboratory Press, Cold Spring Harbor, New York.

Sambrook, I., Sharp P.A., and Keller W. 1972. Transcription of

simian virus 40. 1. Separation of the strands of SV40 DNA

and hybridization of the separated strands to RNA extracted
from 1ytica11y infected and transformed cells. 1. Mol. Biol. 70:
57—71.

Sammons D.W., Adams L.D., and Nishtzawa E11. 1981. Ultrasen—
sitive silver—based color staining ofpolypeptides in polyacry—
lamide gels. Electrophoresis 2: 135—141.

Sander C. and Schneider R. 1991. Database of homology-derived
protein structures and the structural meaning of sequence
alignment. Proteins 9: 56—68.

Sanger E, Nicklen S., and Coulson A.R. 1977. DNA sequencing
with chain-terminating inhibitors. Proc. Natl. Acad. Sci. 74:

5463—5467.

Sano T. and Cantor CR. 1991. A streptavidin-protein A chimera

that allows one—step production of a variety of specific anti—
body conjugates. Bio/Technology 9: 1378—138 1.

Schaap AR, Akhavan H., and Romano L.]. 1989. Chemilumines-

cent substrates for alkaline phosphatase: Application to
ultrasensitive enzyme-linked immunoassays and DNA
probes. Clin. Chem. 35: 1863—1864.

Schaap A.P., Sandison MD, and Handley RS. 1987. Chemical
and enzymatic triggering of 1,2—dioxetanes. 3. A1kaline phos-
phatase—catalyzed chemiluminescence from an aryl phos-

phate substituted dioxetane. Tetrahedron Lett. 28: 1159—
1162.

Schaffner W. 1980. Direct transfer of cloned genes from bacteria
to mammalian ce115. Proc. Natl. Acad. Sci. 77: 2163—2167.  



Schctfler 1.1 ., 1-1son 1-.1..,‘1nd Baldwin R1. 1968. Helix formation

1“ t1.»\'1' oligomers. 1. Hairpin and stl'ttight—chdin helices. 1,
3101. 111171. 36: 291—504.

\C11|1111/ A. and Galas 111. 1979. The interaction of RNA poly-
memsc And [at repressor with the [11C control region. Nucleic
31171151301 6: 111—137.

Nchmlty (?.(1., Walter T.. Seibl R., and Kessler C. 1991.
Nonmdiouctive labeling ofoligonucleotides in vitro with the

httptcn digoxigenin by tailing with terminal transferase.

.1rml. 131011101”. 192: 222—231.

Schnare 1\1.N.. Damherger S.H., Gray t\1.W., and Gutell RR.

1996. (?umprehcnhive comparison of structural characteris—

tits m eukaryotic cytoplasmic large subunit (23 S-like) ribo—

soma] RNA. 1, Mo]. BioL 256: 701—719.

Schneppenheim R. and Rautenberg P. 1987. A luminescence

“batern blot with enhanced sensimity for antibodies to
human 1mmunodeficiency virus. Izm'. J, Clin. A111'1'017101. 6:
49—51.

Schneppcnheim R.. Buddc U., Dahlmunn N., and Rautenberg P.
1991. 1.11mimgraphy — A new highly sensitive visuahzation
method 101' electrophoresis. E1cctr0p1mresis 12: 367—372,

Stlmcnlc 1.1. Adams 1..1)., and Sammom D.W. 1934. 1115111111-
mduced rapid detrease 01a major protein in fat cell plasma

111C1111‘11'1111L‘h.]. Biol. Chem. 259: 12112—12116.
hchrtetcr 1.r\., (1C1M111Cl' B.K., Qui L.Q., Watcrston R.H., and

Wilson 11.1\'. 1991). Low pressure DNA shearing: A method
101“ random DNA sequence analysis. Nlu‘leu‘ Add: R05. 18:
7455—7436.

Schroeder 11.11, Boguslaski R.(i., (idrrico 11.1, and Rudder Rf].
1978. Monitoring specific binding reactions with chemi1u—
minestcnce. Methods Enzymol. 57: 424—445.

ht‘hug 1. and (Norton (}.(I. 1997. TESS: Transcription element
search sut’tware on the www. Computational Biology and

Informatics Lahm'atm'y, University 01 Pennsylvania Schoul
ufMedicine (Technical Report CBlL-TR—1997—1001-\'0.0).

Schulcr (1.11, Altschul S1, and Lipman DJ. 1991. A workbench
10] multiple alignment construction and analysis. Proteins 9:
180—191.

“sthwart/ O.,\ irelizicr 1.—1,., Montagnier 1.., and Hazan L'. 1990. A

1111k1>()[1‘<111\17CCI1()11 method using the luciferase—encoding
tcporter gene for the assay of human immunodeficiency
urns 1.111 promoter activity. 6171088: 197—205.

thart/ RM. and Dayhoff M.(), 1978. Matrices for detecting
distant relationships. In Atlas 0] protein sequence and struc—

ture (ed. .\1.0. 1).1yh011‘et .11.),v01. 3, suppl. 3, pp. 353—358.
National Biomediczfl Research Foundation, Georgetown
l'niversit)’ Medical (Ienter, Washingttm, D.C.

wemcrs R.R.H. and (jounselI 12.11. 1982. Radioiodinatitm tech—
niques for small organic molecules. Chem. Rev. 82: 575—590.

xclhl R., Holtlte H.-1., Ruger R., Meindl A., Zachau H.G.,

Rasahot‘cr R“ RoggendorfM.,\\'01fH..Arnold N., \\'ienberg
1, ct 111. 1990. Nolrtudimctive labeling and detection Of

nucleic acids. 111. Applications of the digoxigenin system.

1110]. (Sham. Hoppc-Seyler 371: 939—951.

Nekiyt K., 5.1116 11, lkcgttmi 'l’., Yamamoto 1\1., Sato Y., Maeda M.,

and 131111 :\. 1991. Fully-uutomated analyzer for chemilumi—

nescent cn/yme immunoassay. 1n Bioluminesmzce mui
(humilunmnwent‘c: (furrenr status teds. RE. Stanley and L].

Krithtl), pp. 123—126. Wiley, Chichester, United Kingdom.

Nemen/a 1}. 1957, (Ihronmtography of demyribonucleic acid in

calcium phosphate. Ark. Kcmi 11: 89—96.

wtluw 1’. 1976. Nearest neighbor frequencies in deoxyribonucle-

it acids. 1n Hmzdbouk o] [nochcnzisrry and nmlmtlm'17101057):

Appendix References R.17

NUC/eif acids, 3rd edition (ed. (1.1). Ftlxmtufl. m1. 2, p. 312.

(RC Press,(lleve1and, Ohio.

Sevag MG. 1934. Eine neue physikalischc linteiweiBungs—meth—

ode zur Darstellung biologisch wirksamer Substanzcn.
Biochem. Z. 213: 419—429.

Sevag M.G.7 Lackman 1).B., and Smolem 1. 1938. Isolation of

components of streptococcal nucleopmteim in serologically
active form. ]. Biol. Chem. 124: 425.

Shannon L.1\/1., Kay E., and Lew LY. 1966. Peroxidase 1S()/ym€.~

from horseradish roots. 1. Isolation and phyxical properties,
1. Biol. Chem, 241: 2166—2172.

Shapiro BA. 1988. An algorithm for comparing multiple RNA

secondary structures. (jampw. App]. “10511 4: 381—393.
Shaptro BA. and Zhang 1\’. 1990. Comparing multiple RNA sec—

0ndary structures using tree comparimn. (fumput. App].

Biosci. 6: 309—318.
Shapiro H.S. 1976. Dtstribution of purines and pyrimidmes in

deoxyribonucleic acids. In Handbook of biodzcnnstz‘)’ 111111

molecular biology: Nucleic adds, 3rd edition (ed. (1.1).
Fasman), vol. 2, p. 241. CRC Press, Cleveland. Ohio.

Sharp RA, Sugden B., and Sambrook 1. 1973. Detection of two

restriction endonuclease dcthities in Huemophzhts pumm—
fluenzue using analytical agarose—ethidium bromide elec»
trophoresis. Bim‘henustry 12: 3055—3063.

Sharp RM. and Cowe E. 1991. Synonymous codon usage in
Sncdmmmyces (crevisme. 1111517: 657—678.

Sharp PM. and Devine KM. 1989. Codon usage and gene expres—
sion level in Difryostelzum zlist‘oidut‘m: Highly expressed
genes do “prefer“ optimal eodons. Amide Acids Rt‘s. 17:
5029—5039.

Shields DC. and Sharp PM. 1987. Synonymous coda n usage in B.

subtilis refelects both translational selection and mutational
bias. Nucleic Acids Res. 15: 3023—3040.

Shimomura O. 1979. Structure of the chromophore 01‘ .—\equort’a
green fluorescent protein. FFBS Left. 104: 220—222.

Shine ]., Dalgamo L., and Hunt 1A. 1974. Fingerprinting of

eukaryotic ribosomal RNA labelled xxith tritiated nucleo—

sides. Anal. Biochem. 59: 360—365.
Siegel LI. and Bresnick E. 1986. Northern hybridization analysis

Of RNA using diethylpyrocnrbonatc»lredted nnnfdt milk.
Anal. Biochem. 159: 82—87.

Siezen R.1. and Leunissen 1A. 1997. Subtilases: The superfltmily
of subtilisin—like serine proteases. Pmu’m Sci. 6: 501—523.

Siezen R.I., de Vos \/\’.1\I.,Leunissen1.A.,and Dijkstra B.W. 1991.

Homology modelling and protein engineering Strategy 01.

subtilases. the family of subtilisin—likc serine protcitmscs.
Protein Eng. 4: 719—731.

Simatake H. and Rosenberg M. 1981. Purified 7. regulatory pro—

tcin (11 positively activates promoters tor lysogenic develop—
ment. Nature 292: 128—132.

Singer V.I_., Lawler TE, and Yue S. 1999. Comparison of SYBR'

Green 1 nucleic acid gel stain mutugenicity and ethidium
bromide mutagenicity in the Salmonella mammalian micro—

some reverse mutation assay (Ames text]. Murat. Res. 439:
37—47.

Singh G.B., Kramer 1.A., and Kraweu S.A. 1997. Mathematical

model to predict regions of chromatin attachment to the
nuclear matrix. Nucleic Aczds Res. 25: 1419—1425.

Singh L. and Jones K.W. 19114. The use of heparin 11.» a simple
cost—et’fective means of controlling background in nucleic
acid hybridization procedures. Nuclmt' 41/115 Res. 12: 5627—
5638.

Sjobring U. BjESrck L., and Kastcrn W. 1989. Protein (1 genes:

 



R. 18 Appendix Reférences

Structure and distribution of IgG-binding and albumin—
bmding domains. Mol. Microbiol. 3: 3197327.
, . 1991. Streptococcal protein G. Gene structure and protein

binding properties. J, Biol. Chem. 266: 399—405.
hindahl l. 1977. Structural studies on the four repetitive Fc-bind—

ing regions in protein A from Staphyloooccus aureus. Eur. }.
131171110711. 78: 471—479.

Siolandcr A., Stahl S., Lovgren K., Hansson M., Cavelier L.,Wa11es
A., Helmhy H., Wahlin B., Morein B., Uhlén M., et a]. 1993.
Phismodinmfiilciparmn: The immune response in rabbits to
the clustered asparagine-rich protein (CARP) after immu—
nization in Freund’s adjuvant or immunostimulating com-
plexes (lSCOMs). Exp. Parasitol. 76: 134-145.

Sioquist 1., Meloun B., and Hjelm 1-1. 1972. Protein A isolated
from Smphylmoccus uureus after digestion with lysostaphin.
Eur. 1. 3101110111. 29: 572—578.

Skinner MK. and Griswold MD. 1983. Fluorographic detection
of radioactivity in polyacrylamidc gels with 2,5—dipheny’1ox—
<1201€ in acetic acid and its comparison with existing proce—
dures. Bioclwm. 1. 209: 281—284.

Smith DP and Fisher PA. 1984. Identification, developmental

regulation, and response to heat shock of two antigenically
related forms of a major nudear envelope protein in
Drosophiln embryos: Application ofan improved method for
affinity purification of antibodies using polypeptides immo—
bilized on nitrocellulose blots. }. Cell Biol. 99: 20—28.

Smith 1).R., Doucette-Stamm L.A., Deloughery C., Lee H., Dubois
l,. Aldredge T, Bashirzadeh R., Blakely D., Cook R.,Gi1bertK.,

ct al. 1997. Complete genome sequence of Metlmrzobarterium
thcrmnaurotrophicmn AH: Functional analysis and compara-
tive genomics. 1. Bacteriol. 179: 7135— 7155.

Smith RF. and Smith T.F. 1990. Automatic generation of primary
sequence pdtterns from sets of related protein sequences.
Prat. Natl. Acad. Sci. 87: 118—122.

— —. 1992. Pattern—induced multi—sequence alignment IPIMA)
algorithm employing secondary structure-dependent gap
penalties for comparative protein modelling. Protein Eng. 5:

35—41.

Smith HO. 1980. Recovery of DNA from gels. Methods Enzymol.
65: 371—380.

Smith H.O., Annau T.M., and Chandrasegaran S. 1990. Finding
sequence motifs in groups of functionally related proteins.
Proc. Natl. Acad. Sci. 87: 826-830.

Sn) der 1'..E. and Stormo G. 1993. Identification of coding regions
in genomic DNA sequences: An application of dynamic pro—

gramming and neural networks. Nucleic Acids Res. 21:
6117—613.

. 1995. Identification of coding regions in genomic DNA. 1.

Mol. Biol. 248: 1—18.

Sonnhammer E.L., Eddy S.R., and Durbirl R. 1997. Pfam: A com—
prehensive database of protein families based on seed align-
ments. Proteins 28: 405—420.

Sonnhammer E.L.t Eddy 5.R., Birney E., Bateman A., and Durbin

R. 1998. Pfam: Multiple sequence alignments and HMM—
profiles ot‘protein domains. Nucleic Acids Res. 26: 320—322.

Ssrcnsen M.A., Kurland C.G., and Pedersen S. 1989. Codon usage

determines translation rate in Escherichia coli. 1. Mol. Biol.
207: 363—377.

Southern EM. 1975.1)etection of specific sequences among DNA

fragments separated by gel electrophoresis. 1. Mol. Biol. 98:
503—517.

Scum A11. and Giiringer H.U. 1998. The guide RNA database.
.\'11(‘h‘it‘r1t‘lds R85. 26: 168—169.

Spector D.L., Goldman R.D., and Leinwand LA. 1998. Cells: A
laboratory manual,v01. 1. Culture and bimhemiml analysis of

cells, pp. 2.8—2.10. Cold Spring Harbor Laboratory Press,
Cold Spring Harbor, New York.

Spingola M., Grate L., Haussler D, and Ares In, M. 1999.

Genome-wide bioinformatic and molecular analysis of
introns in Saccharomyces cerevisiae. RNA 5: 221-234.

Stahl S., Nygren P.A., delander A., and Uhlén M. 1993.

Engineered bacterial receptors in immunology. Curr. Opin.
Immunol. 5: 272—277.

Stanley RE. 1992. A survey of more than 90 commercially avail-
able luminometers and imaging devices for low—light mea—
surements of chemiluminescence and bioluminescence
including instruments for manua1,automatic and specialized
operation, for HPLC, LC, GLC, and microtiter plates. 1.

Descriptions. 1. Biolumin. Chemilumin. 7: 77—108.

. 1993. A survey of some commercially available kits and
reagents which include bioluminescence or chemilumines-

cence for their operation: Including immunoassays,

hybridization, labels, probes, blots and ATP-based rapid

microbiology. J. Biolumin. Chemilumin. 8: 51—63.

Stein H. and Hausen P. 1969. Enzyme from calf thymus degrad—
ing the RNA moiety of DNA—RNA hybrids: Effect on DNA—
dependent RNA polymerase. Science 166: 393—395.

Stephens R.S.,Ka1man S.,Lamme1C.,Fan].,M.1rathe R., Aravind

1... Mitchell W., Olinger L., Tatusov R.L., Zhao Q, Koonin
E.V., and Davis R.W. 1998. Genome sequence of an obligate
intracellular pathogen of humans: Chlamydia trachomatis.
Science 282: 754—759.

Sternberg N. 1985. Evidence that adenine methylation influences
DNA—protein interactions in Escherichia coli. ]. Bacteriol. 164:
490—493.

Sternberg N., Smoller D., and Braden T. 1994. Three new devel-
opments in P1 cloning. Increased cloning efficiency,

improved clone recovery, and a new P1 mouse library. Genet.

Anal. Tech.Appl. 11: 171—180.
Stokke T. and Steen H.B. 1985. Multiple binding modes for

Hoechst 33258 to DNA. 1. Histochem. Cytochem. 33: 333—338.

Stone G.C., Sjbbring U., ijrck L., Sjéquist J., Barber C.V., and

Nardella RA. 1989. The PC binding site for streptococcal prof

tein G is in the Cy2—Cy3 interface region of IgG and is relat-
ed to the sites that bind staphylococcal protein A and human
rheumatoid factors. ]. Immunol. 143: 565—570.

Stone T. and Durrant I. 1991. Enhanced chemiluminescence for

the detection of membrane—bound nucleic acid sequences:

Advantages of the Amersham system. Genet. Anal. Tech. App].

8: 230-237.

Stott D1. 1989. Immunoblotting and dot blotting. ]. Immunol.
Methods 119: 153—187.

Strauss F. and Varshavsky A. 1984. A protein binds to a satellite
DNA repeat at three specific sites that would be brought into
mutual proximity by DNA folding in the nucleosome. Cell
37: 889—901.

Studier PW. 1973. Analysis of bacteriophage T7 early RNAS and
proteins on slab gels. J. Mol. Biol. 79: 237—248.

Studier F.W. and Moffatt B.A. 1986. Use of bacteriophage T7 RNA
polymerase to direct selective high-level expression of cloned
genes. 1. Mol. Biol. 189: 113—130.

Stulnig TM. and Amberger A. 1994. Exposing contaminating
phenol in nucleic acid preparations. BioTechniques 16:
403—404.

Subramani S. and DeLuca M. 1988. Applications of the firefly
luciferase as a reporter gene. Genet. Eng. 10: 75—89.

 

 



mck 1). and Oet‘ner (I. 1986. Structure of DNase I at 2.0 A reso—
lution suggests A mechanism for binding to and cutting
1).\'.\. .\1711m' 321: 620—625.

\11(1\ l).,1Ahm.\.,.1m1()cfner(3. 1988. Structure refitted to 2A Of
d nicked DNA octanucleotide comp1ex with DNase 1. Nature
332:~16~1—-168.

Suek 1).. Oet’ncr (L, and Kubsch W. 1984. Three—dimensioml
structure of bovine pancreatic DNase I at 2.5 A resolution.
1:.\Ili() /. 3: 2423—2430.

Sugino A., Goodman H.M., Heyneker H.L.,Shine1., Boyer H.W,,
and (Io/mrelli .\'.R. 1977. Interaction of bacteriophage T4
RNA and DNA 1igases in joining of duplex DNA at base-
paired ends. /. Biol. Chem. 252: 3987—3994.

Sulmcl 1. 1997. Views of RNA on the World Wide Web. Trends
(feud. 13: 206—207.

Sutclitte LG, 1978. Nucleotide sequence 01. the ampicillin resis-
t.1ncc gene of b’svltem‘hia £011 plasmid pBR322. Prov. Natl.
Mud. 8d. 75: 3737—3741.

. 1979. (fomplete nucleotide sequence of the Effherichia
(017 plasmid pBR322, Cold Spring Harbor Syrup. Qumlz‘. Biol.
43: 77—91).

Sutherland MW. and Skerritt ].H. 1986. Alkali enhancement of
protein sunning on nitroce11ulose membranes. E/cm'ophore-
315 7: 401—406.

SU/uki 51, (it'dddock BR, Kama T., and Steigbigcl RT. 1993.
tfihemihnnincscent enzyme-hnked immunoassay for reverse
transcripmse i11ustrated by detection of HIV reverse tran~
x(l‘ipldsc..’1l“1/. Biochem. 210: 277—28 1.

Maren 1.. Inagdmi S., Lovegren F... and (Ihalkley. 1987. DNA
dendtures upon drying after ethanol precipitation. Nucleic
151115 Ra’s. 15:8739—8754.

anstmm R. and Shank RR. 1978. X—ray intensifying screens
greatly enhance the detection by autoradiography of the
mdimctive isotopes 131) and 1211. Anal. Biochem. 86: 184—192.

\\\it/er111, R.(I.,Merril (f.R., and Shifrin S. 1979. A highly sensi—
11\’C silver stain for detecting proteins and peptides in poly—
.tct'yldlnide gels./1mll. Biochem. 98: 231—237.

Vymdnski 1\1.. Bdrcisyewsku M.Z., Barciszewski I., and Erdmann
\'.A. 1999. 55 Rihoso1m1 RNA Data Bank. Nucleic Acids Res.
27: 158—1611.

1.11mi“ 5. .1nd Richardson (LC. 1985. A bacteriophage T7 RNA
p01\'memse/promoter system for controlled excluswe expres—
sion ot‘specific genes. Prue. Natl. Acad. Sci. 82: 1074—1078.

1.11mi- S., Huber H1"... and Richardson (LC. 1987. Escherichia coli
thioredoxin confers processivity on the DNA polvmerase
activity 01 the gene 5 protein Of bacteriophage T7. ]. Biol.
Um”. 262: 16213—16223.

1.1i N18, Mudgett-Huntcr M., Levinson D..Wu(1.1\/I.,H.1ber b,
Uppcrnmnn H., and Huston 1.5. 1990. A bifunctional fusion
protein mntdining Fc-hinding fragment 13 of staphlyococcal
pmtein A amino terminal to antidigoxygenin singlefhain
1-\. Blm‘lu’mlslry 30: 8024—8030

Ikohdshi .\1. and Uchidzl T. 1986. Thermophilic HB8 DNA lig-
Ase: lattects of polyethylene glycols and polyamines on blunt»
end ligatinn 01 DNA. 1. Biochem. 100: 123-131.

1.1k.1h.1.shi 1\1.,1meguchi 1L, and Uchida T. 1984.1hermophilic
DNA Iigase. Purification and properties of the enzyme from
Therm“: tlzcrnmpllilus HB8. /. Biol. Chem. 259: 10041—
111047.

1.11161 K1). and Hobbs (LA. 1987. Improved media for growing
phsmid and cosmid c10nes.1~‘0cus(l.1feTechnologies) 9: 12.

1.1tsumi H., Masuda 11. zmd Nnkao E. 1988. Synthesis of enzy~
mdtimtlly active firefly luciferase in yeast. Agric. Biul. Chem.

Appendix References RI9

52: 1123—1127.

Tatusova T.A. and Madden T.L. 1999. BLAST 2 sequences, a new

tool for comparing protein and nucleotide sequences (erm-

tum FEMS A/Iit‘robiol. Left. [1999] 177: 187—188). FEMS
Mu‘mbiol. Left. 174: 247—250.

Tautz D. and Pfeifle C. 1989. A non-radioactive in sifu hybridiza—
tion method for the localization of specific RNAs in
Drosophila embryos reveals translational control of the seg-
mentation gene hmu‘hbnck. C/lromosonm 98: 81—85.

Taylor I.M., Illmensee R., and Summers I. 1976. Efficient tran—
scription of RNA into DNA by avian sarcoma virus po1y—
merase. Biochim. Biophys. Am: 442: 324—330.

Ta>10r WR. 1986. The classification 01" amino acid conservation.
]. lecor. Biol. 119: 205—218.

Thompson D. and Larson G. 1992. Western blots using stained
protein gels. BioTec/miques 12: 656—658.

Thompson 1.1), Higgins 1).G., and Gibson 1.1. 1994. CLUSTAl
W:1mprovingthe sensitivity of multiple sequence alignment
through sequence weighting, position-specfic gap penalties,
and weight matrix choice. Nudeic Acids Res. 22: 4673—4680.

Thorpe CH. and Kricka L]. 1986. Enhanced chemilumineseent
reactions catalyzed by horseradish peroxidase. Methods
Enzymol. 133: 331—353.

Thorpe G.H.G., Kricka L.J., Moseley 8.11, and \\’hitehead 1.1).
1985. Phenols as enhancen 012the chemiluminescent horse—
radish peroxidase—1uminol~hydrogen peroxide reaction:
Application in luminescence monitored enzyme immunoax-
says. Clin. Chem. 31: 1335—1341.

Thorstenson Y.R., Hunicke—Smith 5.11, Oefner P1, and David R.
1998. An automated, hydrodynamic process for controlled,
unbiased DNA shearing. Genome Res. 8: 848—855.

Tiselius, A., Hjertén S., and Levin O. 1956. Protein chronwtogru~
phy on calcium phosphate columns. Arch. Biochem. Biophys.
65: 132—155.

Tizard R., Cate R.L., Ramachandran K.L., \\'ysk M., Voyta J.C.,
Murphy 0.1, and Bronstein I. 1990. Imaging of DNA
sequences with chemiluminesccnce. Prat. Null. Amd. St‘i. 87:
4514—4518.

Tomb LE, White O., Kerlavage AR, Clayton R..~\.. Sutton (1.G.,
Fleischmann R.D., Ketchum K.A., Klenk H.P., Gill 8,

Dougherty B.A., et a1. 1997. The complete genome sequence
of the gastric pathogen Helicobacter pylori (erratum Nature
[1997] 389: 412). Nature 388: 539—547.

Towbin H. and Gordon J. 1984. Immunoblotting and dot
immunobinding — Current status and outlook. I. Inmmmfl.
Methods 72: 313—340.

Towbin H., Staehelin T., and Gordon J. 1979. Electrophoretic
transfer of proteins from polyacrylamide gels to nitrocellu—
lose sheets: Procedure and some applications. Prat: Natl.
Acad. Sci. 76: 4350—4354.

Triman K.L. and Adams 13.1. 1997. Expansion ofthe 165 and 235
ribosomal RNA mutation databases (16SMDB and
23SMDB). Nucleic Acids Res. 25: 188—191.

Tsunoda T. and Takagi T. 1999. Estimating transcription factor
bindability on DNA. Bioinfbrnmtics 15: 622—630.

Tu C.»P, and Cohen SN. 1980. 3—End1abeling 01‘[)NA with [tx—
“3P1cordycepin—S'—triphosphate. Gene 10: 177—183.

Tuma R.S., Beaudet M.P., 1111 X., Jones L,I., Cheung (3.11, Yue S.,
and Singer V1. 1999. Characterization 01" SYBR Gold nucle-
ic acid gel stain: A dye optimized for use with 300-nm ultra»
violet transilluminators. Anal. Bmchem. 268: 278—288.

Tung W1. and Chow K.C. 1995. A modified medium for efficient
electrotransformation of F. (011’. 11141115 Genet. 1: 128—129.

 



R.20 Appendices:References

[herbachcr 11.(I. and Muml 11.1, 1991. Locating protein—coding
regions in human DNA sequences by a multiple sensor-neur-

Al network approach. Proc‘. Natl. Amd. Sci. 88: 1 1261-11265.
1'hlen M. 1989. Magnetic separation of DNA. Nature 340:

753—734.

1'hlcn1\1..md Moks T. 1990. Gene fusions for purpose of expres—
s‘ion: An introduction. Methods Enzymol. 185: 129—143.

L'hlen, M., Forsberg (1, Moks T., Hartmanis M., and Nilsson B.

1992. Fusion proteins in biotechnology. Curr. Opin.
Bmtct‘luwl. 3: 363—369.

L'hlén .\1., (11155 B., Nilsson B., Gatenbeck S., Philipson L., and
Lindberg M. 1984. Complete sequence of the staphylococcal
gene encoding protein A. A gene evolved through multiple
duplications. 1: BIO]. Chem. 259: 1695—1702.

L'hlen M” Nilsson B., Guss B.) Lindberg M.. Gatenbeck 5., and

Philipson 1.. 1983. Gene fusion vectors based on the gene for
staphylococcal] protein A. Gene 23: 369—378.

L'hlcnheck O. and Gumport R.I. 1982. T4 RNA ligase. In The

enzymes, 3rd edition (ed. RD. Boyer), vol. 15, p. 3158.

Academic Press, New York.
L'rdca MS, Warner B.D., Running 1.A., Stempien M., Clync I.,

and Horn T. 1988. A comparison of non—radioisotopic

hyhridlzation assay methods using fluorescent, chemilumi-
nescent and enzyme labeled synthetic oligodeoxyribonu—

(lootide probes. Nm‘lcic Acids Res 16: 49374956.
Van Dykc K. and Van Dyke R., eds. 1990. Luminescence

immunoassay mid molecular applications. CRC Press, Boca
Raton, Florida.

\'.1n Lancker M. and Gheyssens LC. 1986. A comparison of four
frequentIy—used assays for quantitative determination of
1)NA.Aml/. Left. 19: 615—623.

van 083 (3.1, Good R.]., and Chaudhury M.K. 1987. Mechanisms
of DNA (Southern) and protein (Western) blotting on cellu-

lose nitrate and other membranes. 1. Chromatogr. 391: 53—65.

mm Zonncvcld A1, Curriden S.A., and Loskutoff DJ. 1988. Type

1 plasminogen activator inhibitor gene: Functional anlaysis
and glucocorticoid regulation of its promoter. Proc. Natl.

Ami. St‘i. 85: 5525—5529.

\'ari 15. and Bell K, 1996. A simplified silver diamine method for

the staining of nucleic acids in polyacrylamide gels.
Flvt‘tmphm'csis 17: 20—25.

Verdinc (LL. 1994. The flip side of DNA methylation. Cell 76:
197—201).

Vernm 1.M. 1981. Reverse transcriptase. In The enzymes, 3rd edi—

tmn (ed. P1). Boyer), v0]. 14, pp. 87403. Academic Press,
New York.

\'icira ]. and Messing J, 1987. Production of single—stranded plas~

mid DNA. Methods Enzymol. 153: 3—1 1.
Yogt \’.M: 1973. Purification and further properties of single—

.strand—specific nuclease from Aspergillus oryzae. Eur. ].
11101110”). 33: 192—200.

\\'.1.11wiik (i. and Flavell R.A. 1978. MspI, an isoschizomer of
11111111 which cleaves both unmethylated and methylated
Hpall sites. Nuclcit‘ Acids Res. 5: 3231—3236.

\\21<1.1 K., Wanda Y., lshibashi E, Gojobori T., and Ikemura T. 1992.
(Zodon usage tabulated form the GenBank genetic sequence
11.111. Nucleit‘ Acids Res. 20: 21 1 1—2118.

\\'.111ace 1.(]. and Henikoff S. 1992. PA'I‘MAT: A searching and

extraction program, sequence, and block queries and data-
bases. (anput. App]. Biosci. 8: 249—254.

Walter A.1i..'111rner 1).H., Kim J., Lytt1e M.H.,Mu11er R, Mathews
1).H., and Zuker M. 1994. Coaxial stacking of helixes
enhances binding ofoligoribonucleotides and improves pre-

: muummm _ 2,

dictions of RNA folding. Proc. Natl. Acmi. Sci. 91: 9218—9222.
Wang LG. 1969. Variation of the average rotation angle 01“ the

DNA helix and the superhelical turns of covalently closed
cyclic A DNA. ]. Mol. Biol. 43: 25—39.

7. 1979. Helical repeat of DNA in solution. Proc. Natl. Acad.

Sci. 76: 200—203.
———. 1996. DNA topoisomerases. Annu. Rev. Biochem. 65: 635—

692.
Wang R.Y.-H,, Zhang X.—Y., Khan R., Zhou Y” Huang L.—H., and

Ehrlich M. 1986. Methylated DNA—binding protein from
human placenta recognizes specific methylated sites on sevr
eral prokaryotic DNAs. Nucleic Acids Res. 14: 9843—9860.

Wang S. and Hazelrigg T. 1994. Implications for bed mRNA local—
ization from spatial distribution of ex“ protein in Dromphila
oogenesis. Nature 369: 400—403.

Warburg O. and Christian W. 1942. Isolierung und kristallisation
des géirungsferments enolase. Biochem. Z. 310: 384—421.

Waring MJ. 1965. Complex formation between ethidium bro—
mide and nucleic acids. 1. Mol. Biol. 13: 269—282.

fl»: 1966. Structural requirements for the binding of ethidium
bromide to nucleic acids. Biochim. Biophys. Acta 114:
234—244.

Waterman M.L., Adler S., Nelson C, Greene G.L., Evans R.M.,

and Rosenfeld MG. 1988. A Single domian of the estrogen
receptor confers deoxyribonucleic acid binding and tran—
scriptional activation of the rat prolactin gene. Mol,
Endocrinol. 2: 14—21.

Watkins TI. and Wolfe G. 1952. Effect of changing the quaterniz-
ing group on the trypanocidal activity of dimidum bromide.
Nature 169: 506.

Weeks 1., Beheshti 1., McCapra F.,Campbe11A.K., and Woodhead

1.5. 1983. Acridinium esters as high—specific activity labels in

immunoassay. Clin. Chem. 29: 1474—1479.
Wei C.—F., Alianell G.A., Bencen G.H., and Gray Ir., HB. 1983.

Isolation and comparison of two molecular species of the
BAL 31 nuclease from Alteromonas espejiana with distinct
kinetic properties. ]. Biol, Chem. 258: 13506—13512.

Wei] MD. and McClelland M. 1989. Enzymatic cleavage of a bac‘
terial genome at a 10—base-pair recognition site. Proc. Natl.
Acad. Sci. 86: 51755.

Weisblum B. and Haenssler E. 1974. Fluorometric proPerties of
the bibenzimidazole derivative Hoechst 33258, a fluorescent
probe specific for AT concentration in chromosomal DNA.
Chromosoma 46: 255—260.

Weisburger E.K., Russfield A.B., Homburger h, Weisburger I.H.,
Boger E., Van Dongen CG, and Chu KC. 1978. Testing of
twenty—one environmental aromatic amines or derivatives
for long-term toxicity or carcinogenicity. ]. Environ. Pathal.
Toxical. 2: 325—356.

Weiss B. 1976. Endonuclease II of Escherichia coli is exonuclease
III.].Bi01. Chem. 251: 1896—1901.

Weiss B., Iacquemin—Sablon A., Live T.R., Fareed G.C., and
Richardson CC. 1968. Enzymatic breakage and joining of
deoxyribonucleic acid. IV. Further purification and proper-
ties of polynucleotide ligase from Escherichia coli infected
with bacteriophage T4. J. Biol. Chem. 243: 4543—4555.

Werstuck G. and Capone LP. 1989. Identification of a domain of
the herpes simplex virus trans-activator Vmw65 required for
protein-DNA complex formation through the use ofprotcin
A fusion proteins. J. Viral. 63: 5509—5513.

White O., Eisen 1.A., Heidelberg ].F., Hickey E.K., Peterson I.D.,
Dodson R.J., Haft D.H., Gwinn M1, Nelson W.C.,
Richardson D.L., et al. 1999. Genome sequence of the  



I'tlt11tll‘e‘xlsldl11 bacterium I)L’1110(0C(Il: radiodm‘tm5 R1. Science

286:1571—1577.

\\ hilehedd 1.1’.. Thm‘pe (}.H.(}., (?drter T.1.N.. Groucutt C.. and

Kriekd 1 .l. 1983. Enhanced luminescence procedure for sen-
xitive determination of peroxidase~labelled conjugates in
Immunoassay. Nature 305: 158—159.

\\'hitt:1ker1’.,\.,(I‘1mphe11A.1.B.,SouthernE.M..and1\1urmyN.E.

1988. 1inlmnced recovery and restriction mapping of DNA

t'ragmenu cloned in a new 7. vector. Nucleic Ami.< 1105. 16:

(1735—6736.

\\'1e1\ RA. 1989, Photon counting imaging: Applications in bio~
medical rewareh. Biu'lbc‘lmiqzw: 7: 262—268.

\\'iegcr.s L'. and H111 H. 1971. A new method using “proteinase K”
11) prevent mRNA degradation during, isolation from HeLa
cells.Bio(/1eflz. Biophys. Res. Commun. 44: 513—519.

. 1972. Rapid isolation of undegradcd polysomdl RNA
without phenol. FEBS L011. 23: 77—84.

\\ig1e 1).:\.. Rnddkovie N.N., Venance $1, and Pang S C. 1993.
1-nhanced chemiluminescence with catalyzed reporter depo—
5111011 for increasing the sensitivity of Western blotting.
11/0'11‘1‘11111111/05 14: 562—563.

\\i|ehek .\1. and Bayer EA. 1990. Biotinicontainingy reagents.
3119110115 Fitzymol. 184: 123—138.

\\1111nger \\'.\\'., Mackey K., and Chomczynski P. 1997. Effect of
pH and tonic strength on the spectrophotometric assessment

61 nuc1eic acid purity. Bio'lbt‘lmiqzws 22: 474—481.
\\'ilk1e .\'..\1. and R. Cortini. 1976. Sequence arrangement in her-

pes simplex virus type 1 DNA: Identification of terminal

hugments in restriction endonuclease digests and evidence
1m: inversions in redundant and unique sequences. 1. Virol.
20: 31 17231.

\\'111\mmn 1), 1998. Products for the chemiluminescent detection
0121).\'f\. St‘wntisl 12: 20A22.

\\111i.\m\ 1111. and RLtttner HR. 1979. Construction and charac—

teri/Ation 01 the hybrid bacteriophage lambda Charon vec—
tors for DNA cloning. ]. Virol. 29: 555~575.

Wilson Afl. 1958. Tritium and paper chromatography Nature
182: 524.

. 1960. Detection of tritium on paper chromatograms.
11101111111. Binphys. Add 40: 522—526.

Wilson (LM. 1979. Studies and critique of Amido Black 1013,
(iomnussie Blue R, and Fast Green F(IF as stains for proteins

After polyacrylamide gel electrophoresis. Anal. Biochem. 96:
2037278.

. 1983. Staining of proteins on gels: Comparison of dyes

and procedures. 31101110715 Enzymol. 91: 236~247.

\\'in1\'1er 11K. 1994. DNA totally flipped out by methylase.

Strm‘mrc 2: 79—83.

\\'inl\1er F.K., Banner 1).W., chner C.. Tscmoglou 1)., Brown

11.5” Hmthmdn 8.1)” Bryan R.1\'., Martin P.l)., Pctratos K.,

and Wilson KS. 1993. The crystal structure of EcoRV endo—

nuclease and ot‘its complexes with cognate and non-cognate
DNA fragments. EMBO I. 12: 1781—1795.

Winter 1-.. Yamamoto 1-‘.,A1mogucra (l, and Perucho M. 1985. A

method to detect and characteri7e point mutations in tran—

scribed genes: Amplification and overexpression of the
mutant e—Kifms allele in human tumor ce1ls. Prat: Natl. Acad.
MI. 82: 7575~7579.

\\'intersl)erger U. 1990. Rilmnucleases H at. retroviral and cellular

orlgm. lemmcnl. Thor. 48: 259480.

\\01fenden 1{., Andersson 1... (Zullis P.M., and Southgate CC.

1981. Affinities of amino acid side chains for solvent water.
[11t11‘111'711i511/1'201849—855.

Appendix References R.21

Woltanski K.P., Besch \\'., Keilacker H., Ziegler .\1., and Kohnert
K.D. 1990. Radioiodination of peptide hornmnes and

immunoglobulin preparations: Comparison 01" the chlo-

mmine T and iodogen method. Exp. (film. I‘lltl'ot‘rimfl. 95: 39—

46.

Wolters (L, Kuijpers L.. chaki 1.. and Schuurs A. 1976. Solid?

phase enzymc—immunoassay for detectlon of hepatitis B sur—

face antigen. 1. Clin. Pathol. 29: 873—879.
Wood K.\". 1991. The origin of beetle 1ucitbmses. In 1310111111131—

escczzc‘e and chemilzmzincscmcc: (furrow status (ed. 1’. Stanley

and L. Kricka), pp. 1 1—14. \V11€)‘, Chichester. United Kingdom.

Wood K.\'. and DeLuca M. 1987. Photograplne detection ot lumi—

nescence in Escheridzm coli containing the gene for firefly

luciferase. Anal. Biodwm. 161: 501—507.
Wood W.B. 1966. Host specil‘igity 01 DNA produced h)

Escherichia coli: Bacterial mutations aflecting the restriction
and modification of DNA. J. Mol. Biol. 16: 118—133.

Worley K.C., Wiese B.A., and Smith R.1—‘. 1995. BEAUTY: An

enhanced BLAST-based search tool that integrates multipIe
biological information resources into sequence similarity

search results. Genome Res. 5: 173—184.

Worley K.C., Culpepper R. Wiese B.A., and Smith R.F. 1998.
BEAUTY-X: Enhanced BLAST searches for DNA queries.
Bioinjbrmatiw 14: 8904391.

Wower 1. and Zwieb C. 1999. The tmRNA database (tle)B).

Nuclcit‘Acids Res. 27: 167.
Wu 1C. and Santi D.V. 1987. Kinetic and catalytic mechanism of

Hhal methyltransterase. ]. Biol. Chem. 262: 4778—4786.
Wu R., Jay E., and Roychoudhury R. 1976. Nucleotide sequence

analysis of DNA. Methods C(?Ht‘L’l‘ Res. 12: 87—176.
Wuchty S., Fontana W, Hofacker 1.1... and Schuster 1’. 1999.

Complete suboptimal folding of RNA and the stability of
secondary structures. Biopolynwrs 49: 145—165.

Wyman AR. and Wcrtman KT. 1987. Host straim that a11evidle

underrepresentation 01 specific sequences: Overview.
11161910115 Enzyme]. 152: 173—180.

Xue (LP, Denman SE, Glassop D. Johnson 1.8, Dierens 1..1\1..

Gohius KS, and Aylward 1.11. 1995. .\16dificatinn 01‘ d

xylanase cDNA isolated from an anaerobic fungus
Neocallimastix patrit‘iarum for high—[eve] expresx‘ion in
E5cheric11ia coli. J. Biotec/uzol. 38: 269—277.

Yamamoto K.R., Alberts B.M., Bcnzinger R., Ltnvhornc 1... and

Treiber G. 1970. Rapid bacteriophage sedimentatitm in the

presence of polyethylene glycol and its Application to large~

scale virus purification. Virology 40: 734-744.
Yanisch—Perron C.,Vieira I., and Messing 1. 1985. Imprm ed 1\113

phage cloning vectors and host strains: Nucleotide sequences

of the MTSmplS and pUC19 vectors. Gene 33: 103~1 19.

Yeh E., Skibbens R.V., Chcng I.W., Salmon ED, and Bloom K.

1995. Spindle dynamics and cell cycle regulation ot'dynein in

the budding yeast Sacchnrornya‘s t‘c’rcvisuu’. ]. (fell Biol. 130:
687—700.

Yona G., Linial N., Tishby N., and Linial M. 1998. A map of the

protein space — An automatic hierarchical classification 01.
all protein sequences. 15111176: 212—221.

Young R.A. and Davis R. 198341. Efficient isolatton of genes bv

using antibody probes. Proc, Natl. Amd. Sci. 80: 1 194~1 198.
fi—. 19831). Yeast RNA polymerase 11 genes: Isolation with

antibody probes. Science 222: 7787782.
Young R.A., Bloom B.R., Grosskinsky C.M., Ivanyi 1..'1'hom.151)..

and Davis R.W. 1985. Dissection ofMyt‘nluzt‘teritmz tubertzt—

losis antigens using recombinant DNA. Prat: Natl. Amd. Sal
82: 2583—2587.

 



R.22 Appczzdiqufbrcnces

Yucn K.(I.1_., Johnson 'I.K.,1)enell R.E. and Consigli RA. 1982. A

xllvcr-smining technique for detecting minute quantities of

protcim on nitrocellulose paper: Retention of antigenicity of
stained proteins. Anal. Biochem. 126: 398—402.

Yukscl K.L'. and (Eracy R.W. 1985. The quantitation of proteins
in silver stained polyacrylamide gels. Elec‘tmphorcsif 6: 361—

566.

Axgursky R.l. and Herman R.L. 1984. Cloning vectors that yield
high 1cvels of single-stranded DNA for rapid DNA sequenc—
ing. (7011027: 183—191.

[hang MQ. 1997. Identification of protein coding regions in the
human genome based on quadratic discriminant analyms.
Prat". Natl. Amd. S(‘i. 94: 565~568.

. 1998. Identification 01 human gene core—promoters in 511-
im. (immmc Res. 8: 319—326.

Zhang S., Zubay (1, and Goldman E. 1991. Low—usage codons in
ksdzcrifllia (011) yeast, fruitfly and primates. Gene 105: 61—72.

[hang A, Schaffcr A.A., Miller W., Madden T.L, Lipman D.].,

Koonin EM, and Altschul S. 1998. Protein sequence similar-

ity searches using patterns as seeds. Nucleic Acids Res. 26:
398673990.

Zhu ]., Liu ].S., and Lawrence C. 1997. Bayesian and adaptive
alignmcnl and inference. Ismb 5: 358—368.

7,77, 1998. Bayesian adaptive sequence alignment algorithms.
Bioinformatics 14: 25—39.

Ziegler M.M. and Baldwin TO. 1981. Biochemistry of bacterial
bioluminescence. Curr. Yap, Bioenerg. 12: (35—1 13.

Zimmer R. and Verrinder Gibbins A.M. 1997. Construction and

characterization of a large-fragmcnt chicken bacterial artifi—
cial chromosome library. Genomics 42: 217—226.

Zimmerman S.B. and Minton A.P. 1993. Macromolecular crowd—
ing: Biochemical, biophysical, and physiological conse~
quences. Annu. Rev. Biophys. Biomol. 8111111. 22: 27-65.

Zimmerman S.B. and Pheiffer B.H. 1983. Macromolecular
crowding allows blunt-end ligation by DNA ligases from rat
liver or Escherichia coli. Proc. Natl. Acad. Svi. 80: 5852— 5856.

Zoller M]. and Smith M. 1984. Oligonucleotide—directed muta—
genesis: A simple method using two oligonucleotide primers
and a single—stranded DNA template. DNA 3: 479—488.

7. 1987. Oligonucleotide-directed mutagenesis: A simple
method using two oligonucleotide primers and a single—

stranded DNA template. Methods Enzymol. 154: 329—350.
Zuker M. 1989. On finding all suboptimal foldings of an RNA

molecule. Science 244: 48—52.

Zwieb C. 1997. The uRNA database. Nucleiv Acids Res. 25: 102—
103.

 



Index

We shall not cease from exploration
And the end of all our explonng
Will be to arrive where we started
And know the place for the l1rst time.

1511101

 

111111 11000541 .|lan101 1)N/\ 1mgmcms, A04

\111 1 (1, 1 15

'\1111K,1.15
\111\ 81'1'22 11/100—11115—clhy11wn/1h1.1/010100—

xulplmniu dam
\< 105 11C.1\’.1gc dl end 01 DNA 1mgmcms. A0 4

1111 dmmgc 01 7410.1/5—(111'1‘1’ 111()(1111C(1 1)NA.8.00
111111, \1.7

\u1l\ dud

101 pulv.1u\1.1midc gel 11xdtion,5.49—5.50,

1190—1292

R‘upcx, /\1.0

hdnmlrllc, 1028—1019, 10.42, 10.49, 18.08

\u'1\'1t:()/\.17 95

( ,\1, 17. 50—1741

luu1cmw and, A‘ .22
Mid ulmlu <1c\lr0sc 50111001111(A(31)),0.8—0.9

\LIt1'11)t1l‘()1\’/C(10.15011] (AHC) medium, 4.05

\th1 phcnnl guanidimum 1hiocydndtu—Ch10r010rm

010111100, 7.4—7.8

\L1(1\1111(1 1».1scs.gcncml.A1.0
\u'u1mc 0mngc and g1y0xyldlcd RNA stdimng, 7.27

h ru1|n|um cxlcrs, chunilumlncsccncc 1mm,
/\‘).17—/\‘).18

\u\'11unulu. 1271—1275, A8.4(1—/\8.45. Sec 11130

1’01y.|«rv1.1midu; 1’01y4cry13midc gel elec—

Imphnrcm
rL-upc, A1 15

x01111|0n~10r dcndturmg gels, 1.11710 01, 12.78

mlulmm 10r denaturing polyauylzlmidc gels

mnldmmg10rm.unidc,1ablc01, 12.82
xmmgc, 12.75

\u"\’11|1111&1cgc1 clulion buffer, 5.51—552

\u‘\1c.lxc, 5.44. 12.75

hunmnwnfl “142.7

\k1111(1111V&1111),11.5x,'\1 I5

muhdnism 01 M1101], 7.88, /\2.71

mun ICW, 7.88

m prnncr mlcnsmn mix, 7.77

sc11 pruning,101111311100 01. 11.40

xlluduru 01, 7 88

\gn\.11|00 d0m.l|n 111mm plasmids, 18.20
\1)\. 51m Adcnmmc dmm mdsw
\d.1m.1my1 1,1—(110xcldnc phmphdlc (AMPPIN,

‘) 7‘). N). 59—A9.4(), A9.42—/\9.44

1\111L’11(s111-L11011111lmHnL‘SLL’HLC,A944

“1.0mm

Allmhmg10pmlrudingtcrmini, 1.88—1.89
LI)1\'\d0mng, 11.20—11.21,11.51—11.55

111 11mm sclcdinn 01 L1)NA.SPI‘(11(1C(11, 11.102
111101110110 Llnnmg. 184

muncw, 1,100

1.11w1c 01 qucnwx, 1.101

1411051141042, 1.59— 1.00, 18 22
\11¢01|1¢,,\0.0

mclhflnlim 01, 11.48. 1587—1588, A4.5—A4.4

011mm (mdc mmhfimlmn 01, 15.78
1C1111L‘(1(011113111111‘151'1-1111L‘A6’5), A00

x1r1lx111lc,1\(\,6

01 1M wdm gmwlh, 4.05

\11cn0»|nc deammdsc (ADA), 10.47

\\1cn0\mc \1\p1\0~.p1\ak‘ (ADP). A125
\dc00s|ncmplnmpthc1/\'1'1’1,Al.25

d/\1’1)il]hibition101"1"4 I)N.—\1igdsc, 1.85

luutl‘rdsc and, 17.44—17.45. 1747.49.22
ADP. Sec Adcnosinc diphmphdtc
Adsorpli0n,v1ral, 2.4
Auqumca l'utarm, 18.09, A924. MT 11150 Green fluo—

FCS(C111 1317010111

Acqu0rin, 17.84, 17.89. A924

Affinity uhrmnatogrdphy. 51’1’0150 (?hrmmltogmphy
Anthem purificatinn, 14.51

biotinufidm, 11.11
0175. 1011 1ySLIIL‘ f0r cross—rcuctivc dntlhody

rmnoval. 1428—1430

cpn0pe tagging and, 17.91
1usi0n protein purlficaltion, 14.40, 14.43, 15.4—

15.5

011 amylosc rcsm, 1540—1545

00 glutathionc dgamse, 1550—1559
(11.11‘1‘111056‘171116111’151 proteins, 1540—1545

histidmeuggcd protein purification, 15.44—
15.48

metal Cht‘1dlC, 1544—1548
rcmmdl offloss—rcactivc antlbodics, 14.28—

14.30

Atfinny purificatmn using magnctk beads, 11.118—
1 1.120

A111] cleavage at end of DNA 11'dgnwnts,A0.4
Agar, media containing, A25

Agaraac, 555—535, 583—588, A451
Agdrmc. $0601.10 Agamse gel clearophoresm

hlmks/plugs
71 mnmtcmcr llgdtion in, 172—575

1vsis<1fcclls in, 561. 564—505, 5.07
10r pulsed—field gel clectmphorem, 5.59,

5.61—5.70

rcslrictmn end0nuc1casc (115105001101 DNA in,
5118—570

storage 017, 5.04, 5.07
mmp0silmn 01, 5.4

electr0cm10-0smosis (E110), 5.7

10w-mclting-tcmpcmturc, 5.0. 5 1

DNA recovery from, 529—535
pulscd—ficld gel electrophmcsis gclfl, 5.85—

5.88

1)N.\ we aelcction in shotgun sequencing
pr010c01, 12.18

71 mnmmmcr ligation in, 172—575

llgarion in. 1.103—1104, 5.29
migratmn rate 1hr0ugh,5.51
pmpenics 01, 5.0

pulscd—field go] electrophorcsls, 501—567,
5 83—583

mdmlahcling DNA in gel slices, 9.9
rcsolutmn 01, 5.0

rcstrlctiml cndonuclcdsc (11gestion m agdmsc
plugs, 508—570

mcdm mntaining, A25
1117601150

Agamsc gel electmphoreais. See 0150 Pulscd-ficld gel
C1cctr0ph0rcms

dlkdllne, 550—559
uutomdiogmphy, 5.39
013111011558
Southern hvbridiyation. 5.38

uxcx 101. 5.50
1111.11lvxls01.11111(L‘1'/.IL1.11‘101'JltAChlflClll 1011)1\' \.

1 1.55

analysis 01 methvlalmn 01 11).\'.\, 11 31)
handflmb P(IR 01 5.11111‘1011’0111 gcl, 8.71
(DNA1mcti0ndn00, 1 1.9

denaturing. 7.21—7 21. 727—754

DNA 1011111110171 slmk and Inulcs, awn mg,
245—240

DNA dctution, 5.14— 5.17

011111111101bromidemining.5.14-513
photography, 5.10 5 17

51111100111 smimng, 515—510
DNA rccm‘cr}. 1.91. 5.18

Jni0n—cxchangc (hr01ml0gm p11), 510—328
DFAI‘ ccllulmc mcmhmnus, clcdmplmrcxtx

0mm, 518—322

dialysls 17.135, L‘1L‘L‘1HW11111011 “110, 5.25- 5.25
10\\'—mclting tcnmumlurc Jgdrmc

dgamm, 5.55—5. 13
314.“ 17Cdd mt, 5.52

01441100 cxlr11ct|00,5.29—5.51

pr01>lcms .I.\50L1JICL1 “1111, 5.18
DNA xllc solution in shmgun wqucmmg pr010—

LU1, 12.18

DNA tranx‘tcr 110m

mpllldr) lmmfn‘r
(10wnw.\rd, 6.35

upw.11d,0.54—0_35
clenroplmrctic transfer, 0.50

xlmulldncous transfer 10 l\\ 0 11110n,0.55—0.50
mcuum transfer. 0.57

v1utr0phorc>i§ 1n|11brx 81'1'11150 1fl1cx110pl10rcslx
hutfen

cl’lm 0111)N/\migrat1011,5.7—3.8
gel preparation, 5 ll)

rccipcx. 5.8
clhidium bromldc st.)1mng,:\9 1—.»\9.4
ch-Imding huffcrx. 5.9
h1510r) 01. 5 5

7x arm purifimlmn, 2,71
largo DNA 11101010110,11111111110 cmcrmg thc gcl,

0.15
markers, mdmldlwlcd xi/c. 9.54

methnd, 5. 10—5. 15

mmb placement, 5 1 1
gal prcpdmtlon, 5.14)

loading g01,5.12—5.15

pouring g01.5.11—5.I 1
well mpdfity, 512—115

mcihylcncblue501111100195
migranon mlc

DNA 110m Alkalinc1\\1~prupdmliuns, 1.40

DNA 1‘r0m h011c11 1\\|\ pn‘pamumh. 1.45.
1.49

DNA from 1001111011 1mmprvpumtmns, 1.51
clhidtum1110100101011, 1 51
111110119 dctcrminmg, 3 4—58

agamsu cunccnlmtmn, 5 5

agdmsv lvpc, 50—57

wnf0rnmti0n 01 1)N:\
c1cclr0p110rc51x151111L‘I‘.

  

5./—5.8

clhidium bromidc prcwntc, 5.5

1.1

 



I.2 [1111111

\g.111 wgcl1'11‘111'1111111111'xls1111111111111'111
\1/1'1111)N\.3.-1
1111.131‘1111‘111'11, 5 2—5 6

1111111g1'1s. 5 I‘

11111\ \11.11111)11.111011111| 11).\'.\prcp.11‘111|1>|1.11.9

11.11 11.11 111gcx111>11 p11n11111s, w1>.11‘.111ng,2.78

1‘111\.111\1.11111<1c gc1~ unnpdmd. 5.2, 5.41)
111 1x1-11—111‘111 gel L’11‘11111ph111‘tm

.1\c1'\1c1\111.5 2—5.5
1011111111111. 5.1

1111 1111.111111.11111g1)\.\. 18.24

11‘1‘1.1111111.5.2

1L‘\1)111l11)11, 5.2. 5.6, 5.12

R\\scp.11.11111n
1'1|11.1|1/1ng1{.\'.\ .11111111111s.7.22—7.2.1

111111111111411111'—111111.11111111:gclx, 731—754
21\0\\1.11c1111\ \. 7 27—7311)

111.1 11111 11\L‘k1 1111', 7.217 29

.1\c1‘\1c1\.7.21 7.22

|N‘111111111cwlg0 .1~ ~1.11111.11‘d\, 7.25

wading 111m. 7.2.1

1{\ \ 11.111xicr111 1ncn11smncx.735—741
\11111111'11111\11|1111/.111n11. 1.28
11111111118,1).\.\~.i/c.5.11)
mnmgc 111 gcls, (1. 13

11111 \11-map .11 1'1111111 1).\'A 1r.1g111cn1s.z\6.4

1141-111“ p1’1»1ci11.).,2.11-—2.15
\11 1\111\111cx in pa11\.11_1\1.11111111' gc1s. 12 79

\1.11»1~1|1\1111s1n. 15.8

11.1111111'
111111111 11\1lgt'..\7.1
111111111111111111’. \7."
p111pc11|u~,1.11111‘111. \7.8

\1.1n 111- 411111111114 111111.1gc11cx1\. 15.3, 15 81

\11~.1|1nc Agammc gcl c11-c1r11p1111rcxis. 536—559. Soc
.1I~11 .r\g.1111~1~gc11‘11'cl1‘111111111'csis

311111»|'.111111g1'.1ph1.3 W

11111111. \1..7

11111111111. 5.18
\1111111crn 1111111111/1111111. 5.58
llw'x 111", 5 16

\1k.111111‘g1‘1 111.111111g1111111'1. 41.18
\1L.111nc 1\\1\

11\1 1)\ \ 11111‘1111.1111111 prutnuflh, 433—457

111 1’1 1’\1 1)\'.\p111i111.111011pmlncols,4.41—

1.11

1‘1.!~|1m11).\'.\pl1>111u)1\, 1.19

   

111.1\1prup.1r.11|1111 pmlnml. 1,584.41

1111111111111.“11111111 111111171111, 155—1317

m11111111'11111‘1111111 p1’1)1()(1!1. 152—134

1111'1\1c\\.|..11

11.1111s1cs111)1)1|11g.141—142

\11‘111.1.-<11

\1k.11||11- 11m \111111111llw1.11.111111111 1212—15}. 1.55—
1 511.1.18.1.41),5.24—5.25

111 |VI.1~|1111111N.\11111111111111111111 pmuipilafiun

\111111’11|.12.‘11

111mm.“ 16

\|1~.111111~ pl1<1~p11.11.1w, \8.55
.11111111111\ 11111|11g1111x .\9 54

1.111111.111ng11111111111 111 5 ends 111111)N1\511111p]c,
9.61

11111111111111111011’111sn/an .1~\.1lv,r\9.19

\11 1111161111111 11.1111111

111 .\115\L’11111‘1).\'.\.12.24

111 111.1».1111111)\\. 191—197

111211“ gclfln-spcuth 1111111111110s coupled 11),
.\‘) 19— 19.41)

111 end 11111111114, 9.55

111.1111\.1111m, 1.96. 9.62. 9.114. 9.93

}. 1111111“1)\J\.111'.11n11‘nl1115.2.68—271)
111\111\c111>1‘\. J 51. 5.36

m CI\11_'\\,‘).‘Jz—9.9.1,.\~4..§/_

11111110111“ «11. 9,929.91

111111111111. 962—965
11111 |11k11111)11 111 (1CP1111\P111)1\1111011 1)Nr\,9.64

11s reporter c11/\'111c.992. 17.31

1111'11101111.9 76

11mm1111111111scc111c,9 79

c<110r1mctm 45s.“ ~, 9.78
1111“ digougcmn. 9.7,"
dircft 11c11‘ction.9.81)
101‘11111)1‘L‘>CC]11.9.77
fluorescent Assays, 9.79

in scrccning uprcssion Ilbrdrm. 14.3
1hemilumimscent, 14.11.14 21
dunnmgcnm, 149—1410, 14.21)

sclt-ligdtion,111'611‘1111011011992
\111151 1.1165

AMPPIJ, .49..19,A9.42—A9.44
B(I1P/N1’1,A9.39—A9.40
1)—Iucitb1‘111—()-phosph.1te. A942
p~nit10phcny1 phosphate, A9.41—r\9.42

use in cusmid veclor cloning. 4.15. 4.19,

4.2()—4.21

Alkaline phosphataw promoter (l’hoA) fur expres-
sion 111'111111cd genes in E (011, 1550—1535

lalrge-scalc “pression. 15.34
111.1lcr1111510r. 1551—1552
()|.)111111/.1|11011, 15.5}
(Wcrvms, 15.31)

pmlm‘ol. 15312—1534

SU1)CC11U1JI’117Ld11/JIIOI‘1 of 111510n protems. 15.55
Alkaline 1rdns1cr 171111611 6.41). 6.44, 6.46. A1.12
Allele—s‘pccific 111ig1)1111c1e011dcs (ASO), 13.91. 15.95
.~\11y1.11c11h01, 12711—1171
1/.—.1m.mitin. 17.29
(I. complcnwnmtlon, 1.149 1.151)

m 1§A(l\cc1nrs.4.3

111 k vectors. 11.22.1125
in 8113.38, 5 10.5.3}

111 pMAL vccmrs, 15.41)

problems with. 1.27. 1.151)

in protein—prmcin “110111111011 assayx. 18.127

protocol. 1.123—1.125
11111U13\'u1(»1s.1.11). 5.9

(l—gdLlCthlddsc1.\1EL11, 111.14

(l—thmmhin, 15.8
Allered sitm 11 in \‘i11‘11 111111<1gell€>ia system. 15.89
Uturm'zmm.» 0511011111111. 13.62. 13.71—1572. A44.)

.-1/l11 cleavage 111 7110.11.141GTP-modified 1)N~\. 8.61)

.4[111 1]1C111)’111.st.z\~1.7
-\MAI). hvc Anothcr .\1icro+\rrz1y (111111111184:

Amber |11ut.11111n.:\7.5
in A S gene. 2.15

111 Ml} vccln1's,3.11—3.13
511111:111u111111111.j.11—5.15

Amber suppressors. A7.5—A7.6
Amberlilc XA1)-.6, A828

Ambion. 1.114
Amidine, 16.11

.\minc-c11up|i11g kit, 18.104

Amino JLidS
(011011 usage. .\7.2—r\7.4
hyd“11111111111itv/hvdrophilicity sc.1le>..~\9.31

110111011151JIUI’L’. 1.1111e 111. A77
overview. A76
pmpcnica, 1.111101)1,.—\T.8—A7.9

side chain properties, .—\7.7

\"1111 1111111111111 01, .47.6

.\'-(4.111111111111111'1)~.\'—e1h\'lisolum11101 1.\BE1).
A918

.\minotbrnmnndmc hydrochloride. Soc
(1111111111111'11111 ch1oride

Alninoglymside 1111115111101rdmfcruac, 1647—1648
.—\mi110p110sp1101r1111sfcrdscs (APHS), 1.145

.\111inoptcrin. 16.47, 16.43
Ammonium 11101110

in ct11.1no1 precipitation (xf‘nudeic acids,A8.12
in ethanol predpitation ofoligonudcotides,

11).2()—11l.21

1‘sc1pc,/\1.25

Ammonlum 111111’11xidc. .r\1.6
Ammonium inn 11111111111011111 T4 110111111111‘1111111'

k111.1sc,A4.55
Anmmnium pcrsulfdlc. 541—545. 7.58. 12.75.

12.78.12.82,15.53—13.5~1. 4121.48.42

Ammonium s1111111c,8.9. 11.43. 11.45

111 long PLR 11111101, 8.78

in P(?R 11511 s11111111>n.6.22
umpC, 15.26

Amphotcnun. Al 7
Ampiciflin. 1.9

mcdmninn 0111614111111‘1‘ 111, 1.1 18
modes 0111111611. 148. A27
properties. 1.148
511611110 501011103. 1.148
sc1ccting transfornmnta, 1.1111. 1.115. 1.1 18
slock/wnrkmg s<11111im1s, A26

Ampic1111n resistance gene (11111/1'1 gene. 1.9

111 daimtion donmm fusion 11101111115. 18.21)
111 ch»\ 111511111 131115111116, 18.19

111 pMC‘), 14.6
in nvo—hvbrid 5111510111 of repoltcr 11115111116, 18.12

Amplificmon
of bacteriophage, in 51111, 2.95

01 c1)1\'/\1111r.1r1cs. 11.64—11.66

01505111111 libraries
on 111ters,4.51—4.52
111 liquid culture. 428—431)

on plates. 4.34
of genomic librarian 287—289
for hybndimtlon progcdurcm 1.128. 1 1.11
of plasmids‘

thoralnphcmcol and, 1.4, 1.59. 1.48. 1.56,

1.128,1.131.1.143

111mm d)’ 11115111111 vcctnrx. 1. 1 1
Amplification b111’15cr.A1.9
Amplification refractory1111113111111 u 51cm 1AR1\18).

13.91.1196
Amp1ify>c1ntillant,A9.12
AmpIdeq DNA polynwmsc. 51'1'111511 11111 DNA

polnucmsc
Ampli'lhq (10111. 8.1 11)

CS DNA polynwmac, 12.54
in cvcle sequenong reacnons. 1246—1147

structure 01, 12.47
FS DNA 1301111101150

in cycle xcquenung rcaatmns. 1146—1247

in DNA Sequencing

(1111011141011, 12.98
dyc—primer scqucnring. 12.96

dyc—lcrnnmtur systems. 1296—1297

structure 01", 12.47
properties, table of compared .-\4.1 1

Ampliwax PCR (11-1115. 8.1 10
AMPPD. 51‘1'Ad1111m111y1 1.2—11111\1'1.1nc phnsplmtc
11111172500 AmplciHin resistance gene 111mp') gene

Amylose dgdrosc. Affimly clummmgraph) use 61".
1340—1543

A11d1ytical ultmcentrifugdtion. 18.96

Anion—exchangc 1hr11111.110gr.1pl1\. 1).\'.—\ p11r111c.1—
11011 by. 526—528

Annml1ngbut’fcrm nuclease S] mapping, of RNA,

7.55. 7.58

Annealing reactions

CTAB and. 6.62
111 PCR, 8.8—89

in primer extension.1s.s.1ys.7.76.7.79
in r1'1mn11c1ease protecn’on awn 111111111111, 7.73
111 51 protecnon assays. 7.51

Annealing temperature
111 im arse I’CR. 8.85

in long PCR. 8 81)
111t0uc11dm1n PCR, 8.112

Another MicroArray database (AXIAD). M1115
Antiblotlcs. 50011150 specific 1111111110111?

111111103 111'.1cti1111.1.11)11'011.42."  



1111 11111111111-\1111-\\111111111111111/.1111111.1.71.1“

1h ~111'1l.11111‘111111111» I 8—19

~11111\\\11111111; ~111111|1111\,.\1 (1

\11111\111111'\. \9 15 \9 11

111111111'1111111'. \9 111— W.”
4111411111111“. \‘).15

11111111111111111111'111111.1111111, 18110—18118

1011111151111]. \‘) 11— W 14

11111111111111‘11. W.“

1'11/\1111'. \9.11

1111111'111111'111111‘. W.“
1 1111111111114. 18 82— 18.8.1

111g1mg111111 511111111. \9.4(1
1'1111111‘1' 1.1gg111g. 1.14, 17.12, 17911—1791

1.11111115411111111411111111111” 11111111111111111111111.
18.81 18 83

1111’. 17.89

1111111111111111141111 11\\11\\. .\9.l7—1\9.3(J

111111111”1111111111111;.\8.34—1\8.35

1111111111111111‘1'11111111111111,49.29

1{1\,.\9,:9—.\9.311

\\1'\11‘111 111111111111, \9.18

1111111111111111541111x11‘c111111g

1111111111111 1111111111111. 14511—1451
1111111111111] 1~ 111111111111111111.14511

111111111.1l11111.11.51
phAgc 111~11|.1\ 111.1811!

111111101014111111111: 1‘\11r1'ssi1111 1111111101 141—
1 1.1

11111111111 ”111111411111. \l(1.18

11111111111111111111. \9.23—.\9.27

1.11111111111‘111134. .\9 311

1111111111 111 \1(1\\41’L‘11111\C

111111111 1111‘11111.1111g1‘11p]1y. 1428—1431)
11111111111111111111111 111/111'\.111‘, 1416—1427
11101111118111‘1‘11111g1 1111—1423

111 \1‘R 4111111111111“ 111 1111111111 1111111111011»
181111118114

11111 111 1111111111111 amnx. 17.17
1111111111111111111111111111111111'. \.1.1

\1111p1'1111111'11111111111111'x..\9 }()—,\9.53
\11111111111»1p111lu111xl 111.1.1411

\I111\1‘11\1‘ 111111111, 8 411—848, 8.5111 8.51, 8.511—8.37.
8.111, 8111, 8 (19. 8911—892

\111|11‘1111111.11111n1.111111‘1111).,Z(1—2 8, 2.11

\11111|11'1111111111111, \5.1

\."111

111.111:41.111-11111111)\'\1'1.1gl11c1115.1\(1.4

11.1:41111-111 11/1-11'1'1111111 111. 1.11111‘1111A4 8

1111: 111‘1]111‘111\ 111 11111111111 g1‘11111111‘,4.1(1 411}
\1’11~. 81'1‘,\11111111phmp11111111114111110
\1’\1\1, \'1 1

\111111111|11. 18.117. \§.1

11111'11 |L‘\l1~1PL'n\|1111 11111111. 17.(1

11x111'11l1'11x1‘ 1111111111111“. 13.19

111111110“, 1111111111“. 18.8

\1‘11111111 1).\' \. 1111101111114 1‘\pr1‘\\11m 11111'11r11’x.
1111111110111“

1111111181, \1 1,111

141111111111 11's1111r11-x 1111‘ 11111111111'1‘111's, 1\1().(1

12

hglmnc

1111 .11111111\ 111111111111111111111'11111111111‘1111'11“. 13.11

11111111111s11g1'. \7 1
11111111‘11111111111'. \7 7

111111111110. 1.11111- 111, A178
\1{.\1\. 51'1'.\1111111111.11111n 11111111111) 11111111111111sn~

[1'111

\11.1\111|111|.1r11'~.18
11\1 . 1 2111

111111'111111111 ~111‘1'11111g. 9.91)
1’1. 1.19
\ \( , 1 (11

\111l\\ S11'1).\ \.11111\ 11:111111111111)’
\11.1\\1\111111111.1gc1111111111pr11gr.1111.A1(1.13

\~11

111411140111 11111 111 1).\ \ 11111111101115 1\11.4

Index I.3

111131110111 s1/1' 111211011 111, 1111111“ 111, A48 11111111 11/1‘, 45—44

gcn11n111 1).\'\ 111111111111g. 5118—5 119 111111 111111111111". 4.48

xilc11‘1‘111111111v in 11111111111 g01111111c,4.1(1. \(1.3 1)N \ 11111'111111111111
.\.\1'1,1\4.9 1111111 11ll‘gC—x1‘1111.‘ 1‘1111111‘1'1.4.53—4 57
A1111111111111111.1111111011111111111111111, 17 161 from sn1.111~s1111u111111110.453-451
Asparhgmc C1L‘L11‘UPOI‘1111011, 4.49, 4.33

111111111 111111411. AT} 141111111111“ 11111111111»
11111111111111111111‘, 47.7 1111111011 11111'111'11‘1.4 8
111'11111'1‘11'1'x111111u 111. A78 11111114113 for 1‘1111x11111111111111. 4.7—1.111

Axparlk .1c111 11111~111111i11n, 4.49 1.311

111311111110 11V 111111111" 11011, 15.6, 15.8 RH 1—11 Human 11\( 111111111, 4.9
111111111 umgc. -\7 3 \1‘r1‘1‘nmg, 1.511—4 31
1111111011111111111'. A7] 11111—11111)!11111111111 10111111111~. 1.5
properties. 1.11110 111", A78 11\1’1\11'1\. 414.4

,—11/11 1141111» 111311111) A446 we 111711110115. 4.49
Asp1r11111111 111‘s11p1’r1111111111s, 1.33. 1.716. 1.45 st111‘.1g1‘.-I.51
1\s.scn1111\'11111.1111‘1‘111111111311111111111111.71.114—245 vccmra. 43.5
ANSET Aligned 50511110111 8111115111111 1311111111111 1111111111111 111111111cx, “11111111; 111 HR. 871—875

1111111 p1'11gr.1111,1\11.9 1111111111 11111111“
/1.\‘Il11,1—\~1.7 1111111115: in 1111‘ 1111111411111. 1 19
A111“ 1‘1).\'\11|‘r11\'s, /\11J.9 st11r.1gc111".1\8.3
1\'1'1’. S11 4111111131111 triphmplmtv 111111111111 51min» .1‘1'111~11/111'11l1111 1111141111“
1111 sites. A. 2.16, 1.18 1111111‘1'111111111511‘
AU 111111111“. 17.93 11. 51'1‘ 11 1141111101111ch
A11111111111 1111151111111, A1 1.3 O.\174.5111111.\174 11.1111'1 111111111141-
1111111111’11/11111 1’11/11111'1111‘11 1111111111 111111'hc11r11xis 7.. 81’1'11 11.11101111111111111

1 \1\'1’\' 111“ ACIWNPV), 17.81—1783 .\11.1.S1'1‘ M1311.11101‘11111111511'
.1\1111111111111111s1\' 1011115011111; 11111111111111ARS1.4.2—4.3. P1. 81111 P1 11.1511‘1'1'11111111141‘

4.1111 81’11. S11 51’11 1111‘11‘1'111111111111‘
Automd1111111111111. 1\9.9—A9. 15 T3. 11'1' 131 11.1111‘1'11111111541'

111 111111111110 dgamse $11,539 14 DNA 11g11s1‘ 11111111“, \1 9
(1101111111 DNA sequencing gc1s 111111, 12 (11—12 (12, '14 1)\'\ 111111/1111'1‘11s1‘ 111111011 \1.111

13.74. 1190—1291 14 DNAp11]v1111‘r.1s1'1111.1” 11111111. 11.3.1
111c111i111111111911'111, 1411—1412, 1421—1422 ‘14111111111111111111111-1111111x1'1111111‘1’. \1 111
i111‘111mm111111111'cc11111111i1111 protocol. 18112—18115 “17.8111 17 11.1ctc1'111111111g1‘
01111111“ 1 111111111'1111111g, 17.76 111111111 1111111111511. 511 111.111 11111 1111 [1111111111/1/111g1'\
1111111‘11gr111111y. 1\9.12 (S(‘l 110115111'g1'1111i1‘11h 11111‘1111‘11111111 111. 1.153
imaging, A9.9—.»\9. 10 1111111011111“, 3. 1—.1.7
11111-11s111'111g 111111111, A9 11 111311111111 111111111111 11.1 1119
1\1111111c~ med 11111lc—s11011111,.1.1

111‘1111'1111111. 149.15 111114111 111» 1‘1‘1111111111111. l l 1
1111111110 xpcc1 1‘11, A9.9—A9.111 phagcmids, 1 1 1
5111111111111 111 11ctecti11n,A9.13 111111111111“. 1 11—1.13,9.fi]. 51'1'11/111 1’1111111111-1‘s

1111111111111 111111111111 with SSCP. 15.52. 13.55 sp1‘1‘1111 [11'111111111'1~
1111115111111111111111119A9.1|—A9.14 1541111011111» 1781—1784
11111151111111'11114g111g devices, A914 nprcsxmn x1s11‘ms
111111111111 1111111110 gels, DNA dctcctmn m. 5 49 1:111111111‘1‘11111, 17.84
111‘C1111s11111g,.~\9.1 1—A9.12 11r11111111c1m 111", 17.8.1
reading 1111Autoradiogmph, 12 1 13 \1‘1‘1111‘5. 17.8.1
setting, up 1111111r.111i11gra11115, A9 13—A9.14 11111111 uprcwon 111, 17.81

.11'111 111 111111511110111111111.1!1‘ 1111111111111111011 11111tdg1‘11c— 1)h1(31‘\\ 17.81
\i\. 13.86 1111x111111‘1'211jli11nx, 17.111 47.82

\\ 11111 1111c111111111111a1s v1ms1AM\'J1 11.109. 51'1’ 111511 11s 1101111111115, 17.81
Rcvcrxc transcriptasc 13111115. 17.8.1

rcvcrsc 111111s1r1'pr11s1‘, A4.24—A4.25 1311111115: 111'111‘1<11/.1111111 1111‘11111111110. (1.411
RNA»1lcpcndcnt DNA polynwmac, 8.48 BAI }1 11111101“, A141)
RNdsc 11 11111111. 11,109 BAI 31 111111131131. [32

1\V111111, 11.115—11.117, A945 11111\111cx111'. 1.71.68
111'1'11111—111111111 111111 1 1155111’.A9.3.1 1111111111111‘1111151‘ 1111111“. \4.44— \4.45
A111] c\1111u1‘11‘.1xc activity 44 44—4443

11c.1\11gc 111 end 111'1JNA171'11g111c111>.A6.4 1111111111111, 1011 111’ 111. 1104—1 5.113
1mgmcm sl/c created 111, 1111110 1111A1 8 1111’1k1ngpr11g1cm 11171115‘0111111. 1.1.71
s1'11'11'1‘1111c111‘y 111 human gcno1ne.4.16, 46.3 111111111111 111111411191:15.g1‘111‘111111111111 1111111'11111111111

3,2 >11/in11—11113-ethy1111‘11/thidx111111c—(1—s111phonic 13112—11117
111111) 1141119), A935 111.1101‘111111111', 1311} 13.111

111111111111, 131.1131—13 11
BAG. 51'1‘ 11111111111 11111111111 chromosomes 1.111 and 1111111 1111'111s,/\4.14
[1111111115 1111111111 1111111111.11111'11111111111, 1.1.16

0111110511111 111, 15.55 111111111 111, 1.1.71—1173
111111111111 rcuourwsfor11111111111'1‘11151A11).(1 1111111111i11n 11)’ E(11‘A. 13.114

111111111111 111111111110 phosphatase (11AP1. 992—993. 111 cmc“. 13118—1172. \4.43—.\4.45
\4 37 properties 111, 15118—1571

111111011111 111111111111 (111‘111111151111103(BAG).448—457 “111.1511: 44 44
Advantagec 111", 4.48 L1n1111recti11n111 1111111111011». gcncmnnn 111". 13.68.
(x-c11111plcmemation 111,43 131.70
(11 1111111111 B.\(‘ 1111111111, 4,9 1111‘\,1111(117.1\1.43  



1.4 Index

[1.177'111

A dm/d—dh 1 1’ mudlficd 1)N.\,L10.decof, 8.60

dcdmgc Al and 01 1).\'/\ fmgnwnls, /\6.4l

mun mcthylalion and, 13.87, A43
dlrunundl dnnmg use 61, 1,84
Imgmcnl wt cradled by. Id1)1C()1,/\4.8

11nkur scqucnu‘s, 1.99
1116111yldsc, /\4.7
xxlc frcqucmy in human gcnnmu, 4.16, A63
m 1813. 13.85

Bandwmh HR 01 samples from gel. 871
Bankll program, A] 1.3

11.\1’ Svc‘ Bagtcridl alkaline phosphatase
11."de c1\|p./\10.19
11.”an |n pmmvc xclcumn vcuors, 1.12

11.1“ cxcmon repair, cxunuclcmc 111 and, 13.73
11.11.11 uhrmndmgmphy, sc1cclion (>1"p()|y(/\)‘ RNA

hv, 7. 18—7. 19
Ii.1.\ guns, 17.72

Bdrm Blmk Aligncr program, A] 1.4—A11.5
11.|\I<n (jullcgc U1 Vlcdlunc Scumh 1.1unchcr,A11.2
11111 1- mlulmin,2.29,11.23—11.25,11.60—11.62,

| 1.66, 14.6, Alb

1K 11’t5-hrnmu—4—ch16r(>~3-md01y1phosphate),
978, 149—1110, 14.21), A9.39—A9.42

11111. 13 87, A4}, A49

151.»\L"1Y (BIAS'I‘ [anhanccd Alignment Utility)
prugrdm,/\11.17

1101111141“ nullcr Multimck, 410.5
Banalmidim m protease inhilmur, 15.19
111 N 1.\',.’\'»hi.s[2—hydmxyclhyll>2—ammocthancsu1-

1mm Jud), 16.19

111 \ buttcrcd saline (11115), 1619—1620
111'\1.11|n,/\5.1

154111111. nnrnmli/ing RNA samp1cs agamst, 7.22
[B—gnlulosldas'c, 1797—1799. ch also Fusion pro—

tum, lm‘Z
[I mmplcmcnhnIon, 1.26—1.27, 1.123, 1.125,

1119—1451)

dnuhudy Lunjugdlcs, A934

.1\\.1\ 01 dLllV11y by chloroform overlay assay,
18.28

LIwmilumincsccnl cn/ymc assay, A919
11mm] pmlcms, 15.26

Jr'fimlv purifiution nf1usum proteins, 15.6
dhadmnlagcs, 15.58
111x111\1(\11 hndim, 15.58
wuurs tor, 15.59

hlstmhcmiull slam». 1798—1799

immunohislmhcmiud slalnlng 01 cell monolay~
crx fur, 16 I3

(1‘\'1’(1\uhs1rdlc, 17511—1751

111 pmtcm—pmlcin 1111(‘rdCll()1’1 assays, 18.127

quantitaliw Assays
.\1U(} hvdrolysls, 17.98

ONI’H hydrolyslx, 17.97—17.98

ru.ut|<)xudt<11)'/u1 hy, 1798—1799
rcpnrtcr Assays, 1748—1751

AN dlgnxigcmn reporter enzyme, 9.77

cndugcnum mammalian B—galactosidasc
Lullvlty, 17.48

mAtcrmls Ior, 17.50

method, 1751

nurmaIi/ing reporter enzyme antivny 1015»

galaumidzlsc activity, 17.48, 17.51
m crwcw, 1748—1749

plS—gal reporter vcuurs, 17.49

xuhslmlcs 1m [5 gd1dttOslddSt‘, 17.51
xuhxlmlcs, 17 50

.1~lr.1ns1cglmn umlml (reporter gene), 16.4,

|612—16.13

xu Inn mnhumng. 500 also spa‘i/h vectors

Blucwript pldsnnd, 1.27
upressinn VCtth, 1447—1448
). \cglnrx,2.30,11.22, 11.25
p(.1.\1,1.27

pMAL vulors, 15.40
pUC vectors, 1.10

X~ga1, 1.149

[S—glucumniddsc, 16.42, 18.14

[S—glucuroniddsc lysis solution, 18.46
B—ldctamdse

mechanism of action, 1,148
satcllltc cnlonles and, 1.110, 1.115, 1.118

fi~mcrcaptoacctic acid, 15.44
fi—mcrcaptoelhanol, 15.44
B—nicotindmide adenine dinucleotide (B-NAD l,

1 1.43, 1 1.45

13g11
fragment 5170 created by, table of, A4.8

linker sequences, 1.99

site frequcncv in human genome, 4.16, A6.3
IigIII

cleavage at end of DNA fragments, A64
dam methylation and, 13.87, A4.3

directlonal cloning use of, 1.84
fragment size created by, table of, A4.8

site frequencv In human genome, 4.16, A63
m USE, 13.85

BHB2688 E. colt strain
genotype, A36

2» vector propagation, 2.29

BHB2690 E. (011 strain

genotype, »\3.6

k vector propagatlon, 2.29
IilAcorc, 18536—18114

BlAcvalualion software, 18.97, 18101—18102,
18.1 12

BIAsimulation software, 1898
chips, 11598—18100
components of, 18.97
Interaction Wizard, 18.108

protocol design, 18102—18114

sensorgrams,18100—18101,18112—18114

wrlting methods with BIAcore Method
Definition Language, 18.108

BIAevalualion software, 18.97, 18101—18102,
18.1 12

BlAsimu1ati0n software, 18.98

Bidirectional didcoxy fingerprinting (Bi—ddF),
13.91, 13.94

81g1)ye terminators, 1296—1299
Binary expression system, 9.88

Blnding buffer, 14.33, 15.45
BioChip Arraycr, A10.16
Bi()Chip1mager,A10.11
Bioclcclrlc ch1ps.A10.19
liio-Gel HTP, A833

Bio-Gcl P-60, 10 26, A8.29—A8.30

bio geneJ» transduction 01,218
Biolnformatics,A10.15,A11.1—A11.23

databases, A11.20—A11.21
1)NA,A11.20—A11.21

microarray, A 10.15

protein,AIl.22—A11.23
RNA,A11.21—A11.22

database Similarity search software (Table A11—
2),A11.187A11.19

software (Table A11»1), A11.3—A11.7

1)NA,AI 1.3—A1 1.14

genes, exons and introns,A11.10—A11.12
motifs and patterns, A] 1.8—A1 1.10
promoters, transcription—factorbmding

sites, A11.12—A1 1.13
regulatory sites,miscellaneous,A11.14
scoring matrices, A1 1.5

sequence alignment, Al 1.3—A1 1.8

sequence submission,A11.3
protein, A11.16—A1 1.17

motifls, patterns, and profiles, A1 1,16—Al 1.17
sequence alignment, A11.16

RNA,A1|.14—A11.15

RNA—spuit‘) ing gCI]C\,I]11)IIIs..-\1 1.15
secondary structure, .—\1 1.14—Al 1.15

Web ails resources,A11.2

Biollstlc PDS—IOOO/He Particle Dclh crv Systcm,

16.39

Biolistica, 16.3, 16.37—16.41

materia1s tor, 1638—1639
method, 1639—1641
particle typea, 16.37
variables, 16.37

Bioluminescencc, A9.21—A9.24
bacterial 1ucitbr.1sc, A9.23—A9.24

firefly1ucifemse.A9.2l—A9.23
assays for, A9.22—A9.23
properties of, A9.21—A9.22

as reporter molecule, A923
GFP, A924

Bioluminescem resonance energy transfer (BRE'1'1,

17.87—17.89

Biomolecular Structure and Modding group (11 the
University (3011ch, 1.0ndon,r\l 1.12

BioRobot (Qiagen 1, A105

Biotin, 976—979, A945
bridged avidin—biotin (BRAB) assay, A933

CARD protocol and, A919
derivatives, 11.116

labeling
antibodies, A9. 13

in cycle DNA sequencing, 12.52

direct selection 0fc1)NAs protocol, 1 1.98—
1.99,11.102,11.106

cn7ymdtic labeling, 977—978

GST, 18.50

ofnucleic dCldb. 11.116—11.117

photolabcling, 9.78
probes, for in situ hybndualmn, 9.35

0fpr0teins,11.115—11.117

m subtractive hybridization, 9.91
overview, 11.115
structure of, 11.116,A9.45

in SPR spectroscopy, 18,99

Biotinzavidm affinity chromatography, 11.1 1
Bisacrylamide, 12.74—12.75, A8.40—A8.41. See also

Polyacrylamide gel electrophoresis
storage, 12.75

Bis—Tris, 7.28
Bis—'1‘115—(11,5.33
Bisulfite, mutagenes‘is from, 13.78

BL21 E. calistrain, 1521—1523, A36
bla gene, 1.148

BLAST (Basic Alignment Search T0011 program,
A11.3,A11.18

BLASTZ lGapped-BIAST) program, A1 1.18—
A1 1.19

BLAST-Genome Sequences program, A1 1.19
Bleomycin modes of action, A25

BLIMPS—BLOCKS Improved Searcher program,
A] 1.9

Blocking agents,A1,14—A1.16,A8.54
for nucleic acid hybridization], A1.14—A1.15
for weetern blotting, A1.16

B10Ckir1g buffer, 14.4, 14.9, 14.15, 14.2}, 14.26,

A1,12

BLOCKS server program, A1 1.9
Blood cel1s

buffy coat removal by asplration, 6.9
collection of cells

from freshly drawn blood, 611—69
from frozen blond, 6.9

lysis of, 68—69

BLOSUM scoring matrices program, A115

BLOTTO (Bovine Lacto Transfer Technique
Optimizer)

in northern hybridimtion. 7.45
for protein stabillty, 17.16
recipe,A1.15  



111 \611111c1 11 11\ 111 1&11/.11|1111, 1.1 59, 6.56, .\1 14—

\1 15

111110111111 unlmx. \1'1' [1151110111111 vul6rx

11111111 1'11111'111).\\

1111111161161 6111110111 11111618111. 1.98—1.1112
1161111114 122—1 21

61 1’1 11 1‘101111CIN,325271154

”1161116111111wdnrx, 1.91)—1.92

L11‘.1111)1‘1 111111 1411.\'.\p61ymcmxc..\4.19
01111 1111011113 \\ 1111 chmm, 952—9 55, 9.55—9 56
gcnutxllmn 1“ 1111111341an 1]ll£1€dst‘,7 87
11g.11|1111\\'1111 I 1 1).\'.\ Ilgasc.1\4.51—:\~1.52

11111\u1/’.111.1plm 1114111611, 11.51—1152
l‘1‘10x1711111‘111111111101,9.71F972

1111111111117L‘1111g 1611151, chnmv, 12.1111

11\11171—18! 16/1xtr11111,15.29

11.\\'95 I. 11111 ~11u1|n

gcnuh pc, 15 6

7. 61161 111111111gdtl1111,l.lx

15\\11121 16116131111, 185—184, 1 1.59—111111,

1 | (12 1164—1165

gunnu pt, \1.6

7. 1c1161 1‘r11111lgdl11111,3.28
11611111g11s1s 111611111 1).\' \pr1116u61s

Idrgr—ualc, 1.17—1 511

1\\(‘1\IC\\,1.-15

\111.111—\k1111‘. 14-1—1 16

Held, 1 511
11611611 11111116 rmgcnt, \9 511

[16111111 \ 1111'1/11U\.1Cdr17111\'h011r081\ \'i1‘us11‘1n1.\11’\ 1,

17 81

1166116111611, 1.116

11611111"g16\11111161111611c1l1(111;p61v1~\1xig11.11
_ _‘1

111mm- 1.1116 11.111s1cr Icchniquc (117111111911: 81m
111111 11)

11611111 111111xL.1~L‘1111111'1‘1'01L‘1116111111111),17 16
1161 1110 xcl 11111 111111111111 1BSA1

.1\111611\1ng .1gcnl,.\8.5—1
1111611141“ R 11111111878

|111’( 11,8.25

1111‘1‘1'010111~1J151111), 17 16

5118116611111611111,625

11611111 \1I17111.1\111111\ 111111111 11VpL‘111011110101141]—
1111111. 17.16

111111 1‘11‘111111711111C5h 111111c1', 728—729, .\1 17
111MB. 81'1'1111111411111111111—11161111(may

15111 1. M'v1516111111111016111 rcsmunw cnorg1 trans—
1L'1

11111114611 .1\1111|1—11161111 1111115111ss.1v,A9.55
111 11111111 111116. 811 ("6661611510141111111111 111116

1111111 L1Jld1hlx‘, .\111.15

5 11161116—1—1111616 541111616 [111051911111251‘1'BC“)

5 11161116 1 1111616 1’111L1()1l\’1712~1173111JL'1081(1C.\L'L’
\ 14.11

11111111111ILN111gfL'L‘ll 111.111.111111.‘ agarmc gel ¢ch-
116ph61’cm 5.56

5 111‘61116111‘66111'1111111’1151‘111'J,9.76, 16 47
1116111611111'1161 111111: 5.56

111 Agumw 141-1 L'1Cx11'11ph1111‘x18 gcl»16.1ding 11161ch
1 5}, 5 L)

111 1111111111111; ngrmc gels, 7.25

111111111111111011H1C 3014011111115),17111101“, 7.12
111 10111111111111111111171L’rN, 7.77, 17.6
11111111111611611’1 R 111,11 15

1111g1.1111111 1‘1111‘1111611gl1 p61\.1u'y1.1111111c gels.
12.89

6111161111111'611111 ~1/c 111111 mnngmtmn 111 pt)]\'-

.1u\1.1|11111c,111.15

p<11\.111\1.1111|11L‘gu1L‘1ul1‘6phmcsls, 5.12, 7.57

nnpc, \1 18

1111(.\\gu[—16.1(1|ng11111106768
1115115 gcl-Imuhng11111101',/\8.42
~L1116~¢~6|1|1161L17.14, \1 19
[111]1‘1111111L’1115L‘”11111111111111“, I 51

1§\ \ M1 11611111'xc1‘111111111111111111

15.8(1—1 (111111108, 16.27
Bihfl (Immgc (11 end 61 DNA fragments, A6.4

Baphl (lunagc dt and (>fI1NA tr‘lgmcnls, A64
Balel 111cth1'la116n,A4.7
135161 (lcdmgc at end 01.1)NA 1mgmcnts, A64
HssHIl

dumgc 111 end 611).\1A fragments, A64
11113111011 size created by, table 61,114.11
3011611111 DNA mapping, 5.61), 5.69
Silt frcqucnu in human gc116me,4.16, A63

11.11 1)\'A polynmrdse. 8.10, A43

1551151, 5.69

11511311, .-\4.‘)

1151N1,A4.9

HSIX] 111 cwn amplification pr6161‘61, 11.79, 1 1.82,
1189.11.92

15511361 111 cnd-lalwling, selective, 9.52
111.1g,cp116pctagging. 17.93

11111166, \1.2—/\1.22. See(115051111117111111117 [ypcs and
1151's; 517111771" buffl'rs

clmtmphorcsls, 57—58, A1.17—r\1.18
um um 111111111111,A1.9
cmvmc rc11c11611,A1.9—A1.12

L‘Xt111Lt11111/1y518 buffers, A116

gc1—1mdmg, 5.9, A1.18—A1.2(1

11y11ri<1i711ti6n buffers, A1.12—A1.15
pH,.-\1.7—r\1.8
phosphdtc,r\1.5

pmpcrtms 61116611 buffers, A1.5—A1.4
105111111611

DNA ungration in agdrow, effect 611, 5 10
xcquentml use Of, 1.86

Tris, ~\1.2—.\1,5

15611117 16.11, rcmm 111 by aspiration, 69
1511141161, 1270—1271

c<111<cntmling n 11C1C1C acids 11\' extraction Wlth,
918.18

16r rcmmu] 61cthidium bromide from DNA,
1.75,1.151,A8.27

1 1C

parllduspcctr1,A9.1(1

sensltn itv 61 1111to1‘adi6gmph1c 11]L‘11111L1\ for
detection, A913

(1101) 1. (6115161111, 1159—1161), 11.62, 11.65, 15.32

gc116t1p€,.—\3.6
71 vcu6r p1‘6pagati6n, 2.28

(f110116r11111741'1115 Uh’guns

gcnomu rcwurccs 16r micrnarrms, A106

protcin interaction mapplng, 18.124
($11g111g,17.13
(I.111115,1.6,2.11,5.2

(3111111111 11311: 16m and cxonuclmsc 111, 15.75
(1.11cium chloride 1(I.1(21,1, 111.25

in 71 xlmk1116116411611, 2.55, 2 37, 2.39

pwpamtiun and transfbrmatmn 61'56111pctc11t E.
1111111511115, 1.116—1.118

in 11n111s1ect|0nofcukdryotic cells, 16 16, 16 19—
16.211, 16.2}

(idlci11m—p|16sphdtc—mediutcd 1611151111166, 165,
16.1«1—1626, 111527165.“

61.1(11101‘6111 C0115, 16.25

61 cells growing 111 suspensiun, 16.26

c111616quinctreatment, 16.14, 16.17, 16.52
1.6mm661111111611, 16.24

cflicicmv, 1.1mm dffisctmg, 16.52

with gcn61nic11NA. 16.21—1624
g1yc0161 511611. 16.14, 16.17, 16 52
high ctflcienq, 16.19
1111111111011 prm .11c11ce, 16.55

wilh 111JNI‘111d12NA, 16.14—16211

\(1L111111117111‘\rdIC, 16.14, 1617—1618
(1411111111 phosphate tmnsfettion

1281011, 16.5
Klt, 111.5

System, 16 5

Index 1.5

(Idlcmm1111114511110inmmmng x(rcu1s,/\9.11
(?.111'1ntcstinal .l11{d1111€ phmphdtdsc (CII’), 1.95—

1.96, 2.69, 9.112 41.64, 992—995, A437 SH“

6116 Alkaline Phuxphdtdhk‘
1n Loxmid library L011811‘ng110npI‘OIlKUI.

4.17—421

dcphmp116ry111116n615115 1cc1611>NA, 12.24
HLICIlYJliOI] Of, 1.96, 9 64, 9.95
pmpcmcs 61, 9.95
RNA dcphmplmrylal1611, 9.65

(31111 1111111 111C111y1d11011 111111, 1587
(611mm 11]h11)111)1‘1<1|1(1 11, .-\5.1

(1.111’1165 Mamnmlidn Kit, 16.5
u\1\11", 547,17

(r\.\11’-(1cpcndent protein 111mm, 18.49, 18.51

cAMP response clolncnt—hlnding pmtun (1111-11),
18.1 1

(11111111111111111161111, gcnmnn rcwurcux 161 microar-
rays, ~\11).6

(A1),l5.57,17.8(1,18.127

(llpilldrv111111x1br61 1)\'—\ 1‘r6111.1g.lr6wgc|s 16 ~61111

supp6rts

dcpurindtinn/hydmhx15, 6 54—655

1161111116111 transfer, 655 1 56, 7.26, 7411—741
northern hvbridi/dtmn, 7 —7.26, 7.56. 7.58—

7.41

pmtomls16r,6.39—6.-19

transfer 16 MM) 111011111r.1nc\, 655—656, 6547—1149

  
  

 

5

upward lmnsfcr, 6.54—655, 725—7 26, 7.56,
7.58—7.59

Capped RNA» 9.88
(Zarbcnicillin, 1.148

11161165 011111101], A27
xlmk/worlung 5(1111111111\.:\2.(1

(L1r116diimidc, 15.95

Carbomc ‘11'111/1111’1190 11 and 11111111) 1561111616611 61
11191011 pmtcins, 15.6

(I.\111).51'1'(311111117011 rcpnrtcr (1015091111111 PI'UIULUI
(?.1rrierRNA,5.211, 7.69
(Idssclts mutagenesis, 1579

CA’I‘. Soc (211161‘611111110111161 11cc1111r.11151b1.1sc
cur gene, 1.144

(‘~\'I ruactmn mixtures, 17.56, 17 411—17. 11

(2161117011 rcpurtvr(10116611611 pr616c6l, \9.19
CA’I H 111111114911, A1 1.22

(fdlht‘psin 15, 1652—1655

mib’ gcnc in pmitivc 8110111011 \C(I(1r.\, 1 12
(X 111111111165,515—516, 18711, 11491—1893, 13.94

(I(..\1. 5001211661161] clemagc 61 11115111111 hcd 11mm
CD] 1111x1111c411611, 15.95

C1)Nr\.51’1 (I1S(1C1)NA 11611111g:c11.\'.\hbmncs,
(DNA synthesia

dddptm 1141: 1.1611

15111111‘611L11152111101101; 11.51—11.52
(1011L’ dlldthlh by l’CR. 2.1115

1111161061161!) expressed, 661111113, 989—991
dlffercntial acrccning, 989—990
plus/mimlh 551001111151, 989—9911

random 9111111116159 89

sllbthldhc sxrccning, 9911—991

L. (011 DNA 1|g.1scusc, 1.159
cnd 1661111161666 111C11111L‘d,1\' 42

nprcs‘sim library mnslructmn, 14.48 44.49
11111‘1011gthC11111C8,1(1\1v'~1c1(101,3.fi11

length, IIIL‘d\lerInC111 111 1116111116 Jgdrme gel
electrophoresis, 5.56

11111\CI use wilh. 199—1101)
111cthy1.111611 61, 1 1.48—11 511

1111151'11111‘11)’1111111)’\1\‘,1\1115—.\111.(\,f\1().9—,\]11.111.
r\10.14

P(‘R Icclmiqucs

111111111110111011015 c1111s,8.61—8.65
11111711116111611 615 L‘I]L1\,<\'.34—?1.(111

c11.1r.111cri/.1116n611161116wgnmnlsm
p1‘6kd1‘1’611g vectms. 872—876

111111‘1'cnlm1 1115111114111,896—81116  



1.6 Index

dlgcstmn 01—yc.151,~1.00. 5116—107

11111111111011 01 restridiun cnn mus 11) 1011111011511“
linkerud 11001 prcpardtmns. 1 1.102
111.111’rialx111r, 11.100—1 1.101

111\\ 1011111111011
1'11111110111111.111011.1\‘-12

1011141’1 11.11.77

1111\u11011g11111111c111111c-11r1111011 111111111110111011.

14110—1571

111 1’( 11. 8—10—11 7-1

m pumac\1c11x10|1.1s\.11\. 755—770

1110110 .011\11'11111011
1011111111111

In 13111110111 mlcnxmn. 940—9511

Lmng 0115101111'1pr1111crx. 941—945

11~111g 011540 dl 1 pri111crs,9.41—9.45

11x10}; 11111110111 primers. 9. 511—941)

11111111121131111011. 11511—1159

11)\ \ 1101111111 .\1'u111\11c1).‘\'.»\ 1111r.1rics,c011slruc-

11011

11111‘111\111.11.5

111mm 01 melhnnh1«u\111hus1/c 111111110110,

11 1—1 1.5

11111014 .111d.1d.1p10rx. 11.20—11.21

111v1111\.1110n. 11.21

1111{\.\ pn‘erJlmn 101“

1'111’11111111‘111 1111‘111011x, 1 1.11—1 1.11
111111101111101101LUNA, 11,941.10
113111101111101101111R1\.»\, 11.9

1111111110101 domes needed 10rli11r.1ry, 1 1 8

0\c1\1c\\, 1 1.11—11.9

pulvsnmc purifudlinn, 11.10
~11111r.1111\'c1101111111, 11 10—1 1.11

1111cgr111 01 mRNA. 11,741.11, 11.39.1142
mums 01 n1R\'/\, 1111—1 17

1’1 1{cr1011.11c,11.5

mcunng. 51‘1‘ (DNA 1111111ric~, “reaming,

~11.11cg11\101‘.11.5,11.11

\t'\11)1’\,11.21*11.21\

2141101111111. 1113. 11.17

l./ \1’. 11.22

7./ \1’1\pruss, 11 22—1125
7./ \1’11.1122—11.21
/./1p] 0\. 1125—1 1.20

11101111. 11.25
111.\\11111'1111L'\, 11 1—I1.124.511111501‘xprussi0n

11111111“ urccning
11111111110111011,11111—11116

111 7.34110. 11114—1105
111 7.11.11 1, 7./.z\1’.7./1111.11\. 11115—11110

.111.1\c11 111>r.1r1cs, 4.14

0111410111011
11).\'.\\r\11111csi\. [1.11—11.20

11|\1~x11.11111.11.11—11.14. 1138—1142

xcmnd—flmnd, 11 [4—11.20. 11.43—11.47

gnrulmn'n! 11111110114, 11.8—1 1.11

41101110111 cwrumnn. 11.1111—1 1.73

111111101s, 11.711
1.1110“ 11111111311111114 xucu’ss, 11119—1170

1104/umln1 “slum. 11.119

0111101“, 11.08

101101 \\\10111~111r.11.72
1111111011111101101111NA, 1 1511—1158

1\11\1(11.11.1(17~11.1118

1114111101101111NA11110[11.1s111111vcc10r, 11.63
13.11101101 [DNA 10/. arms. 1159—1111]

?mkcrx And adapmn, 1120—1 121, 1151—1155

11111111100110111>.\fl\, 11411—1150
501141111114 Ll)N/\ 1111111111, 1143.11.45, 11.54

uvcrvic“, 1 1911—1 1100

primary seleuion, 11.105
scc011d.11'\ xelectiun, 11.105
~1rcpt‘n 111111 116.111 prcpdrdtlon, 11.103

troubleshooting. 11.106
cukdryotic cxprcasmn. 1 1118—1178
cxon 1r.1pp111g/an1pli110111011, 11.79—1 1.97

flow chart for construction and screening, 1 1.2

111 71 vectors, 2.23
number 011101165 11ceded,c.1lcu1.1ting. l 1.8

011g0m1c1emide probes for
degenerate pools, 105—1011

length 01, 10.4
screening. 11.26—1134

by binding 10 specific ligands. 11.32—1 1.33

doublc—srrd11ded DNA probes, 1 1.33
i111mu110glo11u11n probes, 11.32—1133

dirvut selection 01cDNAs, 11.35, 11.98—
1 1.106

c11k.1ry011c expression, 11.74—11 711

c111111111>.11.74—11.75
pr010101\, 11.76—1 1.78

scrccnlng 110015, 1 1.74

cxon trapping. 11.35

by cxpressiun, 1133—1134
1111111'1111111711110n. 1127—11 32

|10n1010gm|5 probes, 1 1.27
similar sequence probes. 11.28—11.29

subtrdncd (DNA probes, 1129—1 131
svnthenc oligonucleotide probes, 11,31—

1 1 “12

101.1111)N1\pr011us, I 1.29

100111015. 11.28
111'1’(IR.11.32

101 p1'0101n—pr01e111 interactions, 18.30—1848

by subtracted (DNA probes. 9.46, 9.90—9.91
validation 011.10ncs selected. 11.34

v.11111.1110n 111'c10ncs, 1134

(DNA sy11111et»is
in cxon 1mpping/dmpli115.111011 protocol. 1 1.91—

11.92
first-stmnd. 11 11—11.14. 11.38—1142

11161110115. 1.11116 01", 11.15
optimiflng. 11.38. 11.42
primers for, 11.12 11 15.11.39

1111g1)(L1T>,11.12—11.13,11.15,11.39

random prlmers, 11,12—11.15, 11.39

protocol, 11.38—11.41
rcvcrsc Iranxcripmee choice. 11.11—1 1.12,

1 1.58

tmub1cs11001i11g, 11.42
yi6111,c.11cul.11111g, 11.41—11.42

10151111,11.71,11.107—11.1()8

chnow fragnwm use. A415
reverse transcriptasc, A4.25—A4.26
sccond—stmnd. 11.14—11.20. 11.43—11.47

01igonuclentide-prin1cd, 11.17—11.20

(1p11111i7111g, 11.46
111010101, 11.43—11.47
replacement svmhes‘ia, 11.16—1 1.17

self—primcd, 11.14, 11.46

troubleshooting. 11.46

y1cld,calcu1.11ing, 11.45

0111.53. 1.50, 1.42, 3.24

(3511 wash 11111111, 5.65

CcllFECTlN, 16.5. 16.11
Ce1|Phcct 11.11151'0111011 Kit, 10.5
Cellulose. Sec 11150 DEAE-celluhw

1111111111 purification 0121110011 pmlcms. 1511

011g01d'1‘ ). 7.14
(JEN-l (centrmnenc sequence), 4.00

Centricon concemrdmr, 8.27—8.29. 8.58, 8.68.

12.100,18.111—18.82

Centrifugalion
11om0grdm for conversion 01 rnlor xpccd 10 rela-

tive centrifugal force. 148.39
rotors, [able 01‘c01111110111y 1131-11, .\8 39

CEPH Meg.1\'.—\C Lihmry 4.9

(er region, 1.146
Cerenkov counting, 9.119, 971,975. 10 27. 11,511,

12.66, .—\8.25

(IES200 E. 11111 s11.1i11 gcnotypc, Alb

CESZOI 15. (1111 511.1111 gcn01ypt‘, 43.11

Cesium ch101—1de 1Cs<11>

removal from bacteriophage “1511011510115, 2.57—

2.58

removal from DNA. 173—175

Cesium chloride (CsCl) densi1vgmdicnt>

bacteriophage purification. 1155
DNA form and density. 1.111

double-stmnded DNAs, 1.154
ethidium bromide, 1.151

X pamclc purification. 2.47—2.51

(011ec110n 0111311115105, 2.50
equilibrium gr.1diL‘111,2.49, 2.51

step gradient. 248—249
propcnies 01C5(?1 50111110111, 1155—1456

purification 01110510 circular DNA
c0111d1111n11110n lw 1)NA/R.\.»\ 1111111111115, 1.65

1011111111005 gradients, 1117—1118
dlscontinuous gradients, 1.09—171

DNA 101161511011 110111. 1117—1118, 1.71

rebdnding. 1.611

RNA. 1.155. 7.4
singlC—stmndcd 1)N\s. 1.155

(lety11rin1c'111y1.1111n1011111111 1110111 idc (0114111, 6.61—

6.62

DNA p1‘cc1pitdlion 11y,(1.h2
in hybridizatlon 50111110115, (1.01—6112

polynuchdridc removal, 2.105
for solubilimtion01111c1u510n110111“ 15.54
structure 015, 6.112

Cetylpyridinium bromldc (Cl’lfl. 1022—1024

CFLP vachmn 111111111011 11140111011 xx mm. 1389
Cfrél I]1c'1hy1.1.sc.r\4.7
(1191.11.47
Chameleon Douhle—stmndcd Sitc-dircttcd

1\1u1.1gcnc>i.s Kit, 13.27. 13.119
(Ihaotroplc agentfl. 15.00. 91? 111511 <p1’1‘1fi1'11g1'ms

DNA binding 10 5111111. 1.03
for solubi1121111011 011110101115 110111 pellet». 15.1 1

Chaperones. 1.4
Charged couplc dance (C(?lfl—hdscd Image detox—

11011 syste111s,5.15—5.16, 18 76. 11191—1892.

18.94

Charon \'ec10r.s.2 12, 2.22, A33

 
(11)P~Smr. 9.79, A944 LH 11h 1800($11111011r—c111111pcd honwgcneom 611mm

(21.6. baderiuphdgc, 15.20 field
Cell fixative, 16.13 Chemical cleavage 0111115111111‘111’11 1mm) 1(?(I1\11.
(loll homogcnimtiun buffer. 17.4 13.91, 13 95
Cell lysis buffer. 15.35, 15.41, 15.50 Chemical mutagenesis. 1378—1379

for rcponer assays, 17.44—17.45 Chcm11uminescencc, A8.55,A9.16—\9 20
(21-11 numbers, 001111111011 of alkaline phosphamse dlld,A9.-10

11cn10cy10111e1t1‘ mummg, 14811—ij AMPPD and. 21942—14944

11101111 11110111111. 11 102 v1abi1ily 51111111113, 1487—4841 applimtluns, 1.11110 01, A918
11101101131 rcpcmnc wqucmm, 11 103. 1 1.105— Ccll resuspcnsion 111111“. 17.0 assays 101111111111110.1.s.s.1y11nd nucleic acid

11,100 (Icll w.111.s hybridihltion 1.111cls.1.111101111.49.17

110111 011.11111111111wrs01cv115. 11 112

x111111‘.1111\c (101111151, 11.1(1—1 1.11
11011111u11001111g, 11.04l

wumsmr,11.21—11.2(1

111\10111A111.111u, 11.107

111111“1'cn11.11 M 1001111111. 9149—990

1111111w|u111011.11911—11400
.1111'.\111'11.\11011, 11 104—11.105



11040“ gc11111—1.11101ud prnhcs, A9.39— \9.411
011711110(14mm,.—\9.19—/\9.20

.111\.11111c P1](1\p1‘1.11d\1‘. .\\),19
11 gdlmluslddxc, .\“).1‘)

141111041 0\1d.1sc, .\9.20
1101‘wr.1111\11 pur0\id.1xc,/\9.19

\.1111|11nc 0\111.1sc, A9. 19
1101101011011 pcr0\1d.1sv .111d./\9.35— \9.37
1011014,119.17—.r\9.19

11111111101111‘1c1's, /\9.20

111.1rkc1‘s, 1.140, 298—299

men 10“, \‘).16—.»\9.1 7

muliuns, \9.16
41101111111; 01 npn-xsum llhmrics

111 7.10101», 1411—1412
111111.1x111111\cc10rs, 1421—1422

(1111x1010

1.11111. 2.13
7., 2.13. 2.22

("NP 1110011101111 11111111111nprc<1pimtim11.A10.18

1 1110111111111» 1 1\'—c1110mhcn/cncsu110namide1.
14.5, 14.1(1,.-\9.30

( 11101311111111011101, 51'1' 111511 (jhlormnphcnmol dwlyl—
lmnstcrdsc

1111111 mums And, 1.1.88

“1011101114111 0116141111450 10, 1.144

1110dcs 01‘.1L‘11011,r\2.7

1111411111 10111' number dn1p|1ficuli0n. 1.4, 1.39.
1.48,1.5(1,1.128.1.131,1.143

11101101th and mode 01" 0111011, 1.1-134.144
101111011411 mprussmn 0pIimimti0n, 15.19
101.1011 1110111111 rcpludtmn, 1.4
manhunt, 17.94

4101 1\/\\'nr1\111g “1111110115, A2 6

41111111110 01, 1 143
1 |1|0r.1mp11u111c01 dCL‘I)’111‘dIHfo.lSL‘“17—11 1, 17.91—

17.95

.11111111v11111111011101101711111011 pr0tcim, 15.6

L‘\111‘1‘\\1011 111 111.1111111011011cc115, 17,95

1c.utmn0110111121111“ 17.94

.1~ 101101111 gcnc, 17.304 7.41, 17.95

11101131111 11‘.111sg1‘1plio11. 17.34

10111101\, 17 34
1111';1\111‘U|11c111

11\ 1111110101101 rmction products 11110 scm—
[111.1110111111111, 17.41

1“ curagtiun \\'11h 01'g.\|1ic s01\'c111s. 17.40
111 11111140111 chronmtngmphv, 17.364 7.39

1101'111.111/111g (Z.\1 activity 10 fi—gdlduosiddsc
.1111\'1l\, 17748—1749, 17.51

011111111“, 17.33—17.34

111 \13\cu0r\, 17.35

quanllmixc 11551111. 17.95
m 1rd11x11’t111111-p118111\C c011tr01, 16.4

( 11101.11np]1u11ml rcsixmncc gent .’(I111"1
in 01111111011 1101111111 11131011 plasmids, 18.20

111 1u\.\1'11s10n plasmids, 18.19
111 1110-111'111111 thcm of reporter phsmids, 18.12

1 111010101111. 1.34. 81'1'11150 1’11c1101:c1110r01brm
C\Ir.1111011

L'\11'\1L11111‘1

m 11\«1r0\1'1 10111111 1001prinling pr010c01,
17.12

1111110311011 rc1110u11 110111 P(ZRx, 8.22

11101111011111‘10011410purifiultinn. 10.27
111 11.111wript10nal run—0n assay protocol.

17.20

101“ 7. k11N.\\1OngC. 11.64

101741111111“ xl0r.1gc, 2.32—  33. 2.36

mulm .1xs.1\ 01" 1.1-gd1.11.’1().\1(1.150 dL1111t), 18.28
4-(11101‘0—1-1111pl1lh01, 14,10,14.20—14.31
( 1110r0p11c1101 red 134)»g.11actopyrdnusidc, 17.50

(1110100111110 16144615. 16.17, 1652—1653,
17.0“. 17.62

111,\1.11xu1~1c111011.1.111111111101101',10.28. 16.31
(111011011011111110, 1.147, 17.52

 

(40011141111 immunoprecipimion 1Cl111’),/\10.18
(3h1‘0111.1[ogr.1phy. Sec 111m A111 11 ity (hr0111.110gr.1pl1y:

511111111 1‘1’311'15
11111011»C\c11<111ge chronlatograph)’, DNA pur1flca—

11011 protocol, 526—528
aDNA si/c fractionation through Scpharose (31 —

41111554153

0111111111111 bromide removal 1mm DNA, 175—
1.77, 1.1 51

171’1.(..13.20

ch—filtmtinn, A8.29—A8.31
6011111111 chrmnatogmph)‘, A8.29—r\8.30
xpun—cnlmnn, AS.3(1—A8.31

HI’IC. 10.49, A835

111'd1‘0.\\11p.1tit€. 7.65. 990—991, 11.1. A832—
A834

in IgG radioiodination pr010u11, 14.5, 14.16
111111111110417111111)’, 11.10

liquid chr0matography—tdndem MS (LC—

11511151, 18.66
mRNA <cp.1r.1tion by

11.11ch,7.18—7.19
011go1dT1—cc11111016. 7.13—7. 1 7
110111 L'1—SepharObe. 7.15, 7.20

011go11ut1e011dc purification. 10.49
Scp-Pdk CM columns, 10.11. 10.13, 10.15—

1().16, 1028—1029

plasmid DNA purification, 1.19
mervicw 017, 1,624.64

through Scphacry1 8—1000. 1804.81
1651115, table of commercially Available, 1.64

thin-laycr chromatography for CAT measure-
ment, 1736—1739

(Ihrmnogcnic screening of expression libmnes

1117. mclors, 149—1411

1n plasmid vectors, 1420—1421

Chronmaonml DNA. 56811150 Genomic DNA

denaturation in boiling lyais plasmid DNA pro—
tocols, 1.43

migmnon 111 agarose gel electrophorcss, 5.5
pU1>Cd—ficld gel electrophoresis separation of,

5.3, 5.56. 5519—5110

(Jhromoxome walking
1111111140 I’CR use. 8.81
overview. 4.8—4 IO

(Ihurd1 h111'1b1,4.26,A1,12

111 narthem hybridlznion, 7.45
111 b0uthern hvhridization, 6 56

(Ihyn10s1.1t111,r\5.1
Chynmtrvpsln. 18.64
11 gens

11. 2.3,2.6,2.8, 2.11,2.17—218,121,223, 11.111.

500 11150 7». rcpreswr
P1. 4.37
in 111-2X vectors. 14.14

lherm0>ensitlve mutants, 14.37

1:1pro1e1n,>1,2.8,2.10,2.14,2.17—z.1x
(11 ge11c,7.. 2.6, 2.1 1, 2.17
(11 protein. 71, 27—28, 2.11
1111 gene, A, 2.6, 2.1 1, 2.17

C111 pl‘01c111,7., 2.7, 2.1 1
(111). Sue C411 intestinal alkaline p1105p11dtasc‘

Circular mullagencsis, 13.194 3.25
11141111115, 1321—1322
polymerase choice, 13.204 3.21

primer design, 13.194120

promcnl, 1322—1325
(211 Human BAC Library, 4.9
Citric dc1d,1\1.6
(113857 mutation, 2.23

(31236 1.1’111istrdin, 13.12—13.13,.~\3.6
C—1.1 F m]: strain genotype. A36

(71111,111cthv1ation,A4.3,A4.7
ClearCut Mimprep Kit, 1.64

(ILONEAMP pAMP, 11.105
CLONflmtm reagent, 16.5, 16.11

 

Index 1.7

C1011111g. MU {11511 C1)1\ \ 110111113:
1‘1 11111111011 111” linkers 10 11111111—01111cd target

DN ~\, 1.98

111 1204111114

diagram 017 510114, 4.12
110111110 1'113 si1c1c.1<1rs,4.11—4.I4

11g.1li011 rc.1c11011~. 4.15, 4.21—4.22

parlial 1111111g 01 3 1011111111415
single 1115 site vcct01‘s,4 11, 4.13

exprcxsm“ 5101111111
CDNA 111111111 cmlslruamn, 11 6841.73
101111015101, 11,70
111xt01‘s Influenung suu‘cs's. 1 1.694 1.71)

111.1111111.111.111 11011 voumr “slum, 11,69
meaning, {DNA 111113111, 11.744178
wctnr systems 101“, 1 1.72

in .\113 vectors

1001110115
gene .\'. 3.94.10

largo intergcnn 1‘cg1011, 3.9
multiple cloning x11m,1.1111¢01,3.14
mull intergcnw rcgion, 3.9

n1.ltcri.1|,s,3.35—3.16

11101110115
dephosphnryhlmn 01 wclnr DNA, 3.34

fnrccd (dircclmndl cloning). 3.34
ligation 01 1115011 11110 1111L‘11r1/u1vcc101'.

3.34
protoml, 3,364.38

transfm 111111011 1111110114, 337—338
P(?R product.»

bluntu1d,8.30 8.34

d1111c1111y 01", 8.30

end 11101111'1c11110n. 842—845
genetin unginccrmg with 1’(‘.R,8.42—8.45
(wen imv, 8.30—831
11011s‘11111g,lcrn11111,8.30, 832—834

rebtrictinn site 11111111011.1nd,8.31,8.37—8.41
[lump ssqucnccx and, 838—839
diagram 017 prm‘edurc. 8.38

pr1mcr design tlps. 837—838

1110111131115, 8.37
[11111111111 839—841

Irouhleshmting, 8.41

11110 "1'vcc10rs,831, 835—836
111 plasmid vectors

1711111t—e11dcd 1111111113. 122—124, 1.90492

dlrectiona] cloning. 1.21—1.22,1.844.67
1101511101115 with pmtruding cnds. 1,204.21
overview, 1,194.30

Cloxed c1rc111111' UNA purification m (M?! gmdicmx,

1.18

continuous, 1,654.68
dismntinuous, 1,694.71

C10str1pdin. 15.8

dp, 15 58
L‘ILSTALW progr.1111,f\1 1 6
Cluster .111.11ysi.s pmgmn1,.\10.15
("M selective medium, 18.18, 18.31. 18.40

CMV pmmoter, See (Iylmncgalm 1111s pr0m01cr
c—Mvc protein, 11111111111, C1‘110pc tagging 01, 17.92
Cudc20 kit, 13.89
Codon usage

changing mdons by 1’( IR, 8.44
database. A1 1,20
degenerate pruner 110015 111111. 8.67

cvolutmn and, A72
genetic code table, A74
guessmer design and, 10 7
in 11u111.1ns,t.11wle 01,7173

optimudlion 01 exprexxion and, 15.12
Coenzyme R. 500 Biotm

Cohesive tcrmini. Sac 1’r01ruding 1611111111
(201mmunuprccipimtiun, 18.4, 18604868

(011111515. 18.62, 18.65

(01111015, 18634866

 



1.8 11171121

1 1111111111111111111-11111111111111101111111111!)
11111111111111111111111 111111111111, 18111»
1111111111111111cupilalmn11111'11lysdtc, 1811248113
111.1111 1.111 1111, 18117—18118
1111111011. 18 11.11
nnnxpculh 1111c1'.1c11111\~, redunng, 181154866

1111111‘111111‘,111|111111‘111, 18111—18112
1 «111111111-1111'11111111,“11111111110111111111161, 1741111922
111111 111111111111, 1.34.4

111111311111111'1111111.1mpllfis..11111n, 1.143

11111n111111s.1.5
11\'\~\'nlhux1~ .11,1.34.7

I 1.11: 41.1111 and cup) 11111111101“. 1.15
p. 1111 gcnc 41111111111 numbcr xupprcssiun, 1.13

111 pl 1 wunrs, 15..1
111111111111 1111111111 11111 rcpli1‘.111111\,1,\1111‘ 111. 1.17

1 11111111 13111111c1|1,c111111pL~laggingm, 17.92
1 11111111 11 11111111111. 511 111111 rcplimn

1 11111111 13 111 pmllnc 101111111111 wcmrs, 1.12
1 1111114141411: 15.8. 18.111»

1 11111111111111111146444115
1 1111111111-1111111111111111111 1111'1111g11111'1'1-1‘1'111111111‘

1111'11111.1111gr.1p|1y, 7.144. 111

1 1111111111111. 11 1»

1 umpclcnl 11111 prcpdrdllnn

11114111111 11111111111» 1.14425
1'11'111'11111111111'11'111,1.25~1.2h,1.1194.121

1r1»/c11\1111‘11~,1.1119, 1.114—1.115
111111111111111111111111, |.11)54.111)

1111111111111'1111111, 1.111—1.115
mm; 1,11111111111111111111‘, 1.11(»4.118

1 nmpcnnnn 11\\11}'\. 17.17
1 ampemlw111111111111111‘1111111‘pruning1COPJ, 13.91,

13.911

1 11111111111111'11111111111. 81'1' (1—1111nplcn1cntdti11|1
1 111111111111 nnmnml 11 \1 1'1'11pc,;\2 1)

1 111111111111111111111 11Nx‘1wquun11ng gclx, 12.1119—

12.111)

1 111111'1111'.111ng1111111111.1c1111,.~\8 11—/\8.18
11111111111, 1‘\11‘.l11111nwith.:\8.18

1“ 111.11\'~.1\1111 11011 111 s11cr11sc,(w. 15
1111.111111 111‘1'11111111111111,.\8.12—.\8.1()

.1\p11‘.1111111 111 mpcrndunls, A815
1.11’1‘11’1‘x, ,\1\'_11

11l\~111\|11g1‘1’1‘111’111111'1,:\1\'.13,/\8.15—A5.16
1111111” 111,.\811

1‘r11l1111111111',:\8.1-1~.\3.13

11111N:\,.\8.1h

1.111x11111111111x1|w11\silh,:\8.12

111g11—1111111'1111.1|41143111 1).\‘.»\ ~.1111p]cs,(>.15
11111111111 1111111'1111' prcupudtinn 111 1.1rgcRNAs,A8.1(1
111111111111110111141111‘x. ‘\8.l(1—.~\8.17

1 1111111111111: 1'1'.1g1'111x, 1.24, 1.152
1 1111111111111111111111.1111111\,.\7.5
1 11111111111111111\ 111111.” gcnm, 1.12
1 1111|114.111'1111111111111111'x..\‘) 33—.\9.34

1 1111111;.1111111,111111111111111.11|1111,3 11)

1 wmcnxm 111111111111, .\1 1.14
1 11114411 111111111111an gc1 1-1u11111111111r11111(111)1}1.1.

1192

1 0111.11!1111111111}:.u‘r.1\1'1,.\11).7

1 1111111111 .1.1mpc11 111111111g1~11¢1111~ clcctri1 field
11‘11111,5.57.5.7975 82

1111111111111“1111.5.79—5811

11111111111111111111g11|*.11|1111, 5.57
1111411 1.11\.1111\'\'111'1111‘ 111x111 51/1‘111‘11‘1'11'111'1dli1)",

4 18

11111111111. 3.81 5.32

p11]11'11111¢s,5,7975 811
11‘w11111111111, 5,7‘)

1 1111111.1\\1c111111111111111111‘41Jlning x1)111111111,1\1.211,

\1\'. 11171847

1 11111 111111111111
11\( .4 IN

111\111111~. 1.217
1‘1.1n111‘\1 \c11111‘~, 1.11

pl.\h111111,1.39,1.48,1.56,1.128,1.131
111111311111'1111111, 1.4, 1.143
111111111111phcniafl and. 1.4, 1.143

(111111111111 RN“, 1 64.7
I" 11111 31mm, rslatcd supprcsbion 1112, 1.15

incumpatibilhy 015 plasmids and, 1.74 .8
1111\'—c11p\—numbcr vectors, 1. 124 .13
needs 1111 11111, 1.3

plasnnd 1110 and, 1.9
rcphcom 111111, 1.34 .4

suppresxmn by me, 1.13

Curdyccpm, 9 55, 9611—961, 12.73

(IorL‘Pronmterp1‘11gr.1111,All.12
110816115, 11.118, 1175

(105-1, 11.114

(105—7 CC115, 11.114

clectrop11mtion into, 1 1.854 1.86
mRNA hdrvcsnng 1mm, 11.874188

overvicw, 11.114
11.11151'01‘111111, 16.27, 16.29, 16.32

1111 1110.11
111 BAG vecmn, 4.3

11151111115, 4.1 1. 4.311, 4.33
71, 22—23, 2.12, 2.14—2.15, 2.68

in vim» 1141111311111; 11nd,2.111,11.113

11115111111s, 4.11434, A35

Lh11nC11C dunes, reducing, 4,154.16

choosing for gcnnmic 1111rary construction, 4.7—
4.11)

doning in
diagram n1stcps, 4.1 2
1111111116 111.» site vectors. 411—414
ligation reactions, 4.15, 421-422

pdnial1111111g1113'Icrmini,4.15

smglc (11> si1e vcctors,4.11,4.13
copv number, 4.26
DNA purificanon, 422-423

gcnmmc 111111111135
amplification

1111 1111crs,4.31—4.32
in 111111111 culture, 428-4 30

1111 111.1111. 4.34
by rescuing DNA in transducing particles.

4.31)

arm is11|d1111n,4.19~4.20
arrayed 1111mries, 4.31
dcph11sph11ry1a110n 111ge110m1c 1)1\'A.4.207

4.21
dlgcstion 012gcnomic DNA, 421)
isolation and dnd1ys1s, 4.22
ligation, 4,214.22

11ncarim1i11n/dephosphorylat11m, vector.

4.187419

protoml 1m construclion, 4,174.23

restriction map construction, 4.33
screwing unamplificd by hybridimtion, 4.24—

4,27

st1)r.1g11,4.11.4,311,432
11\'ervicw,4.4r4.5
p.|c1ulging,4,21—4.22. 4.31)
restriction mAppmg rccombinants, 4.33

size, 4.1 1
smbflity 111’cl11ncd sequences, 4.11), 4.28
suhcloning YAC DNAs into, 4.64

lmnsfbrming E. (0/1, 4.25
in vitro transcnption 1mm bacteriophage p10—

molers, 9.31
(.11tranat'urnmtion, 16.24, 16.47
(311111111111111w11rm \ iru>, 17.81
1211111101 Mullimck 1 Beckmdn), A11).5

(11’1 )-Sm/', A944

(fipG sequences, 5 (11), 568—569
(Ire, 4.4, 482—485. 511011110 Cre—lnxP recombination

system

(111311. S1'1'1‘AM1’ rcxpomc—clemcnl-hinding protein
( rwhml’ I‘CCOlflhIILlIlOI] system, 482—485

mechanism 01 111511011, 4,824.83
site—spccific mwgmfion and cwision 111 (mm—

gcncs, 4,844.85

use in mammalian 10115, 4844.85
vectors containing (Ire—InxP 5111‘s, 4.83—4 84
RAW 0x vccmr, 1 1.254 1211

P1 \1‘c11)r.~. 4.4
Cresol red, 1.53, A 1 .19
(m genes, 71, 2.6. 28—29, 14.14
(1111 pmmn, 2.6, 2.8. 2.111, 2.14, l 18

Cross—Iinking devices. (1.41, 6.411
Crowding agems, 1.23424, 1.152, 1.1574 158,

3 49, 6.58
crp gene, 15.3
CsCL Sev Ccsmm chloride

CSH18 E. (011 strain
genotype, A31)

21 vector propdgdnnn, 2.29
CSPD, 14943—11944

(J5p1 methy1a110n, A47
CTAB. Sa’ (ietyltrimclhylammunium hromldc
(LTAC for >(11ubi1i/ati11n (11 1111111111111 1111111051, 15 54
(31112, 18.61), 18.62, 18.114

Cup horn sonicalor, 12.16, [518.311

(jV—1 ce1111ncs,1(>.27
(31713111 mcthylasc, A47

CViJI rcstriuiun cn/ymc, 9.15. 12.1 1

(Jvin, A49
(3y3 dye, 13.69.18.7148.72118.7& 18.811, 18.82—

18.83.1891, 189348393

(3y5 dye, 18.80.1891

(ya, E. m); gene, 2.7

(Jyalume Lightsticks. A9. 17

Cyanogen bromide, 15 (1. 15.8, A9.211—A9.27

Cycle DNA sequencing
advantages 111", 12514252

Wlth end-labclcd pnmcrs, 12514255
w11h internal labeling, 12.61)

reaction mixtures for. 12.53, 12.111)
troubleshooting, 12.55

Cycle—sequcncing buffer, 12.53
Cyclic culled DNA

dlkahne 1151s plasmid DNA procedure, 1.41). 1.45.
1.49

boiling |y515 pldsnud DNA pmtocols, 1.45, 1.49
Cyclophilin, normaluing RNA samples against, 7.22
Cysteine

for affinity purification of fusinn promins, 15.6

codon usage, A7.3

nonmncldture,. 7.7
propcnies, table (11, 47.8
in pulsc—chdsc experiments, 15 18—1519

Cysteinc—xdnmng nwmgenssn, 13.3

Cytochrome 1‘111rprmein stability. 17.16
CytoFectene Reagent, 111.5
Cytomegalovlrus 1CMV) promolsr, 1 1.68

for eukaryotic expression vectors. 1 1.72
in p'1ét»tTd1<. 17574758

Cytosine, A(v.7
111511111113 1110111111111011 111", 13.711
codon usage and, A72
hydrnine clemagc 111, 13.78

hydrmyldmine 1111111111mti1111 111. 13.78. 13.95

methylation of. A4.3-7A4.4
nitrous oxide modification 111, 13.78
related compoum‘ls (Table A111»), A117

structure, A67

Dabcy1,8.95
dam methylase, 1.25, 13874388, A43. .~\4.7

Database 111'1ranscribcd 901111011114 (1)()T51,A11).15
Database Similarity Search Software 11111111: Al 1—2),

All 18—41 1.19

Databases. 51'1'111511 111111141111”! 115111111:

searching, 1.14
1.11711‘11111111111111rmdti15,AI1.22~.411.2-1

 



11111 S] x1.11.111.1n1\, 410.5
IN —(1101CSICFU1, 16.8. 16.11
111m 111c1hv1.1\c, 1.25, 12.1 15,1\4.3—A4.4

1)1)\11, 16.11

1)1)11| (1.11111>.1~c,:\11.20

1 1111'1

7—1101/1111, 1'1’ mod111cd 1>NA,C10<1\11gc (11, 8.60
111 undilahding. sclcmvc, 9.52

«MN 1 l’x. 51’1' 1)idcoxynudcuside triphosphdtcs
1)1)—1’(I1{. 51'1' 1)111c11:1111.11 displuvaCR

1)l)~1’(fiR rcvcrsc 1r.1n»cript.1xc buffer, 8.101
1115 1. 111119111111

genotype, 1113.6
1)1 52, 2102—2104, 2107-2108. 510011110 DEAFCL‘I-

1111051:

1)1~81 11110rs,»\8.26

1)1.\1,1.19

111g11-m1ll u1111111111111110r.5.19
11m waltclutmn1)u11br,5.2()

1)l'.\1‘—Cc1|ll1(1sc
1111 DNA punficulmn, 526—528

1).‘\"\ rccmcrv 110111 13111050 ge1s, 5186.22
111 7. 1).\1\ 111111116111011 from plate 11'5d165, 2.102

l)l;\111)cxl11111 Kn, 16.5

1)1.»\1~dcxlr1111»111cdi.11u1 transfection, 16.3, 16.27—
16.52

1111111111 phosphate method co111pared, 16.27
11:11\'1.1111111\,inacasing, 16.32
111C11111110h01, 16.28
km, 16,30

materials for, 1629-1650

111c111.1111s111n1action, 16.27
11101111111, 16504631

111111111611 prevalence, 16.28, 16.53

“111111105, 1627—1628
“1 11".ch1161101, 526—528, A851

dc.»\rr11y image 11111102515 program, 1410.15
~»1)1'.1/.1—11(1'11’,11.60, 12.52, 12.55,12.58, 12.96

111 1111101111111'11 1)\'A scqucncmg protocols, 12.95
111 DNA sequencing protocols, 12109-12110

mcrnuwm. 12.111

wqucmxc, Llsc 01, I2 105

~truc111rc111, 12.111

Ih’vmi'n.’ 1)1\'A polvmcrasc,8.11,11.85,A4.23
Hcgcnomtc1111g1111udeotidcs, pools of, 105—106, 11,31

111‘gl’ 1111111111011, 15.19
11c11'11m111111l‘1111s

11»\1 31 gcncmtmn 01 111d1rec1011111 sets, 13.627
13.67

c\111111<.11'.1xc 111 ge11er11tior1ufncstcd sets, 13.577
15.61, 117171375

1)c11.1111r.111611

1).\'.\

11>r1).\1.\ sequencing protocols, 1226—1250

11\’ 1111‘11111111110, 659—660
111 1’(1Rs,x.8
pmbcx, 7.41

RN1\,7.21-77.22
tor 1101 11nd slot blotting, 7.46, 7.48—7.49
lnrn1.11dch1dc, 7 51—7313
glmw], 7.27—7.29
11) 110.11, R 51

Dundlurdtmn “1111111111, 10.58

111 gua111di11111n1 1ysis,7.5

101 neutral 1r1111stcr, duublostrdnded DNA tar-
gets 011|\',.-\1.12

in Southern 11)'1111di7.1ti<111, 6.41, 6.43, 6.47
110111111111131111111111

(‘111—1— gc1, 5.1111
1.\1f1- gel, 5.75

Dcndluring gradient gel electrophoresis (DGGE),
1591—1192

1111111111011(1C1L‘L'110n, 13.49

SYBR (10111 51.1111 11s dltcr11.1tivct(1,5.15
1k‘1111.1r111\ “111111011

11101 10111111. 1.139

111 11v11rid12dtio11 solutions, 651—652, 10.35, 10.38

reaps, A115

111 smpping solutions, 6.57
Densilomelric scanning, 7.47

11011’ gene, 21.16
Deoxyholate, 15.10, 15.50
2 —deox1coformyc1n (dCFJ, 16.47
Deoxynucleosidc triphosphates (dN'l'Ps), A126

111 1’CR5,8.5

radiolabcled, 9.5. See also Radlolabeled probes

rcmovalby u1trafiltration,827—829

stouk xolution preparation, 12.107, A126
storage of, 8.5

Deoxynbonucledse I (DNase 1),A4.41)—44.42
£16.“ age preferences, A4.4lA.~\4.42
ethidlum bromide and, A4.41
11m1ti11g activity of, A4.41
RNJSC free, preparation of, A4.42
uses, list of, A4.41

DEPC. Sve Dicthylpymcarb011atc
Dephosphorylatmn, 9.92

in 105111111 vector doning, 4,15, 4.19, 4.2(1—421
0f1)1\'A fragments with alkaline phosphatase,

9132—965

efficiency, analysis of reaction, 4. I 9
efficiency, monitoring, 2.70
of 71 vector DNA, 268—270

011115 vectorDNA,3.34,3.36, 12.24
of plasmid DNA, 1.93—1.97

condltions for, 1.95
diagram of, 1.94

method. 195—1 97
when to use, 1.93—1.94

of RNA, 9.65

Dcphusphorylation buffer, 2.69
for use with C11), A1.10
for use with SAP, A1.10

Dcpurmdtion 011)NA

during DNA transfer from agarose gel to filter,
6.34

by pipcridine, 12.61

in Southern hvbridization, 6.41, 6.43, 6.47

Detectmn systems, A9.1—A9.49. 58011150 spec'ifh‘
(115111111115; specific 11131110115

AMPPD, A9.42~A9.44
antibodies, A9.25~A9.34

anupepnde, A9.30—A9.33

applications, A925
comugated, A9.33—A9.34

biotlnylated, A933
enzyme, 149.34

fluorochrome, A933
i111munological assays, A9.27—r\9.50

immunoprecipitation, A929

sohd-phasc R1A,A9.29—A9.}()
western blotting, A928

purification 01", A9.25—A9.27
r.1d161dbeling, A930

autoradiography, A9.9—A9. 1 5

fluorography, A9. 12
imaging,1\9.9-A9.10
intensifying screen, A9. 11

isotopes used

decay data, A915

particle spectra, A9.9—A9.10

sensitivny of detection, 149.13
phogphorimaging, A91 1»A9. 14

phmphorimaging devices, A914
pref1.1sh1ng,A9.11—A9.12
setting up autoradiographs, A9. 1.1—149.14

B(ZII’, A9.41~A9.42

11161111111ncscc11ce, A9.21—A9.24
bacterial 1uciferase,A9.23—A9.24
fircflv111Cifémsc,A9.21—A9.23

assays for, A9.22—A9.23

properties of, A9.21—A9.22

Index 1.9

115 reporter 1111111‘11111‘, A921

(QFP. A9 24

11101111, A9. 15. Sec 111511 15101111
chem1111111111Cs‘cencc,.\1\‘ 55, .-\9.16—1\9.20

Alkaline1111051111.1111>c..\8.55
AMPPD1111d,1\9.42—.-\9.-14

Applicalmns,1.1111c111,.»\9.13
11551115 (or 1111111u11<>.1>>.1v and nucleic 111111

11y111'1di7a1t1611 1.111c15,1.1111c 01,1\9.17
digoxygrnm 11111, .\9.39~.—\9.40
c'n1vn1c 115511)5,A9.19—x\9.20

1116111110 phosphatase. A919

157g.11.1c1651d.1sc,.»\9.19
glucose oxidasc, A920
horseradish pcmwddsc, .—\9. 19
\.111tl1111c0x1d115c, A919

horseradish pem\111.1\c..—\8.55

horseradish permldasc/luminnl. 49,554.49}?
labcls, A9.17—A9.19
1u1111110n1ctcrs‘, 119.20
overview, A9.16—:\9.17

16115111111», 1\9.I 6
chr0111ogel1ic,/\8.55

Alkaline pl1osph.1t.1sc,.~\8.55
horsenuhsh pcrmldaxe, A855

digoxygemn, 14939—21940

horseradish peroxidaw, .—\9.35—.—\9.37

immunoglobulin binding protcms
protein A, A9.46—.~\9.48

protein G, A9.46—:\9.43
protein 1., A946, .-\9.47, A949

staining 1111511311~ .11:ids,.-\9.3—A9.8

ethldium 11mmidc,A9.5—A9.4

methylene111uc,A9.4—.~\9.5
silver staining, A9.5—A9.7
SYBR (1) es, A9.7—.—\9.8

Dex11111e111aso11c, 18 I 1
Dcxlran sulfate

11; (rowdmg agent, 6.58
111 hybridi/dtion 50111110115, 6.58
111 northern 11ybridi7.111611, 7.45

111 Southern hybridiz.1liu11,6.56

DG(1E.SCU Denaluring gradient gel clcclmphnrusb
1)H1E.1‘1111511.1i11,1.14—1.15,1.25,1.115

ge110typc,A3.6

transfiwnunion by H111111h1111 method, 1.106
DH5 E. coli strain, 1.25

genotype, A36

transformation by H.111.1h.111 method, 1.106
DH501 15.1'011'511'11111, 1.115

genotype. A17

for interaction trap 11111111 screening, 18 38,
1843—1844

tr.111sformat|0n by Handhdn 11113111011. 1.106
D1-151xF' E. 11111 strain for \113 growth, 12.21, 12.23
DHSCIMCR E. (01151111111

for cosmid stability, 4.28
genotype, A17

DH IOB 1541165114111

for BAC propz1g.1li(1n,4.49
genotype, 14.1.7

DHIOB1ZIP) E. 11111 strain, 11.25

DH] 15 E.m1istr.1111

genotype, A17

1\113 vectors 1111d,3.15.}.16

phagemlds and, 3.42, 3 44, 146—147
DH1251Z1P) E. 111115111111. 11.25
DIALIGN prog1‘an1,All.X
Dialysis

buffers, 156—257, 6.4, 6.13

to concentrate 1)NA,6,15
dmp dialysis, 4.44, A8.1 1

eloctroelution into 111.111 $15 bags, 523—125
10 purifv DNA, 6.15

011 sucrose 11cd,6.15

tubing, preparatlon 01, 48.4  



1.10 1111101”

1 1 1211111111111121'11/1L1111L11),\1i1. \9.35

111111111111111111c11n1&1111111'. 12.75.12 112.1\8.3

R 1 1111111mmsmnunmrm,.\5.1

1)11111111111‘111111.1111|nc 1111's, 12.91’1—1 2.97
11111c<>\\ 1111gc1p1‘111t111g1¢|L11~1,13.49, 13.91,1394
11111um undomldc t1 1phmplmtc» (ddN’I‘PsL 12.4—

13.3 51‘1’111511 1).\'.—\ scquenung
1111111)“ .\1 1’. 9.55. 911049111
111.1»1’1‘01’111011 1.111“ 1\\' 111cr11111\1.1111c DNA 13011»

111c1.1~cs, 12.13

slmk x111ul1n11x111,preparing, 12.107
lc11111nalur11\c11111\.1gc(11, 12.9(1

1)|L'111\1P\'I'1kdl'bflndlL‘ 11)1 PC), 7 84
121mmJrc/plAslicwaru lrmtnwm with, 7.82, 7.84

.1~ 11111111'01 wumdarvxlructurc111‘1)NA11nd
RNA, 7,84

11111111111“ 1101114. 7.84
1111 11.\'.m- 111.1c1n'.111un, 782—784

x11»1'.1gc. 7.84

4111111111111, 7.84

(ruled “am, 7.81
[1111141411111111x111.11'—1’( R, 896—8106

111111'11'1111111 “1111111111. 989—990
17111c1c1111.111\ “pressedgc11cs,1s011111ng. 989—991

1‘111\'11111111\ wrccnmg, 989—990

1.1111111111s.1111|11111g.9_89

~1111lr.11.11\c urccuing, 9 90—991

1111111111.1/.111, 9.78

1>1g1L11 111111111 ("1101111011' 11)()('l wslcm, A10.17

111g111111~1111111111111. 9.77
111340“ gc11111,9.5,.»\9.311

1.1111‘11-11 RNA prnhm, 9 35
1.1111‘1111g111111011 audx \\'1lh, .—\9.38—A9.39
n\11\1¢\\,.\9.38

41111111 .11111110111Cx muplcd m reporter cnzvmcs,
\9.40

11111111111111110‘1C111111.1xc111/111‘1gc11c. 10.47, 16.49

1111111411111'111'111111111110, 11.9~14.10, 14.20. 18.80,

18.8. .\9.42

1711111‘111\1~1111.1tu, 12.3, 1101-1165, 12 (17

1111111'111\1~111111,\111c11).\1.\()1.f\1.26
1111011111111—1111111111g11111117», 7.16
[H \1 11.111s1ucli1111, 1101110111011 (11, 16.28
111 1).\ \ xcqucncing1‘c.1c111111x, 12.38, 12.109
1111 7.11).\'.\s11)r.1gc. 11.114
101 /. flurngc, lung—lcrm. 2.3(1

1111’( Rs. 8.9, 8.23

111 11.111x1C1111111 \v1111p1>1111rc11c. 1643—1045

111 11'.111~1u1'111.1111>11 butters, 14054406

1)1111lmpl1c11111. 9.76
1Nulcm111111111111111111'11'111.1110111111111c (DOPE), 16.5.

111.79 111.8, 10.50

13111-11w1cc11o1101 1‘1).\A>, 11.98—11.10()

.111111111‘1g.1111111, 1 1.104—1 1.105

1»11111111.111u1111g. 11.102

1110411114 rupcliln'c sequences, 11.103, 11.1(15~

11.106

11111ucd 111ml prcmelinnx, 11,102
1111111111001.11.1011-11 101

1)\c1\1c\\.11.98—11 100

p11111.11\ sulccllnn, 11.103

wwndan sulcdinn, 11 103
x11L'1‘1J‘ 111111 111x111preparation, 1 1.103
1111111111‘x11unti11g, 11.1011

111111110111111111111114,1.21—1.22,1.84—1.87

111.\11‘\c\m1‘s. 3 31

1111111111}: 11).\',»\\ 111111 .111 1111111111111adaptor,
11,13

1)|~\1>\c1‘.\1{1{.\1 (101101)i\p1.l\',x\111.9
1)1\111.1\1‘11.1gc Sutum, 18.110

111111101111c111>11171 1)

1111111111111g11111101“, 1 133
111 111 ”1111I1‘.111s11‘1pli1111 r&lilions, 7.71
111p11111u1‘nlc1hi1111.m.11 protlm11,7,79
111 111111111111 11111111111;111111g‘1‘,9.(1

11111.1114‘111‘11141111111111110rs. 1 105—1406

111'1'R. 81’1’ 11105111c
11»11.1611ér111-()—p11(1sp1’1<11€,A942
1).'\/1R1E,16.11

1).V1R11:—(fi, 16.11
DMS buffer, 12.61
DMS stop 5011111011, 12.63

DMSO. Sec 1)i111clhy1su11’0xide
DNA. 500111511 (DNA; Chromosomal DNA: Double-

stmndtd DNA; (11311111111: DNA;
M.1111111.111.111 (C115, DNA isolatlon; 13145111111

DNA; fi111g1c~slrdnded DNA
cunccl1trati11g.5a’ Loncemrating nucleic acids
conccntrdtmn measurenwnt

11vfluoro111ctry.6.12

|11g11-111111ec111ar—weighl 1)NA,6.11,6.15
phenol contamination a11d,6.11,(1.15
Ivy spectmp11010111etry, 6.1 1, 6.15

(1011.11111‘1111011. See Denaturdtion, DNA

detection

in dgdrosc gels
clhidium bromide st.1111i|1g.5.14—5.15

photography, 3.1(1—547
SYBR Gold Stdining, 5. 1 575.16

in polymrylamidr gels
by autoradmgraphy, 5 49—550

photography, 5 48

by st;1111i11g,5.47—5.48

dryi11g1)NApcllets, 1.34, 1.37, 1.41
electrophorcxls 01. 505 Agarose gel elegtrophorc-

51s; 1’011'acry14111ids gel electrophoresis
ethidium bromide interaction with. 500

Ethidium 111'0111ide
1111gcrpr111ti11gand mapping YAC genomic

i11ser15.4.(13
footprinting DNA, 1775—1778, A441
1'1'ag1ne11tdt1'011ficc Fragnwntation 017 DNA;

Hydrodynamic shearing

gyrase, 1.4, 2,3
high-molecular—wcight. Sec Chromosomal DNA;

(1011011111‘ DNA; Large DNA molecules

ligusc. 500 DNA ligdse

111icmdrruys, 500 DNA army techno1ogy

mismalch repair, 44.3
polymemscs. S111 DNA polymerase
precipirdtlon 11\'

(31’11, 1032—1024

(?'1‘AB,6.(12

ethanol, 328—329, 6. 1741.18, 6.61, 10.20—
10.21, \8.127A8.1(1

isopropanol, 6,25, 6.30
PE(1,1.152,1.154

spermidinc, 9.34, 9.36

probes. 500 DNA probes; Rddio1abc1cd probe
preparation

punfication.50011151) P1asmid DNA, preparation

from dgdtOSL’ gels, 5.18
anion‘cxchange chromatography, 5.26—
5.28

DEAE cel1ulosc membranes, electrophore-

sis11nl<1,5.18—5.22
(11111)’515 b.1gs,clectroelution 11110523,

5.25

problems associated with, 5.18

from dgdmsc gels, 10xx=mclting temperature
dgdmsc
agamse, 3.3373 33

glass bead use, . 32
organiu extraction, 529—531

BAC

from largcnscale cultures, 4.55415?
from sn1al1-scdlc cu1tures,4.53—4.54

bacteriophage 21. 2564.60

cosmid vectors, 422—423
CTAB 115C in, 6.62
h1g11-111o1ecu111r—\\'elg111

by chmnmtogmphy 011 Qiagen resin, 4.45

  

111' drop dialysis, 4.44
21 bacteriophage

from liquid cultures, 2100—1408

from plate lvsatcs, 2.101 71.104

1\113,12.21-12.24
double-slmnded (rcpllmlivc 101111). 3.23—

3.35
1.1rgc~.sc.1lc, 330—333
5111g1e-5m11111c11, $1673.29

P1 and 1’A(,, 442—445

simultaneous preparation \\1th RNA .111d pm~
tt'1'11, 7.9—7.12

spooling, (1.61
YACS, 4.67—4.71

qua111timt1o11, SccQudntimti1n1 01 nucleic 111111

rcpllcation. 500111111 Origin 111" rcpl1c.1li1111;
Repliamx

111 21. 2.1 1
111 phagemids, 3.43

sequencing. Sec DNA sequenung
517C markers. 51‘1’ Mulccular-uright markvsn

synthesih01011go11uc11s11tidm. 10.1, 1042—1046
Ultraviolet (UV) radiation

damage 10 DNA by, 1.67, 1.151, 5.10, 5.24
fixanon to membranes bv. 1.135, 1.137, 2.94—

2.95, (1.46, 7.3(»

vectors. Sue V&tors; spa‘tfit 1'1'1 fur.»

vital stanstics 111111135. A6.2—Ab. 10
DNA adenine 1116111141150 (1111111). 5111111111 1111-1111'Iasc
DNA array technology, A10.1—Al1).19

advantagcs/1115111111111ages 01 .\1r.1\ \\ 516111»
AH) 10

Appllcatmns, A10.2vA 10.3

gene e\pres.~i1m 1111.11ysis,A10.2

genonnc DNA changes, 1110111101‘111g.
A10 2—A10.3

choice of army system, A108, \10. 10
coverslips for, .—\10.14

databases and 411 <11y515 software, Al().14—;\10.16
detection of hybridimtion sig11111,.-\10.1 1

emerging tcchnologms, .~\10.1(1—10.19

11111111119 chip. A10. 19

11i1we1ectric chip, z\10.19
11nbb1c 101 p1‘1111111g,1\10.1(1

DOC 515113111, 1110.17
DNAVPmLein inrcractions. dutccnon 111,

A10.18-A1().19

1BDn1.1pping, A10.17—z\10.1 8
pieioclcctria printing, 1410.11»

primer extension. 1410.17

protein microarrays, A10.1(\

rcsequcncing, A10.17
1133th 1'1]1Ll‘().1r1’,1y\, A10.18

flowchart.experimc11t,A10.4
genomic rcwurces fur, A10.3—.~\10.(1

guidelines for experiments, A10. 13—.»\10. 14
hy111‘idimtion, A10.10
image analysis, A10.12—A10.13
process overview, A102

production 01’1111croarray5, A10.7—Al(l.8
commercial sources, 10.9, A10 7—AI1).8

contact prmling, .\1().7

plmtolnhogmphy, A108
pin and ring, [3110.8

robotics for hlgh-thrnughput processing, 10.5
so11d support substrates, 11).5v.\11).7
steps. experimental, A103
surface chemistry, A 1 O.5~A 10.7

DNA-bindmg domains, 186—1815
DNA—binding proteins

compemion assays, 17.17

detection with 011C—d11d-a—hdlf hybrid 51310111.
18125—18126

gel rcmdation assays, 17.13—17 111, 1778—1780
materials for, 17.1 1
optimi/ing, 17.16

 



p(11\’111—11(,1.111t1. 17111—1745

l111L1111uw111111111111, 17.16
11111111111113111 11.111c1'it1pl111g1‘21 expression

1111111110», 1451—1451»

111.1pp111g \11c~
11) 1)\'.1\c1 Innlprinllng, 17.4 17.11

1“ 1111110111 nullcal 11111111r1111111g, 17.12

1111110111011again“11111111111'1111'11111011. 1.1.88
s11pc1s11111 dwws, 17.17

1).\1.\-dcpcndul1l R.\.»\ polvnwmsc, 1.4, 1.11

1)\.\ 11g.1sc. 811111311 111111111111 reactions

11.111cr111p1111gc T4, 1.157—I.158, 3.37, A43]—

.»\4..12

.1L11\11\ 111, r\4.31

11111111-1‘1111|ig.1111111,/\4.32
111110500 1C1111111I/111L1x 11g.111(1n,:\4.52
1111kcr/111111ptor .111.1chmcn1 11111)N/\. 11.54
11xcx,11~1 1111.44.31

1.11111. 1.158—1.159,.\4.3j

11111).\'.\ xucond—smmd synthesis, 11.43.
1 1.45—1 1.46

L, 2.1

<1\c1‘\'1c1\'. 1.157

1.11111' 01" pmpcrlicx. 1.158
111c111111s1dl11c, 1.158
111111xnl Jun“); 1 159

I).\'.\ 1’.\M 1pc11c111 4111411011 1111111100111 program,
;\1 1.5

1).'\' \ 111111'1111'1‘11sc. »\4.22—A4.23. 5'1’1’11/5115111’11111‘

P(1/1'1111‘1‘1IS1’5
1111 .111111111.11cd 1)I\:\ xcqucncing, 12.96, 12.98

111111¢r111p|1dgc14, 11.4.1, 11.45. 11.54. 12.32.
/\4.18—.»\4.21..»\4.22 $30 111517 Sequcndse

3 5 cmnudcaw.1g[1v|ly. 8.30, 8.34—8.35,

A418. ‘\4.20

5 1 cmnudcaw 11c11v11y. A418. A420

5 J pulvnwmw11c11'vi1y,A420

11111111111-c1111 (1111111111111 P(ZRpr11duus,8 32—
8,54

11).\'/\ scumd—strdnd 91111110515. 11.16

111cnd—ldlwhng,956—959

v\111.111gc rc.1c1i1111. A421
1111111g/111mm‘1sr ru11g11011,9.57—9.58

111olignnm161111110—(111‘01‘11311 11111111gel1051501'

~111g10—s1r1ndcd1)N.~’\,1315—1117

1111110111114 unds,1143, 11.45. 11.54.1217
pmpcrlws. 1.1111c 111 «111111111111, A411
L1~cx,11~11112.\4.18—A4.19

11.111urinplmgc 17, A422
111 1111g111111c1mlidc-L11rcu1cd 11111111g011esis 111"

singh—slrdndcd1)NA.13 15—1116
mcrviuu 111", 12.104
prupcrlwx. 1.11110 (11 compared, A411

unnpdrisnn.1.11111’111..»\4.1 1
1 mil DNA polymerase 1. 1.4, 982—986,

A4. 12—.»\4. 14. 51'1’11/311 chnow fragmcm

—5 L‘\Unllk10d\fl11L11V11y. A4.12,A4.14

J cwnuckdsc11x11'v11y. A4.12—A4.14
71' pohmcmw .1111v11y,.¢\4.12—A4.13

111x12N/\ scumd—flmnd symhcsis, 11.14—
|1.I(1,11.43—11.4(1

1111111\)'gcl11n111111111113;111 1111c1c1c .1cid.s,r\9.38—
A939

1)\'.1\c1 111111111111111111'011 1112, 9.13

11111111111“ ut,9.82—9.83, 12.101
cnd—lahcllng, 1\4.12

011111 r.11u.9.83

L‘\C11.111gc 111.1(111111. A414
.\11.11‘C1711L'1111011,.1.5
|11Lk11‘.111\1.1111111, 912—913, 9.85—9.86\A4.12

111'1101’1'01111'1111. 9.82

111 upcrncx. 1111110 111 111111pflred,1\4.1 1
111 111111111111 pruning,111111111“, 9.5

R.\.\11pr1n1cr, 1.6

RNdsc 11 .1c11\'i11', :\4. 12

11xcs111.9.85—9.8(1. .\4.12

 

j

5

5

chmm fragnwnt, 1.84—1.85,4.15,r\4.15—A4.17
3 ~5 emnudedgc activity, A447

5 —3 polynwrase 11c11vi1y, A4. I 6
01111 1.1h61111g. 4.33, A4.15—A4.16

exchange reaction, A417
1156.5, 1131 1117, A4.15—A4. 1 (1

m'crvimv, A410

proper11cs,1.1blc 01‘,A4.1 1,A4.23
rexersc 1111115111}?th (RNA—dependcnt DNA

polymerase). A4.24—A4.26

5 -3’ polymerase dCt1V11)’, A424
RNdSc‘ H .1c11v11y,A4.24—A4.25

Unis, 1151 01", A4.25—A4.26
111 RT—PCR, 8.46, 8.48, 8.51-8.52
1her111051d1110. 8.4, 86—88, 8.10—8.1 l. 8.18,

A4.22—A4.23. 506111517 PCR
3 -5 exonudcaae activity. 8.30, 8.77

antibodies, 8.1 10
(or CDNA second-strand synthesis, 11.14

cockmil mlxtures of, 8.7, 8.77
digoxygenin 1d11c1111g 01 nudeic Adds, A958—

A939
in DNA sequencing, 1245-1250

in h(11s1ar1 PCR. 8.110
in mutagenesis procedures

megaprimcr PCR mutagenesis method,

13.33—13.34

1111sincorpora1ion mutagenesis. 13.80
overlap extension method 01' mulagenesis,

1137—1139
plasmid template mumgcnesis, 1320—1321

in SSCP protocol, 13.53

tcrm1nd1 transferase actimy, template~inde~

pendent, 8.30

DNA polymerase 111, 1.4
DNA probes, radiolabelcd

prcpamtion
CDNA probes

subtmmed. 9.41—950, 990—991
using 011go(d'1') primer, 941—945
using random primers. 938—940

cnd—labeling
.’1 1311111111 with cordycepin/didenxy ATP,

960—961
1 termini with K1enow,9.51—9.56
3 1011111111 with T4 DNA polymerase. 9.57—
9.59

5' 1611111111, 955, 966—975
methods. table Of, 955—956
with T4 polynucleotide k111ase,9.55,9.66—
9.75

with terminal transferase. 955—956, 9.60—

9.61

nick1r11ns1ation.9.4,9.12—9.13
VCR, 914—918

random priming, 9.4—9.11

singIc-stranded probes from ML?
of defined length. 919—924

111" heterogeneous 1eng1h, 925—928

UVCTV1BW, 9.19—920
premature termination, 9.24

for 81 nuclease mapping of RNA, 7.59
DNA»pmlein interaction detection by array use,

A10.18—A10.19

DNA—RNA hybrid length, measuremem bv a1kali11e
agarose gel electrophoresis, 5.36

DNase. 50011151) DNase I

contamination
alkaline lysis plasmid DNA preparation. 1.42
TE as source, 1.42

exonudedse \’11, 7.86
in RNA isolation protoco1s, 7.8. 7.12
singlcustmndspecific, 7.86

111 dehmg 51111111011 for inclusion bodies, 15.10

I)N.1scl,.»\1.8
111 E. 11111 115.116 preparmion for affinity chro-

Index 1.11

111.1111g111pl1y, 14.29
11101pr1111111g,14 32. 14.40,17.4—17.11. .»\4.41

conccnn'ation 111 DNasc 1, 171]

control rcaclionx, 17.8
111.11cr111151'or, 17.4—17.7
nuclear extract prep.1r.11i1111 110111

1111111er cellx, 17.9
~.m.11111111111711»111'1‘11I1uredcell». 17.9—17.10

115mm 178—179

0ptin1imfion, 17.11
overview, 17.75—1".76
specificity, 17.75
Steps,<1i.1gmm 111, 17 5
1muhlcshoo1111g, 17 11

hypersensitivity mapping. 17.18—1722

(01111015 for, 17.22
11111111111011501", 17.22
111.1tcri.1ls for. 17. [9—17.20

overview 01", 1718—1719
protocol, 17.20—17.21

in 71 DNA pur1fic1111on,2.107

111 nick 1111115131101]. 912—9 13
in RNA 1110116 (01181111C11011, 951—954
in shotgun library gcncmtmn, 12.10—12.1 l
titrating batches of, 9.13

1)N11>e1 di1111i11n11u1’1‘cr, 17.19, A19
DNA sequencing, 12.1—12.1 14

asymmetric labeling. methods for. 12.72

automatud, 1294—12. 100
capillary vs. 51.111 “stems. 12.94
currcm modelfi 1“ 111.1611), 12.94
dyc—primer scqucming, 12.96
L1yc—1er111i1u110r sy‘tmns, 1296—1297

genome sequencing stratcgv. 12.99—12.100

history, 1294—1295
011111111711151, (64112110115, 1298—1299

polymerases for, 12.98

[6111111111C511)r, 1298—1299
autoradiogrdphy

reading, 12.113
BAF1.5 (bands in all tour 1.111cs1, 12.29

chennml method, 12 4—126. 1261—1273
Advanmges of, 12.63
chemical 1110111111‘111111“ used. 12.61
diagram (11, 12.62
end~1uhcling 1111, 12.73
flow chart for, 12.65

mawrials for. 1263-1264
11161110115, 1264—1200. 1270—1173

and 11110111111. 12 73»
examples. 12.72
rapid, 1270—1271

11011hlc>110011ng 11111111 abcrm 111115. 12.67—
12.69

L11111pression in gc1s, 12.109—12.1 11

dideOKy—111cd1dted (11.1111 temumtion. 123—124.
126—129

cycle sequencing, 1251—1255, 1260

advantages of, 1251-1252
with end—lahelcd primers. 1151—1255
with internal 1.111c11ng, 12.60
reactum mixtures for, 12.53. 12.60

trollblcahootilm, 12.55
denaturariun (11’1)1\';\ for. 1226—1230

rapid 1110101111, 1230
double-snanded 1011111111165. 1226—1221

11111011111 needed, 12.27

dendlurution protocols. 1228-1230
in DNA purific11i0n 11V PI:(1prccipi1.1tion.

12.31

PCR»umplificd, 12.106

1r011111cshooting. 12.29
using cycle sequencing. 12.51, 12.54

using Sequcnase, 12.54

using 12111 polynwmsc. 12.49
cnd—labchng, 12.8

 



1.12 Index

1’\ \ ~.«|ucnung1117110111110)

gang‘ml pnnuph‘s, 12.6
111mm. r.1dml.11>c11ng, 12.8
km. 12.9

pmncn, 12 6—12 7

|‘111I’1L'11150l11kk‘x13 3

wnglu—xlmmicd tcmplatcs usmg

ddc xuqucmmg, 12.51, 12.54

Klunmx, 1240—1244
\k'L]UL‘I1.1sC, 12.12, 12.34

[m] |m1vmcmsc, 12.49

~l|.|lcg1ux, 12.7

lcnmlalcx, 12.7
prcermg dcnmlrcd, 1226—1231
lmulalulmnting problems with, 12.38—

12 39, 12.114, 1256—1258

nnublcthvlmg, 1256—1259
uxmg Munnw, 1240—1244, 12.102

m.ficrmh 101“, 1241—1242

method, 1242—12-13

nummn mi\lurcs, 1.11qu 01, 12.41

lroulwluslmolil‘ng, 12.44
uxmg ficqucndsc, 12 32—1239, 12.104—

12.103

Annulmg prlmcr In template, 12.29

nmlcrmlx 161“, 1233—1235

prntnwl, 1235—1236
mutmn mmurcx, table 61, 12.33

wqucming mugs, 12.37
«up» mvnlvcd, 12.32
lmuhlcslmotmg, 12 38—1139

mm; 111111)N/\ poluncrdsc, 12.45—1250

I!1.\ICI‘|.11\ tnr, 1248—1249

mulhnd, 1249—1250
<\\c1\|c\\',12.45—12.47
\c1s|nns 01' 12111 mud, 1246—1247

11\11’ dd\'11’\1<lc1\ mlutmns, preparation of,

12.107

cmnudcmc 111 uw in, 13.72, 13.75
fluurcwcnl [dhcling 41111980
ghu'ml m xcqucming nulctmnx, 12108—12109

111mm 61, 123—124
.\1.1\,m1 and(110ertcn’hmquc, 123—126, 12.61—

12 73

111]\1'|1111L‘1’1\1<11L‘ll\L',12 100
nmh-mldc 411416145 med .1» 11mm terminators m

[dhlx‘ \(\ 11 r,.\(\.1(1

n1|gnx1m1cnlldc pumas, prcering, stocks of,

12.103

1’K R-Jmphficd UN \, 12.106
plm And mimu lcghmquc, 12.4
}m1\.m3|.lm|dc gclx 1266—1269, 1274—1293

.1111013111lugmphy, 1290—1293
mmpnwnmn 01 1‘.111(1\, troublcslmoting,

12.8_3,12 1119—1211”

loadmg, 12.88

1mm- m‘dcr, 12.88
10.1(111111 duvigu, 12.88

marker dye mlgmlmn mlc, 12.89

wuparalmn 01, 1274—1284
.11r hubhlcx, 12.79
clcumh'lc gradlcnt 301m 12.83 12.84

lnrmdmidc mntdming, 1181—1282

5'le pldk‘x, 1276—1278

hulking gcls, 12 80
mulcridh 1m", 12 74—1275
pnurmg gclx, 1278—1280

mldmg, 1290—1293
lcwluuon 61, 12 85
111111111131, 1185—1289

mm pwmulumx, 12.86

1,mpcmlurc—mnmlnrmg xlrlps, 12.86

tmuhlcxlumtmg lund pattern aberrations.
1267-1269, 12.82

m‘dgc gclx, 12 83
pm 701111111101phxlnld1).\’:\101‘, 1.152

Sanger Icclmlque, 123—124, 12.6—129
ahotgun sequencing, 12 10—12 25

diagmm of strategv, 12.12
DNA purification, 1221—1224
DNA I‘den', phosphorylanion, and 5120 sc1cc—

11011,12.17—12.18

enzymatic clcamgc, 1210—1211
fragmcnhmon 01" 1,1rge1 DNA, 12.10—12.1 1,

1215—1217

growth 017 recombinants in 96-111178 format,

12.19—12.21

hydrodymunic shearmg, 12.10
ligation to vector DNA, 1218—1219

materials tor 12.13
number 01 sequences nccdcd for coverage, 12.20
sclf—llgariun of target DNA, 12.15

tmt ligationx 12 18, 12.25

universal primers, 8113—81 17

uses for, 12.3
1)nI)soluti6n, 1.1(l6,1.109
xlN FPS. Svc Dcmvnuclcmide triphosphatcs
1)6L1ccyltrimetlu1.1mmonium bromide 11) TAB ), 6.61

DOGS, 1621—169, 16.11

DOPE, Sec 1)mlcm'Iphosphalidy1ethan01amine

1)()51’A,16.11

DOSPhR, 16.11

D61 11ybridi/..1tiun 61 purified RNA, 746—750

DOTAP, 165,161]
1)0TMA,16.11

Double |I1IL‘1'dCthI1 screen (DIS), 18.125

Double-strdndcd DNA
calculating mmunt 017 5 ends in a sample, 9.63

ghcmlcal stabilit) ()f, 6.3
mncenlmliun in solution (Table A64), A65

denaturing probes, 7.43
nunwgmm lur, .-\6.13

probes, denaturing, 6.54
separation 1mm slngle~stmnded by hydroxyap»

atitc chromatography, A8.32—A8.34
Duwex AG SOVY—XS, A827

Dowcx A650 resin, 1.76, 1.151
Doxycycline, 17.52, 1754—1756, 17.59

DPSOSUPFE. L'U1l 51min
genotype, A37

71 ventor propagatlon, 2.29
Dpnl, 13.19—13.25, 13,84, A4,5—A4.6

1)r111, A119

fragment size created by, table of, A48
s‘itc frequency in human genome, 4.16, A63

dRhodaminc, 1296—1298
Dmp di.11ysis,4 44, 748.11
Dmp—out media recipe, A29

1humphila melmmgasrer
ccdynonc, 17.71
genomic resources for microarrays, A106

Drying DNA pellets, 1.34, 1.37, 1.41, 1.46
1)r\'ing SDS—polyacrylamide gels, A8.50—A8.51

UTAH. See Dodccyltrimethylammonium bromide

DTT. See Dithiothreitol
1)qu Luciferdse Reporter AssaySysten1,A9.22
Dulbecco’fi modified Eagle’s medium (DMEM 1,

11.85,16.32,17.61

1111! gene, 13.11—13.15,13.84,13.85
dUI‘Pase, 13.85
Dyc—primcr scqucncmg, 12.96
DyC—terminator watems, 12.96—1297

1)\NA7ymc, 8.7
1)YNO—M11.1., 15.49

Ifugl
LlCdVdgC at end 01 DNA fragments, Afi.4
tragmem size created by, table of, A48
genomic DNA mapping, 5.60, 5.69
nmthyldtion, A47
sltc frcqucno m human genome, 4.16, A63

1.1K11ysis buffer, 1867—1868

EBl-Europcm Bioinfornmtics Instnulc,1:.\1131.

Outst.|ti0n,A11.2
Ecdysnne receptor 1EcR1, 17.71, 17.73
Ecdysone-inducible mmnmalmn mprcmun system,

17.72
E(‘DK, A44

E. CallC, 11.113

E, coliK,11.113

E. (ali strains. Sve Eschvl ivhia [011 manna

Et‘001091,9.52

ECORI

7—dcazd—dGTP modified DNA, cleavage 017, 8.60

in (DNA construction, 11.21, 11.48—11.52, 11.64

cleavage at end 0171)NA fragments, A64
fragment size created by, table 017. A48
1 vector construction, 2.19
linker sequences, 1.99

methylation of restriction site, 1.12, 1.99, 11.48—

1 1.50, A44

in posnive selection vettors, 112
site frequenq in hunmn genome, 4.16,.~\6.3

Ele melhylaac, 1.12, 11.48—11.51>,A4.5,A4.7

EcoRl methylase buffer,A1.10

EcoR11 methylase, A4.7
EL‘ORV, A49, A6.4

ED8654 E. coli 51mm

genotype, A37

7» vector propagation, 2.28
ED8767, E. (011 strain

genotype, AS]
ED8767 E. (011 strain, 2.29

EDF (N-ethyl—N~1dimethylaminopmpyl1~carhudi-
imide),18.104—18.105

Edman degradation, 18.62, 18.66, 18.68

EDTA, A1.26
as anticoagulant, 6.8
inhibltmn of PCR 13), 8.13
as protease inhlbltor, 15.19
m washing solution for inclusion bodim, 15 10

Effectene, 16.5
EGAD database, A1().15

EG'I‘A, A1.26
inhibition of BAL 31, 13.64
as protease inhlbitor, 15.19

EGY48,18,22—18.23,18.29, 18.44

EGY191,18.22

Elastatinal, A5.1
Electrical mobihty of DNA, 12.114
Electroendowsmofis (EEO), 5.7

Electrolyte gradient gels, 1283—1284, 12.87
Elcumphurcsis. Sec Agdmsc gel ClL‘LtIUPhtHCMh,

Alka1ine Agarose gel electrophorcm,
Contour—clamped homogenous eledrlc
field; Demturing gradient gel electro—
phoresis; Polyacrylamidc gc1 electrophore-

sis; Pulsedfleld gel electrophoresis; SDS
polyacryldmldc gel electrophoresis 01" pm-

telns; Transverse alternating field electro-

phoresis

Electrophoresis buflérs
agarose gel preparation, 5.10

alkaline agarose gel electrophorcms, 5.37

BPTE, 7.28—7.29

CHE1g81,5.80
DNA migration rate in agarose gclx‘, effect on,

57—18

Cthidlum bromide in, 5.15
MOPS, 7.32

for polyacrylamide gel electrophoresis, 12.75,
12.84, 12.87

recipes, 5.8, .~\1.17—A1.18
in SSCP protocol, 13.52
TAPE gel, 5.75
taurine—conmining, 12.108, 13.90
Tris—glycinc, A842, A844

types, 5.8

 



1 11’1111)p1mrclu Immtcr nt 1)1\'z\10|1}10n mcm-

Inancx. (mfih

1 Imlmpnuuou

U1 11:\(.11\..\,-1.3. 4.49, 1.52

111 .\1 «It\lmn cnlmnwmcnl 01, 1628
DNA sue Jud, 1.211
clmlrlml mndiliom rcquircd 101, 1655—1656
01 111313111 11110 (f05—7 gulls, I 185—1186
01 nmnmdlmn culls, 16.3, 16.3.‘1—16 36, 16.54—

1(\ 37

ct‘thicnq. (acmn influencing. 1633—1634,
111.37

malcmlx tar, Ih.}4—16.35
mcthnd. 1655—1650

nurkcr—dvpcndcm transformation efficiency, 1.26
muuhdmxm 01} 1654—1055

m 01ignnudmtidc-dirouted mutagenmis proto—
101, 13.111

npnmwing, 16.57
m'crvww. 125—126, 1.162

P! (Inllcs.~1.~1,~1.~1(w—~L47
pulw pammclcrn, 1.162

trmxt'ornmtlml 0111. (011 by, 16.54
mtmnstbrnmnls, 1.119, 1.122

lesmid size and, 1.119

promwl, 1119—1122
puke Lhamclcrisllcs, 1.122

1 11mmer dw rumm'al system, A828
1 Inlinn huflbl

1m olignrd'l'JmclIulmc chronmmgmph): 7.14.
7.10

Ql.\gc1\,.\1.2()

1 .\1131,2.2(1—2 22

1 .\1111 11.11.11mxc,.\11.211

1 .\1111 3A vector, 264—265
cmtmt 11‘\plnring the .\10111 Univerw) pmgmm,

./\1 1.9

1 n‘Hdnw “111111111111. -\9. 12
1 mi nuuhfiutmm

13) m\ cl‘xc VCR, 14 -12

17V 1’( R, 8 42—1145

rm“. 81’1’ l‘ndnnuclcdscs, cndtmuclcasc A
1‘11L1-1J17L‘1111g

lcrmmi wnh mrdvu‘pin or didcoxyAl 1’, 9.61)—
9.111

mmlm “1th Klenow, 951—956, 935—985,

12.1111

malcrmh tur, 9.53

_,.

uwrvicsx 01. 951—953

prulocul,95~1
mcx 1m, 9.51
termini wuh 14 DNA pnlymerdac. 957—959
lcmnm \\ 1th 14 pnlvnudcmidc kmascfiji

9.604) 75

blum/rcu’swd 5 1cr111111i,9.7()—9.72

13) cxdungc reaction, 9.73—975
pmlrudmgS termini, 9.66—9.69, 973—955

1nr k11L'1111L‘11 sequencing, 12.73
m mnmld vcrlnrs, 4.5}
N DNA pnlvmcrdsv 1, A412
m UNA xcqucncing, 12.8

Lydc 1)\A scqucncmg,12.51—12.55

thh Kluunv fragment, 951—956, 983—985.
12.1(11.;\4.15—A4.1(1

methods, 1:11w1c<)f,9.55—9.5(u

wnh pom .\1 pulymcmsc,956,91‘1
pruhcx m .\1 protectinn assays, 7.54
RNA1)}’1{N\11gdst,1\~1.311
mlh RNA llgdsc, 9.36, 9.61

wnh 1‘4 1).\' \ ponmcmsc, 9.57—959, A118
“1111 lcrmind1 tmnsfcmxc, 955—956, 9.60—9 61

1-n11n.u‘ctv1mummidasc. bacteriophage T4. A151

1 ndmymm, imcrnAll/ation of1)EAE»dc.\tran/1)N;\
mmpluxcs, 16.27

1 ndnhsm. 1nulcr10p1mgck, A451

34
m

1 11k1UnllL1CdsCs

cndonuclmsc A
1millng lysis plasmid DNA pmmcols‘ 4nd,

118,143,146

11. 11> mnmmination source, 1.42
undunuclcdsc W, 12.3

rcstrictmn en donuclease, Sec Rcsmction en7ymc.»
End—rencuc 5ubc10ning,4.63
Enhanced cyan fluorescent protein (E(IFP),

18.71—18.72, 18.76,18.91

Enlmmcd grccn fluorescent protem (EGFPJ. 18.72,

18.76. 18.90—13.94

Enhanced vcllow fluorescent protein (EYFP), 18.72,
18.76, 18 91

tnllghmmg xtintillam, A9.12

Entensm' scintilldnt, A9.12
Entcmkindse, 15.8, 1539—1540, 1543.18.49
Fmru, 1.14

E112) mc stabllizdlion by glycerol, 13.90
Emymc-frcc donmg. Sec Ligatlon—independcnt

Cloning
Elwymes. A4.1—A4.52. See also specific (1115565 of

enzymes; specific enzymes
dg.1r.1se,A~1.51

ulkdlme phosphatases, A437
DNA polymerases, A4.10—A4.27

bacteriophage T4, A4.18—A4.21
333 exonuclcase activity, A418, A421)

5'—3 polymerase activ1ty,A4.20
exchange reaction, A421

uses. list 01}A4.18—A4.19
bacteriophage T7, A422

mmparison, tab1e of, A41 1
1)\'A polymerase 1, E. C011, A4.12—A4. 14

3'—5'ex0nuc1ease acti\ity.A-1.12,A4.14

5 -3 cmnuclease activity, 111.12, A4.14
5' 3 polymerase activity, A4.12—A4.13
cnd-labeling, A4.12
exchange react1011,A4.14

mck translation. A4.12
uses,list of, A4.12

chnow fragment. A4.15—A4.17
3'-5'excnuc1ease acti\'1t),f\4.17
S -3’ polymerase activity, A416
cnd~1ahcling, A415, A116
cxchnnge reaction, A417
uscs,1ist of, A4.15—A4.16

overview, A410

properties, table of compared, A4.1 1
reverse transcriptase (RNA—dependcnt DNA

polymerase), A4.24—A4.26
5'-3'p01ymerasc activ11y.A4.24

1151455 H activity, A4.24-A4.25
uses,1ist of, A4.25—A4.26

terminal tramfcrase, A427
lhermostable, A4.22—A4,23

inhibitors,tab15 01, A5.1

kinase, bacteriophage T4 polvnucleotide. A430,
A4.35-A4.36

nchange rcattion, A430, A135—A436

forward reaction, A4.30, A4.35—f\4.36
properties, tdb1C 01, A430

lights, A430—A434

bacteriophage T4 DNA ligase, A4.31—A4.32,
A434

activity of, A431
Mum-end Ngation, A4.32

(ohcsivctermini/nick11gauon,A4.32
uses,1ist0f, A431

Iz, ml: DNA 11gase,A4.33
thermostable DNA ligases. A434

lysolvmcs. A451

mclhylating, A4.3—A4.9. See also Methylation
dam mcthyllmnsfemse, A43
dun mclhyhransferasc, .'\4.3—A4.~1

nudmscs, .~\4.38—A4.49

bactcrlophagc 7» exonucleanc, A149

Index 1.13

11.—\1, 31, A4.J..L.\143

DNJsC 1,.—\-1.1(1— \1.12

cmnuc1msc111, \1.17—.\-1.-18

mung bum, A4. 17
RNdsc A, A139
RNJM‘ H, A158

RNdsc 11, A139
81, A446

proteimsc K, A451)

RNA polvmemncs, .\4.18—A4.29
topmsomemsc 1, A152

L'DG, A451

EPD wukaryotic promoter datalmsc). A1 1 21)
Eplsomes, 1.3, 11.09.51'1'11150 Plasmids
Epnopc tagging, 17.32. 1790—1793

apphuatkms, 17.91
eur11ples,t.11)1e of. 1792—1793

m'enicvx, 17.90
practical Lonsidcrdllnms. 1790—1791

Epimpe-mgged pmtcinx, 1.14
Eppendorffi Prime, 1.114
Equilibmtion buffer, 5.110

Equilibnum ccntrifugatiun. 1. 18—1 .19. Sac 111m
Cesium C111OI‘IL1L‘ (10115in glxldicnls

Esdzcrifhm ml:
chrmnosome si/c, 5.05

genomic resources for microarrap, A11).6
strains. SW {1150 5/71’1'1111'511‘1mh‘

for thc .1mpht1catum 01c1)1\1;\11br.u‘1cs in
bacteriophage A vcclor». 1 1.60

choosing appropriate. 114—1 .16
for inverted repeat acqucmcs. 1.15

for methylated DNA propagation, 1.15—
1.16

recombination mutations. 1.1
for toxic protein products. 11

he.“ 1ym and, 1111.18, 1.45
2» propagation. 238—129. 11.62
for .\113 vectors, 3 10—346
rcwiving in th61.11mmlory, 1,29
table of. Al(w—A}. I (J

for in vitro packagmg, 2.11 1
EtBr Green Bag, A828
Ethanol

NaCl/erhamfl 5011111011, h. 19—611)

tor numbing glass plates for polmcryldmldc gel
clectrophormix. 12.77

Ethamldmine, 18104—15105

Ethanol precipitation, A8. 12—A8. 16

aspiration of supermmma. A815
carriers, A813

dissoh mg precipimtcx. .\813. A8.15—A8.16
01 1)1\.—\, 6.01

.\113 R17 DNA prepuuutlon. 3.25

.\113 single-strdndcd DNA prcpamtiun,
328—329

in PCR product purlfic.|tio11, 8.59
mdinhbdcd o11gonuc1cotidcs, 11130-11121
for spoofing of mammalian DNA, (1.17—

6.18

history of. A814
pmmcnl fol. A8.14—A8. 15

01 RNA, 934—935, A816

5.111 so1uti0ns used wi111..—\S.12
Ethidium bromide, A126

agarose go] t‘1ectr()p110rcsi>.5.5, 5.1 1—5.1
binding to 1)NA.A9.3
breaks 111 DNA, singlc—strdndcd, 5.20
m Cs(1gmd|ents. 1.18. 1.1%l

continuous, 1,654.08

discontinuous. 1.69—1 .71
dccontamination. A8.2‘—1\8.28

cnmmcrcia1 kits fol, .\828

of concentrated solutiom, .-\8.27—A8.18
of dilute solutions, 18.28

disposal ot‘ethidium bromide, A817

5

5

 
U
m



1.14 11111121

1111111111111111111111111'1111111111111111

11l\\111l.lll(11111111111)\.\.1 151

11\.1\u 1 .11111. .\1. 11

1111111‘1'111‘1111',.\‘).5

111111r11111111c11\c 10111111111151 1111.11'1151' gels,
7.51 7.32

g1111\\1.111'11 1<N.1\,s11111\111g 111, 7.274 28
11111'11.11111111111111111).\'.\.1.18,1.151,5.14
1111141111011 111 113111‘1111-gc1 0113111‘111111111'0515, 5.131
11111111'“, 1.15114.151

p1111111g1'1111111. 5.10
11111111 r\'1.1111111c gel 41111111115, 5.15, 5.47—5.48

1111.111111.1111111 111 11N.»\,.\8.19, 111123441124, A94

.1g11l’11x1‘ 111.1111 1111'1111111..—\8.2J,

1111111ch 1111'1111111,:\11‘.2~1

111111 10111819. “1.24
1'1111' 111 1).\':\1111g111111111111.1g.1r11sc,c11'uc11m.

1.51, 5 5.5.15

1111121111111111’11R,?1’.94

1'1'11111\.1111‘111111).\/\. 1.118, 1.151, A827

c\11‘111111111 111111 1111.1.11111 s111\¢111>,1.72—1.771
1 151

11111»1'\1111111g1.' 111r11111.1111g1‘11ph1, 175—1771
1 151

11'111111111111.11111,5.15

R.\ \ x1.1111111g, 7,514.12

x1'111111\11\ 111, 5.12

\1.1i11111g1)\\ 111 11,111, .»\9.3—.\9.~1

~11’1111111'1‘ 111, 1.151), A9}

.1\1r\p.111111111.11 11110111, 51.11.1195

1111'111111s111.111111r11\c11..\‘).~1
1111\1 .111‘11111'. 17.111, 17.18. 17.411

.\ (111111111111'11111111‘, 13.5

1 111.11 111111 1).\' \. x1'1’111-111111111'1).\'A;1'V111111111.1111111

111111, 1).\'1\ 1\111dlIUI‘1

1 111.11 111111" nprcwnn 1111r.1r1c~. 51‘1' 111511 1 xprcsxion

11111'111'11's
11111111111111111.1111114175

111111111151, 1174-1178
1 11111111‘.111 l1111111111r11111111x111»1111111:,A11.25

1\(1c1151111. 111.5

1\1111.1111111111111111111,11 55, 11.7941.97
11111l1\\1\(11 111111131», 119571197
1'1c11r11p11r.1111111111 1111r.1r\' 111111 (1118—7 (11115,

11115411111

111111 111.111111 slcph. 1 1.1111
11111.1r\ 11111~11111111111. 11 111

1111{\.\,11.11‘11w1111g,11 8741.88

1111'1\1c\\.11 7941.97

111 1’( R,11.?§‘)M11.9-1

111.11c11111s, 119114191
1111'1\11‘w. 11.119

111111111111,11914194

1 “1111111151101!11111>1cr,.\1.11)
1\11|11111c11\1‘ 111. 11.121. 13.2, :\~1.-17~/\4.48

‘1 1\1111\111c1\\1' .1111\11\, .\~1.~111

1 1‘11111171111111sc11111\11\,:\~1.~11"1
.1111\11|1‘s111,1.1.7'.1

111 111111131'—s1.11111in11111111.1gcncs15. 13.75
11111111113 1111111111“ 1111 111111'1111'11'11111‘111‘1113; 111111,

1.5.75

11141111 11111111111 11111111111 xcts,gcncr.11111n 111}

155745111,11744375

11\c1\11\\.11724375,:\1.474\-1.411

111 x111.‘ 1111'1‘111‘11 11111L1gc111‘sis. A148
111111111111' 111111111111, 1.1.72
11111111111101111111' 1‘1's1\1.11111‘ 111, 131.75
1111x111. 1174. \~1.~177*\~1.48

1 \11111111c.1~1'111 1111111‘1‘, 11.58
1\11111111c.1x1' \, 1.15,2.11—2 15,2.13

1\11111111u.1xc \'11, 7.86

1\11111111c.1\c 7. \4.-19
1 \p.11111 111g11—1111c1111’ 1’( R s1s1cm, 131.21)
1 \p.11111 Inng-Icnwldte P(IR system, 8.7, 8.77
1 \1’\\1 Molecular 111111111115erver~Exp€r1 Protein

\11.111 six “11111118111“ 11111111110 (11

11111111111111111111’1,Al 1.2
1-\p11r11111111111111“, 15.51), 15344535

111.11111sc-1111111111g111511111 prowins, 15.4(1, 15,43

1 \prcsscd 5011111111111 1.1135 (E515), 9.89

(1011111111113 A111..‘1—.—\1(1.4
111icr1111rr11y technology and, A10.3—A1(). 1, .»\1().(1

Expression. Sec 111.111 Expression 111 E. 61111 111'c11111e11

genes; Expression in mammalian cells
1111111vsis by 111ic1'1111rr111' technology, A111.2

1111111115:

CDNA 111111111c1111s1ruction, 11.6841 73

51111111115 1111, 1 1.70
factors influencing success, 1 111941711
111111111111111111 host/vector systems, 11.69

5110611111g111NA library, 11744178
vector systems for, 1 1 .72

screening cl)\H libraries: by. 11.7134] H

Exprcsslon 1111.11 111111101111, A109
F\prcssion 1111: 11111 111111111011 genes. 15.1— .61)15

cxprcssinn .s\s1c111ch11i1s, 15.2453, 155.54 5.57
111511111 protclns

cleavage, 5.114 5.8
(11011111111, 15.6458
0111111111111, 15.7—15.8,15.3945.-10, 15.45

punfimtion

by 111111111) chr<11111110g111phy (111 111111111150
resin, 15404543

by 1111111111 chr111111110gr11phy 011 g111111111i<111e
Agarosc. 1531145319

(11111511111116‘111ggc11 protelns, 154445411
1111111 inclusion bodies, 1549—1554

01.111.1111180—11in1‘1ingproteins, 15 4114 5 41

by 111011] (helatc affinity chronnnogmphy,

154421543

puri11c11ti1111111'. 15.4455
501111711111215.9451].153945534554

11sesf11r, 15.4

vmors 1111 crcatmg, 15.5
111c111si1111 1111111115, 15.9451], 1549—1554
111111111111111011

01111111 usage, 15.12
(11'e.\pre.s.si1111 1mm inducible promoter,

15164519

151011111 c111111'1110ns, 15.12, 15111—1517, 15.19,

15.25, 15.28
temperature effecton,15.lb—15.17,15.25
translation imtmtion. 15114512

137 overview, 15.511—
11101110111 (1mm, 15564557
prommers, c11011s111g, 15.3454

x‘olubility (1111111161113, 15,945.11, 15.39, 15.55—

15.54
using 111111111116 phosphambe promoter (11111141,

15304555

largcfscalc e\prcssmn, 15.34

1111110113115 1111, 153145312
optimilulion, 15.33

overview, 15 30
protocol, 15312-1534

511111611111le 111g111mt11111 of fusion 1111111311151
15.35

using11’TG»inducih1epromoters, 15.3, 15.14—

15.19

choices 1111, 15.3

large—scdle expression, 15.174518
111.11131 1.115 1111, 15.15

0111111111..111011, 151614519
overview, 15.1-1
protocol, 15164518
troubleshootlng, 1518—1519

using 21p| 1111111111101. 15.4, 1525—1529
largchscalc cxprcssmn, 15.29
111.1tcri.11511)r, 1526—1527
optimization, 15.28
overview, 15.25
protocol, 15.

 

EXPI’ “ "

1ryptophdn-i111111c1blc cxplmnun. 15.26.

152191529

1151111117 pmmntcr, 15.3454, 152114524

Idrgc—smlc mprcssion, 15.21

1111111111115 1111', 15.22
111111111171111111, 15254524

111111 is“, 15204522
pr11t111111. 15234524

r€g111.1111111b\ 11511711110. 15.24
vec1111‘5, 1111111511155, 15.5455

1111111 11111111111111i.111 cells. 17,147.99

differential cxprosmon, 9.89

DNA-binding 11101111115
co111p€11111111 115mm, 17.17
gel retardation assays

marshals 1111, 17.13

 

11pt11111/1ng, 17 111

p11l\'1dI-d(‘.)1111d. 17.1447.15

11111111111111111111115, 17.](1
gc1 rc111rd111111n assays 1111; 171347111, 17.78—

17.81)

111111111111;y xitcx by
DNasc 1 1‘11111p1'1111111g, 17 1, 17 11

11111r11xy1 1111111111 111111111111111151. 17.12
5111151311111 1111111115, 17.17

DNasc 1 1‘11111111‘111111131, 17,447.11

1111111111 rcaclimh, 17.8
materials 1111“, 17.1147,7
nuclear 1:\11'11c1 11101111111111111 1111111

cultured cells, 17.9

small numbers 111 11111111011 1111», 17.947 11)
11\\llt’, 17.8A17 9

11pti1111/11111111, 17.11

steps, diagrmn 1117. 17.5
troubleshooting, 17.11

1)Na.\c—1—11ypcr.~c11.si1i\'ity sitcw. 1111111111111, 17.111

17.22

1111111111111”, 17.22
1111111511111“ 111", 17.22
1111111111115 101, l7.19—l7.211
overview 1111, 1718—1719

protocol, 17.2047.2l
hydroxyl r.1d1c.11 footprinting pr111111111. 17.12
inducible systems

€<.L1)’s(1ll€, 17.714 7.74
tetracycline, 175247711

1ibr11ries, 11.68—1 1119, 11.74—1 1.711 \1‘1'111\(1

Expression 11111111195, summing

overview, 17.3
reporter assays. 17511—1751

fi-gdlactmidasc, 1748—1751
endogenous “1111111111111“ B—ga1ac1oa1dasc

activity. 17.48
1111111111115 1111, 17.50
method, 17.51
normalizingy reponer en/ymc 11c11v111 111 B—
galactosidasc activity, 17.48, 17.51

overviflv, 17.484749
pB—gal reporter vectors, 17.19

substrates for Bigaldctondasc, 17.51

chloralnphenicol .11‘c1y11m11xfcr115c, 17.311—
17 41, 17.95

aberrant transcription, 17.54

1‘111111'111s, 17.34
111e1lsure111cnr by diffusion 111" 10115111111
producu i11111sci11111111111111 1111111, 17.41

111011511r1‘n11‘111 by ex1r11c111111 with 11rg111111
solvents, 17.41)

111edsuren1ent bythin-lawr(111-1111111111gm—
phy. 17.364 7.39

normalizing CAT .1c11'111) 111 B»g.11.1c111.~i—
ddse actlvity, 1748—1749. 17.5]

overview, 17.33— 1 7.34
pCAT3 vectors. 17.35
quantitative assays, 17.95

genes used, 17.304 7.32

 



(1111, 17.85—17 87

1L1g11c1dx‘, 17.42f17.47, 7.96

JL1\.\1\1,1:J,C\ 01, 17.12

lumlnnnwlcr mmsurcnwnh 1mm 96—“011

pldlcx, 17.47

nanrmlx tor, 17.44
mullmdx, 1745—1747

npnml/ing mmsurcnwm, 17.45

p(113 wulms, 17.43

\U|)1111dllnn wunling promufl, 17.46

uvcn 10“, 1730—1752

lmnx‘ludinn conImIs, 17.52

lmmcriptmnal run-un Assays, 1723—1729
nmtrriah 1m, 17.24—1726

nuclei I\()1.111(1|1, 17.2(1—17.27

1mm cultured gc115, 17.26

1mm llssuc, 17.27

mcrvluv 111, 1723—1724

mdmlabcfinglr.mscrip15fi‘om

k1111111‘L‘L1CL‘111111C1L‘1,17.27
lissuc nuclei, 17.27—1728

1\1‘1L'\\I()11 1|hr.mcs, urccmng, 141—1451
Jmlhud) dwmcc for, 1450—1451

autumn purifimtion fur, 14.51
unnplcuh 411 111mm“). 14.49

u‘ms—rmunc antibody removal

affinit) chrmmtography, 1428—1480
111Lll1).111(111\\'111'] 1 wii lysatc, 1426—1427
pwcunhmrccning. 1425—1425

UN \—1m\dmg protein ldcmifiunion, 1431—1486

filter preparation. 1485—1436
luhrldlmtion, 14.16
malcrmls 1M, 1452—1434
<\\cr\|cn,14.31—14.32

pmlw prcpdmlmn, 1434—1435
L'n/vnmm n. r.1di<11.lhclcd rcagcmx, 14 1
1“ 1.11‘ wulcrn dlmlvsis, 1848—1850

gcnumu vs. L1)N.»‘\1ihr,lrics, 14 47—1448

1117. wgtnrx, 144—141}, 1447—1449

hadcriophagc recovery from smmcd filters,

14.1 1

dwmilununcs‘cmt screening, 14.11—14.12

dlmmugcnn xcrccning, 14.9—14.11
dolcumn 01 I'usmn prntcm«xprcssmg

p1.1qucs. 148—14. 12
x111pllutcfillcrprcpardllon, 14.8

nprcssmn induction on 1111crs, 14.7—14.8
111.110r1.11\1111, 144—146

p1d11ng1hlk1L‘l‘10phklg'J, 14.7
1‘.1(11(1(1\C1\\1k1\1sJCCng, 14.9
lmuhluxlmutmg, 14.13
mllddtion nt‘clnncs, 14.12

1\s(11(‘ prcpdmlmn 1mm X lysngvns, 1457—1446

Ag.” 111.110. 1441—1445
11'0111u)1n11|cx, 14.37 14.40

1|qlnd (111mm, 14 44—1446
m’crvich’, 14.27

in plmmid xcctorx, 14.14—1422, 1447—1449
a11cm|1umlncscmt sgrccmng, 1421—1422
khmmugcmc summing, 1420—1421

master plalc/fihcr prcpamlion, 14.17
nmu—ml, 1m: 14 15—141 7

prmcxsing filters, 14.18

pl‘nlcin c\prcssing clones, 1419—1422
rudnmhvnnm] SLI’CL‘I1111Q, 14.19

xcp1im filler preparation, 14 17—14.18
\.11k1.|1inn 01 (1011135, 14.22
\ulun1w1w,14.14

pmhdhllitv 111 rcmmhnmnl cxxslcncc, 14.48

pmlw wpcx
Jntilmd) pmlmx, 14.1—14.2

nhgnmldmtidc pmhcs, 14.2
\PL’\1d1I/L’L1, 14.2

tnr prmcm imcmctiom bv two-hybnd system, 186
1\prc~xion svstcms, 1555—1557

Hdflfllh wlmlzw, 15.55

bactu‘ioplmgc T7, A428
1'. 11711, 151—1560. Soc (1150 12xpremon in F. (011

017 domed genus
insect cells, culture, 15.55
mammalian ce119. Sa’ Expression in mammalian

cull;

RNA polymerase use in, 9.88
Suu’lmmnuws fercvzsiuc, 15.55
system s€1€C11()fl, 15.55

Exprcmon vcuors

7L, 222—221—183

ludfcrdse, A923

m'crvicxx, 1.13—1.14
phdgemids, 3.43

ExSnlc PCR—based site—dirccted mutagenesls kit,
13.89

Extinction coefficients, 1013—1014,A8.2()—A8.21
1‘XtrdC1CdI], 18104—18106

1ix-\\'a\ DNA extraction kit, 6.27

11 1).|ucr10ph.1ge, 1.11

origin 017 replication, 11.22—11.24. 17.35, 17.49
sequences in ?\ZAP vccmra, 1 1.22

188-4, 115.118

Fauur X protease, 15.40, 15.43

Factor Xd, 15.7—158, 15.39

Far western analysls, 18.3
outline of, 18.49
prolem-pmtein interactions, detecting, 18.48—

18.54

Famcsylatcd enhancedGFP(EGFP—1—), 16.10

lust performance liquid chromatography 1 FPLC),
13.20

PASTA progr,1m,r\11.3,A11.19

PASTS/TFASTS progmm,A11.19
PAS'I‘X/PASTY program, A114

111 baclcnophage, 3.2, 18.115, 18.1 17.501'111508/113
bacteriophage

FcCli m 7. stock preparation, 2.35, 2.37
F6111)~E17TA,17.12, 17.7()—17.77

Fctuin for protein stability, 17.16
1- factors

BACs and, 42—43, 4.48
histon 01,449

1111‘1‘1 d11c‘1C on, 15.18
M13 and, 3.2, 3.8, 3.11, 117—348

maintaining, 3 17—3.18
overviuw, 4 49

par genes, 4.3

pObIIIVC sclectlon strategies,3.11—3.13
F(lltNFSprogmm,A]1.11—A1 1.12
F1 protein, 2, 2.14
Flbmnectin, 18.60, 18.62, 18.64

Flcoll 400

in DNase I rbotprmting protoc01, 17.10
in gel retardation assay, 17.15

F11 gem, k, 2.14
Filamentous bacteriophage, 18.1 15. See (1150 fl bac—

teriophage: M13 bacteriophage
blo10g) overview, 32—37
discovery 01, 3.2
phAngids, 342—349

Filamentous phage display, 18.3, 18.115—18 122

affinity scleution and purification of bacterio-
phages, 18.121

unnmercul display systems, 18120—18121
of foreign proteins, 18121—18122
intcmmon rescue, 18.122
of peptides, 18116—18121

cumlmmed 11h1’arics, 18120—18121

construction of libraries, 18117—18119
random peptide libraries, 18116—18117

vectors usedfor,18.115—18.116,18.118
Filling in, 184—485

dnub1c stranded cDNA, 11.20
with K1cnow fragment, 983—984, 12.101, 714.5

Index 1.15

“1111 rcvcrsu transu 11mm, .-\4.25
with T4 DNA pnl)111¢r.l.sc,‘) 57,A~1.18

Fi1m, auroradiogrdph 4nd, .‘\9.9—z\9. 14
Filters. 51’051)0¢'1:11¢'l)711' 171 171101-

Firetly lucilbruse gene. MT Lucifcrasc
Flmtivc, us“, 16.13

FK506, 18.11

FKBPIZ, 18.11
FLAG

affinity purifimtion 01 fusmn pmtcins, 154—158
cpltopc tagging, 1792—1793

FlexiPrep, 1.64

F1 1M. SEC F111m‘esa‘nw11170111110 imaging micro»—
copy

F11’1'r\ Random Peptide Dixpldv 1 |hrary, 18.120
11.1) rccomhimsc, 4.85
fluoreswin, /\9.33.Scc11/50 1'1umcsu‘nl labeling

Fluoresgencelifetime11mgingmicnmop) (171.1.\1
FUM-FRFT dnalysn. 1878—1895

cell prepumtmn fur. 1884—1889
11xcdcc115, 1887—1888

micmmiectlon OHM cells, 1888—1889

transfection of p1asmid DNA into live Lc11s,
1884—1886

example experiments

on fixed 66118, 1894—1895
on live cells, 1893-1894

110W diagram for, 18 79

mugs acquisnion. 1890—1895

imaging protein phmphorylation with, 18.78

labeling proteins with fluorescent dyes for,
1880—1883

frequency domain, 1874, 1876—1877

inmgc processing, 1855-1878

single—frcqucncy configuration, 1876—1877
time domdm, 18.74

Fluorescence resonance vncrgv transfer 111R12T).

17.87, 18.4, 1869—18 95
detcctmn methods, 1872—1874

donor qucnching, 18.73

fluorescence lifetime, 1875—1874
photoblcaching, acceptor, 18.7}

sleAdy—smtc fluorescence intcmh) mcasurc-
ments, 1872-1873

cffidcncy, 8.71, 18.74

FLIM-FRE’l‘, 1878—1895
cell PIdeIdtiOH fm, 1884—1889
data acquisition, 1890—1895
flow diagram, 18.79

imaging protein plwxphorflaliun with, 18 78
Lubelmg proteins wnh fluorcs‘mm dyes for,

1880—1883

p1mtophysiu1 primiplca of. 1870—18 72
Fluorcacent labeling

ofoligonudmlide prohcx 111 real time PCR,
894—895

probes. 9.77—9.80

in microarmy hybridi/atmn, A 10.2, A101 1—

A101}

111 sequencing, 12.63

in automated DNA sequencing, 1294—1296
in cyc1e1)NA aequcnflng, 12.52

Fluorochromcs

excitation and Emission wmclengths, A935
labeled antibodies, A933

Fluorogmphy, A912

Fluoromcters, 8.95

Huorometric quantlmtlon 01 nucleic (1CI(1§,6.13,
A8.22—1\8.24

ethidium bromide use. .\8. 19, A8.23—A8.24
dgdrmc plate method, 48.24
mmigel method, A814
spot test, 48.19, A824

with Hoechst 33258, A8 19, .~\8.22—A8.23
Fluorometry buffer, 6.12

Fnu4H in end-labcling, selective, 9.51

 



I.I6 Index

’111\1\111c111\1.1\c. \~1.7

1111111111111111g1).\.\,17 7547.78
g1:.1\(l:.!n' P10t1llk1 sclnlinn, 17 77
1)\.1\c1.17.»1—1711,17.7547.76

u)l]11411\101,17.3

111.1lc1mlx1111, 17.1477
111c111<111, 17.8» 17.10
memo“ 111, 17 7547.76

111nuhluxhtml111g/0pl”111/mg, 17.11

11u1m\\ “1166.11, 17 12, 17.76

111\1\n, I7 77

1,10 pcnanlhnfl111c»mppcr, 17.76—17.77

101.111 11g.111611,51'1'1)1rcgl1(1n.11 1.1011111g
161'111.1111c11\<1c

111 .1g.1 nm‘ gels, 7.5 14.54

11‘\\'1111.\1111\L‘.1(‘.11
1{\' \ dc11111ur11111111.721—753

tor 1161/0111 I1y11r1di/.111u11, 7.48

111 \11\c1‘ slammg prntoml, A9.5—A’~).7

1111 111.11dc111d1: gcl-lmding butfcr, A149

1 111-111.11111110. 1.138
a11‘1611i/Jtu111111',1\1.24

1m 1).\'.\1wl1111(111
111 7. DNA cxlmdinn, 259—260

110111 111.1111111.1|1.111 Lc11s, 6.13—6.15

111 11.\.\ scqucnung pmmculs, 12109—12110

mm 1113 uvnmrcxsinnxi11sequencing gels, 6.59
111 gc1»111.\11111g11111'1'crx, 7.7, 7.68, 10.12, 12.36,

\1 1‘)

111 1101111811111)’1\1’1\11IJ11\11\,7:15

1111’121(.8.‘)

m p111\'.1u‘\1.11111dc wqucnmng gcls,12.81—12.82

pmm, .1sscss111g,6.59

111 1’11m11uu1msc pmlcuion andy protocn1s,7.67

R\ \ dc11.1l111'.1116n, 6.59. 7.13

R\ \ 3444111111115: 1111171777118

1{\' \ 061.1110. 7.8
111 811111111111 hybridlmllmn, 6.56, 6.58—6.60

011111111114 116r111cr11 111015. 7:14
~11 111111113 [1111110 17111111 11110“, A‘).38

11111'.1u1\111g \1\'L‘, 10.12

1 (11111-11111k1k‘ L1¢11.11111'.1[1011 buffer, 6.14
1111 11111111110 1110111“, 17.6

11>1111.11111du111,1111115111111101’, 7.77, 12.36, A1.19

1111111114011. 12.70-12.71,.-\1.6
1161111340111 11611111 pmlcins, 15.6, 15.8

1 1’11 811" 1m! pcrtbrnmncc |iqu1d chrunldlographv
1 61311161161111111 111 1)1\J'\,.\8.55—.\8.38. 511011150

11111rm11'11amu whcaring

111’1( 11xc1111..—\8,.15

111L111L1L1\,14113101117,/\x.33

110111111/411011, 1837—48 38

\\1111L.111(111, \8.36—A8..17
111x111 111111111c 1101.01.00)”. 16.55
11c1m1111cxxtu1 wll 1)\1\11110r111<11111111y ghmma—

101113111111, 15.18, 15.46

1 111 1 w Humcucnw rcxmmncc energy transfer

11111011 x1111.1gc 1111110“, 1.106, 1.108
hp], 7.11‘1

1\\1’ 11111111.1x~111a.11161111.1scdunStrudurc—
snuuurc Alignnmm 017100101115) 11.11.1640“,

\11,11

11: gcnc. 18 125

1181 \L‘L101s,18118

111~1o11pmlu111~

[1~g.11.m111~111.1\c, 17 07

k1L'.1\(1gL', 15.64 5.8
111111111611, 15.6458
1'11/\ 111.116. 15.7458. 1559—1540, 15,43

Lprupc 111gg111g, 17904793

11‘1211L11||()11\ 17.91

.'\.1111p|cx,1,1111cn1'. 1792—1795

v»\c1'\lc\\, 17.90

mutual unhulcmtmns, 17.“)0—1791

L'\1‘1L'\\1011\CL1111'\ 1 114.14

(111’. 1787—1789

1711211131011, 1557—1559
disadvantages, 15.58
111c1usionbodies, 15.58

vectors 101: 15.59
1ysdtc preparanon from 71 lysogens

agar 111.1165, 1441—1443

from colonies, 1437—1440
liqmd culture, 1444—1446

prutmn—prmcln 111tcmc1i0n studies
GS'I‘, 1848—1859

nvo-hybrid system, 18.17—18.47

purifmation, 15.4—15.5
1111 affinuv chrmmtography, 14.40

611 dmyloac rcsm, 1540—1543
(111 glutathione agarose, 1536—1539
metal chelate, 1544—1548

of h1stidinu-tagged proteins, 1544—1548

from inclusion bodies, 1549—1554
of nmltosc—binding proteins, 1540—1543

screening, expression libraries
k vcctorm 14.31
111 71 vectors, [4.44412
111pldsmidvectors, 14.14—14.15,14.19—14.22

solubility,15.9—15.11,15.39, 1553—1554

bulxellul." 1UL«.111LJ11011 of PhoA fusion proteins,

15.35

uses for, 15.4
vectors tor cremng, 15.5

(141846144643

(iddolinium mysulfide intensifying screens, A9,11

(1AL1,18.24,18.27,18.30, 18.37

(1A1.4,18.14—18.15,18.24

(1.11.1c10k111ase 111 positive sdection vectors, 1.12

(1.11.1c16—11ght, 17.50
gal gene, 7» transduction of, 2.18

gum, 7L, 2.1 1—2.13, 2.20, 2.22
GATA—l transcription factor 111 pos1tive 581601011

vectors, 1.12
UC—Mch, 481,113,823

GEE Sec Guam] Illlc18011d€ exchange factor
Gel e1cctmphores1s. Sac Agarose gel electrophoresis;

Alkaline agarose gel electrophoresis;
(iontour—damped honmgeneous electric
field; Denaturing gradient gel electro—
phoresis, Po1ydcrylam'1de gel electrophore—

sis; Pulscd—field gel e1ectr0phorcsis: SDS—
polyacrylanlide gel electrophoresis of pro-

teins; Transverse alternating field electro—

phoresi.»

Gel cquilibmtmn buffer, 5.33
Gel retardation assays, 11.68, 17.13—17.16, 17.78—

17.80

advantages 017, 17.79
carrier DNAs, 17.80

competition assays, 17.17

controls, 17.15
matcrmls for, 17.15
medsuring dlssocialion constants of protein—

1)NA complexes, 17.79

mcthanism of ACTION, 17.80
mobility of protc1n~1)NA complex, 17.79—1780

optimizing, 17 16
overview, 1778—1780
p()1v(dI—dC) and, 17.1447.15

supershlft Assays, 17.17
rroublcnhootmg, 17.16

(ml Slick, 12.75
(jc1.1t111,A1.27
GcI-elution buffer, 7.55, 7.59—7.60

(jcl-fixing 501u11'0n, 12.90
Gc1-10ad1ngbufférs

6x gcl—londmg buffers, 5.42, A1.18—A1.19
agarose gel electrophoresis, 1.53, 5.9
alkalmc agdmsc gel electrophoresis, 5.37

16r111.11dc11y4.1s, 7.32, r\1.19

..mw-mm~_2 2

formamlde, 7.7, 7.68, 10.12, 12.56, .-\1.19

glycerol in, 13.90
recipes, .\1.18—A1.20

RNA, 7.68, A119
SDS,15.15,15.22,15.26,1531.15.351541.

15.51), 18.17, A120, A842

GenBank, .~\10.3, A10.15, Al 1.20
GCI]1)‘J1d AG image analysis progr.1111,r\10.13
Gcnc discovery and mikrtmrra) lcchnologv, A10}
Gene expression. 30011150 Expresslon 111 1: (11111117

cloned genes; Expression in nmmmnhan

cells; Expressmn librarius, scrccmng;
Expression 5) stems; Northern hybridim—
[1011

analysis by m1croa1‘my technology, 1410.2
differentlal displdy—PCR, 896—8106
measurement by rcassociatiun kinetics, 7.65

Gene gun, Sec 111011511115

Gene Pulser 11, 16.35
GeneAmp 5700 System, 8.95
Genccards datab.1se,.~\10.15

GeneChip, A109
Geneclean, 12.21
GeneFilters nucroarmvs, A109
Gcnelight (GL) syste111.A9.22
GeneMdrk program. A1 1.10
GeneParser program, A1 1.1 1
GenePit 4000,r\10.11,A10.13
GenePiV i111agcz111a1ys1s softwarc,1\10 15
GencPK Pro image analysis program, A101}

GENESCAN progmn1,A11.1 1

GcneSHUTTLE 20, 16.5
GeneSHUTTIE 40, 16.5
GENES1S sample processor (1661111, A105

GeneSpring, A10.15
GcneTAC 1000, A101 1
Genetic code table, A74
Genetic engineering wnh HR, 8 42—845

Genetlcin, .~\2.7
Geneticin resismnce in activmion dnmdin 111511111

plasmids, 18.20
Gcne’l’ransfer HMGJ M1xturc, 16.5
GeneTmnsfer HMG—Z M1Xture, 16.5
GeneVicw software, A109

Ganxplore image analysis prog1‘a111,Al().13

GeniePrep, 1.64
Genie program.A11.10
Genome comparisons (1.11714: A61 1, .-\6.2

Genome sequenang st1'a1egy, 129942100
(1611011161nspector program. A1 1.13

Genomic DNA
breakage, 6.3
CHEF gc1s, 5.79—582

cloning specific fragments 01, 2.80
digestion by rcsmchon en/ynws 111 dgdmsc

plugs, 568—570, 5.78

direct selection of cDNAs with, 11.98—11.106

exon trapping/mnplitication, 1 179—1197
expresflon library construction, 1448—1449

inverse PCR, 8.81

isolation
(TAB th‘, 6.62

hydrodynamic shearing times and, 6.5

lysis of cells
blood cells, 68—69

in monolayers, 6.6
in ~uspen5ion, 6.7.6.17
in tissue sdmp1es, 67—68, 6.17

from 111icrotiterpldtcs, 6.19 —6.22
from mouse ta11s, 6.23—627

one-tube 15011111011, 6.26—6 27

from paraffin 1110ck>,6.27
11'1thoute\tmction by (11141111; 56601115,

(1.26

from pamffi 11 blocks, 6.27
16rPCR use, 6. 18, 6.22

 



1.11mi prnlnml

1111'mnnnndlhm 1).\A, 628—630
101 vmxl 1).\A.6.31—6.32

11V \p(>011ng, 6 16—618

nxmg 1mmdmldu, (1.11—6.15
thing pmlcindxc K And phenol, 64—61 1

1(1(1—13(1>1\'17 1)\1A leC,(1.10—6.11

15(1—2(10—1<111)NA 51/0, 6.10

101‘ lnlcmdrmv .1n.11\si.s, A10.3—r\10.6
nmmarmv technology for mommrmg changcs

111,1\10.2—r\10.3

11,110.11 digesnnn 1m (05111111 1ibrnry amslruclmn,
4.211

prcpamtion 1nrpu1sed field gel clcctmphorcxia,

5111—5 (\7

rcwlulmn 11011411, 374—578
rcsmclinn (hgcslinn

wmpk‘lcncss 01, 6.40

161- Southcrn analysxs, 639—640, 6.42

wuthcrn .m.11\*sis. Sa’ 11150 bnuthern hybridlm-
[10111

u\'cr\'1cw,6.33

rcxlriumn digestion for, 639—640, 6.42

Iransumlmn 017 rukarmm cc115,cu1cium—phm»
phatc-mcdidtcd. 16.21—16 24

(lcnomlc thalpnming, 12.63

(ncnnmiu 11lwr11rlux. SM 111511 Vectors, hlgh—Lupautv
111“

unnxtructlnn, 1.49—450

erCclllllg,4.5(F~151

dunnmsmnc \\.111\1ng, 48—410
lelcanlesishy1)(fi1(,2.105
mmtluuum

.1|’111)L‘L1 111)r;1rics,4.8
dlrmnmomc \\'.111\1ng,, 411-410
nwmcw. 4.6—4.7

xcqur chmcc, 111mm 11111ucncing,4.7—4.10

unmids, 4 11—134

Amplifimlinn, 428—454
arrdyud 11hmrics.4.31
m'crvimx, 4.1 1—4. 16

pmmwl 1m constructlnn, 4.17—423
xmhilily (11 rcunnhinams, 4.28
x(flhlgk’, 1.30, 4.32

1).\' \ 1m. 51‘1‘(1cnnnm DNA
gap, m mwragc, 4.6—4.7

human. 1.1111c (11, 4.9
1nw1151/c,2 77

m 1,

amphmdlmn, 287—289

Ilgdllun 01}. arms 10 genomic 1)1\A1’rdg—
mcms. 284—186

summing 1“ hybridization

DNA Iranstl’r m fillers, 2.9(1—295
promcn1. 296—2100

1’1,4.35—4.40

parlml dlgcsuon 01 1).\'.—\ 1m"
pi101 rcaulnns, 276—279
prcpamm v: rcacnnns, 280—283

prulmhlhly Ldlculatiuns. 4.6

rexmcliun silo: frequency in human genome,
4.16

wunrutlc P(IR holatiun 01gcnomic ends, 4.74—
4.81

1.\(I

xhdr.\(1cn/.mnn, 4.61
mnslmclmn, 4.60

mapping111xcrts,4.63

reaming Icrmmi 01" genomic DNAs, 4.63
scrcumng, 4.61, 4.62

mhchuflng 1mm, 4.64

(|C11111111L lmsmdu’h sunning1'(1’V15),A10.17—
.\1(1.11§

(icnunnu and mapping pmlcln intcmglmns,

18.12.1—18 124

(11 .\\(1/\\' program.r\11.11

Gentdmvcm, A27

German Human Genome Prmect, A105
(1131). Me Green fluorescent pmtcm

(11724 E. (011 stmm, 15.26

Gibbs sampler (Gibbs Samplmg Strategy 16r
Multiple Alignment) program, A11.10

(11mm stain, 16.13
(1ig(1p.1c1\111 Gold, 11.114
(11.155 beads

.u|d—\m>hcd, 631—632
rcwven o1‘1)NA from agarose gels using, 5.32

6115513141“ for scqucnang gels, 1276—1278
(11455 powder resins for DNA purification, 5.26
Glam nhdes for 1111cr0army apphcanom, A105
Gldsa—de. 1.64
(11.153mi]k,8.27

Glassware, preparation of, A213
Glucocorticoid receptor (GR), 17.71

(Hucosc oxidase

chemiluminescent enzyme ussay,1\9.20
as digomgenin reporter enzyme, 9.77

(1111—0111, cpitnpe tagging, 17.93
Glutamic acid

codon us.1ge,A7.3
nomenclature, A7.7
prupcrlies, tab1c of, A78

Glutzlmine

(011011 us.1ge,1\7.3
nomenclature, A7.7

Glutzudldehyde

in wl] fixative, 16.13
coupling peptides to carriers, 149.32
for si1vcr staining PFGE gels, 5.77

(11umthioncdgdrose resin, 1536—1339,
1851—1852, 1858—1859

(ilutdlhmnc ehmon buffer, 15.36, 15.38
Glutathione S-transfcmse (GST1 fusion proteins,

14.47, 15.26,15.36—15.39, 17.83

affinitv purification of fusion proteins, 15.4,
15.6

JS probex for protein-protein interdclions,
1848—1859

antl-GST antibodies, 18.54
biotin—Iabcled, 18.50
1.11“ western analysis, 1848—1854
pulldown technique, 1855—1859

prmcin—pmtein mteractinns, 18.3
pu11down technique, 18.3, 18.48, 18.55—18.59

Illdlt‘l’id15for, 1857—1858

method, 1858—1859
0u11ine of, 18.56

troubleshooting, 18.59

501111116 fusion protein produntion, 15.9
Glyccmldchyde—3—phosphate dehydrogendse

(GAPDH)

nornmlizing RNA samples against, 7.22
use dx quality check on RNA gels, 7.30

Glycerol, 13.54, 141.27

111 c.llcmm—pho§phaIe—medialfd transfection,
16.14—16.15,16.17.16.52

DEAE tmmfection,17.1ci111a1mn 017, 16.28
in DNA sequencing reactions, 12.38, 12.59,

11108—11109

in gcl~1oddmg buffers, 13.90
in PCRs, 8.9, 8.23, 8.78
in pn1yzlcry1amidc gels, 13.90
for smhllization of enzymes, 13.90

for stumgc (x1‘b11cteria1 cultures, 13.90, 17.24,
148.5

structurc 01, 13.90

fur transient expression and transformation 01"
mammalmn cells, 13.90

(11yccm1 shock, 1762—1763
Glycerol step gradient for 7» particle purificatlon,

152—253, 13.90

(11yccr01 storage bu11c-r, 17.24

Index 1.17

(4111110
mdon usage, A73

nomenchturc, A77

properties, table 01. -\7.\‘

Glymgcn as carrier in cllmnol prm’iplmtinn 61
DNA, A8. 1 3

(Hymal
dcioni/dtlon 01, A ' 24

dcmlumtion ot‘ RN \ 1m clcclmplmrcm.
727—729

GMS 418 Army Scannvr, 410.11

Gobase 10r Mitochondx 1.11 chucnccx «1.11.11mw.
A1 1.21

(30111 115C 1111110115110", 16 38—1639
Good bum“, A1.3—A1 4

Gomuri bu11brs,A1.5
gm gene. F mli. 16 49

Gradient fmulonating (1cv1cc,2.81—2.h‘2

Gradients. Sou Cesium L11101'1dC density gmdlsnts:

leccml step gmdlent: Sm1imnchlnr1dc,
density gmdirm fur "A arm purifmlion:
Sucrose gmdlcms

Grail 11 (Gene Recognitmn And Andlvm Internal
Link) pr()gr,1m,.\11.11

Urcen fluorescent pmlcm (GFP), 1784—1789

annbodies, 17.89

doning vcdors, 18.84

fluorescence excnatinn and cmis>16n spcflm,
17.80

PREP (fluorcsccncc rcmnancc energy 1rdns1cr1,
1869—1872, 18 70, 11184—11189

as fusion mg, 1787—1789

localimtion 511111413. 1051011 01 organlec—spccilh.
18.69, 18.84

overview, A924
pd21;(11:1’ wulors, 17 $8

in protein interaction analym, 18.69

as reporter, 1731—1712, 1783—1787

resources for use 01, 1789
source 01, 17.84

structure and function, 1784—1785

As lmnsfcchon poshivc mmm1, 16.4, 16 10,
16.12

\.1ri.mts01}1871—1872
ngS gene, 2.14

Growth hormone us reporter gene, 17.31
Grunstcin-Hogncss scrucning, 1.26‘, 1.127, 1.135

GST fusion protcim. SUV(11111dt11101]c»5~1rdI‘lML‘rdsc
fusion proteins

Guanidinc hydrochlorldc. 1451—1433
denaturing 111x101] pmlcms W101, 157
inclmiun body solubili/Jlion, 15.60

for solulnlimtinn 01" 1nc1u>ion bodies. 15.54

Guanidine thiocydnalc in dumturing Jgdrosc gels.
7.22

Gumidinimu
chloride, 15.60

hydroch1oridc. xtructmc 01, 785
isothioqunale. 7.85, 15.60

salts, overview of. 7.85

thioqundw m RNA punfimlion prommla. 74—78
Guanine, A6.8

c.lrbodilmidc umdificmun, 13.95

nitroua oxide modificatmn 61, 13.78

related compounds ('1.11»1c 146-71, A68
smuturc, A68

Guanyl nudcotldc exchange 1.1clnr (01.13). 18.126
Guessmcrs, 866—867, 106—109, 1 1 31

design, 10.7

hybndizdtion condhionx, 10.8
mcltmg temperature, 10.8

m1x1urcs 01", 10.7—10.8

PCR compared, 109
Guide RNA (gRNA)d.11111\.1xc..\11.21
Gymsc, Scr DNA, gymsc

GYTmcdium,1.120—1,121,.\2.l

 



1.18 Index

11

mun 11.101, \9,15

pu‘lulc sped“, \9 10

mmmm 61 AlumAdingmphm mulhnds fur
dclcumn, .\9 13

11 \11\ 24 4 —h\dnmamhcn/und 1 hcn/Uic mid,
1 1 1 13

1111111 mctlulaxc, A45

11111111 111 rapid urccn for interaction trap isolates,
18.17

11.1111‘111 flrudurm

nuclcaw SI dlgcstmn U1, 1 1.4, 11.16, I 1.46
wlt-pnmcdsvn11mx1snfc11N.—\ and. 11.4, 11.17,

1 1.46

11.111.111.111 mullmd for proparatinn and trunstbrma—

[1611nt'mmpctcml: mil. 1.105—1.1 10
11.\1 mcdmm. 16.48
111110] 1,111[1\11'din, 1 115

1m11mgInixpldsmid DNA protocols, |.17—1.18,
1.11

«1140111mmpuncnl ~hcdd1ng and DNA purifi-
xd11011,116',1.113

cndnnmlcdw \mnl.|mi1mtmn and DNA prepa-

munn, 1.18

m cmn Alnpllfimlinn prnmmls, 11.82 11.84

grmm pc, A3 7

). wclm pmpdgdlmn, 2.29
11112151[.m[1s1r.lin,|8.116

11( (. Nn' 11cmmmnmnlmll chloride
11( 1 ‘11u1nu1110rig (1C1(1),1’\1A12,/\.6

11cm th1\ 31mm, Lk‘11111dl'. 15.25
11u.1|—\c.11.1111c bagx. bur ScalvA-Mml bags
11C]|1.|\c.»1.2

”(111011111101 pv/uu, gvnmmc rusmlrccs 16r microar—
1am, .r\ 10.6

11011111 \Il'll\

p11.1gcm|ds11nd,3.12—3.47
pupmnmn 01 high—Ulcr \I(M1\,3.46

\ll[‘Ll'In1\\11£ill pmmml, 3.47
11cmnu mmch‘r cnunnng, :\8.6-A8.7

Homoglnlwin inhibitionofPCR1“, 8.13

Hupdlm

mhxlmiun 01 11611 1“, 8.13
m mulhurn h\'hr|d|/dlmn, 6.56

111.1’1 \
m 111.\mw Analyslx sulutmnx, 18 11141—18105,

18.108

11] 1311111111}: 1u111cr, 1133. 14.36
m “11 rcxuxpcnsinn1710117, 17.6

m 1).\.1sc 1 dllulmn 1>u11ur, 17.19
111r1mll‘np1lnl‘cxlx1)ll11L‘1‘\, 13.56
m ullgnnmlmtldc labeling buffer, 9.10
m mudum prlmcr 13L1f1cr,9.6,9.47

m1mm:humugcmmtlnn huficr, 17.6, 17.25

m 1I\\ng‘ lcxuxpcnsmn huffcr, 17.6

1111’1\1\u11l‘11\1111\11\1,16.32

1111’1\13111101'L‘L1sd11nc, 1015—1617,16.22—1623,

113.32

11mm \1111171£‘\1\PC71 vHSV—l) IctR 111mm to
\1’10pr<>lun, 1754—1755

111 R1 rcpclmvu Clements, 11.95

Hulcrmluplm .1n.11\'si\'11:\1, 13.49, 13 51

111-6111.“ Itruncthyl ammonium bromide. 80011130
( cn'ltrlmctlnlunummium bromide

pnh xmlmridc rcmmxll, 2.105
In! m1l|h|1|m1inn (11 nnluxiun hudics, 15 54

1humnnncwlmh (1111‘1'IL1C HUN
.1\ mndcnslngAgent, 1.24, 1.152

m 11.111\1(11‘111JI](1|1 hufrcrx, 1.107—l.|08

1111 gun I “711,221,228,11.39,11.111,14.48

[10111 111 xllc—duulcd mumgcncxis protocul, 13.84
111m[ mctln'ldsc. ,\4.4, .\4.7
11111111 1110111111m'.:\4.7
11ugh—molcgular~\vcigln 118A. Soc (.hmmosom.11

11x \; (xcnnnm 11NA;1..\rgc1)NA mulc-

\\11\‘N

High—pcrflmmncc liquid ghmmatogmphv (HPLC)
hydrodyndmh shedrmg of DNA, A835
oligmmdculide putificalion, 10.49

1111va gene, 2.16
11mm gene, 2.16

Hmcll, 1.100,A4.9
thdlll

7411111121116 1'1’ modlfied DNA, cleavage 01,860

cleavage at end of DNA fragments,A6.-1
{mgmcnt sue created by, table Of, A48

linker sequences, 1.99
site frcquency in human genome, 4.16, A63
terminallsubtcrminal site deavage, inefficient,

8.38

[10111

7—d1:a/d»d(?1'1’ modified DNA, cleavage of, 8.60
in cnd-ldbeling, selective, 9.52

Hirudin, A51

11153,4.59,18.11,18.19,18.22

His—6 cpitopc, 17.93. See 11150 Histidine—tagged pm—
tcins

Hls'Bond Resin, 15.46
Histidine

for Affinity purification of tusion proteins, 15.6
codun usage, A73

nomenclature, A7.7

properties, mhle of, A78
Histidine-taggcd proteins, 17.83

clunon by decremng pH, 15.44—15.48
purification b) affinity chromatography, 15.6,

1544—1548

in SPR spectroscopy, 18.99
Histochcmical stain, 16.13

B-gdldttofliddx’ and, 1198—1799
Hismnc dcaceulation, inhibition of, 16.17
HlsTmp, 15.46
H1V. See Human immunodcfiaency virus
HMMER program,“ 1.7

H.\/18174 11. £011 strmn, 15.23, A37
HNPP 12—hyde) >3~naphthoic acid 2’-pheny1—

dnilidc phosphate), 9.79

Hoechst 3325811uomchrome, 6.12,A8.l9,A8.22—
A823

Holliday structure, 2.16
Homogenimtion nf ILSSUC, 6.7—6.8

for nuclear extract preparation, 17.8
for RNA isolation. 7.6—7.7
for tmnscriptimml runvon assay, 17.27

Homopo1ymem tmlmg, 1 1.110—11.111
Horseradish pcmxlddse (HRP)

Antibody conjugates, A934
CARD (cutulynd reporter deposltimn) protocol

and, A9.19

L11C|1111lll'11111L‘SCCnl assay, 9.79, A919

115 digoxigcnm reporter enzyme, 9.77

luminol probes and, A9.35—A9.37
overview, A935
as reporter cmyme, 9.77, 9.79
Jn screening expresslon libraries, 14.3,

14.20—1421

chcmllumimscent, 14.11, 14.21

Chromogenic, 14.10—1 4.11
xubstrdtcs, A935

HUI start PCR, 8.89

Hot tub DNA polymerase, 8.10
in mcgdprimcr P(IR mutagenehis method, 13.33
properties, tabk of, A423

HotWax Beads, 8.1 10

Housekeeping genes
as endogenous standards for quantitative PCR,

886—887

1mrmdll7ingRN.—\ samples agamst, 7.22
Hpul, A49
HpuII methylasc, A47
Hp111

111m: methyhnon and, 13.87

for T wcmr crcalion, 8.35
thl melhyhac. A47
le111,¢1mn nwtlwldtiun .m<1,A4.3
HPLC. Sm» H1gh-perfiwmancc1iquid chmmdlogm—

P11.“
HP01.,epitopetagging, 17.93
HRP. Say Horseradish pcmxuhw
HSB buffer, 17.24

hde, 1 1.66, A4.4

hst, 228—229, 1123—1124, 11 66, .~\-1.~1

11511134, 3113 vectors and, 3.10, 3.12
l1st17, 1\113 vectors and, 3.10, 3 12
115015, 2.29, A44

beP (homologydcrivcd secondary structure 61"
prnlcms) datdbase,A11.22

H~tctrdzole, 10.42
Human Genome Prolcct, 12.99. 18.66, .~\1().5

Human immunodeficicncy virus 1H1\ )
GeneChlp army, A109
Rev protein, 18.11

Human PAC 1ibmry,4.9
Hybond—C extra, 14.6, 14.24

Hybridization]. Sec (1150 Nitroccllulmc membranes;
Nylon membranes; l’mbcs; Suuthcrn
hyblidimliun

bacteriophage k recombinants, scrccmng

DNA transfer to filters, 2.90—295
probe purity, 2.98

in situ amplification, 2.95
blocking agents for, A1.14—A1.16

cDNA screemng, 1127—1132

homologous probes. 1 1.27
similar sequence probe», 11 28—1129

subtracted LI)NA probes, 1 1.29—1 1.31
synthetic ollgnnucleotidc pmbcs, l 1.31—1 |.32
totalc1)NAprobc.s, 11.29
7()0b10[h, 11.28

chemiluminescent labels in, A9.17—A9.18
Church buffer, 4.26
mmpelitnr DNA use, 4.26

Cross—hvbridimtion,reducing, 27
denatumnon 01’[)NA on filter. 2.94
direct selection 01 cDNAs prolmnl. 11911—11106
ofI)NA separated 17V CHEF, 5.82
(>f1)Nr\ separated 17V 1"AFE,5. 8

DNA transfer to filters. 290—2 95

rapid protoml. 2.95
expression library screening, 14.36
fixation of DNA 10 111tcr, 294—295
in thrmamide-tmlnuning buffers, 6.60
Grunstein Hogness xcrccning, 1.28
idcnufying recombinant plasnnds 1“, 1.27—1.28
at low stringency, 6.58
making filters, 2.93
melting temperature and, 10.47—1048

mlcroarmvs,Al().1()—A10.12, .-\10.14
nonradlodctive labeling 11nd, 976—9 80

northern hybridization
background, 7.45
CDNA 1ibmr)’ screening, 1 1.38

fixation of RNA to membmncx, 7.35—7.36,
7.39—7.40

at low strmgency, 6.58

low-stringmcy, 7.43
membranes used for, 6.37
nonradioactive labelmg and, 9 76, 9 80
(wcrvww 01,7.21—726
protocol, 7.42—7.-14
quamimtmg RNA bv, 7.66

ribonuclcase protection dssm‘ compared.

763—765

RNA separation by $11.6

electrophoresis of glyoxy 1.1ch RNA, 7.27—
7.30

equallzmg RNA amount, in gc15,7.22—7.23
formJ1dchydc—dgdrose gds, 731—734

  



111.11LL‘1‘~ lecd 11] gdx, 7.23, 7.29

0\C|\1c\\,7.21—7.22

[uvmlumcmngcx Ah 4611141111473

RNA lunxtcr In membranes, 7.25—7 26, 7.35—

7.1 1

mcmlmmcx used for, 723—725

pmluu»1x,7 3577.41

xmlmng 01 RN \ nn nmmbmnm, 7.39

\1Cp\111\n1\0(1.11~.l 01, 7.21
\1r1pp1ng1\161s,7.44

lmuhlvshmxting. 7.45

101‘ nudcaxc 81 mapping of RNA, 759—760
uhgunudcnlidc probes

duguncmtc pool» 10.5406

1111)|‘1¢11/.1l|nn lcmpcmturc, 10.6

1cngth n] probes, 10.4405

nwhmg lcmpcmturc, 10.2404

[U.1\\()L1JI|1111 kmcllcx, 7.65

lcpcmivc clcmcmx in probes, 4264.27
RNA

(101.11111 x1(11.7.4(‘—7.5(1

mlcnxih uhignall, 111C<181111|1g,7.47
nm‘nmli/Jtion, 7.47

promml, 7.48—7.50

mmplc Jpp1lcdl10n 10 membrane, 7.46
xl.11u1.1rd\,747

nm'lhcrn pmlum], 742—744. See also
lehcrn h)h[‘1di/.lliofl

“10.11ng

13,4(311111'.1r|cs,4.50—4.51

1mm] 1.11 mlonlcx

lundmg11NA In 111Icrs, 1.131, 1.135, 1 137
111101“ (vpc, choosing, 1.126

mlcmlcdiatc numbers, 1.129—1.13l
large numbers. 1.132—1.134
1mm;v 101011118, 1.131, 1.135—1.137
\\ ilh radlnldbclud probe, 1.1384 142
1L‘I711LJ1111L‘TN, 1.131, 1.134
411.111 numbers, 1.126—1.128

\113p11qucs17v,3.11

anc—dimlcd mutagcncsxs clones, 13.404 3.47
~l1171mdn c. 9:14-9:10, 9.49, 9911—991

umuupllficd cosmxd high—capdcttv, 4,244.27

111 mu hxhrldi/dtion

1111111’<I(110.1L‘11\'C 11113011115: and, 9.76, 9.80
RNA probes for, 9.35

xulwtmctnc, 944—946, 9.49, 9.90—9.91

lmnsuiplmml run—nn assays. 1723—1724,
17.2847 29

11\ 1111111011101] lsurfcr, .\1.12—/\1.13

\\ 11h Inrnmmldc (1m RN/\).A1.13
6 111mm llvmmmldc itnr RNA), A143

|n nudmxc 81 mapping of RNA, 7.56

r'.1pu1,(1.61—6.62

11] 116011101ch proluclion assay prnlocoh, 7.67
11\'1n'|(1|/.|tinn dmmhcrx. 1.139—1.141, 2.97, A10.14
11\'171|(11/.l(101180111111111,(X51f11352, 11.100,r\1.13—

.\1.1 1

11_\n1l.|\\'ul1\ 51.1110111110131111181.A1U.5

11u1m/1nc

51111111119 (mine and, 12.68
m clwniml sequencing protocols, 1261—1265

mpld mtlhods, 12.71
mumgcncm1mm, 13 78
ml! mlcrtblcnw with, 1.2.7.1

11'-(11.1/111k‘ slop xo1ulion, 12.63

11111rmh10r11 .1(1(1 (11(.'11,.~\1.6, A1.12
11\dlm1\n.mm shearing, 2.76, 6.10, 12.1042] 1.

514711“) 1mgmcnmtion 01'12NA
11u1n>1|nL,13.51,13.53

Hvdmphuhiuu st.|11:s,.\9.31
11\'¢1m§hc.lr,/\8 3.5

1h 11m“ l,idlul 1outprinting, 17.76

1h L11‘U\\dp.1111L‘ ghrnmdtogmphy, 7.65, 9.44, 9.90—
991, 11.11), -\8.32-A8.34

11\\1rn\\ 1.1minc. 13.91, 13 95

tin damage offusion protcm, 15.8

nmmgcncus from, 13.78

2-11)11rmv—3-naphthoic acid 2 phenylamlide phos-
phate 1HNPP), 9.79

3-1p-hvdrmyplwny]l proplonic acid (HPPA), A935
Hydnquuinilinc, A89
Hygrnmycm, 16.49, 17.74, A2.7

Hygromwin—B phosphotrdnsfcmsc, 16.47, 16.49
Hypophosphorous ac1d,A8.27
Hypmdnthmc, 8.68, 10.9, A640

1251

decay data, 119.15
mdmldbellng antibodies, A930

sensitivity of autoradiographic methods for
dctcctmn, A913

11'1 dcca)‘ dam, 49.15
Iasys, 18.96

IBIS Blusensor, 18.96

1duntlcal—by-desccnt (IBD) mappinv,
A11117—A10.18

1g(}, mdloiodindtion of, 14.5, 14.16

IGI’ (1m1dJ20lcglycerolphosplmtc1, 4.59
1111.1(1g‘nc image analysis program, .—\10.13
Imidd/olc, 1544—1545, 15.47
11111C1d/n1c17u11‘er, 9174, 15.45, A435

1m111.1101eglyccrolphosphate (IGP 1, 4.59
Immunity vectors, 2.21
lmnmnwffinny columns, 11.10. See also Affinity

chronmmgraphy

Immunoassay Svo Immunologlml screening

Immunoblotting, A8.52—A8.55
blockmg .1g€nts,A854

nwmhmne types, A853

probmg and deteuion, A8.54—A8.55
staining proteins during, A854

lrdnstcr of proteins from gel to filter, A852—
A853

1m1111111011uorcscencc and epitope tagging, 17.91
1mmunoglobulin—binding proteim A, G, 1., A946—

4949
1mnmnoglobulim. Sue Antibodies

1mmunohistochemical staining
for fi-glucuronidase, 16,42

011C” monolayers for B-galacmsidase, 16.13
Immunological streening. See [1150 Expression

llbraries, screemng
antibody choice, 1450—1451

antisera purification, 14.51
CDNA screening, 11.32—11.33

chemiIuminesccnt 1abels in, A9.17—A9.18
crowreactive antibody removal

affinity chromatography, 1428—1430

incubation with E. mli lysatc, 1426—1427
pxeudos‘crecnmg, 1423—1425

epitnpc tagging, 1790—1793

01 mpresainn libraries, 14.1443
validation ofclones isolated by, 14.12

1mmunuprecipitation, A929
coimmunoprecipitation, 18.4

epitope tagging, 17.91
of polysomcs, 1 1.10

Inclusion bodies, 15,945.11, 15.56. 15.58

i90111110n by centrifugation, 15 10
lysis ofbacteria containing, 15.10

purification and washing, 1551—1552
Triton X—100 use, 15.51

mm use, 15 52

purification ofproteins from, 15.49—1554
(011 lysis, 15.49

rcfoldmg ofprotcins, 15.53—1554
refolding protelm from, 15.11

bolubili/dtion, 15.11, 15.52, 15.60
washing, 15.10

1nc1usion~1mdy solubilization buffer, 15.50
111mmpatihi1nv nfplasmids, 1.74.8

 

Index 1.19

India 111L.f\854

1nduc1ble cxprcssiun snmm
ctdymnc, 1771—1774
Icnmyclinc, 1752—1770

Inductmn mcdmm, 15.12, 15.31
Influen/a virus hcnmgqulimn, cpilopc laggmtH 01.

17.92

1niution/Imnstcctlon butter, 5.86

111k,111dioucllvo, 1.141), 1.142, 2 97—298, .-\1.21

Inminatc (11\11’1 dchydmgcndsc. 16.49

1mmne, 8.68.8.113, 109411111, 11.32

in DNA suqucncmg, 12.88. 12.95, 11.97, 12.109—
12.1 10

SCquCndhC use 01, 12 105
structure, A640

Inouc method tor prcp.1r.ltinn .md lmnflbrnmlmn
01 compctcnt 1 mh, 1.1124 115

Insects

lmallovimscs, 17.81- 17.83

expression in cultured mlla, 15.55
Insertion vectors, 1, 2.19, 2.21
Insertiondl inactivation, 1.10
In situ 1“ bridl/dtion

nonmdimctivclabclmg.1nd,9.76,9 80
RNA probes for. 9.35

1ntcgmsc, 2.8, 2.16, 11.11

Integration husl factor 11111). 2.16
Integration 61 k, 2.16
Intensifying surccns, A91 1

Interacting sequence Idgx (1815), 18.124
Interaction rescue, 18.122
Interdctmn (m p

genomic anaIvsis, 18123—18124
1ibmry screening, 1830—1848

B—gdlaunmddsc aah it\' and), 18.3648 37
cluracleri/dtion 61 1911.00, 18.45

mnfimmtion 01 p(mliw rmclmns, 18.38—
18.45

110W Lhdn for, 18.38
harvestmg numtmnmms, 1833—1834

1») aglmlinn, 18.34
by sudping, 18.34

interacting protein“ wrccmng 1m, 1835
materials for, 1830—1832

rapid succn 01116511va mlftdnls, 1846—1848
transfornmtion 01 library, 1832—1833
troubleshooting, 18.35, 18.37

related technologies, 18125—18127
1er gene, 2.3, 2.8, 2.21

Inverse P(?R, 1.157,4.74—4.75, 881—885
mdlcrmls for, 882—883
method, 884—885
overvww of, 8.81

rostliction enzyme (1101LC 10r,8.81,8 84—885
sxhcmdtic rcprcscntatiun 61, 8.82
sne-dircctcd mutagcnuh

deletion mtmductmn, 8 42
end modifimlmn, 8.42

use of, 8.81
Inverted repeal scqucntm. lcthAlily 61} 1.15
Invitrogen, 1.84
In vilm mutagenesis, 12.102, 13.194 3 23. hut 1113“

Mutagcnesis, sitc—dircctcd

ln vin'opackaglng,2.111.11.113—11.114
1n vitro trdnscnptlon

capped RNAS, 9.88

of genomic Imgmenls, 4.74
kits, 9.32

plasmid vectors for, 929—931
pmtruding 3' termini, 933—934, 9.36
RNA polymerases, 987-988

RNA probe synthesis, 9 29—93"

maturidh (or, 9 32—9 33

promoter addition lw P(IR, 936—937
protocol, 9.33—9.35

{or RNMC proleuum awn  



1.20 11111111

11111111 nulnm mnon u'n11111111v111

1)\ \ lcmpldlcpI‘UL111LIIUIL7.7(J
pmloml, 7.71

1m 111\111111\1>1'1111/.111un,9.35
lluuhlcsmmling. 9.311

11\ \ purlfiulmnfi) 14—935

.l\'\ 01. 9.88

1-1111111.1.111101.11w1111g111. 115.1416

ludqumlt‘. \1.12, A5 1

110012111 1,3.~1,(vvlc1|kah10m-3U,fi(x-diphcny1g|}-

u)111‘.11111,1\930

1 \duwhcn/ou dud 2-12-mtrnphcnyl)—3~nwthy1~3~
151ummndnlc-nmc, 15.8

1 m suhangc dlrmnAtugrapln 1nr removal (11

cthldmm 17mm1dc from DNA by, 1.75—

1 77

[P] .11\ \11uu\rr.|v Sunctnr .\1.1L1ntmh, A10.15

11’111 lmpmpx1111111454Lgdhglmidc), 1.124—1.125,
\ .27

.1111pl|111.11111111>1 1’1 \cgmrx, 4.30, 4.42
dual .u1d|1mn m plalcx, 1.125

“Nun pmu'm111111111101), 14.38, 1440—1442,

14 15» 11.46

101 \113 \mmrx rcmgmlinn, 3.8, 3.19

111 \11-1111111101 “pressinn libraries
l. \cclnl‘x, 14 4,1-17—14.8

1‘].l\1111L1\L\10r\. 14.14, 14.18
mm “1111.\11.‘\C(10r\,3.38

11’11.0\u'1.n “111111011, 14.41—14 42
11’11. 1111111111111' pmmutcn

1m upruxxlnn 01 duncd gcncs in I. (1711, 15.3.

15.1 1 15.19

1110116101253

111-gm mllc uxprcwnn, 15.17—15.18
111.111‘r1.11~1nr, 15.15
optlnumnnn,1510—1519

mun 1c“, 15.14

1‘1\»luwl.13.1(w—1518

1rnuMcxImulmg. 1518—1519

M pxmuutcu153

11. prmnulcr, 15.3
1111. 3 11

111111nwpnnwclclnml11R11. 18.11
111\.u1nlnpc lagglng, 17.93

1\<\.1m\1.11u\hol

1111111111111hmmidc cumqmn 1mm DNA, 1.73

111 phcm11x111mm}7rmz1s<mmv1 41c0h01 extrac-
tmnx, (1.25, 0.27, 17.28, .\1.23, A810

Ixm-IL-Jm 1ml1s111g1111 1, 18.61
1~ngc11.710

Imlatmn 01 1).\'.\ \cM-cmnmc1)N/\,i.so1atmn;

\1.1mm.1|1.|11u'llx.1).\'.-\1x01.11mn
[\ulcuunc

mdnn 11s.1gc..\7_1

nmncmldlurc, A77

l‘lupul'llc», 1.11110 01, \7_9

Immupdnnl

1).\.\ prcuplmlmn,15.25,(1.30..\8.5
1111111111111lwomiduutrdulmn 1mm DNA, 1 151,

\8 27

R\ \prcupll.llim1.7 7,712
1\L‘1‘1l‘}‘\111110‘fi‘11Ag11111L11M1dC.51'1'”y1(1

Impn 111g gcnm1ugatmn through (Mil gradlcnls 101
2.11.1111L1Cpllll11L.1111)|1,247—251

0011111111.” (1111111011 1.1111r1'mctn, 18.96
1\ 1~ Hucmulng wquvmc lags», 18.124

Ilclnnx. 1 8

111|\1‘1xl1 11'1/111111'111711011111. 17 89. 51'1'11/511Grccn
11unrcncm prnlcm

1341-111 2.21215

1\1101! 111/101.1111
grmmpc. \1.7

\113\ulnrx .111\1,1,12

|\111l*1 111/1s11.|1n,1.115

1\11(l‘ I ml: Quin

 

gc1u)typc,u\3.7

M 13 VthOI'x and, 3 12
1.\1107 E (011 strum

genolypv, A35

M 13 vectors 4nd, 3.12
1\1108 F 11111 mum, 1.115

transmmmlmn 11) Hanahun method, 1.106
1.\1109 f: [011 straln, 1.1 15. 1312—1313

genotype, A37

M 13 vccton and, 3.12

1\/113—10()vsc10r use 111, 3.10
phagcmids and, 3.42

1.\1110E.1‘o/istram
genotype, 113.7

M13 vectors .|11d,3.12

K802 If. 10115114111
gcnutvpe, 113.8

2. vcdor propagation, 2.28

Kanamycm, 1.9
in 111111 strainx and, 13.88

mcchanum 171 1‘cs1>t.mcc to, 1.145
modes ()1‘d(110n, 1.145, A2 7
properties, 1.145

smck/working solu110n5,A2.6
struuurcs 01, 1.145

Kanamycm reslsmncc 1Km“)(kan’). 1.9

in <1£11V1111011 domaln fusion p1asm1ds, 18.20
in vaA 1115 on 1111151111115, 18.19
in 1’1 vectors, 4.4, 4.37

in two—hybnd ~ystcm of. reporter plasmids, 18.12

Kasl cleavage at end of DNA fragments, A64
K( I8 E. (011 strain, 18.27, 18.43, A38

K1 11. Say Potassium chloride
Kcisclguhr, A932
Keyholc limpet hcmocyanm, A932
Kid pmtcms, 17.56

Kindse. Sue P01\ nucleotide kinase, bactcrlophage T4
Kinetic PCR. Sue Real time PCR
Kissing complex, 1.5, 1.7

Kits,pl.1smid punfication, 162—164

“(2186 11. 601141111111

genotype. A38
M13 vectora (“111,313

chnow buffer,9.20,A1.10

chnuw fragment, 184—185, 982—986, 12.101—
12.102. A4.15—A4. 17

5'-3'exonuc1edse dC[1\'1ty.A4.17

5-3' polymeraxc acllvity, A4. 16
auivity, measurement of, 12.102
in B1\1.31 mutagcncsis protocol, 13.65
in cDNA probe production, 9.46. 9.49—9.50
in (DNA second-strand synthesis, 11.14

d1goxygcnin 1‘1bc11ng 01" nudeic acids, A938—
A939

in DVA sequencing, 1240—1244
asymmetric labelmg, 12.72
matcriaIs for, 1241—1242
method, 1242—1243
rudclion mixtures, table Of, 12.41
secondary structure problems, 12.44
troubleshootmg, 12.44

end labeling, A4.15—A4.16

for chemical sequencing, of DNA, 12.73
in cosmid vectors, 4.33

modified nucleotide use in cnd~1abcling, 9.53
error rate, 9.83, 12.102

exchange redctlon, A4. 17

m exonudedse 111 mutagcrlcsis protocol, 13.57.
13.61

11111119411 recessed 3' termini, 983—984, 12.101—
12.102

maclivation of. 9.23
Labeling 3' termini, 951—956, 9.83— 9.85, 12.101
14170111113, 01‘ oligonucleotidcs, 1030—1034

diagram o1’xchemc, 10.31

primcn 101. 1031—1033
protocol. 1033—1034
strand separation, 10.32

labeling single-stmndcd DNA In random prun—
ing, 9.85

in 111isincorpnruion nmtagcncsm. 13 80
model 011)NA bound 10,9.84
modified nudeotidv use in cnd—lnhcllng, 9.53
in oligonucleotide—directcd mutagenesix 01" mn—

gIc-stmnded DNA, 13.15—13.17

partial 1111111g 01" cmmid termini. 4.15
polishmg ends, 12.17

m probe productlon 101 nuclmsc 51 mapping of
RNA, 7.58

properties, table Ofcompared, A411
in radioldbeling for gel retardation .1ss.1)5, 17.16
in random priming reactions, 9.5, 9.7. 9.11
replacement bv other polymcmxes, 12.102
Sequenase compared, 12.32

Slnglc—stmnded probe pmdugtmn, 919—923, 9.27
by primer extension, 9.85

uses, list (11', [1415—114 16
in v1tro mutagcncsls and, 12.102

K1emaq,8.77—8.78, 8.85
in circular mumgcncsis, 13.20

in cycle sequencing reactions, 1246—1147
structure 01, 12.47

Km“. Sec Kanmmun resistance
Knock—out, gene, 1. 15
I(OH/Methanol so1ution. A 1 .20
Koxl, 17.56

Kozak sequence, 17.96
KpnI, A49

cleavage at end 01'1)NA fragments. .-\(w.4
KS promoter, primer sequence 1m, 8.117
Kunkel method, 13.1111
KW251 E. (011 31min

genotype, A18

7» vector propagation, 2.28
Kyoto Encyclopedia 0ch1165 and Genomes

(KlzGG) database, A10.l 5

L40, 18.22

Labeled avidin—biotin (LAB) technique, A933

Labeling. Sec DNA probes; Nonmdmdctivc labeling;
Rddlolabeled probe preparation; RNA,
probes

Labeling buffer, 17.24
lac operon in .\113, 38—310
lac promoter

for cukaryotic expression vectors, 1 1.72

for expression ofcloned genes in E (011, 15.3.
15.15—15.19

in pET expressmn vectors, 15.21
prlmcr scqucncc 10r,8.117

trp—lac promoter, 15.3

1111" rcpressor, 15.18, 1557500111511Ind”
1111'1‘1, 11.23—11.24, l 1.66

in IPTG—mduflhlc expression \ecturs, 15.15—
15.16, 15.18

21 propagation and, 2.28—2.29

m KZAP, 14.6

M13 vectors and, 3.10, 312—3 13

in plasmid expression veclors, 14.14
in pMAL vectors, 15.40

luf—proAB m 1\113 vectors, 3.10, 3.12—3.13

11162, 1.10, 1.27, 17.97. ba’ 11151) B—galaclomdase
in BAC vectors, 4.3
(x—complementation, 1.149—1.150

m expresslon vectors. 1447—1448

fusion proteins, 1557—1559
disadvdnmgm. IS 58

Inclusion bodies, 15.58
vectors for, 15.59

in A vector», 2.30, 11.22. 11.25
in ?.gtll vector, 1 1.111  



111.\113.3.1\‘—3 [0

1111111 wkmrx, 3.9

.l\ “1001111151nmrLur m 71 rcmmbinants. 2.21
flunu—lhlgdrnn scqucmc, 1. .57
m1\m-h\1\r1dws'lcm 017prolein-pmtcm mtcmc—

111m rcpnrtcr pl.lsmlds, 18.17, 18 22, 18.21
1111/.\.\1I5

7. prupJgdlmn and. 2.29

.\113 vccmn .1nd,3.10,3.12—3.13
1 dddm. Su‘ .\111lcu.11.1r-\\'cighl markers
1.»\1|11.\'progr.|m.All.4
1.\111,510progrmn,A11.4
1111111131411224, 11.62

glucose rcprcxsion 01, 2.35, 2.37
maltose111111111101101.226

/¢1111I9 rcccplnr, 7. adsorptmn lo, 2.15
7,20111,221)—2.22..\3,3

7. .\nnc.11ing 11111121, .»\1.211

  

7. Immorioplmgc. 2.1—2.1 1 1. 50011150 (Immids: 2. wc—
mrx

.11'111 punfimtinn hv xmrmc density gradient,
271—275

ligatmn first method, 2 73
materials, 2.72
11113111011, 273—275

mmdlcmurx, 2.68, 2 71)

unucmmlmn 111 doub1cd—slmndcd DNA in
“1111110111165

1)Z\':\c.\1r.1\110n

DNA wnccmmlinn, calculating, 2.58
11mm largc-ualc cultures

uslng 16r1ndn1idu,259—260

using protuindsc K and SDS, 256—258

17.11‘11110purlficdlion 101, 254—255
1).\.r\ purifiutmn, 5.71—573
1mm liquid mlmrcs, 2106—2108
unsccllJncnus methods, 2.104

11mm plats 1mm. 2101—2104

puluduhdndc rcmnval by precipitation with
("1:\B, 2.105

Aunmlcasc. 11.121,.—\4.49
C\111‘L‘\\1011 vectors, 4 X3

gcnnmic nrgdm/dtinn, 23—24, 2.5
||11Q1111)nph.1sc\

late 11111

DNA packaging, 214—215
DNA rcplimtmn, 2.11

lysix, 2.13

pArlidcx, mscmbly 01, 2 14—2. 1 5
lcunnbindnt systums,2.11—2.13
lmnscriptmn,1.110, 2.14

11\1s/1}'s0g¢11\' crossmadm 27—21 1
1\ mguny, 215—218

1111cgmtmn,216

ludnsmptmn (11 prophdgc genes, 217—218

Icmpcmturc and, 24, 2.18
unannnntttd phase

3115611111011, 24
mlnsu'lptmn, delayed curly, 26—27

Iransu ipliun, muncdmtc early, 2.6
mvnmpmkaging,11113—11114

hbmrius. urccning 1» 1’(‘,R. 8.76
nup. physlml and gcnnmit, 2.5

11111111U1dr—hclght 111.1r1cr1.1ddcr,5.59
<1\cr\iuw1>1,2.2—2.3

1’2 pmphagc lutrlctum (11 growth, 2.20

plaqucx

[3—g.11.111m1ddsc screening, 2.31
”Lumlequcx, 2.31
number per dish, 1.11311'01, 2.92
puking, 2 32—233

xu‘ccnlng 11) 1’(.’R.8.74—8.75
xi/c. 2.31)
~n1udring,2.311
x161.1;.:c,233

Inng—lcr1n,236

171.1Iing,2.25—2.31

B-galdctmidaqc phqlli‘vdxsd)’, 2 30

nmcropldque protocol, 2.31

protocol

baderia preparation, 2.26—227
infectmn 01" plating bactcrla, 227—230
materials, 225—226

promoters, 25—28, 2.14, 2.17, 15.4, 1525—1529

propagation, E. (011 strains for, 228—229
purification, particle

centrifugation through glycerol step gradient,
252—253

lsopwnic ccntrifilgation through CsCl gradi—
ent, 247—251

pellet111g/centrifugd1ion, 254—255
rcprexsor, 2.8, 2 I(FZJ 1, 214, 217—218, 2.21,

2.23

111.1c11va1i0n, 14.7

m positiw selection vecmrs, 1.12

temperature-sensnive, 1.13, 1437—1438,
1440, 14.47,15.4, I5 25, 13.27—1528

shotgun sequencing protocol, 1210—1222
specialized transduction, 2.17
stock preparation

DNA content, assaymg by gel electrophoresis,
245—246

largC-smle

infection at high mu]11plini1y,2.42
mfcction at low multipliaty, 240—242

liquid culture, small—scale, 238—239
plate Ivsis and elution, 234—236

plate 11'515 and scraping, 2.37
preupitation of particles, 243—244

115141116105 influencing, 2.35, 2.37
structure 01, 2.3
terminasc, 2.15, 4.5, 4.30

2141.11.11”)

211)E3,15.20—15.21

7L EMBI vectors, A33

MMSH wctor, 220—222, A33
KExCell wctor

in commercial kits for cDNA synthems, 11.108
CXPI’CSsioll cloning, 11.72

?LEle vector, 4.83
MIX vector, 2.22. A33
213110 \ec[0r, 11 . , A33

amplification 01" libraries constructed in, 11.64—
1 1.65

cDNA library construction in. 1159—1160

in commercial kits for (DNA synthesis, 1 1.108
overview, 1 1.11 1

plaque fornmtion with, 11.62
primers1‘or,8.116

kgm vector, 1224.23, 11.25, 11.27
ampllficatlon 01 libraries constructed in, 1 1.65—

l 1.66

CDNA library construction in, 11.59

in commerclal kits for cDNA synthesis, 11.108
E. £011 strain for amplification 01‘cDNA libraries.

1 1.66

fusion prntc‘m expression in, 14.37, 14.39, 14.43,
14.45

innumnological screening of libraries in, 14.2
ovemew, 11.111

plaque 10rmation with, 11.62
primers 1k)r,8.116

hg111—23\cctor,.-\3.3
21311823 vector
cDNA 11bmrv construction in, 1 1.59

E. (011 strain for amplification of (DNA bbraries,
l 1.66

expression libraries and, 1447—1448
fusion protein expression in, 14.37
immunological screening oflihraries in, 14.2
plaque formation with, 11.62

71811823 vectors, 222—223

  

Index 1.21

7.14120 vector, 1 1 66
41122 vector, 1 l 66
XORFS vector and cxprcxsmn 1113rdrics. 1447—1446“
2111 prOIHOTCI'

for mprcssion 01’c10nvd guncx in 1". mli, 15.4.
1525—1529

large—scalc exprcnion, 15.
materials for, 15.26—15.
optimization. 15.28
overflow, 15.25

protocol, 1527—1529

tryptophdn-indm1blc cxprcssmn, 15.26,
15.28-15.29

vectors contmning, 15.25

71 P11 promoter, 14.14
7.'1‘riplEx2 in mmmcrcml km 1111‘c11NA anthonis,

1 1.108

7. wctors. SUL’ {1150 spvcifi. lu‘mrs

JnlbL‘l’ mutations, AT 5

amplification Oflibmricx comtructcd in, 11.64—
1 1.66

Cl)NAc10mng, 11.17 11.18, 11.21—11.26
Ag11(J/7.g111,11.25.11.37
kZAP, 1 1.22

kZAP Express, 11.12—1 1.25
XZAP11,11.22—11.23

lZipLox, 11.25—11 26

librarv construction, 11 59—1 1.61
choosing, 2.20

cloning in, 110W chant (or. 2.24
Cre-[UxP in. 483
dephosphory]ution 01 arms, 1 1.59

DNA preparation

alkaline phosphataxc treatment, 268—270
arm purlfimtion, 271—275
cleaved with single rcxtricnon cn/vmc, 2.61—

2.63

cleaved with two rsstrictlon en/vmc, 2.64—
2.67

digestion cfficicnu. numimring, 266—2 67

Iz. mli 51min preferenccx (or plating, 1 1.62
expression warms, 212—223

immunological screening 0171111mries in, 14.2
immunity vectors, 2.21
insertion vectors, 2.19. 2.21
libraries

amplification, 287—289

construc1i0n,2.20, 11.51—11.61

cxpresston libraries. sgrcening, 144—1413,
1447—1449

bactenophdge recovery from fillers. 14.11

chemiluminescent screening, 14.1 1—14. 12
chromogemc scrccnmg. 149—1411

for DNA—binding pI’OICInS, 1431—1436
duplicate filter pxepdrdtinn, 14.8

eukaryotic, 11.72—11.73, 11 76—1178
expression inducliun on filters, 14.7—14.11

29 

 

fusion pmtcin production, 1437—1146
materials for, 144—146

plating1mcteriop1mgc, 14.7

protcin—cxprcssing plaques, 148—1412
mdimhcmiml scuecning, 14.9
troubleshooting, 14.13
validation of cloncx, 14.12

ligation 0121 arms to insert 1mgnmms,
284—286

partial digestion 01 DNA for, 276—283
screening by PCR, 2.33, 8.76

markers for selection 01 screening. table 61", 2.21
overview, 218—223

packaging, 2.63, 2.65, 267, 284—286,
2.1 10—21 1 1

Amplification ofgenumic1ibmrics, 287—289
cosmids, 421—422

direct screening, 2.87

efficiency, 267—268, 21 11)  



1.22 Index

/ \c\ 1\1\111‘11I11ll1<'(11
|\1cp.u.mm' [11cl11m1~,2.11|

p.” 11.11 111120116” 111’1)\.\ 161”
1111111 mullon, 2 76—2 79
plcpdumcI‘c1lgllull,2,80—2.83

pl mcnhn~1<>mngln,8116

prupugulunnl. 11111\11‘.1111\1(11‘, 2 28—229

rvmmhlmnh

1)\.\ 1111111171qmmlmn 1mm 11qllldklllllll'CN,
1.106 2.1117

1)\ \ mm[preparduun 1mm plmc Iyxdlcs.
21111——2.1()4

1’( R .1ll.l1\\|\,2.1()5
Icphu-mcnl wulnrx. 219—222, 264—2135

111.1.1111111111.11'1I1\1(1:2L‘11(1111|L' I)N/\fr.1gmcnts,

2.8~1~.‘.86

mcumng 1“ 1]\1ill(1l/dllu|]
1)\.\ Iranxtcr 16 tilturs, 190-295
1017110114110“PIUXULUL19117111111

x1/k‘fl1 1)\'A mxurlcd, 2.85
“1011011ng 1M: 1).\v \» into, 4.64

I.l1\1r U1, .\.1 1

1cmp1alc~tur1).\11\scn|ucnung, 12.29

7.1 1-\ “mum, 1.81
/./\1'1u161‘.2.101,1122

.1mpl11h.nmn 61’lihmncs mnslruclcd m, 11.65—

1 1.66

L11\'\111mmmnslrmlmnin, 11,59

1 011 xlmm tm‘ Jmphfimlnm ofc1)NA 1ihmrics,

I 1.66

nwusmn 1111111110, 1147—14-18
“Nun pmlcln L'\P[‘L‘\\lnl]1l1,14 37,14 47

11111111111616g1m| su‘ccning nl'llhmrics in, 14.2
plaquu 1mnmtmn “1111, 11.62

/./ \1’ L \1\ wulur

mmlmnunid1kilxlm11).\'\s\'|111w>|s,11.108

nprcwmn xlnnlng, 11.72
/./\1'1\[31c\s wdur, 11,22—11.25./\3.3

I 11/1 xlmm 1m amphfiuuinn OHDNA 111711010».
1 1.116

upwwwnLlnnmg.11.72
mpwwnn111wricx, 1147—1448

11111111111616gud| xgrccmng 61 libraries in, 14.2

/./\1'11\L\Im 11.22.1121

1 111: xlmm 1nrAmphlkdlmn01 11)N1\1113|‘.1ries.
1 1.66

npwwun 111w'.lr1cx And, 1447—1448

111111111116163u1..11 wrwcmng (11 Iibmrlcs in, 14.2

phquu hunmtmn “1th. 11.62
7/1151 6\ \u1nr.21111 1821.11.254126, A531

.1111[~111L.11|(111 n! 11111dl1cs umxlruulcd m, 11.65A

1.66

«11\\111n.1r\ mnslrmtiunm, 11.59

m mmmumul klls Inr 11)1\',\ synthesis, 1 1,108
1 1111 mam 1m amphfimtmn 111'C1)NA1111r.\rics,

1 1 66

L‘\|‘1L’\\Inn1101111112, 11.72
L'\|‘IC\\IUI111111'JTIL‘M 1447—1448
111mmpmlcmmplcssmnin,14.37, 14.47

plaque 1<1rmJImn 01111. 11.62

1 111141111111 411111111132 model, 18.1 12—181 13
1 111111.1num om 1‘mmu1c mlcnsifi'ing screens, A911

1 11:21 1)\.\ 111111£'L111t‘\, 81'1‘11/541(‘hmmmonml DNA;
(ycnunm1)N.\

( 1111 gt'1x,5,7975,1\’2

11x1l1i|1g11r6duah 11nd scrviLcs, 4.86

mxm‘nlmllnn hv dmlvsh on mgmsc bed, 6.15

mnwnlmlmnnwdsurcmcm61,611,615

11.1;1111'nmuon 17x lndmdvmmlc xhc.1ring.2.76,

6.3

gel 1‘ch lmphnrcm, dnficultv entering the gel

1111111112, 6.15

I\(\1.1111‘111['0111 mdmmalmn LC”\
in ~1um|mg,6.16-76 18

1h111§21111‘111JmIL1L‘,015—015

11\111:\'171HIL‘111.1\U1\'AndP11CI\()1,(3.‘1—h.11

mlmmumg damage to, 2.1 10
pdl‘l1d1 digcmun for genomic librariex

chuking. 2,79
mcthodx. 2.76

pilot reddions, 2 76—279
preparatnc reactions, 2.80—283

pulscd—ficld gel dcctmphoresis
remvcry 1mm gels, 583—588
scpdrdtion by, 5.2, 555—556, 559—560

I'CCOVL’I')’

from ltm—mclting point agarose, 533—535

from pulxcdfficld gel electrophoresis gels,

583—588
spermmc/spermidinc use, 5.86

sucrose gradients, size fractiondnon through.
1827183

1rdn>fection 01L‘del'y0t1C cells,ca1cium-ph05-
phatc—mcdiatcd, 1621—1624

.\'f1aumylsarcmine
for aolubilimtion of glutathione S—lmnsferdse

fusion plotcim, 1538—1539

for solubilimtion of inclusion bodies, 15.54

1.8 freezing 1711110], [11.20.9126
1 8 medium ruipe, A22
1 buffer, 5.61, 564, 566—567

Lck, 18.7
1.11392 15. (0/1 51mm, /\7.5

genotype, A38
71 vector pmpagmion, 2.28

II".UZ,18.35,18.37

1.cucinc
codnn usage, A73

nomenclature, A77

pmpcrties, table of, A79

Ixuuinc zipper. 11.33
Lcupeptin, 17.25, 18.67,A5.1

lcvdn sucr.15e,4.37

INA, 18.14
bdil-LCXA tusifln protein, 1817—1829

tusmn plasmids, 18.18

[v.vAnp-lm'A reporter gene, 18.17
[111101141112reporter, 18.30, 18.32, 18.36
[chnp-LEL‘Y, 18.17. 18.22, 18.36
1 PASTA program, A1 1.4
11191) 11. (011 strain genotype, A38
1~111511£111101,17.61, 1763—1767, 17.69
Libraries. Sm) 11150 CDNA libraries; Expresswn

1111mrics,scrcmnng; Genomiclibrdries; 11

vcctorx, hbmries
arrayed 1113r.\rics,4.8, 4.39, 4.50,4.61,9.90
suecmng fo: related genes umng MOPAC, 8.68

L161. 500 Lithium chloride
1 1(I—P(IR.S€¢’ Ligation-1ndcpend€nt clomng

Jig gene, 1.159
ngdie, DNA, A430—A4.34. See also Ligation reac-

tions
lmctcrlophagc T4, 1.157—1.158,3.37,A4.31—

A4.32, A434
activityof, \4.31
blunt-end |1gat10n,z\4.32
cohesive termini/mck ligation, A432
11nker/ad.1ptor attachment to CDNA, 11,54

uscx,1istuf.A4.3l
11.1011, 1.15841.159,A4.33

in LUNA second strand synthcsm, 11.43,
11.45—1 1 46

K, 2.3
overview, 1.157
table of properties, 1,158
thermostablc, 1.158, A434

units (1de11\'it\', 1,159

Ligdse, T4 RNA ligdsc, 1.157
L1gus€ amplification reaction, 1.157, 1.159
Ligation buffer with polyethylene glycol, 5.71

l 1gution reactiom
adaptor attachment to prolruding termini, 1.89

in B.\1. 31 mumgencm pmtnml, 13.66

c1)1\'r\
into 7. vectors, 1 1.61
11nkcr/adaptor attachment 16, 1 1.51»1 1.55

into plaamid vectors, 1 1.63
in Cerllldr mutugcncsis pmlmnl, 13.24
condensing and crowding agents, 1.2.1—1 .2-1,

1.152, l.l57~1.159

in cosmid vectors, 415, 421—4 22
dephosphorvlali611 ()fp1aslllld 1).\'.—\ and, I 93

in directional clomng procedures, 1,844.85,
1.87

DNA fragments with blunt ends, 1.22—124,
1 91F192

DNA fragments with protrudmg ends, 1,204.21

in cxonuclcdse 111 mutagenesis protocol, 13.61

fragment mtim. 1.21

inhibition
by agumx’, 5.18, 5.29

by dATP, 1.85
by '1 BE bufibr, 5.30

in inverse PCR protocol, 8.84
A arms to insert genomic I)1\'.\, 284—286
linker Addition to blunt—cndcd DNA, 1.99—1.1(12
in low—melting-tempcmturc qgamsc, 1.1()}~

1.104, 5.29

M 13 vectors, 336—337
oligonudcotidc ligation assay 101A), 13,96

PCR product cloning
blunt—cnd cloning, 8337854
controls, mclusion 0118.41
directional cloning. 8.40

T vector cloning, 8.36
mtio 01" components, 1.91)—1.91

restriction] cn7yme inclusion into. 1.100
in shotgun sequcnung protocol, 12.15, 12.187

12.19, 12.25
in USt mutagenesih, 13.28

Ligatiun-indcpcndent cloning, 11.121—1 1.124

nghtCydcr, 8.95
Lightning Plus intensnying screens, A9. 11

Lineelements, 11.95
LINE (long interspersed nuclear clement)

sequences, 4.75
Linear amphfication DNA sequcnnng. Srv Cvdc

DNA hcqucncmg
Linear pulmcrylamidc as carrier m ethanol prcclpi—

ration of DNA, A813

Linker kinasc buffer, /\1.1 1

Linkers. See also Adaptors
addition to blunt-endcd DNA, 1 98—1402

CDNA cloning.11.20—11.21,11.51—11.55
checking redctlon products, 1,102
in dlrect selection ot‘cl)NAs protoml, 11.1112

ligation, 1,994,102
phosphorylation of, 1.99, 1.101
sequences, table of, 1,99

Linkcr~scanning mutagenesis, 1375—1357
LipofectAce. 16.5, 16.11
Lipnfccmmine, 16.5. 16.11
Lipofectin 1N11»12,3-dioleoyloxy 1pmpy1|~n,n,n»

trimcthlammnnlum chlurldc 1 DO'I'MM ),

16.5,16.7—16.8,16.11—16.12

Lipofcction, 11.85, 16.3, 16,746.13

chemistry of, 16.50
lipids usedin,16.8, 16.11, 16.51
materials for, 16.7A16.11

optlmlzing,16,51
overview of, 16511—1651
protocol, 1612-1613

Liposomes formation by snnicalmn, 16.7

Liponxi, 16,5
Liquid chmnmtogmphy—tandcm N18 11(fi-.\15/MS1.

18.66

Liquid Gold, 1.105
Liquid media for E. (011, /\2.2—A2.4

 



111111111 numgcn

1m 11xxllc prcpamllnn m RNA punfimtion pro-

1(1((\1s,7.1“—7.1 1

m 11s~uc mmplc 1101110gu1imti6n,(1.7—6.8
1 1111111111 (11101'1t1k‘ (1.1121), 1.59, A127

111 mhmm loading buffs“, 7.16

111 011mm] prvcipimtmn U1 nuclvin Au‘ds, A812

pluipimlmn 61"contaminating nuclmc ac1d frag
mums. 1.59, 182—1313

prcupimtmn (111.1rgc RNAs with, A816

111 trdnxgnplimml run—on assay protocol, 17.28
1.\11 clulinn huffcr, 5 311
1 wading bunch. Sm' (1c1-10ddmg buffers
lmux 1.1nk d.1l.11>.1sc,.—\10.15

1011, 2.7, 11,156,116, 14.39,14.47—14.48,15.19,15.38

11mg1’(31{1111111'r,8.78, 13.21

1 1m—mclling—lunpcrdturc .1g.1rme. Soc Agdrusc,
11nwmulting-lumpcmturc

Iml’ 51'1'111541 ( rc—qul’ rccnmbmation system
m HM, mum‘s, 4.3
m 7. wclnrs, 4.83

m P] vccturx, 4.4-45, 4.37, 482—483

scqucnw, «182—483

/H1 gene, 17.96

luukmsc, 1742—1747, 17.96

Inclcrml, 4923—4924

1111.11 reporter .1ss.1\'s)‘3[cm, 17.96

firc11y,.\‘).21—A9.23
awn \ 1m, 4922—4923

11qlllk1“411111111110“ spectroscopy, A922—
/\9.13

1un‘mmnclrv, A922
phnlogmphic/Xml,» 111111,A’~).23

prnpcmcs (11, 49.21—A922

m rcpurtcr molecule, 49.23
pcumisomc mrgcnng of, 17 96

mulmn 1.11.11)‘/cd by, 17.96

A» reporter gene, 1730—1731, 1742—1747

.|d\.ml.1gcs of, 17.42

1uminmnctcr numurcmcnts 1mm 96~we11
DIAILN, 17.47

nmlcmlx 1m, 1744

mclhodx, 1745—1747
nptimumg mcdsurmncnl, 17.45

p(113 wclnrs, 17.43

wintillatinn mummg protocol, 17.46
.l\I1‘.11]\1.L‘L[I(Dll—pnsitivc control, 16.4

1 11.-MN msd)‘ buffer, 17.44
1 migc11in,strmturc 01,r\9.17
1116114141, 17511
1umigcn-1'1'1),‘).7‘)

luminnl, 9.79,14.11,14.21

m cn/ymc assays, A9.1‘)—A‘~).20

Imlwmdnh pcroxiddsc and, A9.35—A9.37

usunnmnoassdv1.11761. A9. 18
qrmmru 111, 19.16

lunnnmnclcrx, 17.42, 17.45—17.47

hinlumilwwcncc and, A9.21—A9.22
x11011711111111110SCL’1KC and, 119.20

lu.\.1 gene, /\‘).23—A9.24

1m” gene. .»\9.23—.~\9.24

1 \1—1§1uc ?\1111 1 mlv xtmm, 7L vector propagation
m, 2.28

1 \\1nc

mdnn llmgc. .\7.3
pmpcrtlcx, table 01, .—\7.9

1 \\1s Inmbrs
,\|1-\.11inc1\'~1\ s01ut1m1s1,11dnd111, 1.32—1.33,

1334.36,1.38,1.40,3.24,12.31, A116
1nr1).\'A 1401111611 1mm mammdfidn cc11s grown

m mlcrotilcr plates, 6.19

1011)ch 1 h} pcrscmitivity mappmg, 17.19
L'\IldL110|1/1).\I\111111-CFN,A1 16
m gunnmk 1).\'.—\ imldlion from moms 1411.5,

621—626

tnr nhunnmlmn 1).\'.\ 1x01dtion,6.4, 66—67, 6.9

P( R 11165 solution, 6.22

for mpld 1s61ati0n of mammalian DNA, 628—
6.29

fur mpid isolation of yeast 1)NA,6.31—6.32
red blood cells, 628—629
in reporter assay protocols. 17.36, 17.38

in screening expression library protucol, 14.15—
14.18

SN13’14,6.24—6.25

in rmnscriptimufl runvon assay protoco1, 17.24
yum lvsis buffer, 5.66

1.1/5031611 extraction buffer, 14.38
Lysogem'

1nduction, 2.9

in K, 2.3, 2.9—2.1 1, 2,572.18

Lysozvme, .—\1.8, A451

for cell lysis prior to affinity chromatography.
15.38, 15.46

discovery of, 1.153

in E. 1‘011 lysate preparation for affinity chm—
matography, 14.29

inhibition of T7 RNA p01ymerase,9.88, 15.21,
15.24

in .\113 RF DNA preparation, 3.24
overview, 1.153

in plasmid DNA preparation protocols

.11kalme lysis with SDS, 1.33, 1.36
boiling 1)sis, 143—145, 1.49
11515 with SDS, 1.57

in washing solution for inc1usion bodies, 15.10
Lyticmse, 5.66—567, A1.8

yeast cell wall digestion, 4.60

M9 medium recipe, A2.2

1x1131mcteriophage, 1.11,3.1—3.49. See (11503413
vectors

ddbOI‘pl10fl to sex 17111, 3.5
DNA capacity of, 3.7

DNA preparation

douhle-stranded (replicative form), 323—325
largc—scale, 330-333

single-stranded, 326—329

umal—substituted DNA, 13.1 1—13. 14
1)1\'.—\ purification, 12.21—12.23

hhmt—endcd, dephosphoryJated DNA for
shotgun cloning, 12.24

small numbers of single-stranded templates,
12.23

genetic map of, 3.3

gmwmg in llquld culture, 320—322
murphogenesis, 35—36
phage dlbp1d)’, 18.3
plaques

pixking, 3.22, 12.21
type,3.2, 3.17

p1.111ng,3.17—3.19

precipitation with polyethylene glycol, 326—328
prolems encoded, 3.2—3.7

functlons of, 3.4
replication, 3.2, 3.5—3.7

sitc—specific mutagenesis, 8.42
structurafl mode1 of, 3.7
transcnption, 3.5
uracil—substiruted DNA,prep.1rdrion of, 13.11—

13.14

MI} \cc101‘5,3.8-—3.16,A3.5

ana1ysis 0fc10nes, 339—341
screening by hybridization, 3,41

si7c analysis by electrophoresis, 339—341
bacterml host for, 310—316

cloning problems, strain—dependent, 3.1 1,
3.16

1 plasmid, maintaining, 3.11
markers, 3.10—3.1 1
srmin, [110051118 and mammining, 3.1 1—3. 16
table of, 3.12—3.13

 

Index 1.23

cloning

locatmm
gene X, 3.9—3 10

largc mtcrgcnh region, 3.9
muhiple clomng sncs, table 01, 3.14
small mtergemc region, 3.9

materials, 335—336
methods

dephosphorylatlon 01 vector DNA, 3.34
Ibrwd (diruumndl doning), 3.34

ligation of mscrt lmn linearized vector,
3.34

protocnl, 336—338

transforlmtion reactions, 337—338

deletions and rearmngemmrs, limiIing, 3.33—
334, 3.49

growth times, 3.49
history 61, 3.8
insert size, 3.33

nested deletion mutant act creating, 13.57,
1 359—1361

ollgonucleotide-dircutcd mutagenesis protocol,
13.1543.”1

merview, 3.8—3. 11)
phagemids, 3.42—3.49

primers for doming mes 111,81 15

screening clones for site-dlrccred mutagenesls,
1340—1346

in shotgun sequencing protocoL 1219—1225

dephosphoryldtcd, blunt—cndcd DNA prepa—
ration, 12.24

DNA purification. 12.21—12.24
growth in 96—tubr format, 1219—1221

single numbers 61 templates, preparing,
12.23

test ligationa, 12.25
s‘uhcloning YAC 1)1\'.\.s into, 4.64

M 13-101) vector, 39—3. 11)
M 13K07 vector, 3.42, 3. 44—347, 18.116

Ml3KE vector, 18.118, 18.121)

Ml3mp sericx vectors, 38—39, 3.14

[115219 E. col1stmin,15.4,15 15.27. A38

MACAW (Multiple Alignment construction And

Analvsis Workbench) program, A1 1.7
Mdcroplaqum, A, 2.31
Mac] cleavage of 7-c1€.\/.1—L1GTP modified DNA,

8.60

Magic Minipreps, 12.27
Magnesium chloride

.\1g(‘.1,-6H.()501ution, A127

MgCIZ-Cafjl, 301mm“, A 1 .21
in Sequuenusé reactmn buffer, 12.33

Magnesium inns
DNasehmd,17.6,17,10—17.11, 17.75, A440—

A441

exonuclcasc 111 and, 13.73

inhlbition of Ele methylasc by, 1 1.48

in Ml3 growth medm, 12.21, 12.23
111 PCRS, 85—86, 8.21, 8.110

PEG stimu1ation 011)NA 1igation and, 1.152
Magnesium sulfate (M3503). 41.27
Magnetic beads

overview, 1 1.118—11.120
slrepmvid111—coated, 7.20
uses for, table of, 1 1.120

Ma1E, 15.7, 15.40

affinity purification 0111151011 proteins, 15.4
soluble fusion protein production, 15.9

Maltoporin, k adsorptinn 10, 2.4
MdltOhe, A127, A2.8

induction 61" lamB genc, 1 1.62
for 3, growth, 2.26

in 71 media, 11.62
Maltese-binding fusion proteins, 14.47, 15.26

affinity ch mnmmgrdphy purificatmn, 15 6,
15.404343

  

 



1.24 Index

\1.11'1|11.111.111 u‘11\ \.'.'111~11(‘()\ Lullx

111111111 Ll\.1g.‘, 10.7

L 11 l11\1'\110—\1K\111\ 1116‘ng1011/cxcis1611 111

11.111\:,LL‘[1C\. 181—4 85

1)\\ 1~L1|.1l11111

unnunlmuun 1110.1x11m11c11t
111 1111111'11111cll'\.6.12

1“ xpulmphulnmcm,611,615

116111 mmomur plate ulllurcs, 619—622
1111111111611w1.111~.

11.11\'§‘\1111g111 1.111s.6.24
”111-4111111 1011111611, 626—6 27
1111111 11.11.1111“ 1111161“, 6.27
prolmn1, 6234123

~.1n1p]c storage, 6.24
“111111111 L'\11'¢1k11“11 11) organig s<11vc111:~,6.26

1111111 11.11.1011] 17111L1\\,(1.11—
1111 1106111410111 1401c1utr<1phurcsim 361—364
1111111 l\n1.lll(1l1 pmmm], 628—630
11\ 511001111g,(111170111

16111}:101111111111116613—613
u~1ngprnlc1ndsc1§ and phc1101,6.4—6.1 1

11111— 1301-11 11.\'.-\ 0/11, 6. 10, 6.11
150—2001!) 11.\'.\ xi/c,61()~6.11

1\ \1~111-11111011L1311x,6.8—6.9

1\~1~ 111 1110111111101‘ Lc11\,6.6

11m 111 “181101151011(L‘I1N,(Y.7
1\\1s 111" Iimlc 1111111110. 6 7—68

C\111\‘\~.1011 in. 811 1 quash)” in nnunmalian

kk’11\

1.11\kg'11)1 and utrhicnu 1111r.m»icnlexpression

11111[lulnxturlnatmm 1.1.90

1111.16” mtmu 111111.1r.1ti<1n (mm, 178—1710,

1726—1717

11\\1x111.11111111n1111,7 7, 7.11

111161 \1 \C1L‘\(1m\1\\ 11111111 clxrunmmgraph),
7,183.19

pnlw \1 xclulmn11\'11lig(11d'1'1chmmdtogm
pI1\,7 13—117

Urumgnnn.161—1657

1111111~11m, 16.1, 1637—1611

111.11L‘1‘1111x101‘, 1618—1639

method, 16 19—16 41
pmmlc 11pm, 16,57
\.111.111|ux. 16.17

1111|um—phoxplmtu—nmdmtcd, 16.3. 16.14—
1626. 1632—1633

111 .11111CFL111LC11\, 16.25
111 1116 gmwmg m xnspcnsion, 16.26
1111111611111110116111110111. 16.14.1617, 16.52
11111.111s1<1rn1.111<1n, 16.24

utfluc11u,1.1m1r~ alfuting, 16.52
\\|I11gcnu111111).\'.\, 1621—1624
ghwwlshmk.16.14,16.17, 16.52

111g11c111u¢mn 1619

”1111.1111111prcm1cmc. 16.53

“10111110111111)\'.\.16.14—16211

“11111111111111111110, 16.14, 16.17—16.18

“11111nc\.11'i,11|11n, 16.57

11111111114 164—16 5

1111‘ 111111" uprmslml, 1647165

1111 1r.1ns|cn1 mprmxiun, 16.4

1111111611111114111111,16.24,1647
11\ 111 \1-L1c\1|.11'.. 16.3, 1627—1632

6111111111 P1](1\p11.11(‘1110111011kt)l11pdl’CL1, 16.27
LC”‘111121111\,111k1'k‘11\111g. 16 32
1.111111.1101\ 111. 16.28

1114. 16.111

111.1111 |.1|~ 111r, 1629—1630

111mlmnnwm 1)1.\1k11()11, 16.27

11114111111, 16311—1631

1111111111111prcmlunu', 16.28.1633

1.11'1.1111c». 16.27—1628
(1111111111113111611, 16 3, 1633—1636, 1654—1657

c111ucm\.1.ul<n~ 11111ucmmg, 1635—1634,
11137

materldlx for, 16 34—1635

method, 1633—1636
by 1111063111011, 16.3, 167—1613

Lhcmlstry 1117, 16 50

lipids med 111, 16.8, 16.11,16.51
mam 1.11\ for, 16 7—161]
optimiung, 16.51
oven icw (117, 1650—1651
protoml, 1612—1613

11101110ds,summur) 01“, 16.3

110111710116 16.3, 16 43—1646

s1.111le,.xc1utivc agents for, 1648—1649

tetracycline regulation of inducible gene
cxprcwnn and, 1760—1770

transient \’\. 51111116, 16.2

tmnsfnrnmtmn by Y.—\(3.s, 463—464
trypsmimtion, 16.12
vector systems for, 1 1.72

Mammalian '1r.ms'fettion K1t Primary ENHANCER
Reagent, 16.5

Mammalian vectors, A3.3—A3.4
Manganese chlonde (MnCl,) in Sequcndse rcacnon

buffer, 11.4.1 '
Manganese 10m

DNasc 1 and, .‘\4 40—A4.41
cxonucledsc 111 and, 13.73

Mannose phosphotmmfcrase, 2.4
Mapping

DNdbC1 hyperxcnsnn'lty sites, 1718—1722
identical~by—dxscent (IBD), A10.17—A10.18

influence (11 nmhyldtion on DNA mdppmg.
A4.6—.\~1.9

mutations. 111111 RNdbe A, A439
protein—bmding 51165171] DNA

111/[WASH rbotpriming, 17.4—1 7.11
by hydrmyl radica1 footprinting, 17.12

.\1.»\R—F1ndcr program, A] 1 .13
Markcn

chemilumincswm, 1.140, 298—299
migration mic uf dym through pu1yacry1amide

gels, 12.89

molccuIar-wmght Sec1\161ecu]ar-weight markers
\1.1s.sm.1p. 18.66
mm spectromem, 18.3,18.62.18.66
VAST (MotifAlignmcm and Search T0011 pro—

gr.1m,.\11.9—A11.10

11.1711, 18.22

\1,1trix-.1ssisted1.1xcr desorption—tlme 61 flight

(MALDI- 1'OF1 mass spectrometry,
18.66

\1.1\.1m—(111118rtwquencing. See DNA sequencing,
chmnical method

.\1:\X15crip, 9.32

.\IBM7014.5 E. ,111151r.11n
gcnmypc, A38

21 vector propagation, 2.28
811101

1111111 mcthyldtion and, 13.87, A43

genomic1)N1\digcsti(1n,411,415,420
111101 mcthyldsc, A47
11111111, A4.9

1111111 nwthyldtmn and, 13.87, A43

111cthy1.1.sc,A4.7

101 T vector u‘cation, 8.35

31115 Mammalian trunsfeclion kit, 16.5
\1(11061 E. f(‘ll 31min, 1.118

genotype, A3 8
2. vector propagation, 2.28

[ranstbrmution by Hanahdn method, 1.106
11111 rcstricuon system. 11.21, 11.48

111 vitro 21 pugkaging and, 2.111, 11.113
1114'1'A, 1 15,A4.4—.~\4.S

71 propagation and, 2.28
MI3 vcctun .111d,3.11,3.13

nm‘B, A4.4

k propdgmmn and, 128—229

MDh (mutdnon detention enlmntcnk‘ml. 13.51,

13.53,13.56

Medla,A2.1—AZ.2. 51? also 5/101'1111 111111111, 511011111
[11111110115

agar/dgdrose containing, A25
dntibmlics,1\2.6—1\2.7

bacteriophage k—rclated. A28
liqu1d media for E. 51111, A2} :\2.4
storage, A26
yeast propagdtmn and selcctmn, .'\2.9—.»\2.1 1

Medline, 1.14

Megdprimer methud 111 1nutagcncxi>, 138—1310,
1331—1335

MEGAscnpt, 9.32
Mcltmg temperature

calculating, 102—104, 1047—1048
guessmcrs and, 10.8

inosine and, 109—1010

ofmegaprimers in mutagencsls pmloml, 13.31—
13.32

in quaternary alkylammonium Nd1l.\, 10.6
Membrane Expression arrays, A109
MEME (Multiple Expectation deimlmtion for

Motif Ehcimtion) program. r\1 1.8—A11.9
MERMAID, 10.49

MES (2-[N—morpholin01cthzlne»~Lllf()11ic JCld 1,
1.105, 1.107

Metal theme affinity cIllumatognlphy, 1544—1348
Metallorhionein promoter, 16.5
Methanol

metlmnol/KOH solution, A120
fur p01yacry1amidc 5161 fixation, 1290—1232

Methionine

cleavage by cyanogen bromide, 15.6, 15.8
codon usage, A73
nomcndature, 47.7
propertiefi, mblc of, A79
in pulse—chasc experiments, 1518—1519

Methotrexatc (MTXJ, 16.47, 16.49, A27
Methy1ated DNA, E. ml: slrams 1m propagation of,

1.15—1.16

Mcthvlation, 11.21, A4.3—A4.9

of CDNA, 1148—1150
5‘ 11115111ylde0xycym>inc incorporatmn, 11.48
Ele, 1148—1150

in chemical sequencing protoml, 1261—1265
darn nwthvltmnsferdse, A43
dam methyltmnsferdse, A4.3—.1\-1 4
by dimethvlsulfflte, 12.5
DNA mapping, influence on, .—\4.6—A4.9
linkcr use and, 1.99

restrigtion sne modification, A4.5—A4.9
restriction/modification system», type 1 and 1) pc

11, A44

Methylanon mterfcrencc assays, 12.63

Methylene111116,A9.4—A9.5

polyacryhlmide gel 51.1ining,5.47—5.48

staining of RNA on nylon 1119111hranes, 7.39
Methylmcrcuric hydrox1de, 7.21—722, 11.9

4—Methylumbelliferyl—fi-D—gdldcnuidc (MUG),
17.50, 17.97—17.98

Met—MEME program, A1 1.9

5-Methy1cytosine, 12.68, A44

MFOL1)pmgram,.~\11.14—A1 1.15
M5351? Magnesium ions
Miuoarmy, DNA. 51's DNA army Icchnnlog)

MicroArray Suite image analysm program,r\10.13
Microconcentrator, 827—829, 8.58, 8.68, 12.106,

AS.16—A8.17

Mlcrocon concentrators, 8.27, 12.106, A816—
A817

Microinjection of hve culls, 1888—1889
MicroMax .1rr.1y.s,A10.’~)

Microscopy. Sue Fluorescence lifetilm Imaging
micmsmpy

Microsphcres. Scc.\1agnutic beads

 



.\1|u'ul|tcrpl.11cs
1).\'.-\ 1\()1J11011 1mm mammalian cells grown in,

6 19—612

mu 111 DNA sequeming protocols, 12.100
Milk ds blmkmg Agent. A854
Mineral 011

dddlmm m P(IRS, 8.22
removal from PCRs by chloroform extraction,

8.22

Minigcls, dgdrmc, 5.13

.\11nim.11 (M91 agar plates for M13 platlng,
3 17—3.18

?\Imlnml mcdnum for bacteria, 18.40
.\11.x.\1.1tch Detect 11, 13.93
Mmmtch rcpair system, 1388, 13.94

Mnmnycm (.

1nductmn 01 7. lysngen, 15.25
modes nt’dclion, AZ?

.\11xcd oligonuclcotide-primed amplification of
(DNA (MOPAC), 866—871

.1l].11}'sis, 8 70—871

1n111d-.slabl’(JR and, 8.71
DNA template for, 868—870

materials tor, 8 69
method, 11.70—8.71

primer design rules, 8.67—868
succning for related genes, 8.68
mnatmns m protocol, 8.67

Mlul

cleavage at end 0f1)NA fragments, A64
genomic DNA mdpplng, 5.69
methylatmn. A47

.\11_\' (murinc leukemia virus). Sec Moloney murme

leukemla virus reverse transcriptase
8181294 E. ml! strain. 1.14—1.15, 1.25

genotype, A38

7. vector propagation, 2.28
lmnstbrmatlon by Hanahan method, 1.106

.\1nl' 10m. See Manganese ions
mul), 1.146

.\10bili1ym‘11.\'A, electrical, 12.114
Modeling, molecular, 18.3

.\1m1rich-Lchman unit of ligase activity, 1.159

.\1<>lccularmodeling, 18.3
Molecular modeling database (MMDB 1, A1 1.22
.\101¢uxlar»w01ght markers, 5.10, 7.23, A64

7. DNA concatamers, 5.59, 5.71—5.73
migration rate of dyes through polyacrylamlde

gels. 12.89

for pulsed-field gel electrophoresis, 559—560,
5.71 5.73

for RNA gels, 5.59—5.60, 5.71—5.73
Moluney murine leukemia virus (Mo—MLV) reverse

transcriptase, 11.109—11.110,A4.24—A4.25
|n commercial kits for cDNA synthesis, 11.108

inhibnion by sodium pyrophosphate, 11.46
RNA-depcndent DNA polymerase, 8.48
RNJsc H ,11.38

N10»ML\’. See Molnney murine leukemia virus
reverse transcriptase

Monoclonal antibodies in Immunological probes,
1 1.33

.\10nol.|yer cultures. lysis of cells growing in, 6.6
Monophasic lysis reagents, 7.10—7.12

.\1()1)A(I.ch.\1ixed oligonucleotide-primed amph-
ficatinn ochNA

MOPS electrophoresis buffer, 7.32, A1.18
MOPS 5.11“, 15.31

Home mammary tumor virus long terminal repeat
promoter, 16.5

Mouse mils. genomic DNA isolation from
harvesting 011.1115, 6.24
unc—tuhc isolanon, 626—627
1mm paraffin blocks, 6.27
pmtmol, 613—625

sample smmgc, 6.24

without extraction by organic solvents, 6.26
Mousc—Iail lysis buffer, 6.26
V10w101 mounting medlum, 1887—1888

mp18/mp19, 8.115
mRNA. See aIso Expression in mammalian cells; RNA

SCRACE procedure and, 8.61
5’-RACE procedure and, 854—855, 8.58
CDNA clonmg. See cDNA clomng
CDNA library construction

expression library, 11.70

from small numbers of cells, 11.112
CDNA preparation, 1139—1142

enrichment methods, 11.8—1 1.11
fractionation of CDNA, 11.9—1 1.10
fractionation of mRNA, 11.9
number of clones needed for library, 11.8
overview, 11.8—11.9
polysome purification, 1 1.10
subtractive cloning, 11.10—11.11

integrity of mRNA, 11.7—11.8, 11.39, 11.42
source omeNA, 11.6—11.7

differential display—PCR, 896—8. 106
differential expression, screening for, 989—991

eukaryotic
concentration, measurement

northern blots, 7.66

quantitative RT—PCR, 7.66

reassoaatlon kinetics, 765—766
nbonuclease protection, 7.66

mapping
mung bean nuclease, 7.55
nuclease 51, 7.51—7.62
primer extension, 7.75—7.81

ribonuclease protection assays, 7.63—
7.74

northern hybridization. See Northern
hybndization

overview, 7.2
purification

dCld phenol—guamdinium thlocyanate—
chloroform extraction, 7.4—78

poly(A) selection by patch chromatogra
phy, 7.18—7.19

poly(A) selection by oligo(dT)-cellulose
chromatography, 7.13—7.17

poly(A) selection by poly(UJ—Sepharose
chromatography, 7.15, 7.20

poly(A) selection by streptavidin—coated
beads, 7.20

simu1taneous preparation with DNA and
protein, 7.9—7.12

RNases and, 7.2
isolation from COS—7 cells, 11.87—11.88
mappmg

3'»RA(JE, 861—862

5'-RACE, 854—855

for microarray hybridization,A10.10. A10.13—
A10.14

reverse transcription by RT—PCR, 11.46—8.53
screening with subtracted cDNA probes,

11.29—1 1.31
splicing, 18123—18124

Stability and G+C content, A7.2
mrr,1.15—1.16,A4.4

in vitro 2. packaging and,2.111,11.113
M]3 vectors and, 3.11, 3.13

M52 phage, 18.11

MSA program.A11.6
Mse1,A4.9

Mspl in snte-directed mutagenesis protocol, 13.84
MspI methylase, A45, A4.7
MTX. See Methotrexate
MultAlin program, A]1.8
Mu1tichannel pipettor, 6.20

Multip1ex PCR, 8.5, 8.107
nonspecific amplification, 8.107

Index 1.25

optnmzing, 8.107
MultiPROBF. 11 (Packard1. A105
Mung bean nuclease, 7.55, 7.86, A447

in exonuclease 111 mumgenesis protocol, 1337,
1374—1375

overview of, 7.87
Mun] cleavage at end ()11)NA fragments, A64
Munich 13. Sre M13
Muristerone A, 17.71
Muta-gene in vitro mutagenesis kit, 13.89

Mutagenesm

alanine-scunning, 13.81
BAL 31 use, 1362—1367
bisulfite-mediated. .-\4.-11

cassette, 13.79
chemical, 13.78—1379

circular, 1319—1325
of coding sequences, 13.2—13.4

oligonucleotide—dlrecled, 13.3—13]

saturation mutagenesis, 13.2—13.3
scanning mutagenesis, 13.3

deletion mutants
bidirectional sets, 1362—1367

nested sets,13.57—13.61, 13.74—13.75
exonuclease 111 use, 13.57—1361
in vitr0,12.102,13.19—13.25

kits for, 13.89
Kunkel method, 13.84
linkerscanning, 1373—1377

mismcorpordtion, 13.80
oligonucleotide-directed

e1iminatinn of unique restriction site, 1326—
13.30

oligonucleotide design guidelines. 13.82
overview of, 13.3—13.7

design, 13.4
diagram of scheme, 13.5
history of, 13.4—13.7
methods of, 13.4

steps in, 13.6

random mutations using spiked primers,
13.80

selection of mutants with DpnI, 13.19—1325,
1384—1385

ofsingle-stranded DNA, 1315—1318

troubleshooting, 13.18
uracil—substituted DNA preparation, 13.11—

13.14

USE mutagenesxs, 1326—1330, 13.85
PCR—mediated, 13.7—13.10
random,13.78—13.80

cassette mutagenesis. 13.79

chemical mutagenesis, 1378—1379
misincorporation mutagenesis, 13.80
with spiked oligonucleotide primers, 13.80

of regulatory regions, 13.2
screemng bv

conformational pn1ymnrphism and heterodu-
plex analysis, 1349—1356

hybridization to radlolabeled probe, 13.40—
13.47

PCR, 13.48

site»directed

alanine—scanning mutagenesis, 13.81
codon usage, changing, 15.12
commercial kits for, 13.89

inverse PCR. deletion introduction by,
8.42

Kunkel method, 13 84
Ml3, 8.42

mutagemc oligonucleotide for, 13.82—
13.83

oligonucleotide—dirccted, 13.3—13.7,
1311—1330, 1384—1385

PCR end modificatlon prot0c01,8.42—8.45
PCR-mediated  



1.26 Index

\Iut.1gcnc»is (wmlmmi)

I‘anJPl'ilfltr method, 138—1310,
1331—1335

overhp extension, 13.8, 1336—1339
overview, 137—1310

polymerase choice for, 13.20~13.21
rcatriaiun site creation/removal, 1382—1383,

13.85

agrccning

by conformational polymorphism and het-
eroduplcx analysis, 1349—1356

by hybridization to radiolabeled probe,
1340—1346

by PCR, 13.43
phdgemid-contaming colonies by

hybridization, 13.47

selection in Vitro, 1384—1387

Dpnl destruction of parentals, 13.19~13.25,
13.84

phosphorothioale analog incorporation,
1386—1387

unique restriction site elimination, 13.26—
13.30, 13.85

uraci1~DNA glycosylale destruction of
purentals, 1384—1385

selection in vivo, 13.87
Mutagencsls buffer, 13.21
Mutan-hxprcss Km Kit, 13.89
Mutation detection, 1391—1396

allclc-spegific oligonucleotides (A50), 13.91, 13.95

amplification refractory mutation system

1ARMS),13.91,13.96

Arrays, mutation detectlon, A10.3

bidirectional dxdeoxy fingerprinting (Bi-ddF),
13.91, 13.94

CD1 mudlfiullion, 13.95

chcnucal cleavage of mismatched bases (CCM),
13.91, 13.95

aompclitive oligonucleotide priming (COP),
13.91, 13 96

demturing gradient gel electrophoresis (DGGE),
13.91, 13.92

dldcox) fingerprinting (ddF), 13.91, 13.94
with DNA mismatch repair cmymes, 13.94
oligonucleotlde ligatlon assay (OLA), 13.91,

13.96

primer extension, 13.91, 13.96
prutem truncatxon test (PTT), 13.92
wnh resolvases, 13.94
restriction cndunudease fingerprinting (REF),

13.91, 13.94

RIJLP/PCR, 13.91, 13.95

udnnmg vs. specific methods, 13.91

single-stranded conformational polymorphism
(SSCP),13.91,13.93

Mutation delecuon enhancement. See MDE
Mulduuns

mecr, A75
xondinonal, A75

temperature—sensitive, A75

mulS, 13.29—13.30.13.85,13.B7

mm), 13.94
_\l\'1184 t. colt 51min, 13.47

genotype, A38
.\113 venom and, 3.13

phdgcmids and, 3.42, 3.44, 3.46

.\1\'l 190 E. ml: strain

gcnuxypc, 113.8

plmgcmids and, 3.46
\1\'1 193 E cub strain genotype, A38

.\1\'1304 b. full strain,phagem1ds and, 3.46
Mm] methylaac, A47
MyLUphcnolic acid, 16.49

.\IZ—1, E coli strain genotype, A38

MZEI' 1.\11ch.1c1 Zhang’s exon finder) program,
\1 1.12

NaCl. See Sodium chloride
Nae]

fragment site created by,tab1e of, A48
methy1at10n, A47

site frequency in human genome, 4.16, A63
Nalidixic acid induction of 71 lysogen, 15.25
Nanogenchips, A10.19

NaOH. See Sodium hydroxide
Narl

fragment size created by, table of, A4.8
methylation, A4.7
site frequency in human genome, 4.16, A63

NA stop/storage buffer, 9.6, 9.9
National Center for Biotechnology Intormation

(NCBI), A112, A11.22

NBT. See Nitroblue tetrazolium

NciI in phosphorothioate incorporation mutagene—
sis, 13.86

Neal

cleavage at end of DNA fragments, A6.4
linker sequences, 1.99

NdeI, 1.99, A4.9

NdeH, A49

Nebu1ization ofDNA, 12.11, 12.14,12.16—12.17,

A8.37-A8.38

calibration of nebulizer, A8.37—A8.38
NENSorb, 10.49
Neomycin, 17.74, A2.7

Neomycin resistance marker in YACS, 464
Nested deletion mutant, generating with exonucle»

ase 111, 13.57~13.61, 13.74—1375

NetGene program,A11.11
NETN, 1867—1868

Neutralization buffer/solution, 10.38
for alkaline agarose gels, 5.37
for alkaline transfer of DNA to nylon mem-

branes, A1.13

for neutral transfer, double»stranded DNA tar—
gets only, A1.13

in Southern hybridization, 6.41, 6.43

for transfer of DNA to uncharged membranes,
A1.13

NF~1 nuclear factor, 17.8, 17.11
nflA, E. col; gene, 2.7

nflB, E. coli gene, 27

Ngene, 7», 26—29, 15.25
NgoM IV cleavage at end of DNA fragments, A6.4
NheI

cleavage at end of DNA fragments, A64
fragment size created by, table of, A48
linker sequences, 1.99

site frequency in human genome, 4.16, A63
NHS (N—hydroxysuccinimide), 18.104—18.105
Nib absorption chromatography, 1544—1548

elution with imidazole, 15.47
generation of resin, 15.48

nit site, 1.146

Nick translation
bxotin labeling of genomic clones, 11.102
digoxygenin labeling of nucleic acids,

A9.38—A9.39

DNA polymerase and, 985—986
history of, 9.12
kits, 9.13
optlmizing reactions, 9.13
procedure, 9.12—913

random priming compared, 9.4
using E. coli DNA p01ymerase,A4.12

Nick translation buffer, 11.100
N1H—3T3 cells, 17.60~17.67

nin (N-independem) mutants, 76, 2.7
Nitric acid, A16

Nitrilotriacetate (NTA)-Ni“-agarose, 15.46
Nltroblue tetrazohum (NBT), 978, 149—1410,

14.20, A9.39-A9.42

Nitrocellulose membranes, 1.28. See a150

Hybrldization
amplification of bacteriophages on, 2.95

amphfication of cosmld 1ibrarics, 4.31432
baking, 2.94, 6.46

colorimetric detection of nonradioactive probes,
on, 9.78

denaturing DNA on, 2.94
disadvantages of, 637—638
DNA transfer. See also Southern hybrldization,

DNA transfer methuds
electrophoretic, 6.36

from plaques to filters, 2.91, 2.93—2.95
vacuum transfer, 6.37

fixing DNA to, 294—295
gluing to 3MM paper, 2.99

for immunological screening, 1132, 146—14. 13,
14.17—1422, A853

in 7» Iibrary screening by PCR protocol, 8.76
lysis of colonies and binding of DNA, 1.136
for microarray appllcations, A10.6—A10.7
in northern hybridization, 723-724
nylon filters compared, 2.91

probe removal from, in Southern hybridizations,
6.57

properties of, 6.38

reagents for detection of antibody—antigen com-
plex, 14.3

RNA binding to, 6.37
screening

bacterial colonies by hybridxzdtion, 1.126—
1.134

bacterial DNA with radiolabeled probe,
1.138— 1.142

cosmid libraries by hybridization, 4.24—427
expressxon libraries by labeled probes,

1431—1436

storage of, 6374.38

in transcriptional run—on assay hybndizations,
1728—1729

wettmg, 6.44, 6.49

p—nitrophenyl phosphate, A9.41—A9.42

Nitrosomethylurea use in M13 vector creation, 38
Nitrous acid, mutagenesis from, 13.78
NM519 15. cal: strain

genotype, A3.8
7» vector propagation, 2.28

NM522 E. coli strain

genotype, A39

71 vector propagation, 2.29
M13 vectors and, 3.13

NM531 E. col: strain

genotype, A39

7» vector propagation, 2.28
NM538 E. col: strain

genotype, A3.9

71 vector propagation, 2.28
NM539 E. coli strain

genotype, A39
7\ vector propagation, 2.29

NM554 E. caIi strain
for cosmid stability, 4.28

genotype, A3.9

N—methylimidazole (NMI), 10.42

NNPP (promoter prediction by neural network)
program,A11.12

Nonidet P40

in ce111ysis buffers, 17.36

in coimmunoprecipitation solutions, 18.67
in DNA sequencing reactions, 12.38, 12.55
in homogenization buffer, 17.9, 17.26
in PCR lysis 301u1i0n, 6.22
in supershifi assays, 17.17

Nonisotopic RNase cleavage assay (NIRCA), 13.93
Nonradioactive 1abe1ing, 976—981

biotin, 9.76—9.79

detection after hybridization, 938—980

 



dwmilummeaccncc, 979—980
mlorlmctnc Assays, 978—979

fluorcsu’nl aasays, 9.79

dlgmlgcnin, 9.77
cn/vnmtig methods, 977—978
t1uorcsccm,9.77

Indirect dutection 313161115976
ph‘)l()1;111¢1111g.9.78

\\v11(1‘11ng10, 980—9111
Northern hybridization

background, 7.45

d).\'r\libraryscreening,11.38
At low slrmgcncy, 6 58

lmv-stringcncy, 7.43

membranes med (or, 6.37
nonradioactive labeling, and, 9.76, 9.80

overview of, 721—716
pmtncoh 742—744

quantimling RNA by, 7.66
rilmnuclcasc protection assay compared, 7.63—

7.65

RNA fixalmn to membranes, 7.35—7.36, 7.39—
7.40

RNA separation by 517.0
electrophoresis of g1y0xy1ated RNA, 7.27—7.30

equallljng RNA amounts in gels, 7.22—723
1'0rmaldchyde-agarosc ge1s, 7.31—7.34
markers used m gels, 7.23, 7.29
overview, 721—7 22

pscudomcsmges as Standards, 7.23

RNA transfer to membranes, 7.25—7.26, 7.35—
7.41

membranes used for, 7.23—7.25
protocols, 735—741

«dining 01" RNA on membranes, 7.39
xtcps involved, list of, 7.21

stripping blots, 7.44
troublcshmvting, 7.45

1'\'(111

(DNA llnkcrs And adaptors and, 11.20, 11.51,
1 1.64

m 1DNA synthesis kits, 11.71

cleavage at end of DNA fragments, 8.38, A64
1mgmcnt size created hy,tab1e of, A48

genomic DNA mapping, 5.60, 5.68—5.69
11nkcr sequences, 1.99

nwthylation, A47

site frequency in human genome, 4.16, A63
Nmobiocin, A2 7
.\'r111

genumlc DNA mappmg, 5.69

rncthy1.|t[(m,A-1.7
5153516 E. (011 main genotype, A39
NS3529 5.11711 strain genotype,A3.9

.\'.<11 denvagc at and of1)NA fragments, A64
N'H—Nllfiagdmxc, 15.46

regeneration of, 15.48
Yul gene, 11, 3.4, 2.15
T\'ul protein, 7., 2.14

Nuglcar cxtmm

preparation from cuhured cells, 17,9—17.10
preparation from tissues, 17.8—17.9

Nuclear polyhedrosis viruses (NPVs), 17.81

Nuclear run-on assayx, 17.23. See also Transcrip-

tional run-on assays
Nuclease $1,114.46

digcstmn buffer, 7.56. 7.60, A1.11
digestion 0111411171116, 11.46
in exunmlcdse 111 mutagenesis protocol, 13.57,

13.59—13.61,13.74—13.75

cwnuclcasc \’11 results compared, 7.86
hairpin digestion, 11.4, 11.16
inactivation. 13.61
nmppmg 01 RNA, 751—762

5 .md3 mRNA termml, 7.53
.1r111}1Cts,7.54—7 55

dmgrams of, 752—753
digestion conditions, 7.6]

probes, 7.51—7.55
protocol, 7.55—7.62

analysis by gel electrophoresis, 7.61—7.62
digestion of DNA—RNA hybrids, 7.60—7.61
dissolving nucleic acid pellets, 7.60
hybridization of probe and test RNA, 7.59,
7.60

matenals for, 7.55—7.57

probe preparation, 7.58—7.59

probe purification by gel electrophoresis,
7.59—7.60

troubleshooting, 7.55
overview of, 7.86
ribonuclease protection assay compared, 7.65
source of, 7.86

stop mixture, 7.56, 13.58

Nucleases, A4.38—A4.49. See also BAL 31 nuclease;
Exonuclease 111; Nuclease Sl

bacteriophage k exonudeasc‘, A449
BAL 31, A4.43—A4.45

DNase 1, A4.40—A4.42
exonuclease 111, A4.47—A4.48

mung bean, A447
RNase A, A439

RNase 1-1,A4.38

RNase T1, A439
51, A446

Nuclei
harvestmg for DNase I hypersensnivity map—

ping, 17.20—17.21
isolation

from cultured cells, 17.26
from tissue, 17.27

radiolabeling transcription, 1727—1728
Nuclei wash buffer, 17.25
Nucleic acid database and structure resource,

A1 1.21

NUC1€1C acid fragment removal

by centrifugation through NaCl, 1.78—1.79
by chromatography, 1.80—1.81

by precipitation with LiC1, 1.82—1.83
Nucleobond AX, 1.64
Nucleoside analogs used as cham terminators in

DNA sequencing(Tab1e A6—1 1), A610
Nucleosomes. DNase I hypersensitivity sites and,

17.18

NusA, 2.7, 2.14

NusB, 2.7
NusG. 2.7

nut site, 11, 2.7
Nylon membranes. See also Hybridization

advantages of, 6.38
amplification of cosmid libraries, 431—432
baking, 7.35—7.36, 7.39—7.40

biotinylated probe adherence to, 9.76
brand differences, 2.91
charged vs. neutral, 7.37, 7.39

chemiluminescent assays, 9.79, A919,
A9.43—A9.44

colorimetric detection of nonradioactive probes
on, 9.78

denaturing DNA on, 2.94

dot and slot blotting of RNA, 7.46—7.50
mtensity of signal, measuring, 7.47
sample application, 7.46

fixing DNA to, 294—295, 6.46
fixing RNA to, 7.36, 7.39—7.40
glumg to 3MM paper, 2.99

history of, 7.24

hybrldization at high temperatures, 1.141
for 1mmun0b10tting, A853
lysis of colonies and binding of DNA, 1.131,

1.136

neutral vs. charged, 6.38, 7.25, 7.35

Index 1.27

nitrocellulose compared, 2.91
northern hybridization, 7.24—7.25, 7.35—7.41

fixation of RNA, 7.35—7.36, 7.39—7.40

transfer to charged membranes at alkaline
pH, 7.35

transfer to neutral membranes, 7.35 7.36
properties 01,638, 7.25

screening bacterial c010nies by hybridization,
1.126—1.134

screening cosmid libranes by hybridizanon,
4.24—427

Southern hybridization

fixation of DNA to membrane, 645—646
probe removal from. 6.57
transferprotoc01,6.43-6.45, 6.49

stripping, A938, A942
transfer of DNA to. 500 11150 Southern hybridiza—

tion, DNA transfer methods
electrophoretic, 6.36

from plaques to filters, 2.91, 293—295
vacuum, 6.37

UV irradiation fixation of nucleic acids, 6.46,
7.36, 7.39—7.40

wetting, 7.38, 7.41
NZCYM medium, 11.6Z,Al.3

NZM medium recipe, A23
NZYM medium recipe, AZ.3

a—dianimdine, 14.3, A934
OFAGE (orthogonal fie1d agarose ge1 electrophore~

sis), 5.55. See 11150 Pulsed-field ge1 elec-
trophoresis

0 gene, 1», 2.6, 2.8—2.9, 2.11
Olig01dT) prlmers

m cDNA probe production, 942—943
for EDNA synthesis,11.12—11.13,11.15.11.39

linked to plasmld, 11.12

Oligoth1-ce11u1ose,7.13—7.17,7.19—7.20
Oligonucleotide

elution buffer, 10.12

hybridization solution, 10.35, 13.41
labeling buffer, 9.10

ligation assay (OLA), 13.91, 13.96

prehybrldization solutlon, 10.35, 1038, 13.41
purification cartridges (OPCS), 10.49

011gonucleot1’de-directed mutagenesis
efficiency of, 13.83

elimination of unique restriction site, 13.26—

13.30

oligonucleotide design,gu1delinesfor, 13.82—
13.83

overview of, 13.3—137
design, 13.4

diagram of scheme, 13.5
history of, 13.4—13.7
methods of, 13.4

steps in, 13.6

phosphorothioate incorporation, 1386—1387
random mutations using spiked primers, 13.80

selection ofmutants with Dpnl, 1319—1325,
1384—1185

of single-stranded DNA, 1315—1318
troubleshooting, 13.18
uraci1—subslituted DNA preparation, 1311-1314

USE mutagenesis, 1326—1330, 13.85
Oligonucleotide prlmers. See also oligonucleotide-

directed mutagenesis
CDNA probe construction

oligo1dT) primer, 942—943, 9.47
random pnmers, 939—940, 948—949

for cDNA synthesis, 11.12—11.15, 11.39

011go(dT),11.12—11.13, 11.15

random,11.12~11.15
second—strand, 11.17—11.20

commonly used(Tab1e A612), A611
converting molarities to units of weight, 12.103  



1.28 Index

1111g1nuulmmic prlmcrx (murmm'd)
dcngn. mmputcr program for, 13.83

lur DNA wqucncing, 116—127, 1227—1228.
12.35,1141—1242,12.48~12.49,12.52—

12531260
dw prn'ncrs. 12,96

cncrg) transfer (ET, primers, 12.96

sunk solution preparatlon, 12.103
m cwn trapplng/amplification protocol, 11.90—

1 1.93, 1 1.96

gel purlfication, need for, 12.103
moleculdr-wcight calculation, formula for, 8.20,

8.50

ollgonuclmndc-dirccted mutagenesis, 13.4,

13.6v13.10,13.16—13.17,1319—1320,
13164330

111 PCR, 84—85, 8.18

3 >R.-\('.1", 861—865

5 -K‘\(IE, 854—860

annealing, conditions, 88—89
wncenlration 0118.5
degenerate pools,8.66—8.71, 8.113

dcslgn, 1113—816
dnffcrcmial display-PCR, 8.96, 8.99—8.101,

8.103, 8.105

ntcnsmn of primers, 8.9
guessmcrs, 8.66—867

mosmc use in degenerate pools, 8.113
Inverse P(IR. 881—885
11thl()n-1ndependentcloning, 11.121-11.124
lmkerscanning mutagenesis, 13,76—13.77
long I’CR, 8.79

MOPAC, 866—851

multiplex PCR, 8.5, 8.107

purificatmn of, 8.5, 8.18
quantltdtive PCR, 890—892
rcslriction site Addition to 5' termini, 8.31,

8.37—8.39
un|\'cr>,1l,8.1 13-8.117

P("R-mcdmted mutagenesis, 1331—1334, 13.36—

13.39

in prlmcr extension assays, 7.75—7.76, 7.78—7.79
pmmmm of RNA polymerases, adding to DNA

fragments, 9.37
pur111c.111()n,7.76

m mdlolabclcd probe production
PCR,915~9.18

random priming, 95—97, 9.10
xmgle-flranded probes from Ml3, 919—922,

9.26

remmul by ultrafi1tration,8.27—8.29

for reverse transcriptase use, A4.25—A4.26

for RT-PCR, 846—848

ollgo(d'1‘),8.46—8.48
mndom hammers, 847—848

P(IR compared, 10.9
labeling w1th Klenow fragment, 1030—10 34

length of, 104—105
melting temperatures, 10.2—10.4, 10.6, 108,

1047—1048

empirical measurement, 1038—1041
double-stranded DNA, 1040—1041
single—stranded DNA, 10.40

in TMACI buffers, 10.36
phosphorylatlon of 5' termmi, 1017—1019

efficiency of transfer, measuring, 1019
materials, 1017—1018

protocol, 1018—1019
purification

chromatography, 10.49
HPLC, 10.49
polyacrylamlde gel electrophoresm, 10.11—

10.16
detection in gels, 10.16
eluting DNA, 10.15
materials, 1012—1013

protocol, 1013—1016

Sep—Pak C18,10.15—10.16
by polyacrylamide gel electrophoresis, 10.48—

10.49

resolutlon, 10.14, 10.33, 10.49
precipitation with CPB, 102241024
precipitation with ethanol, 1020—1021
purification cartridges, 10.49
reversed—phase chromatography, 10.1 1,

10.15—10.16,10.49

Sep—Pak C18 chromatography, 1028—1029

size-exclusion chromatography, 102571027

of tritylated, 10.49

quantifying by OD, 10.13
quaternary alky1ammonium salts, 10.6, 10.35—

10.37
screening expression libraries, 14.2, 14.31—14.36
synthesis, 10.1, 10.42—10.46

monitoring, 10.42

phosphodiester method, 10.42
phosphoramidite chemistry, 10.42

protecting groups, table of, 10.43
steps involved, diagrams of, 1044—1045
yield estimates, table of, 10.46

universal bases, 10.9—10.10
uses for, 10.2

Oligonucleotides. See also Adaptors; Linkers;

Oligonucleotide primers; Oligonucleotide
probes; Oligonucleotide—directed mutagen—

es1s
molecular conversmns for (Table A6—13), A611

purification from polyacrylamide gels by crush
and soak method, 5.51

spectrophotometry, A820, A821

yeast artificial chromosome, 4.2
Origin of tramfer (nrlTj, 1.146

oriS in BACs, 4.48
Osmium telroxide, 13.91, 13.95
Osmotic shock for release of protems from

periplasmic space, 15.40, 15.43

Ovens, hybridization, 6.51
Overhangs, DNA. See Protruding termini
Overlap extension mutagenesis, 13.8, 1336—1339

121)

chem11uminescence compared, A9. 16

decay data, A915
in far western screens, 18.48
particle spectra, A9.9—A9.10
sensitlvity of autoradiographic methods for

detection, A913
"HP

decay data, A9. 15

particle spectra, A9.9—A9.10
sensitwily of autoradiographic methods for

detection, A913
P1 artificial chromosomes (PACS), 4.4

advantages/disadvantages, 4.40
choosing for genomlc library constructlon, 4.7—

4.10

DNA purification, 4.42—445
Human PAC Library, 4.9
overview, 4.40

vectors, A35
P1 bacteriophage

Cre-IaxP system, 4 82—483
history of, 4.35

life cycle of, 4.36

P1 bacteriophage vectors, 435—447, A35
advantages/disadvanlages, 4.40
amplification. 4.36, 4.42

arrayed libraries, 48
cloning into vectors, 4.37—4.39
design of vectors, 435—437
DNA preparation/purification, 442—445

by chromatography, 4.45

by drop dialysis, 4.44
protocol, 4424.43

electroporation, 4,464.47
genomic libraries

arrayed, 4.39
choosing for construction of. 4.7—4.10

screening, 4.39—4.40

overview, 4.4
packaging, 4.7, 4.37, 4.82

transduction, 446
P2 prophage, restriction 0171 growth, 2.20
P3 buffer (Qiagen), A1.21

pISA replicon, 1.4

OMPF protein, 17.53

un1\crs.11 primers,8.113—8.1l7 ommeutation, 15.19
1nr ?.gHO/thl 1, 8.1 16 1089 E. ml: strain, fusmn protein preparation in, PAC. See P1 artificial chromosome» (PACS)

11>r.\113vcctors,8.115 14.41 pacA gene, 4.37
M pBR322, 8.1 14 ONPG (o-nitrophenyl-fi-D-galactopyranoside>, Pac]
tnr pUC vectors, 8.115 1750—1751, 17.97—17.98 cleavage at end of 1)NAfragmems,A6.4
n dnscnption promoter primers, 8.117 OOTFD (ObjectAOriented Transcription Factor fragment size created by, table of, A48

Ollgomxclcotide probes, 10.1—10.49 Database), A11.20 genomic DNA mapping, 568—569
131mm labeling, 1 1.1 17 O-phenylenediamine dihydrochloride (OPD), A935 site frequency in human genome, 4.16, A63

(DNA screwing with, 11.31‘1132 Oregon Green, 894—1895, 18.80, 18.90, A933 Packaging
degenerate pools, 11.31 oriC, 13.88, A4.3 cosmids, 421—422, 4 30

gusnmcrs, 11.31 Origin of replication, 1.3, 1.4. See also Replicons in vitro packaging, 2.111, 11.113—11.114

uniwrsal bases, 1 1.32 dam methylation and, 13.88 7» vectors, 2.63, 2.65, 2.67, 284-189, 2.110—2.1 11
m unnpctmon assays, 17.17 fl, 1735, 17.49 P1 bacteriophage vectors, 4.7, 4.37, 4.82

p53 GeneChip array, 10.9
P450 GeneChip array, A109

spikcd, 13.80

dcgcncmtc pools, 105—106

cxlmcmm cocfflcicnt, calculating, 1013—1014
glxcmncrs, 106-109

deslgn, 10.7
h\hr1d1/.1rlon condnions, 10.8

mcllmg temperature, 10.8
nnxturcs of, 107—108

locating by linker-scanning mutagenems, 13.75
oriC, 13.88, A43

in pB-gal vectors, 17.49
in pCAT3 vectors, 17.35

polyomavirus, 11.69
from single—S1randed bacteriophages, 1.11
SV40,11,69,11,114,17.49

Packard MultiPROBE11,A10.5

pACYC, 1.1.4,A3.2
pAdIOSacBII, 4.4, A3.5

concentration 0fd0u1>1ed»§tra|1ded DNA in

solution, A65
features of, 437—438

library generation 1n,4.38  



1’\(: wglor dcrlvcd from, 4,40

1’\(.1 . Sue 1’01\,11r\'1.1mide gel electrophoresm

1’.11\1 kindsc, 18.13
1411113. A75

[141m1110phe11)'1»15»1)—th1o~gz1lactoside (APTG)
1'11’1:(}J,15.h,15.58,17.97

p.f\.\11’1,11.122—11.123
l1111141111132
Pankrcatic DNdsC 1. Sec DNdsc 1
l’dngrcdtic RNaw. bee RNdbL’

Panning, 11684169
1’.1p.1111, 18.80~18.81

11111“, 1.8,1.13,1.146,4.2, 4.37

[1.1134 111 haucrial drt1flcial chromosome, 4.2—4.3,
4.48

1’.11.111111 1110110, DNA extraction from, 6.27
1’.1r.110rm.11dshyde (40/0) fixative solut10n, 18.87
1’.1r.1111.1g11clic 1wads,9.91, 11.98—11.99, 11.103
1111111 111 17.1ucrid1 artificial chromosome, 4.2—4.3,

4.48

[mrL' in hautenal artificial chromosome, 4.2—43

Partck Pro 2000 image analysis program, A10.13
Partitioning. See also par

111 11ACs, 4.48
luwwpyvnumber plasmids, 1.13

pAS], 15.4,15.25

pA’I‘53. 1.9

Pathway“ .111.1I)5is software package, A109
pAX vector.» for Lacz fusion protein expression,

15.59

1»1361315.23,11.109

p1142A1), 18.20, A34

pBACC, 15.5,15.32

pBA(Ic3.6, 4.9
pBC KS +/—, .-\3,2

chlnBAClI, 4.3, A35, A65

1711-ng vectors, 3.15, 17,49, A3.3

pBK-CMV, 11.24, A33

pBlucscript vectors, 1.11, 11.92, 11.94,A3.2
B-galacto51dase gene, 1.27

111 commercial kits for CDNA synthesis, 11.108
in exon trapping protocol, 11.89,11.92, 11.94

1or tusion protein construction, 15.5
K5 1+/71, 3.15, 3.42, 3.44

for LacZ fusion protein expression, 15.59

in nbonuclease protection assay protoco1, 7.69
SK1-/—), 3.15, 3.42, 3.44

SK1—1 phagem1d1n XZAPII, 11.23
in USE mutagenesis, 13.30

171111313, 1.9,A3.2
151311322, 1.941.10,A3.2

(DNA cloning, 11.19

umcemrdtion of doubledvstranded DNA in
solution, A65

clearopomtion of, 1,26
umbilimtmn, 1.146

overview, 1.146

plasmid growth and replication, 1.17
primers for cloning sites 1n,8.114
rcplicon in, 1.1.4

14111031115:
1313.5. Sec pBIuescrlpt xecmrs

p(?ANTAB 518.120

130.413 vcutors, 17.35, A3.3

pclNAll, 11.25,11.30,11.63,11.72,A3.3
p11).\'.\1,11.72
p(‘(,114z/pz(;1142. 18.20
p(.(}1.cx/pZGch, 18.19

p(‘l».\'c0, 17.61,17.66

p(‘.\1\’ \'ec10rs,A3 3

p(i.\1\’-Smpt, 11.25,11.29,11.63,11,72,A3.3

p(IN/IVCSPORT in commercial kits for cDNA
synthcfls, 11 108

p(:.\1\'vSP()R'1'~B—ga1, 16,10,A3.4

[111111 gum“, 1.13

p( (18111311, 18,118

mum“...- W... m", .

150051138, 18.118
pCsz, 15.25
PCR. See Polymerase chain reacuon
PCR lysis solution, 6.22

PCR Primer Design program, 13.89
pCR2.1, 3.15

pCR1000. A32
pCR11,8,35
pCR-ScriptSK(+1, 1.100, 8.35
pCYPACl, 4.5, 4.9, A35

concentration of doub1ed-stranded DNA in

solution, A6.5
human genomic library, 4.39

deEGFP vectors, 17.88, A34
PDB (Protein Data Bank1, A11.23
pDisplay, 18.120
pDisplay Expression Vector, 18.120

PE] buffer, 13.15

PE2 buffer, 13.15

Pefabloc, 15.41, A5.1
PEG. See Polyethylene glycol

pEGZOZ, 18.19,18.24, A34
pEGZOZI, 18.19
pEGFP-F, 16.10
pEMBI, 542-543
1,10-Penanthroline—copper, 17,76—17.77
Penicillins, 1.148,A2.7
Pepstatm, 15.19, 17.25,A5.1

Peptide aptamers, 18.8
Peptides

antibodies against, A9.30—A9.33
coupling to carriers, A932
libraries, 18116—18121

constrained, 18120-18121

construction of, 18.117—18.119
random,18.116—18.117

phage display of, 18.1 16—18. 121
Peptidoglycan, 1.148

Peptastreptocaccus mugnus, A949
Perchloric acid, A1.6, A810

PerFect Lipid Transfection Kit, 16.5, 16.7
Perfect Match, 4.81, 8.9
PerfectPrep, 1.64, 12.27
Periodic Table of Elements, A129
Periplasmic space

export of foreign proteins to, 15.30, 15.34—15.35

export of maltose-binding fusion proteins to,
15.40, 15.43

release of Fusion proteins by osmotic shock,
15.40, 15.43

Peroxidase. See Horseradish peroxidase
Peroxisome, 17.96
pET vectors, 1,12, 15.3,15.5,15.20—15.24,A3,2

pET—3 vector, 15.20—1521
pEX vectors

expression libraries, 14.14

for LacZ fusion protein expression, 15.59
Pfam program, A11.16—A1 1.17
PFGE. See Pulsed-field gel electrophoresis
pFliTrx, 18.120
PfScan (ProfileScan) program, A11.16

Pfu DNA polymerase, 8.7, 8.1 1, 8.30, 8.777878,
8.85

35 exonuclease activity, 8.30, 8.35
m circular mutagenesis, 1320-1323
in overlap exlcmion method of mutagenesis,

13.37

polishing cDNA termini, 11.43
properties, table of, A4.23

pGEM vectors, 1.11,A3.2

B-galactosidase gene, 1.27

for fusion protem construction, 15.5
pGEM-3Z, 15.14, A3.2
pGEM— 1 IZf(~), A923
pGEM_1uc, A9.23
pGEMAT, 8.35, A32

Index 1.29

pGEMZ 10r LacZ fusion protein expressmn,

15.59

pGEMZF, 3.42, 3.44, A32

in ribonuclease prolection assay protocol, 769

P gene, 21, 2.6, 28—29, 2.11
pGEX vectors, 15.43, A31

for fus1or1 protei11co11struct1or1, 15.5

pGEX-l, 15.15
pGEXZT, 15.8
pGEX3X, 15.8

pGilda,18.19—18.20, 18.27, A34

pGL vectors, 17.96
pGL2, 3.15
pGL3, 1743, A34

pGNGl, 18.12
Phage display, 18.3
Phage Display System/Service, 18,120
Phagefinder Immunosueening Kit, 14.25

Phagemid display system, 18.1 1548.1 16

Phagemids, 1.11
advantages of, 3.43

DNA preparation, single»stranded, 342—349

growth time and, 3.49
materials, 345—346
protocol method, 346—348

yield estimation by gel electrophoresis, 3.48
helper viruses, 3,424.47

preparation of high-titer stock, 346
protocol for superinfection, 3.47

M13, 3.3, 3.5

nested deletion mutant set creating, 13.57,
1 359—1361

oligonucleotide—directed mutagenesis, 13.18
replication, 3.43

screening for site—directed mutagenesis by
hybridization to radiolabeled probes, 13.47

table of, 3.42

uracil-substituted single~stranded DNA, prepa-
ration of,13.12—13.13

uses for, 3.43
Phagescript SK, A3.5

Phase-Lock Gel, 3.28
PhD. Phage Display Peptide Library Kits, 18.120
Phenol, A123
m DNA isolation from mammalian cells, 6.5,

6.9—6.10, 6.22

equilibration of, A123
1nhibition of PCR by, 8.13
pH, 6.5
spectrophotometry of DNA contaminated with,

6.1 1, 6.15

Pheno1zchlor0form extraction
of agarase, 5.85
in DEAE—cellulose membrane recovery of DNA,

5.22

in dephosphorylation procedures, 1.96

in DNA recovery from p01yacry1amide gels,
5.53

of DNase contaminants, 1.42
in DNase I footprinting protocol, 17.10

in DNase I hypersensitivity mapping protocol,
17.21

ethidium bromide remova1 from DNA preps,
1.74, 1.77

in hydroxyl radical footprinting protocol, 17.12
in 7. DNA preparation, 2.58, 2.70

of ligated DNA, 1.102
M13 RF DNA purification, 3.25

of nuclease S] digestion reactions, 7.61
in oligonucleotide purification, 10.27
overview of procedure, A8.9—A8.10

in PCR products, pur1fication protocol, 8.26
plasm1d DNA protocols

alkaline lysis with SDS, 1.34, 1.37, 1.42
boiling lysis, 1.46
lysis with SDS, 1.5."  
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1’11cnn1chlorotorm extraction (continua!)
m polythylcnc glyml DNA purification proce-

1111rc,1.59,1.61

m primer extension assay pr1710c01,7.80
m RNA purificatmn, 7.4
for RNJSC rcn10v.11,9.33
1n yeast DNA purification protoc015,4.68—4.69

l‘hcnnl chloromrmzisoanwl alcohol extraction,
A 1 23, A8.10

1n gcnnmin DNA 1901.111011 from mouse tails,

6.25, (7.27

111 transcnptinnal run—on assay protocol, 17.28
1’hc11ulcxtr11ctiu11

111 17.1Ltcr10p11dg01).\1A isolation, 12.23
111 7. DNA prcpdr11110n,2.58

111 .\113 DNA preparation, 3.28
s111c0nc lubricant 101“ phase separdt1on,3.28

Phcm'ldlaninc

fur affinity purification of fusion proteins, 15,6
codon usage, A73

1111111cnc1.11ure,A7.7
properties, table 01,A7.9

Phenflmcthylsulfonyl fluoride (PMSF1, 5.62, 5,78,

14.44,14.46, 1541—1542, 15.52,A5.1

111 ccll/tissue homogenization buffer, 17.4, 17.25

in Lc11/tissue resuspcnsion buffer, 17.6
as protease inhibitor, 15.19

1’hcny1~$upcruse, 15.6
1’Hl—111AS'1"1P1).\1110n Hlt Initiated BLAH ) pro-

gran1,A11.111
0X174 bacteriophage, 1.12, 3.8, A3.3

011gonuclcot1de»directcd mutagenesis and. 13.6
sequencing of, 12.4

shotgun sequencing protocol, 12104222
plan. 500 A11<z111ne phosphatase promoter
pImR. 15,32
Phosphatase. ch Alkaline phosphatase

Phosphate buffers, A15

Phosphate buffers, Gomori, A15
Phosphatc—buffercd sa11ne (PBS). A1.7

thphate—SDS washing solution, 651—652

Phospl1.1!1dylcthdnolan1ine (DOPE), 16.5, 16.7—
168, 16.50

I’hmphnnc 151112116
Phosphorothioatc analogs, 13.864387

thphoryldtion. See also Polynucleotide kinase,
bacteriophage T4

111.5 termini, 10174019

blunt/recessed, 9704.72
protruding, 966—967, 9.73~9.75

01 dddplors, 1.88489, 11.55

by exchange rCJC110H.9.73—9.75

imagmg protcm phosphorylation with ELIM-
12R15'1, 18.78

1midamle huffcrs and, 9.73—974
011111kcrs, 1.99,1,101, 11.55
111111ig<1nudcmide probes. 7.78
polyethylene glycol enhancement of, 9.70—9.71
radiolabcling oligonucleotides, 1342—1343

m shotgun sequencing protocol, 12.18
01Thr7250, 18.78, 18.80, 18.88, 18934894
of!) rosinc, 14.2

Phnsphntyrminc remdues, antibodies specific for,
14.2

Phnmms pymlts, 17.96, A921
Phntobmtin, 9.78, 11.116

Photobleaching, 18.73, 18.92

Photography ofDNA in gels, S.16—5.17
CCD (charged couple device) imaging systems,

3154516

POIaroid, 5.15~5.17

po1yacry1amidc gels, 5.48
Photolahel1ng,9.78
Photol1th0graphy,A10.8
pHL‘B vccton, 15.4, 15.25
pbeLfl/Zco, 18.19

p1coBlue Immunoscreening Kit, 14.25

Piezoelectric prmting of microarrays. A10.16
P111, F, 4.49

PIMA (Pattern-induced Multiple Alignment) pro-
gram.A11.6~A11.7

p]ND(SP1)/V5-His A, 17.72, A3.4

Piperidine
in chemical sequencing protocols, 12.614265,

12.67, 12.71

rapid methods, 12.71

removal of, 12.62, 12.66

cleavage of CDI—modified bases, 13.95
P1 PES (pipemzme-l,4—bis12-ethanesu1fonic acid]),

7.28
in nuclease 51 mapping of RNA, 7.56
in ribonuclease protection assay protocols, 7.67

Pipetting de\'1ces,au10matic
in PCR protocols, 8.19

as RNase source, 7.82
131138, 4.13, A35
plG-4, A34

p1G4-5, 18.20, 18.30, 18.43
p1G4—51, 18.20
p1K101,18,12,18.23.18.25,A3.5
pJK103,18.12
pJK202,18.19,18.27

PK buffer, 18.51, 18.52

pKCJO, 15.4, 15.25
pKK223-3.15.3.15.15
pKN402 rephcon, 1.4
PLACE (plant crs—acting regulatory elements) data~

base, A11 20
Placental RNase inhibitor, 8.49
PLALIGN program, Al 1.4

PlantCARE (plant cis—acting regulatory elements)
database, A11.20

Plaques, viral

71 bacteriophage
B—gaIactosidase screening, 2.30
macroplaques, 2.31

plating protocols, 2.25—2,31

size, 2.30
smearing, 2.30

M13 bacteriophage, 3.17
picking, 3.22

type, 3.2, 3.17

overview of, 2.25
purification, 13.45

Plasmid DNA

dephosphorylation, 1,934.97
c1cctroporation of E. £011 and, 1.119—1.122
ligation in low-melting-temperature agarose,

1.103—1.104
linker addition to blunt—ended DNA, 1,984.102

preparation

a1kal1ne1y515 with SDS, 1.19

maxipreparation protocol, 1,384.41

midipreparation protocol, 1354.37
minipreparation protocol, 1324.34
overview, 1.31

troubleshooting, 1.41, 1.42
yield, 1.41

boiling lysis

large-scale, 1,474.50
overview, 1.43
small-scale, 1,444.46
yield. 1.50

for DNA sequencing templates, 1226-1231
denaturation, 12.26—12.30

P116 precipitation, 12.31

purification, 1184.19

chromatography, 1,624.64

commercial resins,tab1e of. 1.64
Sephacryl S-1000 columns, 1804.81
size 11mitations, 1.63

CsCI rem0va1, 1734.75

CsCl—ethidmm bromide gmdicnti, 1.18
contamination by DNA.’R1\'.~\fragmcnts,

1.65

continuous gradients, 1.654 68

discontinuous gradlents, 1.69478
DNA collection from, 1674.68, 1.71

rebanding, 1.68
ethidium bromide removal

extraction w1th organic sohents. 1,724.74
ion-exchange chromatography, 1.75477

kits, 1.19

low-me1ting-temperature agdrme, 5.7

nucleic acid fragment removal
centrifugation through NACL 1.784 .79
chromatography, 1.804 .81
precipitation with LiCl, 1,824.83

prec1pitatmn with PEG, 1.19. 1,594.61,
1,152, 12.31

steps, 1.16—1.19

growth ofbacteria1 culture, 1.16
harvesting and lysis of culture, 1.164 .18
purification, 1,184.19

receiving in the laboratory, 1.29
transfection of eukaryotic cells.ca1cium-phos«

phate»mediated, 16144620
high efficiency, 16.20

materials for. 1615—1616
method, 1616—1619
variables affecting, 16.20

lransformanon. Sec Transformation
Plasmids. See also Plasmid DNA; Plasmid vectors

amphfication, 1.4, 1.13,1.39, 1.48, 1.56, 1.128,

1.131, 1.143

copy number, 1.34.4, 1.64.9
chloramphenicol amplification, 1.4, 1.39,

1.48,].56,1.128,1.131,1.143

E. coli strains-related suppression, 1.15

Iow—copy—number vectors, 1.124. 13
suppression by pan, 1.13

mcompatibility, 1.7—1.8

mobflization, 1.146

overview, 1.24.3
partitioning, 1.146
replication, 1.4—1.7

diagram of, 1.5

incompatibility of plasmids, 1.7—1.8
initiation of DNA synthesis, 1.54.6

inverted repeat lethality, 1.15

regulation by RNAI, 1.64.7
relaxed, 1.4, 1.17
runaway, 1,13

stringent, 1.4. 1.17

replicons, 1.34.4, 1.17. See also Replicons
size, 1.9
stability regions, 1.146

Plasmid vectors

adaptor attachment to protruding termini, 1.88—
1.89

with bacteriophage origin of rephcation, 1.11
with bacteriophage promoters, 1,114.12
blunt-ended cloning, 1,904.92
cDNA library construction, 11.63

directional cloning, 1,844.87
eukaryotic expression libraries, 1 1.7241.73,

11.76—11177

expression libranes, screenmg, 1414—1422,
14.47—14,49

chemiluminescent screening, 1421—1422
chromogenic screening, 14.204421

master plate/fiher preparation, 14.17
materials for, 1415—1417

processing filters, 14.18
protein expressing clones, 1419—1412
radiochemical screening, 14.19

replica filter preparation, l4.17—14.18
validation of clones, 14.22

 



vector chmcc, 14.14

expressmn vectors, 1.13—1 . 14

finding appropriate, 1.14-1.16
history 01'

1973—1978, 19

1978—1983, 1.9—1.10

1983—prcsem, 1.11—1.14
unnnmological screening oflibraries in, 14.2
111 vilro mutagenesis, 13.19—13.25
for in vitm transcription, 9.29~9.31

lmv-copy-number, 1.12—1.13

ncstcd deletion mutant set creating, 13.57,

135941361
positive selection, 1.12

runaway replication, 1.13
selectable markers, 1.8—1.9

table of,1\3.2—A3.3
USE mutagenesis, 1326—1330

Plasmoon, 18,96

Plasticwarc, preparation of, A8.3
Platinum Tm] P01ymerase, 8.110
chonp—lucL', 18.12
P1115 and minus sequencing technique, 12.4

Plus/minus screening, 989—990
pLVSE, 15.21,15.24

plysS, 15.21, 15.24
PMZ,17actcriophage, 13.71—1372

pMAL vectors, 1515, A32
for fusion protein construction, 15.5
pMALZ, 15.7

pMAL-c2, 15.8, 15.40

pMAL-pZ, 15.8. 15.40
pMB1, A12

plasmid growth and replication, table of, 1.17
rcplicnn, 1.3—1.4

pMC‘), 11.62, 11.66, 14.6, 14.47

pMC128,1.15
Pnu’l

cleavage at end of DNA fragments, A64
fragment size created by, table of, A48
genomic DNA mapping, 568—569
cite frequency in human genome, 4.16, A6.3

p.\1EX,15.15
p1\101345,1.1.4,f\3.2

pMRlOO for LacZ Fusion protein expression, 15.59
PMSF. Sec Phenylmethylsulfonyl fluoride
p.\1\‘V101—104, 18.19—18.20,18.23—18 24

pM‘V107—110, 18.12

p1\1\V111,18.12,A3.5
pMWl 12, 18.12, 18.23—18.25, 18.29,18.44,A3.5
pNB42 series, 18.20

pN1.ch, 18.19
Point mutation detection by ligase amplification

' rcaclion,1.157,1.159
Point-imk system of shearing DNA, A835
polA gene, E. (011, 9.82

P01 1. Sec DNA polymerase, E. cali DNA polymerase I
P013scan program,A11.14
Pol1shing ends

o(amphfied DNA, 8.30, 8.32~8.34
111 DNA sequencing protocols, 12.17

with Klennw, 12.17

w1th '14 DNA polymerase, 12.17
P01y1A1 po1ymerasc, 1.13, 9.56
1’01y1A) RNA

cDNA library construction, 11.39

(DNA probe generation from, 9.38—9.40, 9.43,
9.48

in hybridization solutions, 651—652
1ntcgr1ty,check1ng, 11.39, 11.42

111 northern hybridization, 7.45
111 primer extension assays, 7.76
<clection

hy hatch chromatography, 718—719
by olig01dT1-ce11u1ose chromatography, 7.13—

7.17

on poly(U)—c0ated filters, 7.20
by poly(U)-Sepharose chromatography, 7.20
by streptavidin—coated beads, 7.20

in Southern hybridization, 6.56

Polyacrylamide
chemical structure of, A8.4]
cross-linking, 541—542
structure of, 5.41

Polyacrylamide gel electrophoresis. See also SDS—
polyacrylamidc gel electrophoresis of pro—
teins

agarose ge1s compared, 5.2, 5.40
ana1ysis of protein expression in transfected

cells, 17.69
band—stab PCR of samples from gel, 8.71
caging, 17.13

in coimmunoprecipitation protocol, 18.61,
18.65, 18.68

denaturing, 5.40
DGGE (denaturing gradient gel electrophoresis),

13.91—13.92

DNA detection
autoradiography, 549—550
silver staining, 5.77
staining, 5.47—5.48

DNA Fragment size resolution, percentage gel
for, 7.56

DNA recovery
by crush and soak method, 551—554
by electroelution into dialysis bags, 523—525

DNA sequencing, 1266—1269, 1274—1293

autoradiography, 1290—1293
compression of bands, troubleshooting,

12.83,12.109—12.110

loading, 12.88
base order, 12.88
loading devices, 12.88

marker dye migration rate, 12.89
preparation of, 1274—1284

air bubbles, 12.79
electrolyte gradient gels, 12.83—12.84
formamide containing, 12.81—12.82

glass plates, 12.76—12.78
leaking ge1s, 12.80

materials for, 12.74—12.75
pouring gels, 12.78—12.80

reading, 1290—1293

resolution of, 12.85

running, 12.85-12.89

safety precautions, 12.86
temperature—monitoring strips, 12.86

troubleshooting band pattern aberrations,
12.67—12.69, 12.82

wedge gels, 12.83
in DNase I footprinting protocol, 17.5, 17.10

DNA size selection in shotgun sequencing proto—
col, 12.18

drying gels, 5.50, 12.92
far western analysis of protein—protein interac-

tions, 1849—1850
fixing ge1s, 5.49—550, 12.90—12.92
formamide in sequencing gels, 6.59

gel retardation assays, 17.13—17.17, 17.80
gel-loading buffers, 5.42
glass plates for, 12.76

in GST fusion protein pulldown technique,
18.55, 18.56,18.59

glycerol and, 13.90
IEF and, 18.61

markers

migration rate of dyes, 7.57, 12.89
radiolabeled size, 9.54

method, nondenaturing, 5.44, 5.46
apparatus assembly, 5.44
bubbles, remova1 of, 5.45
casting gel, 5.45
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de-aeration of acrvlamide solution, 5.44
loading samples, 5.46
storage of gels, 5.45

nondenaturing, 540—546

in nuclease SI mapping of RNA, 7.56—759
oligonucleotide purification, 10.11-10.16, 10.48

detection in gels, 10.16
eluting DNA, 10.15
materials for, 10.12—10.13
protocol, 10.13—10.16

in primer extension assay protocol, 7.77,

7.80481
for protein separation, 15.17, 15.24, 15.29, 15.3.3
resolution, 5.40, 5.42
in ribonuclease protection assay

analysis of RNase-resistant hybrids, 773—774

purification of riboprobes, 7.71—7.72
size standards, 7.73—7.74

RNA purification, 9.35
silver staimng DNA, A9.6—A9.7
single-strand conformation polymorphism and,

13.51,13.54—13,55
spacers for, 12.76
tape, gel—sealing, 12.76, 12.78
temperature-monitoring strips, 5.43, 5.46

western b1otting and, A928
polyadq program, A11.14
Polybrene, DNA transfection using, 16.3, 16.43—

16.46
Polycloning sites, 1.10

P01y(dI—dC), 17.14—17.15

Polyethylene glycol (PEG)
DNA purification, 12.31

7» particles, precipitation of, 2.43—2.44
in ligation reactions, 1.152. 1.154
for M13 concentration, 3.26—3.28

PEG 8000, A1.28
as crowding agent, 1.23
phosphorylation reaction enhancement,

9.70—9.71

in shotgun sequencing protocol, 12.18
in virus particIe precipitation, 12.23

PEG—MgClZ solution, A1.21
plasmid DNA purification by PEG prec1pitation,

1.19,1.152,1.159—1.161
in protoplast fusion, 1.154
structure of, 1.154, 3.49

uses of, overview, 1.154, 3.49

Polyethylene imine for facilitation of DEAE trans—
fection, 16.28

Polyhedral inclusion bodies (PIES), 17.81

Polyhistidine-tagged proteins. See Histidine-tagged

proteins
Polylinkers in vectors. See Linkers; specific vectors
P01y-L~1ysine, 18.85, A105

Polymerase, DNA. See DNA polymerase
Polymerase chain reaction (PCR)

amp1ification of specific alleles, 13.48
analysis of

71 recombinants, 2.33, 2.105
products, 8.44, 8.52, 8.58, 8.60, 8.65, 8.70—

8.71, 8.75, 8.80, 8.85, 8.92—8.93

yeast colonies, 4.72—4.73

Band~stab, 8.71

cDNA amplification
of 3’ ends, 861—865

amplification, 864—865
materials for, 861—863
reverse transcription, 8.64

ofS' ends, 8.54~8.60

amplification, 8.59—860

full-length clones, yie1d of, 8.59
matenals for, 8.56—857
reverse transcription, 857—858
tailing reaction, 858—859

mixed ollgonucleotidemrimed, 866—871  
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1'u1\mcr.1sc(1min rcdulon (mnnmmi)

.ln.11v\1.\,8.7()—8.71
hand—smb I’CR and, 8.71
1).\'.\ template. 868—870

gucwncrs, 886—867
malcri.11.~1m',8.69
mclhud, 870—851
pruncr design ru1c5,8.67—8.68
mrmtmns in protocol, 8.67

R1"-1)(.R.8.46—8 53

gl’NA chamcterimlion, rapid, 8.72—876

scrccnmg individual colonies or plaques.
874—875

nlclhod,8.7~1—8.75
lmublcshootmg, 8.75

yeast (01011105875

mccning 7. 111)rd1'11.‘5, 8.76
aluning pmdmts

blunt end, 850—834
dnficulty of. 8.50
end modification, 842—845
gcnetit englnecring with PCR, 842—845

uvcrview, 8.30—8 31

pullshing termini, 830, 832—834
restriclion site addition and, 8.31, 8.37—8.41

damp sequences and, 838—839

diagram of procedure, 8.38

primer design tips, 837—858
problems. 8.37
pmtocul, 859—841

troubleshooting, 8.41

11110 T vectors, 8.51, 8.35—8.36
codon usage, changing, 15.12
components 01

0556111181, 84—86
option<1l,8.9

contamination in. 816—8. 1 7

(Mes, number required, 8.9, 8.12
delcmon of defined mutants, 13.48
diagram of amp1ification sequence, 8.19

diftcremial display. 896—8. 106
advantages of, 8.96

1015, 8.102

materials for, 8101—8102
method, 8102—8 105
primers, 8.96

anchored, 8 99—8100
arbitrary, 8.100

problems with. 896—899
schemaxic representation of, 8.97
up; for success. 8.106

dxgoxygenin labehng of nucleic acids. A938—
A989

in direct sclsuion or (DNA protocol, 11.98—
1 1 .1(1()

11.\'.\ polymerase, thermostable, 8.4, 86—88
3 —5 exonuclease activity, 830

mckldll mixtures of, 8.7, 8.77
111dt11\'d11011,8.25, 8.29
obstructions (0, 8.7

properties and applications, table of, 8.10—
8.1 1

tcrmlnal transferase activity. 830
DNA preparation for
nmmmuhm. 6.3, 616, 619—623, 627—628
\ mm. 6 31

m 1)\'.—\ sequencing

mth end—Iabelcd primers, 1251—1255
\\1th internal labeling, 12.60

ctfiucm) calculatiuns, 8.12

.n cnd~lalwling for (henucal sequencing of
DNA. 12.73

k}(I—f\1clt,4.81
111>1(>r\'()f,8.Z—8.4

1101 \1.lr1, 4.81. 8.110

lnhlbuiun 01, 8.13

by SYBR Gold dye, A98
inosme use 1n,8.1 13
interaction trap posttives, rapid screen tor,

1846—1847

inverse P(IR, 1 157, 474—475, 881—885
materials for. 882—883
method, 884—885
overview 01, 8.81

restrlction enzyme choice for, 8.81, 8.84—8.85
schemam representation of, 8.82

use of, 8,81
Klenow use in, A4.]6

21 recombinant analysis, 233, 2.105
llgatlon—independem cloning (LIC—PCR],

11.121—11.124

locating by linker-scanning mutagenesis, 13.76—
13.77

long PCR, 8.77—8 80

method, 879—880
overview of, 8.77
primers, 8.79

template DNA, 878—879
melting temperature calculation, 8.15—8.16
multiplex. 8.107

mutagencsis, random (mlsincorporation muta-

genesis), 13.80

mutation detection techniques and, 1391—1396
Perfect~Match, adding, 4.81

primer elimination by exonuclease V11, 7.86
primers, 84—85. See also specific applications

base composition, 8.14
concentration of, 8.5
design for basic PCR, 813—816

computer assisted, 8.15
melting temperature, 8.14—8.16
restriction sites, adding, 814, 837—838

factors influencing efficiency, 8.14
length, 8.14, 8.18

nested, 4.81
purification of, 8.5

repetitive or random primer use, 4.75

selecting primers, 8.13—8.15
specificity, 8.13
universal primers, 8113—8117

for thlO/kgtll, 8.116
for M13 vectors, 8.115
for pBR322,8.114
for pUC vectors, 8.115

transcnptlon promoter primers, 8.117
programming

annealing, 8.8—89

denaturatlon, 8.8
extension of primers, 8.9

number of cycles, 8.9
promoter for RNA polymerases, addltion to

DNA fragments, 936—937

amplification conditions, 9.36
primer design, 9.36

protocol, ba51c, 8.18—8.24

bystander DNA, 8.21
controls, 8.21
materials for. 8.18—8.21
method, 8.21—8.22

optimization, 8.23

troubleshooting, 823—824
purification of products

for cloning, 825—826
methods for, 8.27

ultrafiltration for oligonucleotide and dNTP
remova1, 827—829

quantitative PCR, 886—895
amphfication, 8.92

cDNA preparation, 8.91

detection and quantification of products,
892—895

materials tor, 890—891
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and see them swept up as if by an
artist who has finished his picture at last

I think how (already nobody likes either
the way I stand. or my thoughtful face)

a manifestly yellow, decidedly
rusty leaf — has been left behind on the tree.
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