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Chapter 1

Plasmids and Their Usefulness in
Molecular Cloning

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

1
2
3

Preparation of Plasmid DNA by Alkaline Lysis with SDS: Minipreparation
Preparation of Plasmid DNA by Alkaline Lysis with SDS: Midipreparation
Preparation of Plasmid DNA by Alkaline Lysis with SDS: Maxipreparation

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

Preparation of Plasmid DNA by Large-scale Boiling Lysis

Preparation of Plasmid DNA: Toothpick Minipreparation

Preparation of Plasmid DNA by Lysis with SDS

Purification of Plasmid DNA by Precipitation with Polyethylene Glycol
Purification of Plasmid DNA by Chromatography

Purification of Closed Circular DNA by Equilibrium Centrifugation in CsCl-Ethidium
Bromide Gradients: Continuous Gradients

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

Removal of Ethidium Bromide from DNA by Extraction with Organic Solvents
Removal of Ethidium Bromide from DNA by lon-exchange Chromatography

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

Removal of Small Fragments of Nucleic Acid from Preparations of Plasmid DNA by
Chromatography through Sephacryl S-1000

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

Directional Cloning into Plasmid Vectors

Attaching Adaptors to Protruding Termini

Blunt-ended Cloning into Plasmid Vectors

Dephosphorylation of Plasmid DNA

Addition of Synthetic Linkers to Blunt-ended DNA

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

The Hanahan Method for Preparation and Transformation of Competent £. coli:
High-efficiency Transformation
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43
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24  The Inoue Method for Preparation and Transformation of Competent E. coli:
“Ultra-competent” Cells

25  Preparation and Transformation of Competent £. coli using Calcium Chloride
26 Transformation of E. coli by Electroporation
27 Screening Bacterial Colonies Using X-gal and IPTG: a-Complementation
o Alternative Protocol: Direct Application of X-gal and IPTG to Agar Plates
28 Screening Bacterial Colonies by Hybridization: Small Numbers
29  Screening Bacterial Colonies by Hybridization: Intermediate Numbers
o Alternative Protocol: Rapid Lysis of Colonies and Binding of DNA to Nylon Filters
30 Screening Bacterial Colonies by Hybridization: Large Numbers
31 Lysing Colonies and Binding of DNA to Filters
32 Hybridization of Bacterial DNA on Filters
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P LASMIDS ARE EXTRACHROMOSOMAL MOLECULES OF DNA that vary in size from 1 kb to more
than 200 kb. Most of them are double-stranded, covalently closed, circular molecules that can be
isolated from bacterial cells in a superhelical form. Plasmids:

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

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

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

inherited independently of the bacterial chromosome.

have evolved a variety of mechanisms to maintain a stable copy number of the plasmid in their

bacterial hosts and to partition plasmid molecules accurately to daughter cells.

are dependent, to a greater or lesser extent, on the enzymes and proteins encoded by their host

for their replication and transcription.
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o frequently contain genes coding for enzymes that are advantageous to the bacterial host. These
genes specify a remarkably diverse set of traits, many of which are of great medical and com-
mercial significance. Among the phenotypes conferred by plasmids are resistance to and pro-
duction of antibiotics, degradation of complex organic compounds, and production of col-
icins, enterotoxins, and restriction and modification enzymes.

The word “plasmid,” introduced by Joshua Lederberg in 1952, was defined as an extrachromosomal genet-
ic element. It was supplanted for a while by “episome,” a term proposed by Jacob and Wollman (1958) to
describe an accessory genetic element that is transmissable from cell to cell and may be propagated either
in the cytoplasm or, after insertion, as part of the bacterial chromosome. However, operational difficulties
soon arose in deciding whether some extrachromosomal elements were plasmids, because they were
never seen to insert into the host chromosome, or episomes that inserted at very low frequency. Hayes
{1969) therefore suggested that the term episome “should be thanked for its services and sent into hon-
ourable retirement.” This has not happened: Both words are now in common use, and the distinction
between themn has become blurred. However, most of the vectors discussed in this chapter are plasmids
as defined by Lederberg and not episomes as defined by Jacob and Wollman. So, for readers who desire
firm guidance in this matter, we say that “plasmid” is more correct than “episome” most of the time, but
there are of course always exceptions.

THE REPLICONS OF PLASMIDS DEFINE THEIR COPY NUMBER

A replicon is a genetic unit consisting of an origin of DNA replication and its associated control
elements. In plasmids, the origin of replication is a defined segment of DNA several hundred base
pairs in length: Its set of associated cis-acting controlling elements contains sites for diffusible
plasmid- and host-encoded factors involved in initiation of DNA synthesis. A plasmid replicon
can therefore be defined as the smallest piece of plasmid DNA that is able to replicate autonomous-
ly and maintain normal copy number.

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

More than 30 different replicons have been identified in plasmids. However, almost all plas-
mids used routinely in molecular cloning carry a replicon derived from pMBI, a plasmid origi-
nally isolated from a clinical specimen (Hershfield et al. 1974). Plasmids carrying the primeval
pMBI1 replicon (or its close relative, the colicin E1 [colE1] replicon [Balbas et al. 1986]) maintain
between 15 and 20 copies in each bacterial cell. However, over the years, the pMB1/colE1 replicon
has been extensively modified to increase the copy number, and hence the yield, of plasmid DNA.
High-copy-number plasmid vectors are available in huge variety, are the workhorses of molecu-
lar cloning, and are used for almost all routine manipulation of small segments of recombinant
DNAs (<15 kb in size). By contrast, low-copy-number vectors, which carry replicons from
sources other than pMB1/colE1 (Table 1-1), are required for special purposes. These include (1)
cloning of DNA sequences that are unstable and genes that are lethal when propagated in high-
copy-number plasmids and (2) constructing bacterial artificial chromosomes (BACs), which are
vectors used to propagate large (~100 kb) segments of foreign DNA as plasmids in Escherichia coli
(please see Chapter 2).
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TABLE 1-1 Replicons Carried by Plasmid Vectors

PLASMID REepPLICON Copry NUMBER REFERENCES

pBR322 pMBI 15-20 Bolivar et al. (1977b)

pUC modified form of pMB1 500-700 Vieira and Messing (1982, 1987); Messing
(1983); Lin-Chao et al. (1992)

pMODB45 pKN402 15-118 Bittner and Vapnek (1981)

pACYC p15A 18-22 Chang and Cohen (1978)

pSCI01 pSC101 ~5 Stoker et al, (1982)

colE1 colE1 15-20 Kahn et al. (1979)

REPLICATION OF PLASMIDS

Stringent and Relaxed Replication

The copy number of a plasmid is defined as the average number of plasmids per bacterial cell or
per chromosome under normal growth conditions. Controlled by the plasmid replicon, the copy
number can increase or decrease within a narrow range in response to changes in the growth con-
ditions of the bacterial culture. At steady state, the population of plasmid doubles at exactly the
same rate as the population of host cells, and the copy number remains constant.

Plasmids, whatever their replicon, maintain harmony between their rate of replication and
that of the host by rationing the supply of a molecule that affects the frequency of initiation of
plasmid DNA synthesis. In plasmids carrying the pMB1/colE1 replicon, this positive regulatory
molecule is an RNA, known as RNAII, which is used to prime initiation of leading-strand DNA
synthesis. However, the regulatory molecule of other replicons (e.g., pSC101) is a cis-acting pro-
tein (RepA) that acts positively on the origin of replication and negatively regulates the tran-
scription of its own gene (Linder et al. 1985; for reviews, please see Nordstrom 1990; Nordstrom
and Wagner 1994; Helinski et al. 1996). In all cases, the synthesis and activity of positive regula-
tory RNA and protein molecules are modulated by ancillary trans-acting products whose con-
centration is responsive to plasmid copy number or to alterations in the physiology of the host
bacterium.

Plasmids whose positive regulatory molecule is an RNA molecule generally have high copy
numbers and do not require any plasmid-encoded proteins for replication. Instead, they rely
entirely on long-lived enzymes and proteins supplied by the host, including chaperones, DNA
polymerases I and III, DNA-dependent RNA polymerase, ribonuclease H (RNase H), DNA
gyrase, and topoisomerase I (for review, please see Helinski et al. 1996). These plasmids, which are
said to replicate in a “relaxed” fashion, continue to duplicate when protein synthesis is inhibited
by amino acid starvation (Bazaral and Helinski 1968) or by addition of an antibiotic such as chlo-
ramphenicol (Clewell and Helinski 1969) (please see the information panel on CHLORAMPHENI-
COL). Because protein synthesis is required for initiation of each round of host DNA synthesis but
not for plasmid replication, the content of plasmid DNA in cells exposed to chloramphenicol
increases relative to the amount of chromosomal DNA (Clewell 1972). Over the course of sever-
al hours of amplification, thousands of copies of a relaxed plasmid may accumulate in the cell; at
the end of the process, plasmid DNA may account for 50% or more of the total cellular DNA. By
contrast, plasmids such as pSC101 require ongoing synthesis of the RepA protein for replication,
and their copy number cannot be amplified, nor their yield increased, by inhibiting cellular pro-
tein synthesis. Such plasmids are said to replicate under “stringent” control.




Introduction 1.5

Initiation of DNA Synthesis at colE1 Origins Is Primed by RNAII

[nitiation occurs within a 600-nucleotide region that contains all of the cis-acting elements
required for replication. Synthesis of leading-strand DNA is primed by RNAII (Figure 1-1) (for
review, please see Eguchi et al. 1991).

Synthesis of the precursor to RNAII is initiated at a promoter 550 bp upstream of the ori-
gin, proceeds through the origin, and terminates at one of a number of closely spaced sites locat-

RNAI DNA polymerase
A
I IORII | ROM/RQP
600 -400 200 © 200 400  600| 800
L
RNAII

—
RNA polymerase
. l
site of cleavage

RNA primer DNA polymerase

RNAI

RNA

D

' . ?/,
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FIGURE 1-1 DNA Synthesis at the colE1 Replicon: Interaction between RNAI and RNAII

(A) Genetic map of the colE1 replicon with transcription patterns of this region, (B} RNAII serves as the
primer for DNA synthesis at the colE1 replicon. During synthesis of RNAII, the 5 region of the nascent
molecule folds into a specific conformation that allows the growing 3 “end to form a persistent DNA-RNA
hybrid with the DNA template at the origin of replication. The 3 “region of RNAII is processed by RNase
H to generate a primer that is used for synthesis of the leading strand by DNA polymerase 1. (C) The “kiss-
ing complex” between RNAI and RNAII is stabilized by binding of dimeric Rom/Rop protein. (D) Blow up
of the “kissing complex” between RNAI and RNAIL The stable complex between RNAI and RNAII pre-
vents DNA synthesis by suppressing the formation of the stable hybrid between RNAII and DNA.
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ed ~150 nucleotides downstream. The 5 end of the ~750-nucleotide primary transcript folds
into a complex secondary structure that brings a G-rich loop in RNAII into alignment with a C-
rich stretch of plasmid DNA located 20 nucleotides upstream of the origin on the template
strand. The RNAII transcript is then processed into mature primer by RNase H, which cleaves the
RNA within a sequence of five A residues at the origin. The resulting 555-nucleotide mature
RNAII is used as a primer bv DNA polymerase I to initiate synthesis of the leading strand (for
reviews and references, please see Kiies and Stahl 1989; Cesareni et al. 1991; Helinski et al. 1996).
Extension of the stable DNA-RNA hybrid exposes sites on the complementary strand of DNA at
which discontinuous synthesis of the lagging strand is initiated. Because lagging-strand synthesis
is blocked ~20 nucleotides upstream of the origin by the unhybridized segments of RNAII, repli-
cation progresses unidirectionally in Cairns or 6 structures in plasmids carrying pMB1/colE]
replicons.

RNAI Is a Negative Regulator of Replication

The colEl replicon is unable to influence the activity of the host enzymes required for plasmid
replication and, therefore, is unable to alter the speed or course of events that occur after DNA
synthesis has been initiated. Consequently, control of copy number must be exerted at or before
initiation of DNA replication. Synthesis of plasmid DNA depends on the formation of a persis-
tent DNA-RNAII hybrid at the origin of replication. Under normal circumstances, initiation is
controlled by altering the equilibrium between correctly folded RNAII, which can form the per-
sistent hybrid, and inappropriately folded structures of RNAIIL, which cannot.

Sway over this equilibrium lies chiefly in the hands of RNAI, a small transcript of 108 bases
encoded by the antisense strand of the RNAII gene. RNAI folds into a cloverleaf structure that
binds to the nascent RNAII precursor and thereby prevents its folding into the secondary struc-
ture required for formation of the persistent hybrid (Lacatena and Cesareni 1981).

The mechanism by which RNAI and RNAII interact has been described in great detail by
Tomizawa and his colleagues (e.g., please see Tomizawa 1990a). The picture that emerges is one
of dynamic interactions between RNAI and short-lived folding intermediates of RNAIL The fold-
ing of RNAII is particularly vulnerable to interference by RNAI when the nascent RNAII tran-
script is between 80 and 360 nucleotides in length. The initial contacts occur between stem-loops
in the two RNA molecules and lead to formation of a segment of double-stranded RNA that
involves the 5" sequences of RNAII and the entire length of RNAL RNAI therefore controls plas-
mid copy number by acting as a negative regulator of initiation of plasmid DNA synthesis.

me copy number of the pUC family of plasmids is much higher than that of other plasmids carrying a pMB1

or colE1 replicon. This is because pUC plasmids carry a point mutation that alters the secondary structure of

‘ the positive regulatory molecule (RNAII) in a temperature-dependent fashion. At 37°C or 429C, RNAII appears
| to fold into a conformation that is resistant to inhibition by RNAL Initiation of DNA synthesis is enhanced,

tsu(tmg in abnormally high copy number. When the bacterial culture is grown at 30°C, the copy number of

UC plasmids is restored to normal {Lin-Chao et al. 1992). |

. J

The simplest hypothesis to explain the maintenance of plasmid copy number is that the
steady-state concentration of cytoplasmic RNAI is determined by gene dosage (Tomizawa 1987;
Chiang and Bremer 1991). Thus, if the copy number of the plasmid increases above normal, the
concentration of RNAI will rise and plasmid DNA replication will be inhibited. However, this
coupling between plasmid copy number and fluctuations in inhibitor concentration can work
only if the half-life of RNAI is short (Pritchard 1984) and if the rate of degradation of RNAI is
proportional to the rate of growth of the culture. These two conditions both appear to be fulfilled
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under normal conditions of cell growth, where the half-life of RNAI is 1-2 minutes. Kinetic cal-
culations show that this period is sufficiently short for the molecule to act as a real-time sensor of
plasmid copy number (Brendel and Perelson 1993).

Degradation of RNAI proceeds in two stages. First, the five 5'-terminal nucleotides are
removed by endonucleolytic cleavage by RNase E. The truncated molecule can still bind to RNAII
but is now susceptible to degradation by a ribonuclease whose activity is responsive to growth rate
(Lin-Chao and Cohen 1991). This regulation provides a mechanism to maintain a constant num-
ber of plasmids even when the growth rate of cells is fitful.

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

The efficiency of binding of RNAI to RNAII is improved by a plasmid-encoded protein known as
Rom (RNAI modulator) or Rop (repressor of primer). By improving the efficiency of hybrid for-
mation between RNAI and RNAII, Rom enhances the negative regulatory action of RNAIL.
Accordingly, deletion of the rom/rop gene increases the copy number of colE1 plasmids by at least
two orders of magnitude (Twigg and Sherratt 1980). For example, deletion of the rom/rop genes
raises the copy number of the old war horse pBR322 from 15-20 copies to more than 500 copies
per bacterial cell, whereas insertion of a segment of foreign DNA into the rom/rop gene causes
lethal runaway plasmid DNA replication (Giza and Huang 1989).

Rom is a homodimer of a 63-amino-acid polypeptide encoded by a gene lying 400 nucleotides downstream
from the colE1 origin of replication (Twigg and Sherratt 1980; Tomizawa and Som 1984). Each subunit of the
dimer consists of two o helices connected by a sharp bend; therefore, the dimer is a tight bundle of four o
helices exhibiting twofold symmetry (Banner et al. 1987). Rom binds to RNAI and RNAII with similar affinities
(Helmer-Citterich et al. 1988) and drives unstable intermediates formed between the two complementary
RNAs into a more stable structure (Lacatena et al. 1984; Tomizawa and Som 1984; Tomizawa 1990b). Most .
probably, each of the two subunits of Rom recognizes sequence and structural elements in both RNAI and
RNAIL Rom binds to a stem on the interacting RNAs, stabilizing the “kissing” complex (Tomizawa 1985) and
initiating formation of a perfect RNAI-RNAIL hybrid (Eguchi and Tomizawa 1990).

INCOMPATIBILITY OF PLASMIDS

When two plasmids share elements of the same replication machinery, they compete with each
other during both replication and the subsequent step of partitioning into daughter cells. Such
plasmids are unable to coexist without selection in bacterial cultures. This phenomenon is known
as incompatibility (for reviews, please see Davison 1984; Novick 1987).

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

Plasmids carrying the same replicon are selected at random from the intracellular pool for
replication. However, this does not guarantee that the copy numbers of two plasmids will remain
constant in a bacterial population. Larger plasmids, for example, require more time to replicate
than do smaller plasmids and are at a selective disadvantage in every cell of the bacterial popula-
tion. Plasmids of similar size may also be incompatible because of imbalances in the efficiency of
initiation resulting from stochastic processes within individual bacterial cells. Such turns of
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TABLE 1-2 Control Elements That Regulate Replication

INCOMPATIBILITY NEGATIVE CONTROL

Grours ELEMENT COMMENT

collL1, pMBI RNAI controls processing of pre-RNAII into primer
IncKIL, pT181 RNA controls synthesis of RepA protein

PL, K R6K, psCI01, pl5A iterons sequesters RepA protein

chance can lead rapidly to drastic differences in the copy number of the two plasmids. In some
cells, one plasmid might dominate, whereas in other cells, its incompatible partner might pros-
per. Over the course of a few generations of bacterial growth in the absence of selection, the
minority plasmid may be completely eliminated from some cells of the population. Descendants
of the original cell may contain one plasmid or the other, but very rarely both.

The regions of plasmid DNA that confer incompatibility can be identified by introducing
segments of the DNA into an unrelated multicopy replicon and determining the ability of a test
plasmid to coexist with the hybrid. For example, the incompatibility locus of the stringent, low-
copy-number plasmid pSC101 maps to a series of directly repeated ~20-bp sequences known as
iterons, located at the origin of replication. The iterons, in conjunction with the nearby cis-acting
par locus, appear to “handcuft” plasmid DNA molecules by sequestering the plasmid-encoded
Rep A protein so that it can no longer facilitate binding of host-encoded proteins to the origin (for
review, please see Nordstrom 1990). By contrast, in the case of colE1 described above, incompat-
ibility is defined by the inhibitory activity of RNAI {for review, please see Novick 1987). Any two
plasmids that are isogenic for RNAI and use it for regulation are incompatible, whether or not
they share any other functions (Tomizawa and Itoh 1981).

As discussed earlier, most vectors in current use carry a replicon derived from the plasmid
pMBL. These vectors are incompatible with all other plasmids carrying the colE1 replicon but are
fully compatible with iteron-binding replicons such as those in pSC101 and its derivatives. Table
1-2 lists several well-known plasmids and negative control elements involved in regulating their
replication.

'PLASMID VECTORS

Selectable Markers

Plasmid vectors contain genetic markers that confer strong growth advantages upon plasmid-bear-
ing bacteria under selective conditions. In molecular cloning, these markers are used:

o To select clones of plasmid-bearing bacteria: In the laboratory, plasmid DNA can be introduced
into bacteria by the artificial process of transformation. However, even under the best condi-
tions, transformation is generally inefficient, and plasmids become stably established in only a
small minority of the bacterial population. Selectable markers carried by the plasmid allow
these rare transformants to be selected with ease. These plasmid-encoded markers provide spe-
cific resistance to (i.e., the ability to grow in the presence of) antibiotics such as the
kanamycins, ampicillin and carbenicillin, and the tetracyclines. The properties and modes of
action of these antibiotics are discussed in information panels at the end of this chapter.

e To indemnify transformed bacteria against the risks imposed by their burden of plasmid DNA
or plasmid-encoded proteins: Plasmids present at low copy numbers (<20 copies/cell) do not
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appear to unduly handicap their host cells. However, much evidence shows that high-copv-
number plasmids and large quantities of recombinant proteins can severely hamper the
growth, and even the survival, of transformed cells (Murray and Kelley 1979; Beck and Bremer
1980). To prevent the emergence of bacteria from which the plasmid has been eliminated, it is
important to sustain selective pressure by including the appropriate antibiotic in the culture
medium at all times.

In the early 1970s, selectable markers, typically kan" or amp' or tet', were introduced into plas-
mids carrying the pMBI (or colE1) replicon (please see the information panels on KANAMYCINS,
TETRACYCLINE, and AMPICILLIN AND CARBENICILLIN ). The first plasmids used as cloning vectors
— pSC101 (Cohen et al. 1973), colE1 (Hershfield et al. 1974), and pCR1 (Covey et al. 1976) —
were limited in their versatility: Either they replicated poorly or they carried unsuitable selectable
markers, and none of them contained more than two restriction sites that could be used for
cloning. The first plasmid to combine all of the then-available desirable features was pBR313
(Bolivar et al. 1977a,b; please see the information panel on pBR322). It replicated in a relaxed fash-
ion, contained two selectable markers (tet " and ampr), and carried a number of useful restriction
sites. However, pBR313 was unnecessarily large; more than half of its DNA was not essential for
its role as a vector. The first phase of plasmid vector development ended with the construction of
pBR322 (Bolivar et al. 1977b), a plasmid of 4.36 kb from which most of these unnecessary
sequences had been eliminated. pBR322 was the most widely used cloning vehicle of its day, and
many of the plasmid vectors in current usc are its distant descendants (for review, please see
Balbas et al. 1986).

This period saw the evolution of clunky plasmids such as pBR322 into vectors that were smaller
in size, higher in copy number, and able to accept fragments of foreign DNA generated by cleav-
age with a wider range of restriction enzymes. There is no strict upper limit to the size of DNA
fragments that can be cloned in plasmids. However, there are advantages in reducing the size of
plasmid vectors to a minimum. Plasmid copy number, stability, and transforming efficiency all
increase as the size of their DNA is reduced. Smaller plasmids can accommodate larger segments
of foreign DNA before their efficiency begins to deteriorate. In addition, because smaller colE1
plasmids replicate to higher copy numbers, the yield of foreign DNA is increased and hybridiza-
tion signals are fortified when transformed colonies containing cloned foreign DNA sequences
are screened with radiolabeled probes.

In the late 1970s and early 1980s, the problems of unwieldiness and inefficiency were
addressed when streamlined derivatives of pBR322 were constructed. These plasmids lacked
ancillary sequences involved in the control of copy number and mobilization. Unfortunately, the
first-generation high-copy-number plasmids, of which pXf3 (Hanahan 1983) and pAT53 (Twigg
and Sherratt 1980) were the best known, suffered from a major defect: Foreign DNA sequences
could be inserted only at a limited number of restriction sites located within the “natural”
sequences used to construct the plasmid. Within a year or two, these plasmids had been replaced
by a revolutionary series of vectors (pUC vectors), in which the number of restriction enzyme
cleavage sites was expanded and their distribution within the vector was rationalized (Messing
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1983; Norrander et al, 1983; Yanisch-Perron et al. 1985; Vieira and Messing 1987). The pUC vec-
tors were the first plasmids to contain a closely arranged series of synthetic cloning sites, termed
polylinkers, multiple cloning sites, or polycloning sites, that consist of banks of sequences recog-
nized by restriction enzymes. In most cases, these restriction sites are unique; i.e., they are not
found elsewhere in the plasmid vector. For example, the polycloning site from the vector pUCI19
consists of a tandem array of unique cleavage sites for 13 restriction enzymes: HindIII, Sphl, Pst],
Sall, Accl, Hincll, Xbal, BamHI, Smal, Xmal, Kpnl, Sacl, and EcoRL

Such arrays of recognition sequences provide a vast variety of targets that can be used singly
or in combination to clone DNA fragments generated by cleavage with a large number of restric-
tion enzymes. Furthermore, fragments inserted at one restriction site can often be excised by
cleavage of the recombinant plasmid with restriction enzymes that cleave at flanking sites.
Insertion of a segment of DNA into a polycloning site is therefore equivalent to adding synthetic
linkers to its termini. The availability of these flanking sites greatly simplifies the task of mapping
the segment of foreign DNA.

A potential disadvantage of drawing together all cloning sites into one location in a plasmid
is the inability to use inactivation of a selectable marker to screen for recombinants. This method
had been used extensively with first-generation plasmids, such as pBR322, that carry two or more
different selectable markers, e.g., tef and amp', each containing a “natural” restriction site.
Insertion of foreign DNA sequences into one of these sites inactivated one of the two markers.
Bacteria containing recombinant plasmids could therefore be distinguished from those carrying
the empty parental vector by virtue of their ability to grow in only one of the two sets of selective
conditions (please see the information panel on AMPICILLIN AND CARBENICILLIN).

Insertional inactivation is not possible with pUC vectors, which carry only one antibiotic
resistance gene (typically amp') and an aggregated set of cloning sites. However, recombinant
plasmids can be readily distinguished from parental pUC plasmids by screening the color of bac-
terial colonies. pUC vectors and many of their derivatives carry a short segment of E. coli DNA
that contains the regulatory sequences of the lacZ gene and the coding information for the
amino-terminal 146 amino acids of B-galactosidase. Embedded in the coding information, just
downstream from the initiating ATG, is a multiple cloning site. The small amino-terminal frag-
ment of B-galactosidase expressed by pUC vectors in transformed bacteria has no endogenous B-
galactosidase activity. However, the amino-terminal fragment, known as the o-fragment, can
complement certain mutants of B-galactosidase, which are themselves inactive, producing an
enzyme that has abundant catalytic activity. o-complementation occurs when pUC plasmids are
introduced into strains of E. coli that express an inactive carboxy-terminal fragment (the w-frag-
ment) of B-galactosidase.

When a segment of foreign DNA is cloned into the multiple cloning site of pUC vectors, the
sequence encoding the o-fragment is disrupted, and o-complemention is either greatly sup-
pressed or abolished altogether. Bacterial colonies containing recombinant plasmids are therefore
amp' and contain little or no B-galactosidase activity. By contrast, bacterial colonies containing
empty plasmids are amp' and are able to hydrolyze nonfermentable, chromogenic substrates such
as 5-bromo-4-chloro-3-indole-B-D-galactoside (X-gal) (Horwitz et al. 1964; Davies and Jacob
1968; please see the information panels on X-GAL and on o-COMPLEMENTATION). The two types
of colonies can therefore be distinguished by a simple, nondestructive histochemical test (Miller
1972). When X-gal is included in the agar medium, colonies carrying parental nonrecombinant
plasmids become deep blue, whereas those containing recombinant plasmids either remain an
ordinary creamy white or become tinted in pale egg-shell blue (for more details, please see the
information panel on a-COMPLEMENTATION).
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The latest phase of construction of plasmid vectors has involved the incorporation of ancillary
sequences that are used for a variety of purposes, including generation of single-stranded DNA
templates for DNA sequencing, transcription of foreign DNA sequences in vitro, direct selection
of recombinant clones, and expression of large amounts of foreign proteins. These specialized
functions are discussed briefly here and in more detail in later chapters.

Plasmid Vectors Carrying Origins of Replication Derived
from Single-stranded Bacteriophages

Many plasmid vectors in current use carry the origin of DNA replication from the genome of a
single-stranded filamentous bacteriophage such as M13 or f1 (please see Chapter 3). Such vectors,
which are sometimes called phagemids, combine the best features of plasmid and single-strand-
ed bacteriophage vectors and have the advantage of two separate modes of replication: as a con-
ventional double-stranded DNA plasmid and as a template to produce single-stranded copies of
one of the phagemid strands. A phagemid can therefore be used in the same way as an orthodox
plasmid vector, or it can be used to produce filamentous bacteriophage particles that contain sin-
gle-stranded copies of cloned segments of DNA. Since their introduction in the early 1980s,
phagemids have eliminated much of the need to subclone segments of foreign DNA from plas-
mids into conventional single-stranded bacteriophage vectors.

Production of single-stranded DNA is induced when bacteria carrying a phagemid are
infected with a helper bacteriophage that carries the genes required to (1) generate single-strand-
ed DNA from a double-stranded template and (2) package the single-stranded DNA into fila-
mentous virus particles. The defective filamentous virions secreted from a small-scale culture of
infected bacteria contain sufficient single-stranded DNA for sequencing (please see Chapter 12;
for preparation of radiclabeled single-stranded probes, please see Chapter 9 or for site-directed
mutagenesis, please see Chapter 13).

In most cases, pairs of plasmid vectors are available that differ in the orientation of the bac-
teriophage origin of replication. The orientation of the origin determines which of the two DNA
strands will be encapsidated into bacteriophage particles. By convention, a plus sign (+) indicates
that the origin in the plasmid and that in the bacteriophage particle are in the same orientation.
For more details on the design and use of phagemids, please see Chapter 3.

Plasmid Vectors Carrying Bacteriophage Promoters

Many plasmid vectors carry promoters derived from bacteriophages T3, T7, and/or SP6 adjacent
to the multiple cloning site (MCS). Foreign DNAs inserted at restriction sites within the MCS can
therefore be transcribed in vitro when the linearized recombinant plasmid DNA is incubated with
the appropriate DNA-dependent RNA polymerase and ribonucleotide precursors (please see
Chapter 9). These promoters are so specific that RNA polymerase from SP6, for example, will not
synthesize RNA from any other bacteriophage promoter located elsewhere in the plasmid.

Many commercial vectors (e.g., vectors of the pGEM series or the Bluescript series) carry
two bacteriophage promoters in opposite orientations, located on each side of the multiple
cloning site (Short et al. 1988). This organization allows RNA to be synthesized in vitro from
either end and either strand of the foreign DNA, depending on the type of RNA polymerase used
in the transcription reaction. The RNAs generated in this way can be used as hybridization probes
or can be translated in cell-free protein-synthesizing systems. In addition, vectors carrying the T7
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promoter can be used to express cloned DNA sequences in bacteria expressing T7 RNA poly-
merase (please see Chapter 9, Protocol 8) (Tabor and Richardson 1985).

Positive Selection Vectors

Identifying plasmids with DNA inserts can be frustrating and time-consuming. However, a vari-
ety of cloning vectors have been developed that allow growth only of bacterial colonies carrying
recombinant plasmids (for reviews, please see Burns and Beacham 1984; Hengen 1997). Bacteria
containing the empty parental plasmid are unable to form colonies under selective conditions.
Typically, the plasmids used in these systems express a gene product that is lethal for certain bac-
terial hosts; cloning a segment of foreign DNA into the plasmid inactivates the gene and relieves
the toxicity. For example, Bochner et al. (1980), Maloy and Nunn (1981), and Craine (1982)
describe conditions under which transformed bacteria carrying plasmid vectors coding for tet '
will die, whereas recombinant plasmids carrying a segment of foreign DNA within the ter ' gene
will grow. Other conditionally lethal genes used in various positive selection vectors include those
encoding the bacteriophage A repressor (Nilsson et al. 1983; Mongolsuk et al. 1994), EcoRI methy-
lase (Cheng and Modrich 1983), EcoRI endonuclease (Kuhn et al. 1986), galactokinase (Ahmed
1984), colicin E3 (Vernet et al. 1985), transcription factor GATA-1(Trudel et al. 1996), the lysis
protein of ¢X174 (Henrich and Plapp 1986), the ccdB gene of E. coli (Bernard 1995, 1996), and
barnase (Yazynin et al. 1996). Ingenious as these positive selection systems may be, few of them
have found wide use. In many cases, the number of potential cloning sites is limited, the efficien-
cy of the selection may be variable, special host cells may be required, and the plasmids may be
devoid of desirable features (e.g., bacteriophage promoters and bacteriophage M13 origin of
DNA replication). In consequence, most investigators prefer to reduce the background of empty
plasmids by other means, for example, by optimizing the ratio of vector DNA to insert in the lig-
ation reaction, dephosphorylating the vector, or using directional cloning. Colonies containing
the desired recombinant are then identified by hybridization in situ to radiolabeled probes,
restriction analysis of small-scale preparations of plasmids, and/or polymerase chain reaction
(PCR) amplification of inserts.

Low-copy-number Plasmid Vectors

By contrast to conventional high-copy-number plasmid vectors, which carry souped-up versions
of the colE1 replicon, low-copy-number plasmid vectors are built around replicons such as R1
that keep plasmid DNA synthesis under a very tight rein.

The first generation of low-copy vectors — rather bulky and fairly rough-hewn by today’s
standards — was designed to solve problems of toxicity that arose when particular types of for-
eign genes and DNA sequences were cloned in plasmid vectors. Many genes coding for membrane
and DNA-binding proteins fall into this class, as do certain promoters and regulatory sequences
(e.g., please see Fiil et al. 1979; Hansen and von Meyenberg 1979; Little 1979; Murray and Kelley
1979; Beck and Bremer 1980; Spratt et al. 1980; Claverie-Martin et al. 1989}. Sometimes, these
DNA sequences and gene products are so toxic to the host bacteria that it is simply impossible to
isolate transformed strains using high-copy-number vectors. If transformants are obtained, their
growth rate is often frustratingly slow, and the cloned foreign DNA sequences are often unstable.
To solve these problems, multipurpose low-copy-number vectors have been developed that carry
tightly regulated prokaryotic promoters with a low level of basal expression, for example, the pET
series of vectors, and prokaryotic transcription terminators to prevent spurious transcription of
foreign DNA sequences from upstream plasmid promoters. These low-copy-number vectors now
come equipped with multiple cloning sites, origins of replication of single-stranded bacterio-
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phages, T3 and T7 promoters, and other useful modular conveniences of proven worth. Most
modern low-copy-number vectors also carry par loci that promote accurate partitioning of plas-
mid molecules into daughter cells during cell division. Problems of plasmid instability may also
be solved by using an E. coli strain that suppresses replication of colE1 plasmids. Most strains of
E. coli used as hosts for colEl plasmids carry a wild-type version of a gene known as pcnB, which
codes for poly(A) polymerase. Wild-type pcnB promotes the decay of RNAI the negative regula-
tor of copy number of colEl plasmids, by adding adenylate residues to the 3" terminus of RNAI.
In its polyadenylated form, RNAI is highly unstable and is therefore unable to prevent formation
of RNAII the primer for plasmid DNA synthesis. In strains of E. coli bearing a mutant pcnB allele,
RNAI remains unadenylated and its half-life is extended. Processing of RNAII is suppressed and
the copy number of colEl plasmids is thereby reduced by a factor of ~10. Many recombinant
colEL plasmids that are unstable in conventional E. coli hosts can be grown successtully in pcnB
mutant strains (He et al. 1993; Ellis et al. 1995; Podkovryov and Larson 1995; Pierson and Barcak
1999).

Runaway-replication Plasmid Vectors

Runaway vectors replicate in a normal fashion at temperatures up to 34°C. However, their copy
number increases as the temperature of the culture is raised until, at 39°C, plasmid replication
becomes uncontrolled. Vectors based on the low-copy-number IncFII plasmid R1 have been con-
verted to runaway-replication vectors by artificially increasing the rate of synthesis of repA
mRNA, for example, by placing the repA gene under the control of the bacteriophage A prorp,
promoter. The activity of this promoter is in turn controlled by the temperature-sensitive A
repressor cI857 (for review, please see Nordstrém and Uhlin 1992). Because runaway amplifica-
tion occurs in the presence of protein synthesis, the expressed product of a foreign DNA cloned
in a runaway plasmid may eventually constitute 50% of the protein in a bacterial cell in which
plasmid replication has gone amok (e.g., please see Remaut et al. 1983).

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

Plasmid Expression Vectors

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

In many cases, plasmid expression vectors are designed to express foreign proteins that are
not linked to any prokaryotic sequences; more commonly, however, expression vectors generate
fusion proteins that are encoded partly by the vector and partly by an open reading frame in the
cloned segment of foreign DNA. The foreign protein is therefore synthesized as a fused polypep-
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tide containing a tract of amino acids that are not normally part of the native protein. In the early
days of cloning, the tract of foreign amino acids was often large enough to produce dramatic
changes in the physical and biological properties of the protein under study. Solubility and sta-
bility could be altered for better or worse, and there was a good chance that the biological prop-
erties of the protein would be compromised, at least to some extent.

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

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

Finding Plasmid Vectors Appropriate for Specific Tasks

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

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

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

Choosing an Appropriate Strain of E. coli

Most investigators want to use strains of E. coli that are easy to transform with plasmid DNA (e.g.,
DHI or MM294; for a full list of useful strains, please see Appendix 3). The vast majority of
colE1-type plasmids introduced into these strains replicate to high copy number and can be iso-
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lated in high yield. However, a significant minority of recombinant plasmids transform strains of
E. coli such as DH1 and MM294 with low efficiency, generate transformed colonies that are small-
er than usual, and produce low yields of plasmid DNA. Most of these “difficult” plasmids can be
shown to encode a protein that is toxic to E. coli or to contain inverted or repeated DNA
sequences.

The problem of toxic proteins can be alleviated by switching to an amplifiable low-copy-
number vector or to a high-copy-number vector containing prokaryotic transcription termina-
tion signals that suppress readthrough transcription of foreign DNA sequences. Another possi-
bility, however, is to use strains of E. coli that suppress the copy number of colE1-based plasmids.
Several commercially available strains of E. coli (e.g., ABLE C and ABLE K strains from
Stratagene) reduce the copy number of colE1 plasmids (and hence the level of plasmid-encoded
toxic proteins) by four- to tenfold. The yield of plasmid DNA from such strains, albeit reduced,
is sufficient for most purposes in molecular cloning.

If there is reason to suspect that a plasmid may carry repeated DNA sequences that are sub-
strates for the general recombination systems of E. coli, consider the possibility of switching to a
recombination-deficient strain. For example, strains carrying a recA mutation have almost no
recombination capacity (Weinstock 1987) and are the preferred hosts for many targeting vectors
used in gene knock-out experiments in mice, such as vectors that contain two copies of a viral
thymidine kinase gene. Wayward inserts can also be stabilized in strains carrying recB mutations,
which inactivate exonuclease V and reduce general recombination to a few percent of normal.
Finally, improved yields of certain plasmids have been reported in strains deficient in SOS repair
or DNA repair that carry mutations in the umuC and uvrC genes (Doherty et al. 1993).

Inverted repeat sequences are often lethal to their carrier plasmid. Thus, recombinant plas-
mids containing perfect or near-perfect inverted repeats longer than ~300 bp fail to transform
conventional host strains of E. coli or do so with very low efficiency. In many cases, the forced
propagation of such clones provokes internal deletions or other rearrangements that remove the
center of symmetry of the palindrome (e.g., please see Hagan and Warren 1983). Sequences con-
taining head-to-head palindromes are lethal, perhaps because they inhibit DNA replication by
interfering with the passage of replication forks or because they deleteriously affect the state of
supercoiling of the plasmid, leaving it open to attack by nucleases (Collins and Hohn 1978; Lilley
1980; Collins 1981; Mizuuchi et al. 1982; Hagan and Warren 1983).

No strain of E. coli exists that is guaranteed to propagate all recombinant clones containing
palindromic sequences. E. coli strains carrying mutations in recBC and sbeBC genes will support
growth of plasmids containing certain palindromic sequences of a variety of sizes and sources.
However, plasmids with a colE1 origin are unstable in recBC, sbcBC hosts because they form lin-
ear multimers (e.g., please see Cohen and Clark 1986), which apparently interfere with replica-
tion and partition of chromosomal DNA (Kusano et al. 1989). Multimer formation is dependent
on a subset of proteins involved in the RecF recombination pathway function and does not occur
in cells that are deficient in RecF, Rec], RecA, RecO, or RecQ function.

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

Finally, if plasmid vectors are used to propagate methylated DNA (e.g., mammalian genom-
ic DNA or DNA synthesized in vitro using methylated analogs of deoxynucleoside triphosphates),
then it is essential to use a strain that is deficient in the McrA, McrBC, and Mrr/Mcf restriction
systems. The McrA and McrBC systems recognize and restrict certain DNA sequences containing
methylated cytosine residues (Raleigh and Wilson 1986), whereas the Mrr/Mcf system recognizes
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and restricts certain DNA sequences containing methylated adenine DNA residues (Heitman and
Model 1987), as well as additional DNA sequences that contain methylated cytosine residues.

Further information on restriction modification systems can be obtained from REBASE,
the Restriction Enzyme Database at http://www.neb.com/rebase. For more details on the proper-
ties of useful E. coli strains, see Appendix 3.

EXTRACTION AND PURIFICATION OF PLASMID DNA

Many methods have been developed to purify plasmids from bacteria. These methods invariably
involve three steps:

o growth of the bacterial culture
o harvesting and lysis of the bacteria

e purification of the plasmid DNA

Growth of the Bacterial Culture

Wherever possible, plasmids should be purified from bacterial cultures that have been inoculat-
ed with a single transformed colony picked from an agar plate. Usually, the colony is transferred
to a small starter culture, which is grown to late log phase. Aliquots of this culture can be used to
prepare small amounts of the plasmid DNA (minipreparation) for analysis and/or as the inocu-
lum for a large-scale culture. The conditions of growth of the large-scale culture depend chiefly
on the copy number of the plasmid and whether it replicates in a stringent or relaxed fashion
(please see Table 1-3). At all times, the transformed bacteria should be grown in selective condi-
tions, i.e., in the presence of the appropriate antibiotic.

Harvesting and Lysis of the Culture

Bacteria are recovered by centrifugation and lysed by any one of a large number of methods,
including treatment with nonionic or ionic detergents, organic solvents, alkali, and heat. The
choice among these methods is dictated by three factors: the size of the plasmid, the strain of E.
coli, and the technique used subsequently to purify the plasmid DNA. Although it is impractical
to give precise conditions for all possible combinations of plasmid and host, the following gener-
al guidelines can be used to choose a method that will give satisfactory results.

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

Plasmids >15 kb in size are susceptible to damage during both cell lysis and subsequent handling.
Gentle lysis is best accomplished by suspending the bacteria in an isosmotic solution of sucrose
and treating them with lysozyme and EDTA (ethylenediaminetetraacetic acid), which removes
much of the cell wall. The resulting spheroplasts are lysed by adding an anionic detergent such as
SDS. For methods for tender handling of large DNAs, please see the information panel on MINI-
MIZING DAMAGE TO DNA MOLECULES in Chapter 2.

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

When handling smaller plasmids, more severe methods of lysis can be used, and no special care
need be taken to minimize shearing forces. Typically, bacterial suspensions are exposed to deter-
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TABLE 1-3 Plasmid Growth and Replication

REPLICON (EXAMPLE)

STRINGENT
Copry NUMBER OR RELAXED COMMENTS

A\h)(‘liﬁCd‘PI\1Bl (pUC)  several hundred relaxed pUC plasmids contain a modified pMB1 replicon and replicate to

OlF1 (pBR32:

SCT0T (pSC101)

a very high copy number. Further amplification of the copy num-
ber by addition of chloramphenicol to the growing bacterial cul-
ture is unnecessary; instead, the culture should be grown to late
log phase with vigorous shaking.

5-20 relaxed The yield of pBR322 and other relaxed plasmids that maintain a
low-moderate copy number in transformed cells can be dramat-
ically increased by adding chloramphenicol (final concentration
170 pg/ml) to mid-log phase cultures and continuing incubation
for a further 8 hours.

Chloramphenicol inhibits host protein synthesis and, as a result,
prevents replication of the host chromosome. However, replication
of relaxed plasmids continues, and their copy number increases
progressively for several hours.

~5 stringent Stringently replicating, low-copy-number plasmids can be a chal-
lenge to grow. Obviously, adding chloramphenicol to the culture
is not an option and the only available variable is the culture
medium. For example, “Terrific Broth,” which has been reported
to increase the yield of difficult plasmids (Tartof and Hobbs
1987) might be a better option than standard Luria Broth (LB).

As discussed above, the copy numbers of the current generation of plasmids are now so high that selective amplification in the presence of chloram-
phenicol is no longer required to achieve high yields of plasmid DNA. However, some investigators continue to use chloramphenicol, not necessarily to
increase the vield of plasmid DNA but to reduce the bulk of bacterial cells in large-scale preparations. Handling large quantities of viscous lysates of con-

centrated suspensions of

bacteria is a frustrating and messy business that can be avoided if chloramphenical is added to the cuiture at mid-log phase.

Because some amplification of copy number — even of such feverishly replicating plasmids as pUC — occurs in the presence of chloramphenicol, equiv-
alent yields of plasmid 1)NA are obtained from smaller numbers of cells that have been exposed to the drug as from larger number of cells that have not.

gent and lysed by boiling or treatment with alkali. This disrupts base pairing and causes the lin-
ear stretches of sheared or disrupted chromosomal DNA of the host to denature. However, the
strands of closed circular plasmid DNA are unable to separate from each other because they arc
topologically intertwined. When conditions are returned to normal, the strands of plasmid DNA
fall into perfect register and native superhelical molecules are re-formed.

Prolonged exposure to denaturing conditions causes closed circular DNA to enter an irre-
versibly denatured state (Vinograd and Lebowitz 1966). The resulting collapsed coil, which can-
not be cleaved with restriction enzymes, migrates through agarose gels at about twice the rate of
native superhelical closed circular DNA and stains poorly with intercalating dyes such as ethidi-
um bromide. Varying amounts of this collapsed form of DNA can usually be seen in plasmids
prepared by alkaline or thermal lysis of bacteria.

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

Some strains of E. coli, particularly those derived from HB101, release relatively large amounts of
carbohydrate when they are lysed by detergent and heat. This can be a nuisance when the plas-
mid DNA is subsequently purified by equilibrium centrifugation in cesium chloride (CsCl)-
ethidium bromide gradients. The carbohydrate forms a dense fuzzy band close to the place in the
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gradient (p = 1.59) occupied by the superhelical plasmid DNA. It is therefore difficult to avoid
contaminating the plasmid DNA with carbohydrate, which inhibits the activity of many restric-
tion enzymes and polymerases. Boiling should therefore not be used when making large-scale
preparations of plasmids from strains of E. coli such as HB101 and TG1.

The boiling method also is not recommended when making small-scale plasmid prepara-
tions from strains of E. coli that express endonuclease A (endA" strains), which include HB101.
Because endonuclease A is not completely inactivated by the boiling procedure, the plasmid DNA
is degraded during subsequent incubation in the presence of Mg?* (e.g., during incubation with
restriction enzymes). This problem can be avoided by including an extra step — extraction with
phenol:chloroform — in the purification protocol.

Purification of the Plasmid DNA

All three methods of lysis yield preparations of plasmid DNA that are always contaminated with
considerable quantities of RNA and variable amounts of E. coli chromosomal DNA. Crude prepa-
rations of plasmid DNA can be readily visualized in agarose gels and can be used as templates and
substrates for most restriction enzymes and DNA polymerases. However, contaminants must be
removed — or at least reduced to manageable levels — whenever purified plasmids are necessary
or desirable, for example, when transfecting mammalian cells,

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

Old or new, all schemes for purification of plasmids take advantage of the relatively small
size and covalently closed structure of plasmid DNA. The most venerable method for separating
closed circular plasmid DNA from contaminating fragments of bacterial DNA is buoyant densi-
ty centrifugation in gradients of CsCl-ethidium bromide (Clewell and Helinski 1969). This tech-
nique is still regarded as the standard against which all others should be judged. Separation
depends on differences in the amounts of ethidium bromide that can be bound to linear and
closed circular DNA molecules. Ethidium bromide binds very tightly to DNA in concentrated salt
solutions. The dye intercalates between the bases, causing the double helix to unwind and leading
to an increase in length of double-stranded linear or relaxed circular DNA molecules (for review,
please see Vinograd and Lebowitz 1966). Closed circular DNA molecules have no free ends and
can unwind only by twisting. As more and more ethidium bromide molecules intercalate into the
DNA, the density of superhelical twists becomes so great that the addition of further ethidium
bromide is prevented. Linear molecules, which are not constrained, continue to bind ethidium
bromide until saturation is reached (an average of one ethidium bromide molecule for every 2.5
bp; Cantor and Schimmel 1980). Binding of ethidium bromide causes a decrease in the buoyant
density of both linear and closed circular DNAs. However, because linear DNAs bind more ethid-
ium bromide, they have a lower buoyant density than closed circular DNAs in CsCl gradients con-
taining saturating amounts of ethidium bromide (linear double-stranded DNAs, 1.54 g/cm?;
closed circular DNAs, 1.59 g/cm?). Closed circular DNAs therefore come to equilibrium at a lower
position than linear DNAs in CsCl gradients containing saturating amounts of ethidium bromide
(for a more detailed discussion, please see the information panel on ETHIDIUM BROMIDE).

For many years, equilibrium centrifugation in CsCl-ethidium bromide gradients was the
method of choice to prepare large amounts of plasmid DNA. However, this process is time-con-
suming (3-5 days) and requires expensive equipment and reagents. Today, equilibrium centrifu-
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gation is used chiefly for the purification of (1) very large plasmids that are vulnerable to nicking,
(2) closed circular DNAs that are to be microinjected into mammalian cell, and (3) plasmids that
are used for biophysical measurements. Nowadays, less expensive and faster methods are available
to purify smaller plasmids (<15 kb) for use as substrates and templates in all enzymatic reactions
and procedures commonly undertaken in molecular cloning. The great majority of these purifi-
cation schemes rely on differential precipitation, ion-exchange chromatography, or gel filtration
to separate plasmid DNA from cellular nucleic acids.

A variety of kits for plasmid purification are available from commercial vendors. These kits
consist of disposable chromatography columns that are used for batch absorbtion and elution of
plasmid DNA. Many different matrices are available, including glass, diatomaceous earth, and,
most popular of all, anionic resins such as DEAE (diethylaminoethyl) or QAE (diethyl[2-hydrox-
ypropyljaminoethyl). It is certainly a convenience to have the necessary buffers, resins, and dis-
posable columns ready for use. However, this convenience comes at a price and one must wonder
whether it is worthwhile to use on a routine basis expensive kits that do not perform significant-
ly better than standard reagents which can easily be prepared in bulk by any competent laborato-
ry worker. Certainly, kits are unnecessary for minipreparations of plasmid DNA to be used for
routine analysis. Of the hundreds of methods to purify plasmid DNA described in the literature,
the alkaline lysis method (Birnboim and Doly 1979; Ish-Horowicz and Burke 1981) is by far the
most popular because of its simplicity, relatively low cost, and reproducibility. Alkaline lysis has
been used successfully for more than 20 years in hundreds of laboratories to generate millions of
minipreparations. For larger-scale preparations, the method of choice is alkaline lysis followed by
differential precipitation of plasmid DNA with polyethylene glycol (Lis 1980; R. Treisman,
unpubl.), which yields DNAs that are clean enough for transfection of mammalian cells and all
enzymatic reactions, including DNA sequencing. In those rare circumstances where ultrapure
closed circular DNA is required (e.g., for microinjection into mammalian cells), there is a choice
between using centrifugation to equilibrium in CsCl-ethidium bromide gradients or a commer-
cial kit. If choosing to use a kit, follow the manufacturer’s instructions precisely as their protocol
has presumably been tested extensively and optimized.

CLONING IN PLASMID VECTORS

In principle, cloning in plasmid vectors is very straightforward. Closed circular plasmid DNA is
cleaved with one or more restriction enzymes and ligated in vitro to foreign DNA bearing com-
patible termini. The products of the ligation reaction are then used to transform an appropriate
strain of E. coli. The resulting transformed colonies are screened by hybridization, by PCR, or by
digestion with restriction enzymes to identify those that carry the desired DNA sequences.

This sounds easy enough. However, planning and thought are required if cloning in plas-
mid vectors is to be as smooth in practice as in prospect. Before a pipette is lifted, decisions must
be made about:

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

o the choice of restriction sites within vector

e the optimal conditions for the ligation reaction

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

e the methods used to screen transformants and the techniques used to validate clones of
interest
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e whether special steps are required to decrease the background of transformed colonies that
contain “empty” parental plasmid

e the controls that are necessary at each stage

After these matters have been settled, the next step is to make a detailed plan and a timetable
so that fragments, plasmids, competent cells, and probes can be prepared in the correct order and
in good time. In most cases, several different strategies can be used to create a particular recom-
binant in a plasmid vector. It is important to have a backup scheme in case the original plan
proves to be unexpectedly difficult.

Cloning DNA Fragments with Protruding Ends

The easiest DNA fragments to clone are those with 5° or 3" protruding ends. These single-strand-
ed termini, 1-6 bp in length, are most easily created by digesting the vector and the target DNA
with restriction enzymes that cleave asymmetrically within the recognition sequence (please see
Figure 1-2). When the ends protruding from the DNA fragment and the vector are compatible,
they can anneal to form a linear hybrid molecule whose two parts are held together by pairing
between the bases in the protruding termini. Formation of a circular recombinant plasmid capa-
ble of transforming E. coli, therefore, occurs in a two-step reaction (please see Figure 1-3):

e an intermolecular reaction between linear plasmid and incoming DNA, which generates a non-
covalently bonded, linear hybrid

e an intramolecular reaction, in which the protruding termini of the linear hybrid are joined
together, forming a noncovalently bonded, circular recombinant molecule

Annealing brings the 5’-phosphate and 3’-hydroxyl residues on vector and target DNAs into
close alignment, which allows DNA ligase to catalyze the formation of phosphodiester bonds.

The circular monomeric plasmids can have the foreign DNA fragment inserted in either
orientation (please see Figure 1-4). Monomeric circular recombinant plasmids are, however, only
one of a large number of potential products formed in ligation reactions between DNA molecules
with compatible protruding termini. Other, less desirable products include linear and circular
homo- and heteropolymers of varying sizes, orientations, and compositions. Ligation reactions
should be designed with care so as to maximize the yield of circular monomeric recombinants.
This is not a simple task. The first, intermolecular stage of the reaction requires high concentra-
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FIGURE 1-2 Cloning 5" and 3’ Protruding Ends
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FIGURE 1-3 Inter- and Intramolecular Reactions

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

tions of DNA, whereas the second intramolecular reaction works most efficiently when the con-
centration of DNA is low. However, as a general rule, acceptable yields of monomeric circular
recombinants can usually be obtained from ligation reactions containing equimolar amounts of
plasmid and target DNA, with the total DNA concentration <10 pg/ml (Bercovich et al. 1992).
For a discussion of the reason why this should be so, please see Sambrook et al. (1989). If the
molar ratio of plasmid vector to target DNA is incorrect, then the ligation reaction may generate
an undesirably high proportion of empty plasmids (containing no insert at all) or plasmids car-
rying tandem inserts of foreign DNA. The number of inserts in each recombinant clone must
always be validated by restriction endonuclease mapping or by some other means. The orienta-
tion of the foreign DNA insert must also be ascertained.

Directional Cloning

So far, we have been dealing with ligations in which all DNA termini are equivalent, as is the case
when both plasmid and foreign DNAs are prepared by cleavage with a single restriction enzyme.

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

Vector sequences are represented by darker shading, and insert sequences by lighter shading.
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FIGURE 1-5 Directional (Forced) Cloning in Plasmid Vectors

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

One way to increase the yield of circular monomeric recombinants is to use a cloning strategy in
which the termini in the ligation reaction are not all equivalent; for example, when the foreign
DNA fragment is produced by digestion with two restriction enzymes with different recognition
sequences. In this case, the termini of the foreign DNA fragment will be noncomplementary and
unable to ligate to each other. However, the foreign DNA will ligate eagerly to a plasmid vector
that has been prepared by cleavage with the same two enzymes, generating a high yield of circu-
lar recombinants containing a single insert in a predefined orientation. This process is known as
forced ligation or directional cloning (please see Figure 1-5).

Cloning Blunt-ended DNA Fragments

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

e low concentrations (0.5 mM) of ATP

e the absence of polyamines such as spermidine

o very high concentrations of ligase (50 Weiss units/ml)
e high concentrations of blunt-ended termini

The last condition is the main key to success. At high concentrations, blunt-ended DNA
molecules form fruitful, if temporary, liaisons that bring their 5-phosphate and 3’-hydroxyl
residues into close alignment. DNA ligase seizes upon these short-lived substrates and forges per-
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of T4 DNA ligase
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FIGURE 1-6 Cloning Blunt-ended Molecules

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

manent phosphodiester bonds between residues on different molecules. The resulting linear,
covalently joined hybrids may be converted to circular recombinant plasmids capable of trans-
forming E. coli by an intramolecular ligation reaction between the blunt termini. Ideally, the first
reaction contains high concentrations of DNA, whereas the second works most efficiently when
the concentration of DNA is low. Some investigators therefore carry out the first stage of the lig-
ation reaction at high DNA concentrations. After incubating for 1 hour, the reaction is diluted 20-
fold with ligase buffer, supplemented with fresh ligase, and incubated for a further 4 hours
(Bercovich et al. 1992; Damak and Bullock 1993).

When DNA is in short supply, the problem of attaining adequate concentrations of blunt
ends can be ameliorated by including in the reaction mixture substances that increase macro-
molecular crowding (e.g., 5% polyethylene glycol 8000 [PEG 8000]) (Pheiffer and Zimmerman
1983; Zimmerman and Pheiffer 1983; Upcroft and Healey 1987) or substances that cause DNA
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molecules to condense into aggregates (e.g., 1.0 mM hexamminecobalt chloride) (Rusche and
Howard-Flanders 1985). These crowding and condensing agents accelerate the rate of ligation of
blunt-ended DNA by one to three orders of magnitude, promote intermolecular ligation, and
suppress intramolecular ligation (please see the information panel on CONDENSING AND
CROWDING REAGENTS).

Despite its power and usefulness, cloning in plasmid vectors is based on a remarkably small
number of basic methods, which are easy to master. Protocols 17 and 19 describe fundamental
techniques for joining plasmid vectors to DNA fragments with protruding ends and blunt ends.
Protocols 18, 20, 21, and 22 describe various strategies for optimizing the recovery of the appro-
priate recombinant. These techniques, each one simple in itself, can be woven together to build
recombinant plasmids of complex beauty and high sophistication.

PREPARATION AND TRANSFORMATION OF COMPETENT E. COLI

Nucleic acids do not enter bacteria under their own power, but require assistance traversing the
outer and inner cell membranes and in reaching an intracellular site where they can be expressed
and replicated. The methods that have been devised to achieve these goals fall into two classes:
chemical and physical.

Chemical Methods

E. coli cells washed in cocktails of simple salt solutions achieve a state of competence during which
DNA molecules may be admitted to the cell. Most of the chemical methods currently used for
bacterial transformation are based on the observations of Mandel and Higa (1970), who showed
that bacteria treated with ice-cold solutions of CaCl, and then briefly heated to 37°C or 42°C
could be transfected with bacteriophage 2 DNA. The same method was subsequently used to
transform bacteria with plasmid DNA (Cohen et al. 1972) and E. coli chromosomal DNA (Qishi
and Cosloy 1972).

This simple and robust procedure regularly generates between 10° and 10° transformed
colonies of E. coli per pg of supercoiled plasmid DNA. This is more than enough for routine tasks
such as propagating a plasmid or transferring a plasmid from one strain of E. coli to another.
However, higher efficiencies of transformation are required when recovery of every possible clone
is of paramount importance, for example, when constructing cDNA libraries or when only
minute amounts of foreign DNA are available. Starting in the 1970s and continuing to this day,
many variations on the basic technique have been described in the literature, all directed toward
optimizing the efficiency of transformation of different bacterial strains by plasmids. The varia-
tions include using complex cocktails of divalent cations in different buffers, treating cells with
reducing agents, adjusting the ingredients of the cocktail to the genetic constitution of particular
strains of E. coli, harvesting cells at specific stages of the growth cycle, altering the temperature of
growth of the culture before exposure to chemicals, optimizing the extent and temperature of
heat shock, freezing and thawing cells, and exposing cells to organic solvents after washing in
divalent cations. By all these treatments and more, it is now possible on a routine basis to achieve
transformation frequencies ranging from 10° to 10 transformants/ug of superhelical plasmid
DNA (for reviews, please see Hanahan 1987; Hanahan et al. 1995; Hanahan and Bloom 1996;
Hengen 1996).

The improvements in transformation frequency are a tribute to the power of empirical
experimentation. How these combinations of chemical agents and physical treatments induce a
state of competence remains as obscure today as in Mandel and Higa’s time, as does the mecha-
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nism by which plasmid DNA enters and establishes itself in competent E. coli. Nevertheless, the
improvements made since the late 1970s have eliminated the efficiency of transformation as a
potential limiting factor in molecular cloning.

There are two ways to obtain stocks of chemically induced competent E. coli. The first
option is to purchase frozen competent bacteria from a commercial source. These products are
very reliable and generally yield transformants at frequencies >10% colonies/ug of supercoiled
plasmid DNA. However, they are many times more expensive than competent cells prepared in
the laboratory. Commercially produced competent cells are nevertheless an excellent yardstick to
measure the efficiency of locally generated stocks of competent cells — and they are a godsend to
investigators who carry out transformations so infrequently that it is not economical for them to
expend the effort required to produce their own competent cultures. In addition, several compa-
nies sell competent stocks of strains of E. coli that carry specific genetic markers and are used for
particular purposes in molecular cloning. Examples of these include (1) SURE strains, which
carry disabling mutations in DNA-repair pathways responsible for the high rate of rearrangement
of certain eukaryotic genomic sequences, and (2) strains deficient in methylases such as Dam and
Dem. Plasmids propagated in these strains can be cleaved by restriction enzymes whose activity
is normally blocked by methylation of overlapping Dam or Dcm sites. It is cost-effective and far
less aggravating to purchase competent stocks of strains such as these, which are tricky to grow
and difficult to transform.

For laboratories using standard strains of E. coli, it makes sense to prepare stocks of com-
petent bacteria in-house. The procedure for high-efficiency transformation (Hanahan 1983),
described in Protocol 23, works well with K-12 strains of E. coli such as DH1, DH5, and MM294
and yields competent cultures that can be either used immediately or stored in small aliquots at
—70°C until required. If prepared carefully, these competent bacteria can yield up to 107 trans-
formed colonies/ug of supercoiled plasmid DNA. Similar efficiencies can be achieved with the
method using “ultra-competent” bacteria (Inoue et al. 1990), described in Protocol 24, in which
the bacterial culture is grown at room temperature. However, as discussed above, such high fre-
quencies of transformation are required only rarely; for most routine cloning tasks, competent
bacteria prepared by simpler procedures are more than adequate. As a general rule, the more
sophisticated the method used to prepare competent cells, the more inconsistent the results. The
final method in the series of transformation protocols (Protocol 25) (Cohen et al. 1972) is both
robust and durable and yields competent cells that generate 10° to 107 transformed colonies/ug
of supercoiled plasmid DNA.

Physical Methods

Exposure to an electrical charge destabilizes the membranes of E. coli and induces the formation
of transient membrane pores through which DNA molecules can pass (Neumann and Rosenheck
1972; for reviews, please see Zimmerman 1982; Tsong 1991; Weaver 1993). This method, which is
known as electroporation, was originally developed to introduce DNA into eukaryotic cells
(Neumann et al. 1982) and was subsequently adapted for transformation of E. coli (Dower et al.
1988; Taketo 1988) and other bacteria by plasmids (Chassy and Flickinger 1987; Fiedler and
Wirth 1988; Miller et al. 1988). It is the easiest, fastest, most efficient, and most reproducible
method for transformation of bacterial cells with DNA,

e Transformation efficiencies in excess of 10'° transformants/pg of DNA have been achieved by
optimizing various parameters, including the strength of the electrical field, the length of the
electrical pulse, the concentration of DNA, and the composition of the electroporation buffer
(Dower et al. 1988; Tung and Chow 1995).
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e More than 80% of the cells in a culture can be transformed to ampicillin resistance by electro-
poration, and efficiencies approaching the theoretical maximum of one transformant per mol-
ecule of plasmid DNA have been reported (Smith et al. 1990).

¢ Plasmids ranging in size from 2.6 kb to 85 kb can be introduced with efficiencies ranging from
6 x 10" transformants/pg of DNA to 1 x 107 transformants/ug DNA, respectively. This is 10-20
times higher than can be achieved with competent cells prepared by chemical methods.
Transformation frequencies of this magnitude are especially useful when constructing large
and highly complex cDNA libraries (please see Chapter 11).

e Electroporation works well with most commonly used laboratory strains of E. coli (Dower et
al. 1988; Tung and Chow 1995).

Unlike chemical transformation, the number of transformants generated by electropora-
tion is marker-dependent. For example, when pBR322, which carries genes conferring resistance
to two antibiotics (ampicillin and tetracycline), is introduced into E. coli by electroporation, the
number of tetracycline-resistant transformants is ~100-fold less than the number of ampicillin-
resistant transformants (Steele et al. 1994). This effect is not seen when the plasmid is introduced
into the bacteria by chemical transformation. A likely explanation is that damage or depolariza-
tion caused by the pulse of electrical current prevents or delays insertion into the inner cell mem-
brane of the antiporter protein responsible for tetracycline resistance.

Of course, the ease and efficiency of electroporation come at a price. Electroporation is an
expensive business, requiring costly electrical equipment and highly priced specially designed
cuvettes. Nevertheless, for many investigators, electroporation, because of its reproducibility and
lack of mumbo-jumbo, is the preferred option. For a method for the electroporation of bacterial
cells, see Protocol 26. For more details, please see the information panel on ELECTROPORATION

SCREENING FOR RECOMBINANT PLASMIDS

Only rarely is it possible to determine by looking whether a colony of transformed bacteria car-
ries a recombinant plasmid or an empty vector. In a few exceptional cases, colonies containing a
recombinant plasmid may be smaller than normal because the plasmid expresses a foreign pro-
tein that retards growth of the host cells. This situation can arise when foreign DNA sequences
encoding regulatory or membrane proteins, for example, are cloned in plasmid expression vec-
tors. However, foreign proteins are normally not expressed to significant levels in plasmid vectors
commonly used for cloning.

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

We have not included here any protocols dealing with the use of any of the “positive-selec-
tion systems” that allow bacteria transformed by recombinant plasmids to grow while suppress-
ing the growth of bacteria transformed by nonrecombinant plasmids. These positive selection
systems are rarely used, and, indeed, it is possible to spend an entire lifetime working with recom-
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binant DNA without ever needing them. Investigators who have an appetite for esoterica of this
type should read the discussion on page 1.12 of the introduction to this chapter and the papers

cited therein.

Identifying Recombinant Plasmids by o-Complementation

Many plasmid vectors (e.g., the pUC series, Bluescript, pGem, and their derivatives) carry a short
segment of E. coli DNA containing the regulatory sequences and the coding information for the
first 146 amino acids of $-galactosidase. Embedded in the coding region is a polycloning site that
maintains the reading frame and results in the harmless interpolation of a small number of amino
acids into the amino-terminal fragment of B-galactosidase. Vectors of this type are used in host
cells that express the carboxy-terminal portion of B-galactosidase. Although neither the host-
encoded fragments nor the plasmid-encoded fragments of B-galactosidase are themselves active,
they can associate to form an enzymatically active protein. This type of complementation, in
which deletion mutants of the operator-proximal segment of the lacZ gene are complemented by
B-galactosidase-negative mutants that have the operator-proximal region intact, is called o.-com-
plementation (Ullmann et al. 1967) (for more information, please see the information panel on
(1-COMPLEMENTATION). The lac™ bacteria that result from a-complementation are easily recog-
nized because they form blue colonies in the presence of the chromogenic substrate X-gal
(Horwitz et al. 1964; Davies and Jacob 1968) (please see the information panel on X-GAL).
However, insertion of a fragment of foreign DNA into the polycloning site of the plasmid almost
invariably results in production of an amino-terminal fragment that is no longer capable of «-
complementation. Bacteria carrying recombinant plasmids therefore form white colonies. The
development of this simple color test has greatly simplified the identification of recombinants
constructed in plasmid vectors. It is easy to screen many thousands of transformed colonies and
to recognize from their white appearance those that carry putative recombinant plasmids. The
structure of these recombinants can then be verified by restriction analysis of minipreparations
of vector DNA or by other diagnostic criteria. For procedures for screening recombinants using
o-complemetation, please see Protocol 27. Screening by o-complementation is highly dependable
but not completely infallible:

o Insertion of foreign DNA does not always inactivate the complementing activity of the o-frag-
ment of B-galactosidase. If the foreign DNA is small (<100 bp) and if the insertion neither dis-
rupts the reading frame nor affects the structure of the a-fragment, o-complementation may
not be seriously affected. Examples of this phenomenon have been documented, but they are
very rare and of significance only to the investigator who encounters this problem.

e Not all white colonies carry recombinant plasmids. Mutation or loss of lac sequences may
purge the plasmid of its ability to express the o-fragment. However, this is not a problem in
practice because the frequency of lac” mutants in the plasmid population is usually far lower
than the number of recombinants generated in a ligation reaction.

Identifying Recombinant Plasmids by Hybridization

In the mid-1960s, after Nygaard and Hall (1963) had shown that single-stranded DNA could be
immobilized on nitrocellulose filters, Denhardt (1966) and Gillespie and Spiegelman (1965)
demonstrated that nucleic acids fixed in this way could be detected with exquisite sensitivity by
hybridization to radiolabeled probes. The method quickly became a mainstay of molecular biol-
ogy and was used in an essentially unchanged form for an entire decade.

o A s it
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In the mid 1970s, radical extensions to the technique came from two different continents.
In Scotland, Ed Southern (1975) showed that hybridization could be used to detect specific
sequences in complex populations of DNA fragments. In this method, DNA fragments generated
by digestion with restriction enzymes were separated by electrophoresis through agarose gels and
then transferred onto nitrocellulose filters for hybridization with specific probes. In the same year,
Grunstein and Hogness (1975) in California adapted the method to screen large numbers of bac-
terial colonies for plasmids that carry specific sequences of foreign DNA. Bacterial colonies grow-
ing on the surfaces of nitrocellulose filters were lysed in situ, and the released denatured single-
stranded DNA was fixed to the filter and hybridized to radiolabeled nucleic acid probes, essen-
tially as described by Denhardt (1966). Although minor modifications have been introduced over
the years, the protocol originally described by Grunstein and Hogness has proven to be remark-
ably durable. It remains the most commonly used technique to identify individual bacterial
colonies carrying cosmids or plasmids that contain DNA sequences of interest.

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

Louis Pasteur’s theory of germs is ridiculous fiction.

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

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

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

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

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

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

Bacterial Strains

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

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

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

Plasmid DNA

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

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

At the same time, use an aliquot of the plasmid DNA to transform an appropriate strain of £. coll.

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

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

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

If, as is usually the case, everything is satisfactory, follow the protocol on storage of bacterial strains and
plasmids in Appendix 8 and place aliquots of the liquid cultures of bacteria into long-term storage at
-70°C.
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Preparation of Plasmid DNA by
Alkaline Lysis with SDS

A LKALINE LYSIS, IN COMBINATION WITH THE DETERGENT SDS, has been used for more than 20
years to isolate plasmid DNA from E. coli (Birnboim and Doly 1979). Exposure of bacterial sus-
pensions to the strongly anionic detergent at high pH opens the cell wall, denatures chromoso-
mal DNA and proteins, and releases plasmid DNA into the supernatant. Although the alkaline
solution completely disrupts base pairing, the strands of closed circular plasmid DNA are unable
to separate from each other because they are topologically intertwined. As long as the intensity
and duration of exposure to OH™ is not too great, the two strands of plasmid DNA fall once again
into register when the pH is returned to neutral.

During lysis, bacterial proteins, broken cell walls, and denatured chromosomal DNA
become enmeshed in large complexes that are coated with dodecyl sulfate. These complexes are
efficiently precipitated from solution when sodium ions are replaced by potassium ions (Ish-
Horowicz and Burke 1981). After the denatured material has been removed by centrifugation,
native plasmid DNA can be recovered from the supernatant.

Alkaline lysis in the presence of SDS is a flexible technique that works well with all strains
of E. coli and with bacterial cultures ranging in size from 1 ml to >500 ml. The closed circular
plasmid DNA recovered from the lysate can be purified in many different ways and to different

extents, according to the needs of the experiment (please see Table 1-4).

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

" PrOTOCOL 1
MINIPREPARATIONS (1-2 ML)

ProTOCOL 2
MIDIPREPARATIONS (10 ML)

ProTOCOL 3
MAXIPREPARATIONS (500 ML)

Many minipreparations can be processed
simultaneously.

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

[YNA is a suitable substrate for restriction
enzymes, but the yields are generally too
low for transfection of mammalian cells.
Further purification is required for DNA
sequencing (please sec the information
panel on PURIFICATION OF PLASMID
DNA BY PEG PRECIPITATION).

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

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

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

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

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

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

Y W oo
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Protocol 1

Preparation of Plasmid DNA by Alkaline Lysis
with SDS: Minipreparation

P LASMID DNA MAY BE ISOLATED FROM SMALL-SCALE (1-2 ml) bacterial cultures by treatment with
alkali and SDS. The resulting DNA preparation may be screened by electrophoresis or restriction
endonuclease digestion. With further purification by treatment with PEG, the preparations may
be used as templates in DNA sequencing reactions (please see the information panel on PURIFI-
CATION OF PLASMA DNA BY PEG PRECIPITATION).

MATERIALS

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

Buffers and Solutions

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

Alkaline lysis solution |

Alkaline lysis solution I
Solution 1l should be freshly prepared and used at room temperature.
Alkaline lysis solution 11l
Antibiotic for plasmid selection
Ethanol
Phenol:chloroform (1:1, viv) <!>
Optional, please see Step 8.
STE
Optional, please see Step 3.
Tt (pH 8.0) containing 20 pg/ml RNase A

Media
LB, YT, or Terrific Broth

METHOD

Preparation of Cells

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

1.32
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To ensure that the culture is adequately aerated:

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

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

2. Pour 1.5 ml of the culture into a microfuge tube. Centrifuge at maximum speed for 30 sec-
onds at 4°C in a microfuge. Store the unused portion of the original culture at 4°C.

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

pellet as dry as possible.
This step can be conveniently accomplished with a disposable pipette tip or Pasteur pipette attached
to a vacuum line and a side arm flask (please see Figure 1-7). Use a gentle vacuum and touch the tip
to the surface of the liquid. Keep the tip as far away from the bacterial pellet as possible as the fluid
is withdrawn from the tube. This minimizes the risk that the pellet will be sucked into the side arm
flask. Alternatively, remove the supernatant using a pipettor or Pasteur pipette and bulb. Use the
pipette tip to vacuum the walls of the tube to remove any adherent droplets of fluid.
The penalty for failing to remove all traces of medium from the bacterial pellet is a preparation of
plasmid DNA that is resistant to cleavage by restriction enzymes. This is because cell-wall compo-
nents in the medium inhibit the action of many restriction enzymes. This problem can be avoided
by resuspending the bacterial pellet in ice-cold STE (0.25x volume of the original bacterial culture)
and centrifuging again.

4. Resuspend the bacterial pellet in 100 pl of ice-cold Alkaline lysis solution I by vigorous vortexing.

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

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

gentle suction
»

disposable pipette tip.

pellet

vacuum line

vacuum traps

FIGURE 1-7 Aspiration of Supernatants

Hold the open microfuge tube at an angle, with the pellet on the upper side. Use a disposable pipette tip
attached to a vacuum line to withdraw fluid from the tube. Insert the tip just beneath the meniscus on the
lower side of the tube. Move the tip toward the base of the tube as the fluid is withdrawn. Use gentle suc-
tion to avoid drawing the pellet into the pipette tip. Keep the end of the tip away from the pellet. Finally,
vacuum the walls of the tube to remove any adherent drops of fluid.
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Add 200 ul of freshly prepared Alkaline lysis solution II to each bacterial suspension. Close
the tube tightly, and mix the contents by inverting the tube rapidly five times. Do not vortex!
Store the tube on ice.

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

Add 150 pl of ice-cold Alkaline lysis solution II. Close the tube and disperse Alkaline lysis
solution IIT through the viscous bacterial lysate by inverting the tube several times. Store the
tube on ice for 3-5 minutes.

Centrifuge the bacterial lysate at maximum speed for 5 minutes at 4°C in a microfuge.
Transfer the supernatant to a fresh tube.

(Optional) Add an equal volume of phenol:chloroform. Mix the organic and aqueous phases
by vortexing and then centrifuge the emulsion at maximum speed for 2 minutes at 4°C in a

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

Some investigators find the extraction with phenol:chloroform to be unneccessary. However, the
elimination of this step sometimes results in DNA that is resistant to cleavage by restriction
enzymes.

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

Recovery of Plasmid DNA

9.

10.

11.

12,

13.

14.

15.

Precipitate nucleic acids from the supernatant by adding 2 volumes of ethanol at room tem-
perature. Mix the solution by vortexing and then allow the mixture to stand for 2 minutes at

room temperature.

Collect the precipitated nucleic acids by centrifugation at maximum speed for 5 minutes at
4°C in a microfuge.

It is best to get into the habit of always arranging the microfuge tubes in the same way in the

microfuge rotor, i.e., in order, with their plastic hinges always pointing outward. The precipitate

will collect on the inside surface furthest from the center of rotation. Knowing where to look makes

it easier to find visible precipitates and to dissolve “invisible” precipitates efficiently. Labeling both

the sides and tops of tubes provides clear identification of each tube, even if the ink smudges.
Remove the supernatant by gentle aspiration as described in Step 3 above. Stand the tube in
an inverted position on a paper towel to allow all of the fluid to drain away. Use a Kimwipe
or disposable pipette tip to remove any drops of fluid adhering to the walls of the tube.

Add 1 ml of 70% ethanol to the pellet and invert the closed tube several times. Recover the
DNA by centrifugation at maximum speed for 2 minutes at 4°C in a microfuge,

Again remove all of the supernatant by gentle aspiration as described in Step 3.
Take care with this step, as the pellet sometimes does not adhere tightly to the tube.

Remove any beads of ethanol that form on the sides of the tube. Store the open tube at room
temperature until the ethanol has evaporated and no fluid is visible in the tube (5-10 minutes).

If the pellet of DNA is dried in a desiccator or under vacuum, it becomes difficult to dissolve under
some circumstances and may denature (Svaren et al. 1987). Drying the pellet for 10-15 minutes at
room temperature is usually sufficient for the cthanol to evaporate without the DNA becoming
dehydrated.

Dissolve the nucleic acids in 50 ul of TE (pH 8.0) containing 20 pg/ml DNase-free RNase A (pan-
creatic RNase). Vortex the solution gently for a few seconds. Store the DNA solution at ~20°C.
For recommendations on troubleshooting, please see Table 1-5 in Protocol 3.




Protocol 2

Preparation of Plasmid DNA by Alkaline Lysis
with SDS: Midipreparation

P LASMID DNA MAY BE ISOLATED FROM INTERMEDIATE-SCALE (20-50 ml) bacterial cultures by treat-
ment with alkali and SDS. The resulting DNA preparation is suitable for analysis by elec-
trophoresis or restriction endonuclease digestion. After further purification by column chor-
matography, the preparations may be used to transfect mammalian cells.

MATERIALS

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

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

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

Alkaline lysis solution 1l
Solution 11 should be freshly prepared and used at room temperature.

Alkaline lysis solution 11l
Antibiotic for plasmid selection
Ethanol

Isopropanol

Phenol:chloroform (1:1, viv} <!>

STE
Optional, please see Step 3.
TE {(pH 8.0) containing 20 pg/ml RNase A

Media
LB, YT, or Terrific Broth

Centrifuges and Rotors

Sorvall $S-34 rotor or equivalent

1.35
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'METHOD

Preparation of Cells

Lysis of Cells

1.

Inoculate 10 ml of rich medium (LB, YT, or Terrific Broth) containing the appropriate antibi-
otic with a single colony of transformed bacteria. Incubate the culture overnight at 37°C with
vigorous shaking.
To ensure that the culture is adequately aerated:
¢ The volume of the culture tube should be at least four times greater than the volume of
the bacterial culture.
o The tube should be loosely capped.
o The culture should be incubated with vigorous agitation.

Transfer the culture into a 15-ml tube and recover the bacteria by centrifugation at 2000g
(4000 rpm in a Sorvall §S-34 rotor) for 10 minutes at 4°C.

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

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

fluid.

‘The penalty for failing to remove all traces of medium from the bacterial pellet is a preparation of
plasmid DNA that is resistant to cleavage by restriction enzymes. This is because cell-wall compo-
nents in the medium inhibit the action of many restriction enzymes. This problem ¢an be avoided
by resuspending the bacterial pellet in ice-cold STE (0.25x volume of the original bacterial culture)
and centrifuging again.

Resuspend the bacterial pellet in 200 pl of ice-cold Alkaline lysis solution I by vigorous vor-
texing, and transfer the suspension to a microfuge tube.

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

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

- Add 400 ul of freshly prepared Alkaline lysis solution I to each bacterial suspension. Close

the tube tightly, and mix the contents by inverting the tube rapidly five times. Do not vortex!
Store the tube on ice.
Make sure that the entire surface of the tube comes in contact with Alkaline lysis solution I1.

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

Centrifuge the bacterial lysate at maximum speed for 5 minutes at 4°C in a microfuge.
Transfer 600 pl ot the supernatant to a fresh tube.
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Add an equal volume of phenol:chloroform. Mix the organic and aqueous phases by vortex-
ing and then centrifuge the emulsion at maximum speed for 2 minutes at 4°C in a microfuge.
Transfer the aqueous upper layer to a fresh tube.

Recovery of Plasmid DNA

9.

10.

11.

12.

13.

14.

15.

Precipitate nucleic acids from the supernatant by adding 600 ul of isopropanol at room tem-
perature. Mix the solution by vortexing and then allow the mixture to stand for 2 minutes at
room temperature.

Collect the precipitated nucleic acids by centrifugation at maximum speed for 5 minutes at
room temperature in a microfuge.

Remove the supernatant by gentle aspiration as described in Step 3 above. Stand the tube in
an inverted position on a paper towel to allow all of the fluid to drain away. Remove any drops
of fluid adhering to the walls of the tube.

Add 1 ml of 70% ethanol to the pellet and recover the DNA by centrifugation at maximum
speed for 2 minutes at room temperature in a microfuge.

Again remove all of the supernatant by gentle aspiration as described in Step 3.
Take care with this step, as the pellet sometimes does not adhere tightly to the tube.

Remove any beads of ethanol that form on the sides of the tube. Store the open tube at room
temperature until the ethanol has evaporated and no fluid is visible in the tube (2-5 min-
utes).

If the pellet of DNA 1s dried in a desiccator or under vacuum, it becomes difficult to dissolve under
some circumstances and may denature (Svaren et al. 1987). Drying the pellet for 10-15 minutes at
room temperature is usually sufficient for the ethanol to evaporate without the DNA becoming
dehydrated.

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

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

Preparation of Plasmid DNA by Alkaline Lysis
with SDS: Maxipreparation

P LASMID DNA MAY BE ISOLATED FROM LARGE-SCALE (500 ml) bacterial cultures by treatment with
alkali and SDS. The resulting DNA preparation may be further purified by column chromatogra-
phy or centrifugation through CsCl-ethidium bromide gradients.

MATERIALS

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

Buffers and Solutions

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

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

Alkaline lysis solution Il

Solution Il should be freshly prepared and used at room temperature.
Alkaline lysis solution [1!
Antibiotic for plasmid selection

Chloramphenicol (34 mg/ml) <!>
Optional, please see Step 4.

Ethanol
Isopropanol
STE

TE (pH 8.0)

Enzymes and Buffers

Lysozyme (10 mg/ml)
Please see the information panel on LlYSOZYMES.
Restriction endonucleases

Gels

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

Centrifuges and Rotors

Sorvall GSA rotor or equivalent
Sorvall S5-34 rotor or equivalent

Additional Reagents

Steps 8 and 19 of this protocol require reagents listed in Chapter 5, Protocol 1.
Step 18 of this protocol requires reagents listed in Protocol 8, 9, 10, or 11 of this chapter.

METHOD

Preparation of Cell Culture

1.

B e el

Inoculate 30 ml of rich medium (LB, YT, or Terrific Broth) containing the appropriate antibi-
otic either with a single colony of transformed bacteria or with 0.1-1.0 ml of a small-scale
liquid culture grown from a single colony.

To ensure that the culture is adequately aerated:

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

® The culture flask should be loosely capped.

¢ The culture should be incubated with vigorous agitation.

Incubate the culture at the appropriate temperature with vigorous shaking until the bacteria
reach late log phase (0D, = ~0.6).

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

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

culture for ~2.5 hours at 37°C with vigorous shaking (300 cycles/minute on a rotary shaker).
The OD,, of the resulting culture should be ~0.4. Because the growth rates of different bacterial
strains will vary, the culture may have to be incubated slightly longer or shorter than 2.5 hours to
reach an OD of 0.4.

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

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

pg/ml,

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

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

Remove an aliquot (1-2 ml) of the bacterial culture to a fresh microfuge tube and store it at
4°C. Harvest the remainder of the bacterial cells from the 500-ml culture by centrifugation at
2700g (4100 rpm in a Sorvall GSA rotor) for 15 minutes at 4°C. Discard the supernatant.
Stand the open centrifuge bottle in an inverted position to allow all of the supernatant to
drain away.

Resuspend the bacterial pellet in 200 ml of ice-cold STE. Collect the bacterial cells by cen-
trifugation as described in Step 6. Store the pellet of bacteria in the centrifuge bottle at —20°C.

Use one of the methods described in Protocol 1 or Protocol 4 to prepare plasmid DNA from
the 1-2-ml aliquot of bacterial culture set aside in Step 6. Analyze the minipreparation plas-
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Lysis of Cells

10.
11.

12.

13.

mid DNA by digestion with the appropriate restriction enzyme(s) and agarose gel elec-
trophoresis to ensure that the correct plasmid has been propagated in the large-scale culture.

This kind of control may seem a little overly compulsive. However, it provides valuable insurance
against errors that may be difticult to retrieve and may cause considerable loss of time.

Allow the frozen bacterial cell pellet from Step 7 to thaw at room temperature for 5-10 min-
utes. Resuspend the pellet in 18 ml (10 ml) of Alkaline lysis solution I.

The volumes given in parentheses in the remainder of this protocol should be used only with cul-
tures that have been treated with chloramphenicol at Step 4.

Add 2 ml (1 ml) of a freshly prepared solution of 10 mg/ml! lysozyme.

Add 40 ml (20 ml) of freshly prepared Alkaline lysis solution I1. Close the top of the cen-
trifuge bottle and mix the contents thoroughly by gently inverting the bottle several times.
Incubate the bottle for 5-10 minutes at room temperature.

Prolonged cxposure of superhelical DNA to alkali results in irreversible denaturation (Vinograd
and Lebowitz 1966). The resulting cyclic colled DNA cannot be cleaved with restriction enzymes,
and it migrates through agarose gels at about twice the rate of superhelical DNA and stains poor-
ly with ethidium bromide. Traces of this form of DNA can be seen in plasmids prepared by alka-
line lysis of bacteria.

Add 20 ml (15 ml) of ice-cold Alkaline lysis solution III. Close the top of the centrifuge bot-
tle and mix the contents gently but well by swirling the bottle several times (there should no
longer be two distinguishable liquid phases). Place the bottle on ice for 10 minutes.

A flocculent white precipitate consisting of chromosomal DNA, high-molecular-weight RNA, and
potassium/S1S/protein/cell wall complexes will form during this incubation.

Potassium acetate is used in preference to sodium acetate in Alkaline lysis solution [II because the
potassium salt of dodecyl sulfate is far less soluble than the sodium salt.

Centrifuge the bacterial lysate at >20,000g (11,000 rpm in a Sorvall GSA rotor) for 30 min-
utes at 4°C in a medium-speed centrifuge. Allow the rotor to stop without braking. At the end
of the centrifugation step, decant the clear supernatant into a graduated cylinder. Discard the
pellet remaining in the centrifuge bottle.

The failure to form a compact pellet after centrifugation is usually a consequence of inadequate
mixing of the bacterial lysate with Alkaline lysis solution I1 (Step 11). If the bacterial debris does
not form a tightly packed pellet, centrifuge again at 20,000g (11,000 rpm in a Sorvall GSA rotor}
for a further 15 minutes, and then transfer as much of the supernatant as possible to a fresh tube,
Decanting the supernatant through four-ply gauze at this step helps to remove traces of viscous
genomic DNA and protein precipitate,

Recovery of Plasmid DNA

14.

15.

16.

Measure the volume of the supernatant. Transfer the supernatant together with 0.6 volume
of isopropanol to a fresh centrifuge bottle. Mix the contents well and store the bottle for 10
minutes at room temperature.

Recover the precipitated nucleic acids by centrifugation at 12,000g (8000 rpm in a Sorvall
GSA rotor) for 15 minutes at room temperature.

Salt may precipitate if centrifugation is carried out at 4°C.

Decant the supernatant carefully, and invert the open bottle on a paper towel to allow the last
drops of supernatant to drain away. Rinse the pellet and the walls of the bottle with 70%
ethanol at room temperature. Drain off the ethanol, and use a Pasteur pipette attached to a




17.
18.

19.
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vacuum line to remove any beads of liquid that adhere to the walls of the bottle. Place the
inverted, open bottle on a pad of paper towels for a few minutes at room temperature to allow
the ethanol to evaporate.

If the pellet of DNA is dried in a desiccator or under vacuum, it becomes difficult to dissolve under some
circumstances and may denature (Svaren et al. 1987). Drying the pellet for 10-15 minutes at room tem-
perature is usually sufficient for the ethanol to evaporate without DNA becoming dehydrated.

Dissolve the damp pellet of nucleic acid in 3 ml of TE (pH 8.0).

Purify the crude plasmid DNA either by column chromatography (Protocol 9), precipitation
with polyethylene glycol (Protocol 8), or equilibrium centrifugation in CsCl-ethidium bro-
mide gradients (Protocols 10 and 11).

Check the structure of the plasmid by restriction enzyme digestion followed by gel elec-
trophoresis.

For recommendations on troubleshooting, please see Table 1-5,

The typical yield of high-copy-number plasmid vectors or of amplified low-copy-number vectors
prepared by this method is ~3-5 pug of DNA/ml of original bacterial culture. The yield of recombi-
nant plasmids containing inserts of foreign DNA is usually slightly lower, depending on the size and
nature of the cloned DNA fragment. Yields of <1.0 pg/ml indicate that the plasmid DNA is toxic to
E. coli; the complele absence of DNA indicates that the plasmid has been lost during extraction and
purification. The first problem can often be solved by switching to a low-copy-number vector
and/or to a vector that carries prokaryotic transcriptional termination signals. The second problem
is often the result of accidental loss of the plasmid DNA pellet after ethanol precipitation. It also
occurs when the recombinant plasmid is large enough to be precipitated together with the chro-
mosomal DNA after addition of potassium acetate. Such a large plasmid will also be susceptible to
breakage during extraction and purification. This difficulty can be solved by using a more gentle
procedure of cell lysis, such as that described in Protocol 7.




1.42

TABLE 1-5 Troubleshooting
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PROBLEM

PossiBLE CAUSES

REMEDIES

DNA Is resistant to cleavage with restriction
enzvmes.

Very little or no DNA is visible on gel either
betore or after restriction digestion.

Plasmid DNA 1s present before digestion
with restriction enzymes but is converted
into a smear during digestion.

Insufficient care was taken to remove all of
the fluid at Step 3 or Step 11 of small-scale
or Steps 6 and 7 or Step 16 of large-scale
preparation.

Some strains of E. coli (e.g., HB101 and its
derivatives) shed cell-wall components that
persist through purification of the plasmid
DNA and inhibit the action of restriction
enzymes.

Pellet of nucleic acid was inadvertently dis-
carded after ethanol precipitation.

The DNA is most likely tainted with a bac-
terial DNase (e.g., endA), which 15 activated
upon exposure to Mgt present in the
restriction buffer. The most likely source of
the DNase is the stock of TE used to dis-
solve the plasmid DNA. Unless care is
taken, TE can become contaminated by
bacteria. Restriction buffers are a less likely
possibility.

Extract the final DNA preparation with
phenol:chloroform; recover by standard
ethanol precipitation and subsequent
washing in 70% ethanol. Alternatively,
carry out the restriction digest in a larger
volume (100-200 ul), using fivefold more
enzyme. At the end of the digestion, recov-
er the DNA by standard ethanol precipita-
tion.

Resuspend the bacterial pellet in ice-cold
STE (0.25x volume of the original bacterial
culture) and recentrifuge. Discard every last
drop of the STE, and resuspend the bacter-
ial pellet in Alkaline lysis solution 1 as
described above.

Remove the ethanol by gentle aspiration
(Figure 1-7, p. 1.33) as soon as possible
after the centrifugation step. If the cen-
trifuge tube is left to stand for too long, the
pellet of DNA will become detached from
the wall.

Sterilize each batch of TE by autoclaving
and dispense 1-ml aliquots into sterile
microfuge tubes (or sterilize TE in small
aliquots). Use a fresh aliquot every day. Try
to maintain sterile technique when using
stock solutions. If bacterial DNase copuri-
fies with the plasmid DNA, extract the
DNA with phenol:chloroform, recover by
standard ethanol precipitation, and resus-

pend in fresh TE.
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Introduction to Protocols 4 and 5

Preparation of Plasmid DNA by
Boiling Lysis

I N THIS METHOD, ADAPTED FROM HOLMES AND QUIGLEY (1981), bacteria are suspended in buffer
containing Triton X-100 and lysozyme, which weakens the cell walls, and are then lysed by heat-
ing to 100°C (please see the information panel on LYSOZYMES). In addition to cracking open the
outer shell, the heating step disrupts base pairing of DNA strands and denatures the proteins and
chromosomal DNA of the host. However, the strands of closed circular plasmid DNA are unable
to separate from each other because their phosphodiester backbones are topologically inter-
twined. When the temperature is lowered, the bases of the closed circular molecules of DNA fall
once again into register, forming superhelical molecules, After denatured chromosomal DNA and
proteins have been removed by centrifugation, native plasmid DNA can be recovered from the
supernatant.

The boiling procedure works well with smaller plasmids (<15 kb in size) and can be used to
prepare plasmid DNA from bacterial cultures ranging in volume from 1 ml (minipreparations) to
250 ml (large-scale preparations). The method works well with most strains of E. coli. However,
the boiling method is not recommended for strains of E. coli that release large quantities of car-
bohydrate on exposure to detergent, lysozyme, and heat. The carbohydrate, which is difficult to
remove from the plasmid preparation, may inhibit restriction enzymes and polymerases and,
when present in excess, may obscure the band of superhelical plasmid DNA in CsCl-cthidium
bromide gradients. E. coli strain HB101 and its derivatives (which include TG1) are prolific pro-
ducers of carbohydrate and are therefore unsuitable for lysis by the boiling method.

The boiling method is also not recommended when preparing plasmid DNA from strains
of E. coli that express endonuclease A (endA” strains). Because endonuclease A is not completely
inactivated during the boiling procedure, the plasmid DNA is degraded during subsequent incu-
bation in the presence of Mg™* (e.g., during digestion with restriction enzymes). Plasmid DNA
from the endA” strains should therefore be prepared by the alkaline lysis method (Protocols 1, 2,
and 3).

The protocol for small-scale boiling lysis (described in Protocol 4) may be scaled up for iso-
lation of plasmid DNA from large-volume cultures. This method is used in conjunction with a
subsequent purification step such as precipitation with polyethylene glycol (Protocol 8), purifica-
tion by column chromatography (Protocol 9), or equilibrium centrifugation in CsCl-ethidium
bromide gradients (Protocols 10 and 11). It is recommended only for bacterial cultures that have
been treated with chloramphenicol. Untreated cultures yield lysates that are too viscous to be
manageable.
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Protocol 4

Preparation of Plasmid DNA by Small-scale
Boiling Lysis

P LASMID DNA MAY BE ISOLATED FROM SMALL-SCALE (1-2 ml) bacterial cultures by treatment with
Triton-X-100 and lysozyme, followed by heating. The resulting DNA preparation may be screened
by electrophoresis or restriction endonuclease digestion. With further purification by treatment
with PEG, the preparations may be used as templates in DNA sequencing reactions (please see the
information panel on PURIFICATION OF PLASMID DNA BY PEG PRECIPITATION).

MATERIALS

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

Antibiotic for plasmid selection

Ethanol

Isopropanol

Sodium acetate (3.0 M, pH 5.2)

STET

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

Enzymes and Buffers

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

Media
LB, YT, or Terrific Broth

Special Equipment
Boiling water bath

1.44




METHOD
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Preparation of Cells

1.

Lysis of Cells

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

To ensure that the culture is adequately aerated:

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

o The tube should be loosely capped.

o The culture should be incubated with vigorous agitation.

Pour 1.5 ml of the culture into a microfuge tube. Centrifuge the tube at maximum speed for
30 seconds at 4°C in a microfuge. Store the unused portion of the culture at 4°C.

When centrifugation is complete, remove the medium by gentle aspiration, leaving the bac-
terial pellet as dry as possible.

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

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

Resuspend the bacterial pellet in 350 pl of STET.

Make sure that the bacterial pellet is dispersed completely and quickly in STET. Vortexing two
microfuge tubes simultaneously with their bases touching works well,

Add 25 ul of a freshly prepared solution of lysozyme. Close the top of the tube and mix the
contents by gently vortexing for 3 seconds.

Place the tube in a boiling water bath for exactly 40 seconds.

Prolonged exposure of superhelical DNA to heat results in irreversible denaturation (Vinograd and
Lebowitz 1966). The resulting cyclic coiled DNA cannot be cleaved with restriction enzymes, and
it migrates through agarose gels at about twice the rate of superhelical DNA and stains poorly with
ethidium bromide. Traces of this collapsed coiled form of DNA can usually be seen in plasmids
prepared by thermal lysis of bacteria. However, the quantity of cyclic coiled DNA can be kept to a
minimum by ensuring that the lysate is kept at 100°C for exactly the recommended time.

Centrifuge the bacterial lysate at maximum speed for 15 minutes at room temperature in a
microfuge. Pour the supernatant into a fresh microfuge tube.

Recovery of Plasmid DNA

8. Precipitate the nucleic acids from the supernatant by adding 40 ul of 2.5 M sodium acetate

(pH 5.2) and 420 pl of isopropanol. Mix the solution by vortexing, and then allow the mix-
ture to stand for 5 minutes at room temperature.
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9.

10.

11.

12.

13.

Recover the precipitated nucleic acids by centrifugation at maximum speed for 10 minutes at
4°C in a microfuge.
[t is best to get into the habit of always arranging the microfuge tubes in the same way in the
microfuge rotor, L.e., in order, with their plastic hinges always pointing outward. The precipitate
will collect on the inside surface furthest from the center of rotation. Knowing where to look makes
it casier to find visible precipitates and to dissolve “invisible” precipitates efficiently.

When preparing plasmid DNA from an endA™ strain of E. cofi, an extraction with phenol:chloroform
should be included at this point. In brief:

» Resuspend the isopropanol-precipitated DNA pellet in 100 pl of TE (pH 8.0).
¢ Add 100 pl of phenol:chloroform (1:1, v/v), and vortex the mixture for 15-30 seconds.

e Separate the aqueous and organic phases by centrifugation at maximum speed for 2 minutes at room
temperature in a microfuge.

o Transfer the aqueous layer to a fresh microfuge tube, and add 0.1 volume of 3 M sodium acetate
(pH 5.2) and 2.5 volumes of ethanol. Recover the precipitated nucleic acids by centrifugation at
maximum speed for 10 minutes in a microfuge, and rejoin the protocol at Step 10.

Remove the supernatant by gentle aspiration as described in Step 3 above. Stand the tube in
an inverted position on a paper towel to allow all of the fluid to drain away. Use a Kimwipe
or disposable pipette tip to remove any drops of fluid adhering to the walls of the tube.

The pellet of nucleic acid is usually visible as a smudge on the wall of the centrifuge tube, near the
base.

Rinse the pellet of nucleic acid with 1 ml of 70% ethanol at 4°C. Again remove all of the
supernatant by gentle aspiration as described in Step 3.
Take care with this step, as the pellet sometimes does not adhere tightly to the tube.

Remove any beads of ethanol that form on the sides of the tube. Store the open tube at room
temperature until the ethanol has evaporated and no fluid is visible in the tube (2-5 min-
utes).

If the pellet of DNA is dried in a desiccator or under vacuum, it becomes difficult to dissolve under
some circumstances and may denature (Svaren et al. 1987). Drying the pellet for 10-15 minutes at
room temperature is usually sufficient for the ethanol to evaporate without the DNA becoming
dehydrated.

Dissolve the nucleic acids in 50 ul of TE (pH 8.0) containing DNase-free RNase A (pancreat-
ic RNase). Vortex the solution gently for a brief period. Store the DNA at —20°C.




Protocol 5

Preparation of Plasmid DNA by Large-scale
Boiling Lysis

P LASMID DNA MAY BE ISOLATED FROM LARGE-SCALE (500 ml) bacterial cultures by treatment with
Triton X-100 and lysozyme, followed by heating. The resulting DNA preparation may be further
purified by column chromatography or centrifugation through CsCl-ethidium bromide gradients.

MATERIALS

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

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

Chloramphenicol (34 mg/ml) <!>
Please sce the information panel on CHLORAMPHENICOL.

Ethanol

Isopropanol

STE

STET

TE (pH 8.0)
Enzymes and Buffers

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

Restriction endonucleases

Gels

Agarose gel
Please see Step 21.

Media
LB, YT, or Terrific Broth

1.47
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Centrifuges and Rotors

Beckman SW41Ti rotor or equivalent
Sorvall GSA rotor or equivalent
Sorvall $5-34 rotor or equivalent

Special Equipment

Boiling water bath
Bunsen burner
Cauze (4-ply)

Optional, please sce Step 15.

Additional Reagents

Step 7 of this protocol requires the reagents listed in Protocol 1 or 4 of this chapter.
Step 20 of this protocol requires reagents listed in Protocol 8, 9, 10, or 11 of this chapter.

METHOD

Preparation of Cells

1.

Inoculate 30 ml of rich medium (LB, YT, or Terrific Broth) containing the appropriate antibi-
otic either with a single colony of transformed bacteria or with 0.1-1.0 ml of a small-scale
liquid culture grown from a single colony.

To ensure that the culture is adequately aerated:

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

e The culture flask should be loosely capped.
¢ The culture should be incubated in a rotary shaker set at 250 rpm.

Incubate the culture at the appropriate temperature with vigorous shaking (250 cycles/
minute in a rotary shaker) until the bacteria reach the late log phase of growth (i.e.,,an OD,
of ~0.6).

Inoculate 500 ml of LB, YT, or Terrific Broth (prewarmed to 37°C) containing the appropri-
ate antibiotic in a 2-liter flask with 25 ml of the late-log-phase culture. Incubate the culture
for 2.5 hours at 37°C with vigorous shaking (250 cycles/minute on a rotary shaker).

The OD, of the resulting culture should be ~0.4. The growth rates of various bacterial strains or
of a single strain containing different plasmids will vary. Thus, in some cases, the culture may have
to be incubated slightly longer or shorter than 2.5 hours to reach the desired optical density.

Add 2.5 ml of 34 mg/ml chloramphenicol. The final concentration of chloramphenicol in the
culture should be 170 pg/ml. Incubate the culture for a further 12-16 hours at 37°C with vig-

orous shaking (250 cycles/minute on a rotary shaker).
Please see the information panel on CHLORAMPHENICOL.

Remove an aliquot (1-2 ml) of the bacterial culture to a fresh microfuge tube and store at
4°C. Harvest the remainder of the bacterial cells from the 500-ml culture by centrifugation at
2700g (4100 rpm in a Sorvall GSA rotor) for 15 minutes at 4°C. Discard the supernatant.
Stand the open centrifuge bottle in an inverted position to allow all of the supernatant to
drain away.




Lysis of Cells

11.

12,
13.

14.

15.
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Resuspend the bacterial pellet in 200 ml of ice-cold STE. Collect the bacterial cells by cen-
trifugation as described in Step 5. Store the pellet of bacteria in the centrifuge bottle at
-20°C.

Prepare plasmid DNA from the 1-2-ml aliquot of bacteria set aside in Step 5 by the
minipreparation protocol (either Protocol 1 or 4). Analyze the minipreparation plasmid
DNA by digestion with the appropriate restriction enzyme(s) to ensure that the correct plas-
mid has been propagated in the large-scale culture.

This kind of control may seem overly compulsive. However, it provides valuable insurance against
errors that may be difficult to retrieve and may cause considerable loss of time.

Allow the frozen bacterial cell pellet from Step 6 to thaw for 5-10 minutes at room tempera-
ture. Resuspend the pellet in 10 ml of ice-cold STET. Transfer the suspension to a 50-ml
Erlenmeyer flask.

Add 1 ml of a freshly prepared solution of 10 mg/ml lysozyme.

Use a clamp to hold the Erlenmeyer flask over the open flame of a Bunsen burner until the
liquid just starts to boil. Shake the flask constantly during the heating procedure.

A WARNING During heating, keep the open neck of the flask pointing away from you and everyone
else working in the lab.

Immediately immerse the bottom half of the flask in a large (2-liter) beaker of boiling water.
Hold the flask in the boiling water for exactly 40 seconds.

Prolonged exposure of superhelical DNA to heat causes irreversible denaturation (Vinograd and
Lebowitz 1966). The resulting cyclic coiled DNA cannot be cleaved with restriction enzymes, and
it migrates through agarose gels at about twice the rate of superhelical DNA and stains poorly with
ethidium bromide. Variable amounts of this form of DNA are always present in plasmids prepared
by thermal lysis of bacteria. However, the quantity of cyclic coiled DNA can be kept to a minimum
by ensuring that the bacterial lysate is heated uniformly to boiling and that the lysate is kept at
100°C for exactly the recommended time.

Cool the flask in ice-cold water for 5 minutes.

Transfer the viscous contents of the flask to an ultracentrifuge tube (Beckman SW41 or its
equivalent). Centrifuge the lysate at 150,000¢ (30,000 rpm in a Beckman SW41'li rotor) for
30 minutes at 4°C.

The denser the growth of the original bacterial culture, the more difficult it is to transfer the vis-
cous lysate to the centrifuge tube. If absolutely necessary, the lysate can be chopped into chunks of
manageabte size with a pair of long-blade scissors, or it can be partially sheared by drawing it into
the barrel of a 10-ml syringe. This problem generally does not arise when isolating plasmid DNA
from bacterial cultures that have been treated with chloramphenicol.

Transter as much of the supernatant as possible to a new tube. Discard the viscous liquid
remaining in the centrifuge tube.

If the bacterial debris does not form a tightly packed pellet, centrifuge again at 210,000¢ (35,000
rpm in a Beckman SW41Ti rotor) for a further 20 minutes, and then transfer the supernatant as
described above.

{Optional) If the supernatant contains visible strings of genomic chromatin or flocculent pre-
cipitate of proteins, filter it through 4-ply gauze before proceeding (Huang and Campbell
1993).




150 Chapter 1: Plasmids and Their Usefulness in Molecular Cloning

Recovery of Plasmid DNA

16.

17.

18.

19.
20.

21.

Measure the volume of the supernatant. Transfer the supernatant, together with 0.6 volume
of isopropanol, to a fresh centrifuge tube(s). Store the tube(s) for 10 minutes at room tem-
perature, after mixing the contents well.

Recover the precipitated nucleic acids by centrifugation at 12,000¢ (10,000 rpm in a Sorvall
SS-34 rotor) for 15 minutes at room temperature.

Salt may precipitate if centrifugation is carried out at 4°C.

Decant the supernatant carefully, and invert the open tube(s) on a paper towel to allow the
Jast drops of supernatant to drain away. Rinse the pellet and the walls of the tube(s) with 70%
ethanol at room temperature, Drain off the ethanol, and use a Pasteur pipette attached to a
vacuum line to remove any beads of liquid that adhere to the walls of the tube(s). Place the
inverted, open tube(s) on a pad of paper towels for a few minutes at room temperature until
no trace of ethanol is visible. At this stage, the pellet should still be damp.

Dissolve the pellet of nucleic acid in 3 ml of TE (pH 8.0).

Purify the crude plasmid DNA either by chromatography on commercial resins (please see
Protocol 9), precipitation with polyethylene glycol (Protocol 8), or equilibrium centrifuga-
tion in CsCl-ethidium bromide gradients (Protocols 10 and 11).

Check the structure of the plasmid by restriction enzyme digestion followed by gel elec-
trophoresis.

The typical yield of high-copy-number plasmid vectors or of amplified low-copy-number vectors pre-
pared by this method is ~3-5 pug of DNA/mI of originat bacterial culture. The yield of recombinant plas-
mids containing inserts of foreign DNA is usually slightly lower, depending on the size and nature of the
cloned DNA fragment. Yields of €10 ug/ml indicate that the plasmid DNA is toxic to E. coli; the complete
absence of DNA indicates that the plasmid has been lost during extraction and purification. The first prob-
lem can often be solved by switching to a low-copy-number vector and/or to a vector that carries prokary-
otic transcriptional termination signals. The second problem is often the result of accidental loss of the
plasmid DNA pellet after ethanol precipitation. It also occurs when the recombinant plasmid is large
enough to be precipitated together with the chromosomal DNA after boiling. Such a large plasmid will
also be susceptible to breakage during extraction and purification. This difficulty can solved by using a
more gentle procedure of cell lysis, such as that described in Protocol 7.




Protocol 6

Preparation of Plasmid DNA: Toothpick
Minipreparations

MATERIALS

P LASMID DNA CAN BE PREPARED DIRECTLY FROM BACTERIAL COLONIES plucked from the surface of
agar media with toothpicks. The closed circular DNA is too dirty to be used as a substrate for
most restriction enzymes. However, the toothpick method can be used to identify bacterial
colonies containing recombinant plasmids after transformation, to estimate the size of the plas-
mids in individual transformants by agarose gel electrophoresis, and to compare the copy num-
ber of different plasmids in the same host. The nature of the insert in putative recombinant plas-
mids can be confirmed by Southern hybridization (please see Chapter 6, Protocol 10) and by
polymerase chain reaction (PCR) (please see Chapter 8, Protocol 12).

The simple procedure described below, a modification of the method of Barnes {1977),
works best with large colonies (2-3 mm diameter) and yields enough DNA to load on a single
lane of an agarose gel.

In addition to Wayne Barnes” “toothpick assay,” the January 28, 1977 issue of Science printed an apocryphal
warning to would-be gene splicers of the time. On page 378, Nicholas Wade, in his best sensational style, tells
of three “near disasters” in molecular cloning in which, horror of horrors, an £. coli with a plasmid containing |
a cellulase gene, a hybrid adenovirus-SV40, and an £. cofi with a plasmid containing the SV40 genome were,
or almost were, constructed. Looking back, we observe that all of these “potentially grave hazards” were later
constructed in the laboratory without incident, and each provided unique insight into biotechnology, virology,
oncology, and molecular cloning. It seems entirely appropriate that Barnes’ assay continues to be useful while
Wade’s imaginary monsters have been long since laid to rest.

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

Buffers and Solutions

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

Antibiotic for plasmid selection
Bromophenol blue solution (0.4% w/v)
or

Cresol red solution (10 mm)
Please see Step 10.

EDTA (0.5 M, pH 8.0)
1.51
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Gels

Media

Special Equipment

Chapter 1: Plasmids and Their Usefulness in Molecular Cloning

Ethidium bromide (10 mg/iml) <!>

SYBR Cold <!>
KCl (4 M)
NSS solution

0.2 N NaOH
0.5% SDS
20% sucrose

This solution should be made fresh for each use. Store the solution at room temperature until it is
required. Discard any NSS solution that remains unused.

Agarose gel (0.7%, 5-mm thick), cast in Tris-borate buffer or in Tris-acetate buffer without
ethidium bromide

When only a small difference in size is anticipated among plasmids, the agarose gel should be cast and
run in Tris-acetate electrophoresis buffer (TAE; please see Chapter 5, Protocol 1), because of its superi-
or ability to resolve superhelical DNAs of different sizes. Otherwise, Tris-borate-EDTA (TBE) is the bet-
ter choice because of its higher buffering capacity.

Agarose gel

Please see Step 14.

LB, YT, or SOB (rich broth for growing E. coli)
LB, YT, or SOB agar plates containing the appropriate antibiotic

Thermal cycler
Water bath preset to 70°C
Wooden toothpicks

Additional Reagents

METHOD

Step 12 of this protocol requires the reagents listed in Chapter 8, Protocol 1.
Step 14 of this protocol requires the reagents listed in Protocol 1 or 4 of this chapter.

Preparation of Cells

1. Grow bacterial colonies, transformed with recombinant plasmid, on rich agar medium (LB,

YT, or SOB) containing the appropriate antibiotic until they are ~2-3 mm in diameter
(~18-24 hours at 37°C for most bacterial strains).

Use a sterile toothpick or disposable loop to transfer a small segment of a bacterial colony to
a streak or patch on a master agar plate containing the appropriate antibiotic. Transfer the
remainder of the colony to a numbered microfuge tube containing 50 pl of sterile 10 mM
EDTA (pH 8.0).

In addition to the colonies under test, transfer a number of colonies containing the “empty,” non-
recombinant plasmid vector. These samples are used as markers in gel electrophoresis (please see
Step 11).

. Repeat Step 2 until the desired number of colonies has been harvested.

. When all of the colonies have been replicated and transferred, incubate the master plate for

several hours at 37°C and then store it at 4°C until the results of the gel electrophoresis (Step
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11 of this protocol) are available. Colonies containing plasmids of the desired size can then
be recovered from the master plate.

While the master plate is incubating, process the bacterial suspensions as follows: To each
microfuge tube in turn, add 50 p! of a freshly made solution of NSS. Close the top of the tubes
and then mix their contents by vortexing for 30 seconds.

Transfer the tubes 1o a 70°C water bath. Incubate the tubes for 5 minutes and then allow them
to cool to room temperature.

To each tube, add 1.5 pl of a solution of 4 M KCl. Vortex the tubes for 30 seconds.
Incubate the tubes for 5 minutes on ice.

Remove bacterial debris by centrifugation at maximum speed for 3 minutes at 4°C in a
microfuge.

Analysis of Plasmids by Gel Electrophoresis

10.

11.

12.

Transfer each of the supernatants in turn to fresh microfuge tubes. Add to each tube 0.5 pl of
a solution containing 0.4% bromophenol blue if the samples are to be analyzed only by
agarose gel electrophoresis or 2 ul of 10 mM cresol red if the samples are to be analyzed both
by PCR and by agarose gel electrophoresis. Load 50 p! of the supernatant into a slot (5 mm
in length x 2.5 mm in width) cast in a 0.7% agarose gel (5 mm thick).

The agarose gel is poured and run in the absence of ethidium bromide because the rate of migra-
tion of superhelical DNA in the absence of ethidium bromide reflects its molecular weight more
faithfully than its rate of migration in the presence of the intercalating dye. This simplifies the task
of distinguishing among plasmids of different sizes.

After the bromophenol blue dye has migrated two-thirds to three-fourths the length of the
gel, or the cresol red dye about one-half the length of the gel, stain the gel by soaking it for
30-45 minutes in a solution of ethidium bromide (0.5 pg/ml in H,O) at room temperature.

Examine and photograph the gel under UV illumination.

More sensitive dyes such as SYBR Gold (Molecular Probes) can be used to stain the agarose gel
after electrophoresis when working with low-copy-number plasmids (please see Chapter 3,
Protocol 1). For more information, please see the discussion on SYBR dyes in Appendix 9.

Colonies that contain a recombinant plasmid will yield bands of DNA that migrate through the agarose
gel more slowly than the empty vector DNA. It is important to use as controls plasmids of known size
that have been prepared by the toothpick method. Plasmids prepared by other methods are not reliable
as controls because they will be dissolved in buffers of different ionic strengths and constitutions. The
rate of migration of superhelical DNAs can be markedly affected by the ionic strength of the solution
loaded into the wells of the gel.

The pattern of bands can be quite complicated, consisting of superhelical, open circular, and linear
forms of plasmid DNAs, in addition, perhaps, to traces of bacterial chromosomal DNA.

If cresol red has been used at Step 10, analyze the supernatants by performing PCR as
described in Chapter 8, Protocol 1, using the remainder of each sample as a template.

Cresol red (Merck Index) is orange to amber in acidic solutions (pH 2-3), yellow in solutions of
pH 7.2, and red in alkaline solutions. In contrast to bromophenol blue and xylene ¢yanol, cresol
red does not inhibit the thermostable DNA polymerase from Thermus aquaticus ( Tag polymerase)
(Hoppe etal. 1992). Thus, DNA solutions containing cresol red are viable templates in most ampli-
fication reactions. The dye migrates between xylene cyanol and bromophenol blue during agarose
gel electrophoresis, with a size of ~300 bp in a 2% agarose gel (Hoppe et al. 1992). Cresol red does
not produce a shadow on photographs of agarose gels stained with ethidium bromide.
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13. Prepare small-scale cultures of the putative recombinant clones by inoculating 2 ml of liquid
medium (LB, YT, or SOB) containing the appropriate antibiotic with bacteria growing on the
master plate.

[t is not necessary to wait for florid growth of bacteria on the master plate. Even a faint opaque film
of bacteria is sufficient to locate the desired isolates and to inoculate liquid cultures.

14. Use the small-scale bacterial cultures to generate minipreparations (please see Protocol 1 or
4) of the putative recombinant plasmids. Analyze the plasmid DNAs by digestion with
restriction enzymes and agarose gel electrophoresis to confirm that they have the desired size
and structure,




Protocol 7

Preparation of Plasmid DNA by Lysis

with SDS

_MATERIALS

I HIS GENTLE METHOD (ADAPTED FROM GODSON AND VAPNEK 1973} has advantages over the alka-
line lysis and boiling methods when dealing with large plasmids (>15 kb). However, the price of
lenity in this case is low yield: A significant fraction of the plasmid DNA becomes enmeshed in

the cell debris and is lost at an early stage of the protocol.

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

Buffers and Solutions

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

Antibiotic for plasmid selection
Chloramphenicol (34 mg/ml) <!>

Optional, please see Step 4. Please see the information panel on CHLORAMPHENICOL.

Chloroform <!>

EDTA (0.5 M, pH 8.0)

Ethanol

NaCl (5 M)

Phencl:chloroform (1:1, viv) <!>
SDS (10% w/v)

STE, ice cold

TE (pH 8.0)

Tris-sucrose

Enzymes and Buffers

Gels

Lysozyme (10 mg/ml)

Please see the information panel on LYSOZYMES.

Restriction endonucleases

Agarose gels
Please see Steps § and 22,
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Media
LB, YT, or Terrific Broth

Centrifuges and Rotors

Beckman type-50 ultracentrifuge rotor or equivalent with Oak Ridge plastic centrifuge tubes
(30-ml screw cap, Nalgene)
Sorvall GSA rotor or equivalent

Special Equipment
Sturdy glass rod
Additional Reagents

Step 8 of this protocol requires the reagents listed in Protocol 1 or 4 of this chapter.
Step 21 of this protocol requires the reagents listed in Protocol 9 or 10 of this chapter.

METHOD

Preparation of Cells

1. Inoculate 30 ml of rich medium (LB, YT, or Terrific Broth) containing the appropriate antibi-
otic with a single transformed bacterial colony or with 0.1-1.0 m! of a late-log-phase culture
grown from a single transformed colony.

2. Incubate the culture with vigorous shaking until the bacteria enters the late log phase of
growth (i.e., an OD, of ~0.6).
To ensure that the culture is adequately aerated:

e The volume of the culture flask should be at least four times greater than the volume of
the bacterial culture,

o The flask should be loosely capped.

¢ The culture should be incubated with vigorous agitation.

3. Inoculate 500 ml of LB, YT, or Terrific Broth (prewarmed to 37°C) containing the appropri-
ate antibiotic in a 2-liter flask with 25 ml of the late-log-phase culture. Incubate the culture
for ~2.5 hours at 37°C with vigorous shaking (250 cycles/minute on a rotary shaker).

The OD,, of the resulting culture should be ~0.4. The growth rates of various bacterial strains or
of a single strain containing different plasmids will vary. Thus, in some cases, the culture may have
to be incubated slightly longer or shorter than 2.5 hours to reach the desired optical density.

4. For relaxed plasmids with low or moderate copy numbers, add 2.5 ml of 34 mg/ml chloram-
phenicol. The final concentration of chloramphenicol in the culture should be 170 pg/ml.

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

5. Incubate the culture for a further 12-16 hours at 37°C with vigorous shaking (250
cycies/minute on a rotary shaker)

6. Remove an aliquot (1-2 ml) of the bacterial culture to a fresh microfuge tube and store it at
4°C. Harvest the remainder of the bacterial cells from the 500-ml culture by centrifugation at
2700g (4100 rpm in a Sorvall GSA rotor) for 15 minutes at 4°C. Discard the supernatant.
Stand the open centrifuge bottle in an inverted position to allow all of the supernatant to
drain away.




Lysis of Cells

10.

11.

12.

13.
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Resuspend the bacterial pellet in 200 ml of ice-cold STE. Collect the bacterial cells by cen-
trifugation as described in Step 6. Store the pellet of bacteria in the centrifuge bottle at ~20°C.

Use one of the methods described in Protocol 1 or 4 to prepare plasmid DNA from the 1-2-
ml aliquot of bacterial culture set aside in Step 6. Analyze the minipreparation plasmid DNA
by digestion with the appropriate restriction enzyme(s) and agarose gel electrophoresis to
ensure that the correct plasmid has been propagated in the large-scale culture.

This kind of control may seem a little overly compulsive. However, it provides valuable insurance
against errors that may be difficult to retrieve and may cause considerable loss of time.

Allow the frozen bacterial cell pellet from Step 7 to thaw at room temperature for 5-10 min-
utes. Resuspend the pellet in 10 ml of ice-cold Tris-sucrose solution. Transfer the suspension
to a 30-ml plastic screw-cap tube.

Add 2 ml of a freshly prepared lysozyme solution (10 mg/ml) followed by 8 ml of 0.25 M EDTA
(pH 8.0).

Mix the suspension by gently inverting the tube several times. Store the tube on ice for 10

minutes.
The combination of lysozyme and EDTA breaks down the bacterial cell walls and punctures the
outer membrane. The resulting spheroplasts, although leaky, are stabilized by the isosmotic sucrose
solution.
Add 4 ml of 10% SDS. Immediately mix the contents of the tube with a glass rod so as to dis-
perse the solution of SDS evenly throughout the bacterial suspension. Be as gentle as possi-
ble to minimize shearing of the liberated chromosomal DNA.

As soon as mixing is completed, add 6 ml of 5 M NaCl (final concentration = 1 M). Again, use
a glass rod to mix the contents of the tube gently but thoroughly. Place the tube on ice for at
least 1 hour.

Recovery of Plasmid DNA

14.

15.
16.

17.

18.

Remove high-molecular-weight DNA and bacterial debris by centrifugation at 71,000¢
(30,000 rpm in a Beckman Type 50 rotor) for 30 minutes at 4°C. Carefully transfer the super-
natant to a 50-ml disposable plastic centrifuge tube. Discard the pellet.

[f the bacterial debris does not form a tightly packed pellet, centrifuge again at 96,000¢ (35,000 rpm
in a Beckman Type 50 rotor) for a further 20 minutes, and transfer as much of the supernatant as
possible to a fresh tube. Discard the viscous liquid remaining in the centrifuge tube.

Extract the supernatant once with phenol:chloroform and once with chloroform.

Transfer the aqueous phase to a 250-ml centrifuge bottle. Add 2 volumes (~60 ml) of ethanol
at room temperature. Mix the solution well. Store the solution for 1-2 hours at room tem-
perature.

Recover the nucleic acids by centrifugation at 5000¢ (5500 rpm in a Sorvall GSA rotor or 5100
rpm in a Sorvall HS4 swing-out rotor) for 20 minutes at 4°C.
Swing-out (horizontal) rotors are better than angle rotors for this step, since they concentrate the
nucleic acids on the bottom of the bottle rather than smearing them on the walls.
Discard the supernatant. Wash the pellet and sides of the centrifuge tube with 70% ethanol
at room temperature and then centrifuge as in Step 17.
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19. Discard as much of the ethanol as possible, and then invert the centrifuge bottle on a pad of
paper towels to allow the last of the ethanol to drain away. Use a vacuum aspirator to remove
droplets of ethanol from the walls of the centrifuge bottle. Stand the bottle in an inverted
position until no trace of ethanol is visible. At this stage, the pellet should still be damp.

20. Dissolve the damp pellet of nucleic acid in 3 ml of TE (pH 8.0).

21. Purify the crude plasmid DNA either by chromatography on commercial resins (please see
Protocol 9) or isopycnic centrifugation in CsCl-ethidium bromide gradients (please see
Protocols 10 and 11).

Large plasmids (>15 kb) are vulnerable to nicking during the several precipitation steps that are
used in purification of plasmid IDNA by polyethylene glycol.

22, Check the structure of the plasmid by restriction enzyme digestion followed by gel elec-
trophoresis.




Protocol 8

Purification of Plasmid DNA by
Precipitation with Polyethylene Glycol

THIS METHOD WAS ORIGINALLY DEVISED BY RICHARD TREISMAN (ICRF, London, United Kingdom)
following the work of Lis (1980), who pioneered the use of polyethylene glycol (PEG) to frac-
tionate DNAs of different sizes. Treisman’s method is widely used to purify plasmid DNA pre-
pared by the alkaline lysis method (Protocol 3). Crude preparations of plasmid DNA are first
treated with lithium chloride to precipitate large RNAs and with RNase to digest smaller conta-
minating RNAs. A solution of PEG in high salt is then used to precipitate the large plasmid DNA
selectively, leaving short RNA and DNA fragments in the supernatant. The precipitated plasmid
DNA is purified by extraction with phenol:chloroform and ethanol precipitation. A modification
of the Treisman procedure is described here in which a solution of PEG and MgCl, is used to pre-
cipitate the plasmid DNA (Nicoletti and Condorelli 1993). For further information, please see the
information panel on POLYETHYLENE GLYCOL,

Precipitation with PEG/MgCl, differs from purification of plasmid DNAs by column chro-
matography (Protocol 9) and equilibrium centrifugation in CsCl-ethidium bromide gradients
(Protocol 10) in one major respect: It does not efficiently separate nicked circular molecules from
the closed circular form of plasmid DNA. The latter two protocols are the methods of choice for
the purification of very large plasmids (>15 kb) that are vulnerable to nicking and closed circu-
lar plasmids that are to be used for biophysical measurements. However, plasmid DNA purified
by PEG/MgCl, precipitation is suitable for all enzymatic reactions commonly used in molecular
cloning (including DNA sequencing) and can also be used to transfect mammalian cells with high
efficiency.

—
LITHIUM CHLORIDE

LiClis a strong dehydrating reagent that lowers the solubility of RNA (Hearst and Vinograd 1961a,b) and strips
proteins from chromatin (Kondo et al. 1979). Contaminating high-molecular-weight RNA and proteins can
therefore be precipitated from crude plasmid preparations by high concentrations of LiCl and removed by low-
speed centrifugation (e.g., please see Kondo et al. 1991). The use of LiCl as a selective precipitator of high-
moalecular-weight RNA was first reported in 1963 by Bob Williamson and colieagues (Barlow et al. 1963).

1.59
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MATERIALS

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

Buffers and Solutions

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

Chloroform <!>

Ethanol

Isopropanol

LiCl (5 M)
Please see the panel on LITHIUM CHLORIDE.

PEG-MgCl, solution <!>
Phenol:chloroform (1:1, viv) <!>
Sodium acetate (3 M, pH 5.2)

TE (pH 8.0)

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

Nucleic Acids and Oligonucleotides

Crude plasmid preparation
Use material from either Step 17 of Protocol 3 or Step 19 of Protocol 5 of this chapter.

Centrifuges and Rotors

Sorvall §5-34 or equivalent

Special Equipment

'METHOD

Ice water bath

. Transfer 3 ml of the crude large-scale plasmid preparation to a 15-ml Corex tube and chill

the solution to 0°C in an ice bath.

. Add 3 m] of an ice-cold solution of 5 M LiCl to the crude plasmid preparation, mix well, and

centrifuge the solution at 12,000g (10,000 rpm in a Sorvall $S-34 rotor) for 10 minutes at 4°C.

. Transfer the supernatant to a fresh 30-ml Corex tube. Add an equal volume of isopropanol.

Mix well. Recover the precipitated nucleic acids by centrifugation at 12,000¢ (10,000 rpm in
a Sorvall $5-34 rotor) for 10 minutes at room temperature.

. Decant the supernatant carefully, and invert the open tube to allow the last drops of super-

natant to drain away. Rinse the pellet and the walls of the tube with 70% ethanol at room
temperature. Carefully discard the bulk of the ethanol, and then use a vacuum aspirator to
remove any beads of liquid that adhere to the walls of the tube. Place the inverted, open tube
on a pad of paper towels for a few minutes until no trace of ethanol is visible. At this stage,
the pellet should still be damp.

. Dissolve the damp pellet of nucleic acid in 500 ul of TE (pH 8.0) containing RNase A.

Transter the solution to a microfuge tube and store it for 30 minutes at room temperature.




10.

11.

12.

13.
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Extract the plasmid-RNase mixture once with phenol:chloroform and once with chloroform.
Recover the DNA by standard ethanol precipitation.
Dissolve the pellet of plasmid DNA in 1 ml of sterile H,0, and then add 0.5 ml of PEG-MgCl,

solution.

Store the solution for 210 minutes at room temperature, and then collect the precipitated
plasmid DNA by centrifugation at maximum speed for 20 minutes at room temperature in a
microfuge.

Remove traces of PEG by resuspending the pellet of nucleic acid in 0.5 ml of 70% ethanol.
Collect the nucleic acid by centrifugation at maximum speed for 5 minutes in a microfuge.

Remove the ethanol by aspiration and repeat Step 10. Following the second rinse, store the
open tube on the bench for 10-20 minutes to allow the ethanol to evaporate.

Dissolve the damp pellet in 500 pl of TE (pH 8.0). Measure the OD,,, of a 1:100 dilution in
TE (pH 8.0) of the solution, and calculate the concentration of the plasmid DNA assuming
that 1 OD, = 50 pg of plasmid DNA/ml.

For information on absorbtion spectroscopy of DNA, please sec Appendix 8.

Store the DNA in aliquots at —200C,

AR T S —— = JR—
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Purification of Plasmid DNA
by Chromatography
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D URING THE 1990S, MANY CLONERS — ESPECIALLY THE YOUNG — became addicted to commer-
cially available chromatography resins used to purify plasmid DNA to near homogeneity. Their
dependence on these resins, most of which come in the form of a kit, is a remarkable phenome-
non. After all, isolation and purification of plasmid DNAs by conventional techniques are hardly
intellectual challenges, and there is no convincing evidence that old-fashioned plasmid prepara-
tions are inferior to those emerging from the backend of a kit. Why, then, have cloners turned to
expensive kits, whose components are largely unknown to them, in preference to well-tried, pub-
lished methods that use simple ingredients? A small part of the answer must lie in the incessant
advertising by manufacturers, whose aim is to persuade the gullible that they will become better
scientists by using Kits to purify their plasmids. These kits also play on the fear of failure. No one
wants to screw up a routine plasmid preparation — so much better to avoid embarrassment by
buying a kit and blaming the manufacturer if something goes wrong.

On the positive side, kits have changed for the better the way cloning in plasmids is done.
In the old days, when dirty minipreparations of plasmids were the norm, vectors were routinely
purified by buoyant density centrifugation in CsCl-ethidium bromide gradients; when enzymes
to manipulate DNA were less reliable than they now are, the ability to generate fragments of DNA
with desired termini and to join them accurately to plasmid vectors was an uncertain business;
when the preparation of highly competent populations of E. coli was a form of alchemy, it was an
achievement to generate even a modest number of putative recombinants. All too frequently,
there was little difference between the numbers of transformed colonies generated by the vector
alone and those obtained from ligation reactions. Transformants containing putative recombi-
nant plasmids were routinely screened either by hybridization or by laborious manual analysis of
many individual minipreparations. It was not uncommon in those days to process and analyze

There is never too great a distinction made between those who have paid for the tiniest step
forward and those, incomparably more numerous, who have received a convenient, indifferent
knowledge, a knowledge without ordeals.

The Trouble with Being Born
by E.M. Cioran
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upward of 100 minipreparations before finding a transformant containing the clone of interest.
At Cold Spring Harbor Laboratory, the record, established in 1981, stood at 168 minipreparations
completed by one person in the course of a single day. Today, however, with the widespread use
of kits, this is not a particularly impressive number.

Effort on this scale is no longer required or expected. Cloning — even of “difficult” con-
structs in plasmid vectors — goes much faster and is much more efficient. The development of
high-copy-number vectors has eliminated much of the need to grow and process large-scale cul-
tures. And because of the advent of kits, the quality of the DNA in minipreparations is so high
that routine purification of plasmids by buoyant density centrifugation is no longer necessary or
desirable. We describe here a general method for purifying plasmid DNA using chromatograph-
ic methods. The way to carry out this protocol is to buy a kit and use it according to the manu-
facturer’s directions. For a further explanation of how these kits work, please read on.

The chromatography resins supplied in kits come in two general types: those that yield plas-
mid DNA sufficiently pure for enzymatic manipulation (e.g., PCR, restriction, and ligation) and
prokaryotic cell transformation but not necessarily eukaryotic cell transfection, and those that yield
quite pure plasmid DNA suitable for all of these purposes. Both types of resins can be used to puri-
fy DNA from crude lysates of bacteria prepared by methods described in Protocols 1 through 5 and
in Protocol 7.

The chemical structures of most of the commercial resins are largely proprietary, which
means that wily chemist colleagues cannot cheaply synthesize a large batch of resin for laborato-
ry use (but please see Carter and Milton 1993; Boyle and Lew 1995). In general, the resins fall into
two classes: those that use hydrophobic interactions to purify the nucleic acids and those that rely
on mixed ion-exchange/adsorption interactions for purification (Table 1-6). The most popular
resins for the generation of plasmid DNA for eukaryotic cell transfection utilize ion-
exchange/adsorption interaction chromatography. The development of this class of resins is an
interesting story.

It has been known since the 1950s that DNA binds in a reversible manner to silica in the
presence of chaotropic salts. The interaction between double-stranded DNA and the silicate
matrix is thought to be due to the dehydration of the phosphodiester backbone by chaotropic
salts, which allows the exposed phosphate residues to adsorb to the silica. Once adsorbed, the
double-stranded DNA remains in either a native or partially denatured (single-stranded) state
and cannot be eluted from the matrix by solvents (e.g., 50% ethanol) that displace other biopoly-
mers such as RNA and carbohydrate. However, when the immobilized DNA is rehydrated by
washing with aqueous buffers (typically TE or H,0), it can be quantitatively recovered in the col-
umn effluent. This body of basic research was exploited in the 1980s by chemists such as Chuck
York at Promega, and by others at different molecular biology reagent companies, to develop the
resins now commercially available.

The adsorption of double-stranded DNA to silica is independent of base composition and
topology. These features of the resin make it ideal for the purification of circular plasmid DNAs
and long linear DNA fragments. However, the interaction is length-dependent, and DNAs that are
less than 100-200 bp in length adsorb poorly to the resin. For this reason, currently available sil-
ica-based chromatography reagents are not used for purifying small DNA fragments.

The amount of resin required for purification of plasmids depends on the amount of bac-
terial lysate. Thus, different kits are purchased for purification of plasmid DNA from small (1-10
ml), medium (10-100 ml), or large cultures (>100 ml). The resins are supplied either in bulk,
from which they may be placed in a column or syringe for use in DNA purification, or prepacked
into columns for immediate use. The chemical composition of the binding, washing, and elution
buffers for a particular resin is supplied by the manufacturer. A moncy-saving alternative is to

P —_—
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TABLE 1-6 Commercially Available Resins and Their Uses

ResIN MANUFACTURER CHEMISTRY Usk NoOTES

Qragen Qiagen macroporous silica transfection of eukaryotic some batch-to-batch variation; pH-
gel, anion-exchange  cells sensitive
(DEAE)

QlAprep Qiagen silica gel enzymic manipulation® different columns available for
purification of double- or single-
stranded DNAs

Wizard Promega silica particle additional ethanol inexpensive, reproducible

precipitation required
for transfection of
eukaryotic cells*
FlexiPrep Pharmacia anion exchange enzymic manipulation” transfection requires further

Glass-Max

GemePrep

Pertect Prep

ClearCut
Mimiprep Kit
Concert, rapid
and high purity

SVS RIS

NucleoBond AX

Life Technologies

Ambion

Eppendorf 5 Prime

Stratagene

Life Technologies

Nest Group, Inc.

silica matrix

hvdrophobic inter-
actions, glass fiber

silica matrix

silica resin, hydro-
phobic interaction

silica gel

macroporous silica
gel anion exchange

enzymic manipulation®

enzymic manipulation®

transfection of eukaryotic
cells?

enzymic manipulation®

enzymatic manipulation®

and transfection of
eukaryotic cells?®

transfection of eukaryotic
cells*

purification
minipreps only

miniprep only; made in Texas

very fast; miniprep only

can be used for miniprep plasmid or
DNA fragment purification

mini- and maxipreps

five column sizes; resin good for large
DNA purification, including
cosmids and P1 DNAs

Plasmid DNA prepared using this resin is suitable for transfection of eukaryotic cells by one or more of the methods described in Chapter 16, for
testriction enzyme digestion, for bacterial transformation, and for use as a template in PCR and DNA sequencing reactions. For transformation of less
robust cell Tines, such as Boor T cells, or where problems are encountered, the use of endotoxin-free DNA is recommended. Endotoxin-free DNA purifi-
cation kits are commercially available (e.g., Wizard PureFection from Promega).

Plasmid DNA prepared using this resin is suitable for restriction enzyme digestion. for bacterial transformation, or for use as a template in PCR and
1IN sequencing reactions, Transfection of cultured mammalian cells with this plasmid DNA usually requires additional purification steps.

purchase a resin in bulk, followed by preparation of the column buffers. Vacuum manifolds for
use with prepacked columns that allow the simultaneous preparation of minipreparation plasmid
DNA from as many as 96 bacterial cultures are available from several companies.

Individual manufacturers supply detailed protocols for use with a particular resin. Because
the binding and elution of plasmid DNA depend on the structure and derivatization of the resin,

the manufacturers’ instructions should be followed to the letter.

Table 1-6 summarizes some of the salient features of the commercial resins currently avail-
able for plasmid purification.




Protocol 10

Purification of Closed Circular DNA by
Equilibrium Centrifugation in CsCl-Ethidium
Bromide Gradients: Continuous Gradients

SEPARATION OF PLASMID AND CHROMOSOMAL DNAS by buoyant density centrifugation gradients
containing cesium chloride and ethidium bromide depends on differences between the amounts
of ethidium bromide that can be bound to linear and closed circular DNA molecules (please see
the information panel on CESIUM CHLORIDE).

For many years, equilibrium centrifugation in CsCl-ethidium bromide gradients was the
method of choice to prepare large amounts of plasmid DNA. However, this process is expensive
and time-consuming, and many alternative methods have been developed, including differential
precipitation (Protocol 8) and column chromatography (Protocol 9). Nevertheless, traditional-
ists, of whom there are many, still believe that plasmids purified by banding in CsCl-ethidium
bromide gradients are the purest and best DNAs for molecular biological experiments. Closed cir-
cular DNAs prepared by isopycnic centrifugation in CsCl-ethidium bromide gradients are con-
taminated by small fragments of DNA and RNA derived from the host bacteria. These small frag-
ments take far longer to reach equilibrium in CsCl-ethidium bromide gradients than the larger
plasmid DNAs. Hence, when molecules of closed circular DNA are at equilibrium, small frag-
ments are still fairly evenly distributed throughout the gradient. This problem can be solved by
abandoning CsCl-ethidium gradients and purifying plasmids by chromatography on commercial
resins (Schleef and Heimann 1993), or it can be alleviated by subjecting closed circular plasmid
DNA recovered from one CsCl-ethidium gradient to a second cycle of equilibrium centrifugation.

In another method, known as discontinuous CsCl gradient centrifugation (please see
Protocol 11), three solutions containing different concentrations of CsCl are layered into the cen-
trifuge tube. During subsequent centrifugation, the CsCl gradient forms more quickly, which
allows the centrifugation time to be reduced to 6 hours. The resolution of closed circular plasmid
DNAs from chromosomal and open circular plasmid DNAs is not quite as good in discontinuous
CsCl gradients as in continuous gradients.

In the procedure for continuous gradients, described below, ethidium bromide and crude
plasmid DNA are mixed with a CsCl solution of density p = ~1.55. When the mixture is centrifuged
at high speed, the centrifugal force is sufficient to generate and maintain a gradient of cesium atoms.
During formation of the gradient, DNAs of different buoyant densities migrate to positions in the
tube at which the density of the surrounding CsCl solution equals that of the DNA itself. In earlier
technology, long (24-48 hours) centrifuge times were required to bring the gradient to equilibrium.
However, in modern vertical-tube rotors with their high g forces and small radii, self-forming gra-
dients develop much more quickly than in older and slower fixed-angle rotors.
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MATERIALS

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

Buffers and Solutions

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

CsCl (solid)

CsCl rebanding solution
Optional, please see Steps 4 and 8.

Ethanol
Ethidium bromide (10 mg/ml) <!>
Paraffin oil

Nucleic Acids and Oligonucleotides

Crude plasmid preparation
Use material from cither Step 17 of Protocol 3, Step 19 of Protocol 5, or Step 20 of Protocol 7 of this chap-
ter.

Centrifuges and Rotors

Sarvall §§8-34 rotor or equivalent

Ultracentrifuge rotor (vertical rotors are preferred) and tubes
For example, Beckman VTi65; angle Ti50, Ti65, or Ti70 rotors or their Sorvall equivalents are acceptable
if centrifuge time is not a limiting factor. Use a Quick-seal polyallomer tube or equivalent.

Special Equipment

Hypodermic needle (21 gauge)
Pasteur pipette or a dispusable syringe fitted with a large-gauge needle
Refractometer (optional)
Although not essential, a refractometer is extremely useful for estimating the density of CsCl solutions.
Syringe (5-10 cc) disposable, fitted with a sterile 18-gauge hypodermic needle

Additional Reagents

'METHOD

Step 8 of this protocol requires the reagents listed in Protocol 12 or 13 of this chapter.

1. Measure the mass of the crude plasmid DNA preparation. Measurement is best done by trans-
ferring the solution into a fresh tube that has been tared on a top-loading balance. For every
gram of plasmid DNA solution, add exactly 1.01 g of solid CsCl. Close the top of the tube to
prevent evaporation and then warm the solution to 30°C to facilitate the dissolution of the
CsCl salt. Mix the solution gently until the salt is dissolved.

As a rule of thumb, the crude plasmid preparation from no more than 50 mt of an overnight cul-
ture should be used per gradient. As vertical tubes for the Beckman VTi65.2 rotor can accommo-
date ~5 ml of CsCl-ethidium bromide solution, the crude plasmid preparation from 50-ml cultures
should be reconstituted in ~3 ml of TE (pH 8.0).

2. Add 100 pl of 10 mg/ml ethidium bromide for each 5 g of original DNA solution.

The final density of the solution should be ~1.55 g/ml (refractive index = 1.3860), and the concen-
tration of ethidium bromide should be ~200 jtg/ml. In the past, much larger amounts of ethidium
bromide were used (Radloff et al. 1967). These were thought to be necessary to achieve saturating
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binding of the drug to closed circular DNA and linear DNAs. However, high concentrations of
unbound ethidium bromide may obscure faint bands of DNA to such an extent that UV illumina-
tion is required for visualization. Recently, lower concentrations of ethidium bromide have been
used successfully, allowing bands of DNA to be seen in visible light (e.g., please see Good and Nazar
1995). However, problems can arise if gradients containing lower concentrations of ethidium bro-
mide are overloaded with nucleic acids. In this case, there may not be sufficient drug to achieve sat-
uration binding to closed circular DNA and linear DNAs. Because most of the ethidium bromide
in CsCl-ethidium bromide gradients binds not to DNA but to bacterial RNA present in the crude
preparation of plasmid DNA, this problem can be solved by treating the preparation with DNase-
free RNase before ultracentrifugation. This treatment is not usually necessary if the crude plasmid
preparation from a 30-ml bacterial culture is reconstituted in ~3 ml of TE (pH 8.0) and used to
prepare a single 5-ml CsCl-ethidium bromide gradient.

3. If Corex glass tubes are used, centrifuge the solution at 7700g (8000 rpm in a Sorvall SS-34

rotor) for 5 minutes at room temperature. If disposable polypropylene tubes are used, cen-
trifuge at 1100g¢ (3000 rpm in a Sorvall $S-34 rotor) for 10 minutes.

The dark red scummy precipitate that floats to the top of the centrifuge tube consists of complexes
formed between the ethidium bromide and bacterial proteins. The pellet at the bottom of the tube
consists of larger chunks of bacterial debris, resulting from the lysis of the host bacteria by SDS
and/or heat. These unappetizing delicacies are commonly encountered when the host bacteria are
lysed by SDS or by the boiling procedure. Smaller amounts of debris are visible in alkaline lvsates.

Use a Pasteur pipette or a disposable syringe fitted with a large-gauge needle to transfer the
clear, red solution under the scum and above the pellet to a tube suitable for centrifugation
in an ultracentrifuge rotor. Top off the partially filled centrifuge tubes with light paraffin oil
or rebanding solution. Make sure that the weights of tubes opposite each other in the rotor
are equal. Seal the tubes according to the manufacturer’s instructions.

Make a note of the DNA samples loaded into each numbered place in the rotor.

Centrifuge the density gradients at 20°C as appropriate for the rotor:
Beckman NVT 65 rotor 366,000g (62,000 rpm) for 6 hours
Beckman VTi65 rotor 194,000¢ (45,000 rpm) for 16 hours
Beckman Type 50Ti rotor 180,000¢ (45,000 rpm) for 48 hours
Beckman Type 65Ti rotor 314,000g (60,000 rpm) for 24 hours
Beckman Type 70.1Ti rotor 331,000g (60,000 rpm) for 24 hours

At the end of the centrifuge run, gently remove the rotor from the centrifuge and place it on
a flat surface. Carefully remove each tube and place it in a test tube rack covered with tin foil.
In a dimly lit room (i.e., with the overhead fluorescent lights turned off), mount one tube in
a clamp attached to a ring stand as shown in Figure 1-8.

Two bands of DNA, located in the center of the gradient, should be visible in ordinary light 1 please
see Figure 1-8). The upper band, which usually contains less material, consists of linear bacterial
(chromosomal) DNA and nicked circular plasmid DNA; the lower band consists of closed circular
plasmid DNA. The deep-red pellet on the bottom of the tube consists of ethidium bromide/RNA
complexes. The material between the CsCl solution and the paraffin oil is protein.

In cases where the yield of plasmid DNA is low, a hand-held, long-wavelength UV lamp can be used
to visualize the DNA after centrifugation. The lamp is mounted with a clamip on the same ring
stand used to support the centrifuge tube containing the separated DNAs. Shining UV light on the
tube will cause the ethidium bromide-DNA complexes to fluoresce a bright orange, thereby facili-
tating their withdrawal with the needle/syringe. If a lamp is used, then the plasmid DNA should be
retrieved as quickly as possible since excess exposure of the plasmid DNA to UV light will damage
the DNA. In addition, wear a face shield to protect the eyes from damage by UV light. Whereas
long-wavelength UV irradiation causes less damage to DNA than shorter wavelength, it is potent
enough to still cause injury to the eyes.

7. Collect the band of closed circular DNA (please see Figure 1-8).

a. Use a 21-gauge hypodermic needle to make a small hole in the top of the tube to allow
air to enter when fluid is withdrawn (Figure 1-8A).
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A B .
21-gauge
ol or cesium hypodermic
protein needle

nicked circular
or linear DNA

closed circular
plasmid DNA

Scotch Tape to
prevent leaks

RNA pellet

FIGURE 1-8 Collection of Superhelical Plasmid DNA from CsCl Gradients Containing
Ethidium Bromide

Please see Step 7 for details.

b. Carefully wipe the outside of the tube with ethanol to remove any grease or oil, and then
attach a piece of Scotch Tape or Time tape to the outside of the tube (Figure 1-8B)

The tape will act as a seal to reduce leaks after needle puncture.

. Attach a 5-10-cc disposable syringe to a sterile 18-gauge hypodermic needle and insert
the needle (beveled side up) into the tube through the tape so that the open, beveled side
of the needle is positioned just below the lower DNA band (closed circular plasmid DNA;
Figure 1-8C).

d. Slowly withdraw the plasmid DNA, taking care not to disturb the upper viscous band of
chromosomal DNA (Figure 1-8D)

To avoid contamination with the chromosomal DNA, do not attempt to remove every visible
trace of closed circular plasmid DNA from the gradient.

Some investigators prefer to remove the upper DNA band before removing the lower closed
circular plasmid DNA band. This can be tricky, as the viscous, high-molecular-weight chro-
mosomal DNA in the upper band can enmesh the closed circular plasmid DNA and drag it
from the tube.

8. Remove ethidium bromide from the DNA as described in one of the methods presented in
Protocols 12 and 13.

Some diehards reband their closed circular DNA in an effort to reduce contamination of the band
of closed circular DNA with fragments of chromosomal DNA and RNA. To reband the plasmid
DNA, slowly transfer the contents of the syringe to a fresh Quick-seal polyallomer centrifugation
tube and fill the tube with CsCl rebanding solution. Seal the tube, repeat the centnifugation, and
recover the closed circular plasmid DNA as described in Steps 5 through 7 above. Remove ethidi-
um bromide from the DNA as described in Protocol 12 or 13.




Protocol 11

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

FOR CENTRIFUGATION THROUGH DISCONTINUOUS OR PREFORMED CsCl gradients, solutions con-
taining different concentrations of CsCl are layered into the centrifuge tube. The sample can be
in the middle layer (three-step gradient) or the bottom layer (two-step gradient). During subse-
quent centrifugation, the DNA finds its isopycnic point during formation of the gradient, which
allows the centrifugation time to be greatly reduced. For further information on cesium chloride,

please see the information panel on CESIUM CHLORIDE.

Because discontinuous gradients do not come to true equilibrium, the resolution of closed
circular plasmid DNAs from chromosomal DNA is not as high as in self-forming gradients
(please see Protocol 10). In general, three-step gradients give better results in a shorter time than

two-step gradients (Dorin and Bornecque 1995).

MATERIALS

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

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

CsCl (solid)
CsCl layers for a three-step discontinuous gradient
Prepare the layers for a three-step gradient as described in Table 1-7.
Ethidium bromide (10 mg/iml) <!>
TE (pH 8.0)

Nucleic Acids and Oligonucleotides

Crude plasmid preparation
Use material from either Step 16 of Protocol 3, Step 18 of Protocol 5, or Step 19 of Protocol 7 of this
chapter.
As a rule of thumb, the crude plasmid DNA prepared from no more than 50 ml of an overnight culture
should be used per gradient. The crude plasmid preparation from a 100-ml culture should be reconsti-
tuted in ~0.9 mi of TE (pH 8.0}, which is enough to form the middle layer of two discontinuous gradi-
ents.
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TABLE 1-7 Three-step Discontinuous Gradient Layers

MotariTy CsCL REFRACTIVE
LAYER (W/w) INDEX PREPARATION?
Top layer 2.806 1.3670 Dissolve 4.720 g of CsCl in 8 ml of TE
(35%) (pH 8.0). Adjust the volume to exactly
10 ml. Then add 120 pl of 10 mg/ml
ethidium bromide.
Middle layer 3.870 1.3792 Dissolve 0.8 g of CsCl in exactly 1 ml of
(44%) the crude DNA preparation. Then add
30 wl of 10 mg/ml ethidium bromide.
Bottom layer 6.180 1.4052 Dissolve 10.4 g of CsCl in 7 ml of TE.
(59%) Adjust the volume to exactly 10 ml.
Then add 120 pl of 10 mg/ml ethidium
bromide.

"Molecular biology grade CsCl is available in solid form from several commercial manufacturers.

Special Equipment
Hypodermic needle (21 gauge)

Refractometer (optional)
Although not essential, a refractometer is extremely useful for estimating the density of (CsCl solutions.

Syringes (3 cc, 5 cc, and 5-10 c¢) fitted with 18-gauge bone marrow (10 cm) needles
Tuberculin syringe (1 cc) fitted with an 18-gauge bone marrow (10 cm) needle

Centrifuges and Rotors

Ultracentrifuge rotor and tubes
Beckman Type 70.1Ti or Sorvall 65.13 with 5-ml or 10-m! polyallomer ultracentrifuge tubes (Beckman
Quick-Seal or equivalent).
Additional Reagents
Step 6 of this protocol requires the reagents listed in Protocol 12 or 13 of this chapter.

METHOD

1. Use a 3-cc hypodermic syringe equipped with an 18-gauge bone marrow (10 cm) needle to
transfer 1.5 mi of the top layer (35%) CsCl solution to a 5-ml polyallomer ultracentrifuge
tube (Beckman Quick-Seal or equivalent).

2. Use a l-cc tuberculin syringe equipped with an 18-gauge bone marrow (10 cm) needle to
layer 0.5 ml of the middle layer (44%) CsCl solution, containing the plasmid DNA, into the
bottom of the tube under the top layer solution.

3. Use a 5-cc hypodermic syringe equipped with an 18-gauge bone marrow (10 cm) needle to
fill the tube by layering the bottom layer (59%) CsCl solution under the middle layer CsCl
solution.

4. Centrifuge the sealed tubes at 330,000g (60,000 rpm in a Beckman Type 70.1Ti rotor) for 5

hours. Make sure that the weights of tubes opposite each other in the rotor are equal. Seal the
tubes according to the manufacturer’s instructions.

L
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The use of a centrifuge and rotor capable of higher speeds can reduce the centrifugation time still
further. For example, in a VTi90 rotor in a Beckman X1-90, only 20 minutes of centrifugation is
needed.

5. Collect the band of closed circular DNA (Figure 1-8, p. 1.68):

a. Use a 21-gauge hypodermic needle to make a small hole in the top of the tube to allow
air to enter when fluid is withdrawn,

b. Carefully wipe the outside of the tube with ethanol to remove any grease or oil, and then
attach a piece of Scotch Tape or Time tape to the outside of the tube.

The tape will act as a seal to reduce leaks after needle puncture.

C. Attach a 5-10-cc disposable syringe to a sterile 18-gauge hypodermic needle and insert
the needle (beveled side up) into the tube through the tape so that the open, beveled side

of the needle is positioned just below the lower DNA band (closed circular plasmid
DNA).

d. Slowly withdraw the plasmid DNA, taking care not to disturb the upper viscous band of
chromosomal DNA.,

To avoid contamination with the chromosomal DNA, do not attempt to remove every visible
trace of closed circular plasmid DNA from the gradient.

Some investigators prefer to remove the upper DNA band before removing the lower closed
circular plasmid DNA band. This can be tricky, as the viscous high-molecular-weight chro-
mosomal DNA in the upper band can enmesh the closed circular plasmid DNA and drag it
from the tube.

6. Remove ethidium bromide from the DNA as described in one of the methods presented in
Protocol 12 or 13.
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Protocol 12

Removal of Ethidium Bromide from DNA by
Extraction with Organic Solvents

E THIDIUM BROMIDE 1S USUALLY REMOVED FROM DNA purified through a CsCl gradient by repeat-
ed extraction with organic solvents. The CsCl is subsequently removed by dialysis or by precipi-
tation. Protocol 13 describes an alternative method for removal of CsCl by ion-exchange chro-
matography. The two methods are both highly effective in removing ethidium bromide from
DNA purified by equilibrium centrifugation in CsCl-ethidium bromide gradients. For further
information, please see the information panel on ETHIDIUM BROMIDE

MATERIALS

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

Buffers and Solutions

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

Ethanol

Isoamyl alcohol or n-butanol, saturated with H,O <!>
Onc or the other of these organic solvents is required to remove ethidium bromide from the DNA prepa-
ration after centrifugation.

Phenol <!>
Optional, please see Step 13.
Phenol:chloroform (1:1 viv) <!>
Optional, please see Step 13.

TE (pH 8.0)
Nucleic Acids and Oligonucleotides
DNA sample, puritied through CsCl gradient
Use material from either Step 7 of Protocol 10 or Step 5 of Protocol 11 of this chapter.
Centrifuges and Rotors

Sorvall RT-6000 centrifuge with an HL-4 rotor and 50-m/ buckets or equivalent
Sorvall $5-34 rotor or equivalent

Special Equipment
Dialysis tubing and clips
or
Equipment for spin dialysis through a microconcentrator (Amicon)
Optional, please see Step 6. For preparation of dialysis tubing, please see Appendix 8.
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METHOD

Extraction of DNA Solution to Remove Ethidium Bromide

1.

To the solution of DNA in a glass or polypropylene tube, add an equal volume of eithe:
water-saturated n-butanol or isoamyl alcohol. Close the cap of the tube tightly.

Mix the organic and aqueous phases by vortexing.

Centrifuge the mixture at 450g (1500 rpm in a Sorvall RT-6000 centrifuge with an HL-4 rotor
and 50-ml buckets) for 3 minutes at room temperature or stand the solution at room tem-
perature until the organic and aqueous phases have separated.

Use a Pasteur pipette to transfer the upper (organic) phase, which is now a beautiful deep
pink color, to an appropriate waste container.

Repeat the extraction (Steps 1-4) four to six times until all the pink color disappears from
both the aqueous phase and organic phascs.

Removal of CsCl from the DNA Solution

6.

10.

11.

12.

ORI ———.

Remove the CsCl from the DNA solution by ethanol precipitation (please follow Steps 7
through 12), by spin dialysis through a microconcentrator (Amicon), or by dialysis overnight
(16 hours) against 2 liters of TE (pH 8.0) (change buffer frequently). If one of the latter two
methods is used, then proceed to Step 13.

To precipitate the DNA from the CsCl-DNA solution, measure the volume of the CsCl solu-
tion, add three volumes of H,0, and mix the solution well.
This addition dilutes the CsCl and prevents precipitation of the salt by ethanol.

Add 8 volumes of ethanol (1 volume is equal to that of the CsCl-DNA solution prior to dilu-
tion with H,O in Step 7) to the DNA solution and mix well. Store the mixture for at least 15
minutes at 4°C.

Higher recoveries of DNA can be realized if the precipitation reaction is allowed to occur overnight

at 4°C.

A IMPORTANT CsCl precipitates if the ethanolic solution of DNA is stored at ~20°C.

Collect the precipitate of DNA by centrifugation at 20,000g (13,000 rpm in a Sorvall S$-34
rotor) for 15 minutes at 4°C.

Decant the supernatant to a fresh centrifuge tube. Add an equal volume of absolute ethanol
to the supernatant. Store the mixture for at least 15 minutes at 4°C and then collect the pre-
cipitate of DNA by centrifugation at 20,000¢ (13,000 rpm in a Sorvall SS-34 rotor) for 15
minutes.
Not all of the plasmid DNA is recovered in the first precipitation, hence the addition of a second
batch of ethanol (Hildeman and Muller 1997).
Wash the two DNA precipitates with 70% ethanol. Remove as much of the 70% ethanol as
possible and then allow any remaining fluid to evaporate at room temperature.

Dissolve the precipitated DNA in 2 ml of H,O or TE (pH 8.0).

For DNA sequencing, the DNA should be dissolved in H,O. TE (pH 8.0) is a better option if the
DNA is to be stored for a long period of time.
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13. If the resuspended DNA contains significant quantities of ethidium bromide, as judged from
its color or its emission of fluorescence when illuminated by UV light, extract the solution
once with phenol and once with phenol:chloroform, and then again precipitate the DNA
with ethanol.

14, Measure the OD, of the final solution of DNA, and calculate the concentration of DNA.
Store the DNA in aliquots at -20°C.
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Protocol 13

Removal of Ethidium Bromide from DNA
by lon-exchange Chromatography

ETHIDIUM BROMIDE MAY BE REMOVED FROM DNA PURIFIED through a CsCl gradient by ion-
exchange chromatography. The CsCl is subsequently removed by precipitation with ethanol. For
an alternative method for removal of CsCI by repeated extraction with organic solvents, please see
Protocol 12.

MATERIALS

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

Buffers and Solutions
Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.
Ethanol
HCI (1 N) <1>
NaCl (5 m)
Phenol <!>
Optional, please see Step 9.
Phenol:chloroform (1:1, viv) <!>
Optional, please see Step 9.
TE (pH 8.0)
TEN buffer
TEN buffer containing 0.2% sodium azide <!>

Nucleic Acids and Oligonucleotides

DNA sample, purified through CsCl gradient
Use material from either Step 7 of Protocol 10 or Step 5 of Protocol 11 of this chapter.

Centrifuges and Rotors
Sorvall §5-34 rotor or equivalent
Special Equipment
Dowex AG50W-X8 (100-200 dry mesh size)

Dowex AG50W-X8, a cation exchange resin, is available from Bio-Rad.

L75
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Glass wool

Refractometer (optional)
Although not essential, a refractometer is extremely useful for estimating the density of CsCl solutions.

METHOD

1. Before using. equilibrate the Dowex AG50 resin:

a. Stir ~20 g of Dowex AG50 in ~100 ml of 1 M NaCl for 5 minutes. Allow the resin to set-
tle, and remove the supernatant by aspiration.

b. Add ~100 ml of 1 N HCI, and stir the slurry for a further 5 minutes. Again allow the resin
to settle, and remove the supernatant by aspiration.

c. Continue the process with two washes with H,O (100 ml each), followed by one wash
with 100 ml of TEN bulffer.

d. Store the equilibrated resin at 4°C in TEN buffer containing 0.2% sodium azide.
2. Construct a 1-ml column of Dowex AG50 in a Pasteur pipette as shown in Figure 1-9.

3. Remove the buffer above the resin, and rinse the column with 2 column volumes of TE (pH
8.0). Apply the solution of DNA containing ethidium bromide and CsCl directly to the resin.

4. Immediately begin collecting the effluent from the column. After all of the DNA solution has
entered the column, wash the resin with 1.2 column volumes of TE (pH 8.0) and continue to
collect the eluate into a 30-ml Corex tube.

5. After the column has run dry, dilute the eluate with 2.5 column volumes of H,O.

buffer

Dowex AG50

sterile glass wool

FIGURE 1-9 Removal of Ethidium Bromide from DNA by Chroma-
tography through Dowex AG50

Please see Step 1 for details.
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Precipitate the DNA by adding eight volumes of ethanol followed by incubation for 15 min-
utes at 4°C. Collect the DNA by centrifugation at 17,000¢ (12,000 rpm in a Sorvall 55-34
rotor) for 15 minutes at 4°C.

Decant the supernatant to a fresh centrifuge tube. Add an equal volume of absolute ethanol
to the supernatant, Store the mixture for at least 15 minutes at 4°C and then collect the pre-
cipitate of DNA by centrifugation at 20,000g (13,000 rpm in a Sorvall $5-34 rotor) for 15
minutes.
Not all of the plasmid DNA is recovered in the first precipitation, hence the addition of a second
batch of ethanol (Hildeman and Muller 1997).
Wash the two DNA precipitates with 70% ethanol. Remove as much as possible of the 70%
ethanol and then allow any remaining fluid to evaporate at room temperature,

. Dissolve the precipitated DNA in 2 ml of H,0 or TE (pH 8.0).

For DNA sequencing, the DNA should be dissolved in H,O. TE (pH 8.01 is a better option if the
DNA is to be stored for a long period of time.
If the resuspended DNA contains significant quantities of ethidium bromide, as judged from
its color or its emission of fluorescence when illuminated by UV light, extract the solution
once with phenol and once with phenol:chloroform, and then again precipitate the DNA
with ethanol,

Measure the OD,, of the final solution of DNA, and calculate the concentration of DNA.
Store the DNA in aliquots at —20°C.
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Protocol 14

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

'MATERIALS

R OUTINE PREPARATIONS OF PLASMID DNA ARE CONTAMINATED to varying degrees by small frag-
ments of RNA and DNA, derived either from the bacterial chromosome or from broken plasmid
molecules. Although the weight of these contaminants is usually low, their number can be large
and can contribute significantly to the total number of 5" and 3" termini in the preparation. For
some purposes (e.g., digestion with BAL 31, labeling the 5 termini of restriction enzyme frag-
ments of plasmid DNA with bacteriophage T4 polynucleotide kinase, and adding tails to the 3’
termini with terminal transferase), it is essential to obtain DNA preparations that are free of low-
molecular-weight contaminants. The absence of these components is also desirable when the
DNA is to be used for sequencing and amplification by PCR. Plasmids purified by chromatogra-
phy on commercial resins are usually contaminated to a lesser extent than plasmids prepared by
the alkaline or boiling methods (e.g., please see Schleef and Heimann 1993).

Contamination by fragments of nucleic acids can be reduced to an acceptable level by
centrifugation through 1 M sodium chloride. This method, designed to remove small frag-
ments of RNA from plasmid preparations, was devised by Brian Seed when he was a student
at Harvard University. For other methods to achieve these ends, please see Protocols 15 and
16.

Buffers and Solutions

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

Ethanol

NaCl (1 M) in TE (pH 8.0)
Sodium acetate (3 M, pH 5.2)
TE (pH 8.0)

Enzymes and Buffers

1.78
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Protocol 14: Removal of Small Fragments of Nucleic Acid from Plasmid DNA by Centrifugation

Nucleic Acids and Oligonucleotides

DNA sample, purified through CsCl gradient
Use material from either Step 14 of Protocol 12 or Step 11 of Protocol 13 of this chapter.

Centrifuges and Rotors

METHOD

Beckman SW50.1 rotor or equivalent with appropriate tubes
Sorvall §5-34 rotor or equivalent

1.79

1. Measure the volume of the plasmid preparation. Add 0.1 volume of 3 M sodium acetate (pH

5.2) and 2 volumes of ethanol. Store the mixture for 30 minutes at 4°C.

2. Recover the precipitate of nucleic acids by centrifugation at >10,000g (>9100 rpm in a Sorvall
SS-34 rotor) for 15 minutes at 4°C. Decant as much of the supernatant as possible, and then

store the open tube on the bench for a few minutes to allow the ethanol to evaporate.

3. Dissolve the damp pellet in 0.5-1.0 ml of TE (pH 8.0).
The concentration of the plasmid DNA should be >100 pug/ml.

4. Add DNase-free RNase to a final concentration fo 10 pg/ml. Incubate the mixture for 1 hour

at room temperature.

5. Add 4 ml of 1 M NaCl in TE (pH 8.0) to a Beckman SW50.1 centrifuge tube (or its equiva-
lent). Use an automatic pipette with a disposable tip to layer up to 1 ml of the plasmid prepa-

ration on top of the 1 M NaCl solution. If necessary, fill the tube with TE (pH 8.0).

6. Centrifuge the solution at 150,000¢ (40,000 rpm in a Beckman SW50.1 rotor) for 6 hours at

20°C. Carefully discard the supernatant.

The plasmid DNA sediments to the bottom of the tube while the oligoribonucleotides and small

fragments of DNA remain in the supernatant.

7. Dissolve the pellet of plasmid DNA in 0.5 ml of TE (pH 8.0). Add 50 pl of 3 M sodium acetate

(pH 5.2), and transfer the DNA solution to a microfuge tube.

8. Precipitate the DNA by addition of 2 volumes of ethanol, and store the ethanolic solution for
10 minutes at 4°C. Recover the DNA by centrifugation at maximum speed for 15 minutes at
4°C in a microfuge. Decant as much of the supernatant as possible and then store the open

tube on the bench for a few minutes to allow the ethanol to evaporate.

9. Dissolve the damp pellet of DNA in TE (pH 8.0).
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Protocol 15

Removal of Small Fragments of Nucleic Acid
from Preparations of Plasmid DNA by
Chromatography through Sephacryl S-1000

CHROMATOGRAPHY THROUGH SEPHACRYL S$-1000 is the method of choice to separate plasmid
DNA from smaller species of nucleic acid (both DNA and RNA). This procedure for removal of
small nucleic acids, originally obtained from E DeNoto and H. Goodman at the Massachusetts
General Hospital in Boston, is incorporated into a paper published by Gémez-Mdrquez et al.
(1987). Because it is impossible to remove all traces of plasmid DNA from the column of Sephacryl
S-1000, particularly in PCR, discard each column after use.

MATERIALS

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

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

Bromophenol blue dye sucrose solution

Ethanol

Phenol <!>

Sephacryl equilibration buffer

Sodium acetate (3 M, pH 5.2)

TE (pH 8.0) containing 20 ug/ml RNase A
Gels

Agarose gel (0.7%) cast in TBE

Nucleic Acids and Oligonucleotides

DNA sample, purified through CsCl gradient
Use material from either Step 14 of Protocol 12 or Step 11 of Protocol 13 of this chapter.

Centrifuges and Rotors

Sorvall §5-34 rotor or equivalent
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Protocol 15: Removal of Small Fragmients of Nucleic Acid of Plasmid DNA by Chromatography

Special Equipment
Cofumn (1 x 10 cm) for Sephacryl resin
Sephacryl 5-1000 gel filtration resin (Pharmacia)

METHOD

1.81

1. Preparc a 1 x 10-cm column of Sephacryl S-1000, equilibrated in Sephacryl equilibration
buffer.

A column of this size can accommodate >2 mg of plasmid DNA in a volume of 0.5 ml.

2. Measure the volume of the plasmid preparation. Add 0.1 volume of 3 M sodium acetate (pH
5.2) and 2 volumes of ethanol. Store the mixture for 30 minutes at 4°C.

3. Recover the precipitate of nucleic acids by centrifugation at >10,000¢ (>9100 rpm in a Sorvall
SS-34 rotor) for 15 minutes at 4°C. Drain off as much of the supernatant as possible, and then
store the open tube on the bench for a few minutes to allow the ethanol to evaporate.

4. Dissolve the damp pellet of nucleic acids in a small volume (<400 ul) of TE (pH 8.0) con-
taining RNase A at a final DNA concentration of at least 100 ug/ml.

5. Incubate the mixture for 1 hour at room temperature.

6. Extract the solution once with an equal volume of phenol equilibrated in TE (pH 8.0).

7. Recover the aqueous layer, and add 100 ul of bromophenol blue dye sucrose solution. Layer
the blue aqueous phase on the column of Sephacryl S-1000.

8. Wash the DNA into the column, and apply a reservoir of Sephacryl equilibration buffer.
Immediately begin collecting 0.5-ml fractions.

9. When 15 fractions have been collected, clamp off the bottom of the column. At this stage, the
blue dye should have traveled about half the length of the column.

10. Analyze 10 pl of each fraction by electrophoresis through a 0.7% agarose gel or by ethidium
bromide fluorescence (please see Appendix 9) to identify the fractions containing plasmid
DNA.

11. Pool the fractions containing plasmid DNA, and recover the DNA by precipitation with 2 vol-
umes of ethanol for 10 minutes at 4°C and centrifugation at 10,000¢ (9200 rpm in a Sorvall
SS-34 rotor) for 15 minutes at 4°C.

12. Decant as much of the supernatant as possible, and then store the open tube on the bench for
a few minutes to allow the ethanol to evaporate.

13. Dissolve the damp pellet in TE (pH 8.0).

s - n————




Protocol 16

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

I N THIS PROTOCOL, THE SEPARATION OF PLASMID DNA from smaller species of nucleic acid (both
DNA and RNA) is based on the differential solubility of the two nucleic acids in solutions of lithi-
um chloride (LiCl). LiCl is a strong dehydrating reagent that lowers the solubility of RNA (Hearst
and Vinograd 1961a,b) and strips proteins from chromatin (Kondo et al. 1979). Contaminating
high-molecular-weight RNA and proteins can therefore be precipitated from crude plasmid
preparations by high concentrations of LiCl and removed by low-speed centrifugation (e.g.,
please see Kondo et al. 1991). The use of LiCl as a selective precipitator of high-molecular-weight
RNA was first reported in 1963 by Bob Williamson and colleagues (Barlow et al. 1963).

MATERIALS

Buffers and Solutions
Please see Appendix 1 for components of stock solutions, buffers, and reagents,
Dilute stock solutions to the appropriate concentrations.
Ethanol
Isopropanol
LiCl (4 M)
Sodium acetate (3 M, pH 5.2)
TE (pH 8.0)
TE (pH 8.0) containing 20 pg/ml RNase A

Nucleic Acids and Oligonucleotides

DNA sample, purified through CsCl gradient
Use material from either Step 14 of Protocol 12 or Step 11 of Protocol 13 of this chapter.

Centrifuges and Rotors

Sorvall $5-34 rotor or equivalent
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10.

. Measure the volume of the plasmid preparation. Add 0.1 volume of 3 M sodium acetate (pH

5.2) and 2 volumes of ethanol. Store the mixture for 30 minutes at 4°C.

. Recover the precipitate of nucleic acids by centrifugation at >10,000g (>9100 rpm in a Sorvall

§5-34 rotor) for 15 minutes at 4°C. Drain off as much of the supernatant as possible, and then
store the open tube on the bench for a few minutes to allow the ethanol to evaporate.

Dissolve the damp pellet in 1 ml of TE (pH 8.0) containing RNase A at a concentration of
2100 pg/ml.

Add 3 ml of 4 M LiCl solution. Incubate the mixture on ice for 30 minutes.

Separate the plasmid DNA from the precipitated nucleic acids by centrifugation at 12,0004
(10,000 rpm in a Sorvall SS-34 rotor) for 15 minutes at 4°C.

Transfer the supernatant to a fresh centrifuge tube and add 6 ml of isopropanol. Allow the
plasmid DNA to precipitate for 30 minutes at room temperature.

Recover the precipitated plasmid DNA by centrifugation at 12,000¢ (10,000 rpm in a Sorvall
S§-34 rotor) for 15 minutes at 4°C.

Carefully remove the supernatant and add 5-10 ml of 70% ethanol to the tube. Vortex the
tube briefly, and then recentrifuge at 12,000g for 10 minutes at 4°C.

Carefully remove the supernatant, and store the open tube on the bench top for a few min-
utes until the ethanol has evaporated.

Dissolve the damp pellet of DNA in TE (pH 8.0).




Protocol 17

Directional Cloning into Plasmid Vectors

1.84

MOST PLASMID VECTORS IN COMMON USE CONTAIN multiple cloning sites that have recogni-
tion sequences for many different restriction enzymes. Given the large variety of multiple cloning
sites currently available (as many as 46 unique sites are present in some polylinkers, e.g., pSE280
from Invitrogen; and still longer polylinkers have been assembled; Brosius 1992), it is almost
always possible to find a vector carrying restriction sites that are compatible with the termini of a
particular fragment of foreign DNA.

Directional cloning usually requires incompatible termini at the opposite ends of both vec-
tor and target DNAs. However, in certain circumstances, directional cloning can be achieved
when both the target and plasmid DNAs carry identical termini at both ends. For example, the
restriction enzymes BamHI and Bglll, which recognize different hexanucleotide sequences
(GGATCC and AGATCT, respectively), generate restriction fragments with identical 3" protrud-
ing termini. If a DNA fragment carrying BarmHI and BgIII termini is ligated into a vector that has
been cleaved with the same two enzymes, then the foreign DNA can be inserted in either orien-
tation. However, if one of the two restriction enzymes is included in the ligation mixture, or if the
enzyme is used to digest the ligated DNA before transformation, then only those ligation events
in which the BamHI end is joined to the Bg/Il end and vice versa (which destroys the recognition
sites of both enzymes) will give rise to recombinant products in E. coli. This strategy takes advan-
tage of the observation that closed circular DNAs transform bacterial cells with a much higher
frequency than lincar DNAs. Variations on this theme can also be used to improve the efficiency
of cloning blunt-ended DNAs (please see Protocol 19).

Occasionally, it is impossible find a suitable combination of vector, target DNA, and restric-
tion enzymes that will allow directional cloning. There are several solutions to this problem:

o Synthetic linkers or adaptors can be ligated to the termini of the linearized plasmid and/or
fragment of foreign DNA (for further details, please see Protocols 18 and 21 and the informa-
tion panel on ADAPTORS).

e The fragment of foreign DNA can be amplified by PCR using oligonucleotide primers that add
the desired restriction sites to one or both termini (please see Chapter 8).

e DNA fragments with recessed 3" termini can be partially filled in controlled reactions using the
Klenow fragment of E. coli DNA polymerase I (please see Figure 1-10). As discussed in Chapter
9, this procedure often generates complementary termini from restriction sites that are other-
wise incompatible, thus facilitating ligation of the vector and foreign DNAs. Because partial
filling eliminates the ability of termini on the same molecule to pair with one another, the fre-
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FIGURE 1-10 Filling of Recessed 3’ Termini by the Klenow

Fragment of £. coli DNA Polymerase |

The Klenow fragment of E. coli DNA polymerase | catalyzes the tem-
plate-directed addition of deoxynucleotide triphosphates to a
recessed 3’-hydroxyl group. Synthesis occurs in a 5—3" direction

until the recessed terminus is completely filled.

B s GTCCA %on

3 e CAGGTTCGAp 5
dATP

Klenow fragment of dTTP

E.coli DNA polymerase | dCTP
dGTpP

5 e i GTCCAAGCT 3 on

3 CAGGTTCGAp ®

quencies of circularization and self-oligomerization during the ligation reaction are also
reduced (Hung and Wensink 1984; Zabarovsky and Allikmets 1986). Keep in mind that micro-
molar concentrations of dATP can inhibit bacteriophage T4 DNA ligase. Thus, if dATP is used
as a substrate in a partial end-filling reaction, the modified DNA product should be purified
by spun-column chromatography or by two rounds of ethanol precipitation in the presence of
ammonium acetate. This removes unincorporated dATP from the DNA preparation.

This protocol describes a standard procedure for cloning DNA fragments with protruding
ends. Protocol 18 provides a method for attaching adaptors to a DNA fragment with protruding
ends in order to introduce a particular restriction endonuclease recognition site. The slightly
more difficult task of cloning blunt-end DNAs is presented in Protocol 19, whereas Protocol 20
describes methods for treating linearized plasmid DNA with alkaline phosphatases. For further
details on ligation, please see the information panel on DNA LIGASES.

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

Buffers and Solutions
Please see Appendix 1 for components of stock solutions, buffers, and reagents.

Dilute stock solutions to the appropriate concentrations.

ATP (10 mm)

Fthanol

Phenol:chloroform (1:1, viv) <!>
Sodium acetate (3 M, pH 5.2)

TE (pH 8.0)

Enzymes and Buffers

Gels

Bacteriophage T4 DNA ligase
Please see the information panel on DNA LIGASES

Restriction endonucleases

Agarose gels

Optional, please see Steps 1,2, and 4.
Polyacrylamide gel <!>

Optional, please see Step 2.
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Nucleic Acids and Oligonucleotides

Vector DNA fplasmid)

Foreign or target DNA fragment
Adaptors may be added to the target DNA as described in Protocol 18 of this chapter.

Special Equipment
Equipment for spun-column chromatography
Water bath preset to 16°C

Additional Reagents

Step 7 of this protocol requires the reagents listed in Protocol 23, 24, 25, or 26 of this
chapter.

METHOD

1. Digest the vector (10 ug) and foreign DNA with the two appropriate restriction enzymes.

Closed circular plasmid vectors are prepared for directional cloning by digestion with two restric-
tion enzymes that cleave at different sequences and generate different termini. Wherever possible,
try to avold using restriction enzymes that cleave within 12 bp of each other in the multiple cloning
site. After one of these sites has been cleaved, the second site will be located too close to the end of
the linear DNA to allow efficient cleavage by the second enzyme. An excellent tabulation of the effi-
ciency with which different restriction enzymes cleave sites located near the ends of DNA mole-
cules is presented in the Appendix of the New England Biolabs catalog (www.neb.com/neb/
frame_tech.html).

Read the manufacturer’s instructions to determine if the two restriction enzymes work optimally
in the same digestion buffer. If so, digestion of the vector DNA can be carried out simultaneously
with both enzymes. If the two restriction enzymes require different buffers, it is best to carry out
the digestions sequentially. In this case, the enzyme that prefers the lower concentration of salt
should be used first. At the end of the reaction, analyze an aliquot of the DNA by gel electrophoresis
to confirm that all of the plasmid DNA has been converted from circular to linear molecules. Then
adjust the salt concentration appropriately and add the second enzyme.

2. Purify the digested foreign DNA by extraction with phenol:chloroform and standard ethanol
precipitation.

Depending on the experiment, it may be necessary or desirable to isolate the target fragment(s) of
foreign DNA by neutral agarose or polyacrylamide gel electrophoresis as described in Chapter 5.
This purification is generally done when there are many restriction fragments in the preparation
of foreign DNA that can ligate to the vector. Rather than screening large numbers of transformants
for the desired clone(s), many investigators prefer to enrich for the foreign sequences of interest
before ligation, e.g., by agarose gel electrophoresis.

3. Purify the vector DNA by spun-column chromatography followed by standard ethanol pre-
cipitation.
This procedure eliminates from the vector preparation the small fragment of DNA generated by
digesting the plasmid at two closely spaced restriction sites within the multiple cloning site.
4. Reconstitute the precipitated DNAs separately in TE (pH 8.0) at a concentration of ~100
ug/ml. Calculate the concentration of the DNA (in pmole/ml), assuming that 1 bp has a mass
of 660 daltons.

Confirm the approximate concentration of the two DNAs by analyzing aliquots by agarose gel elec-
tophoresis.
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5. Transfer appropriate amounts of the DNAs to sterile 0.5-ml microfuge tubes as follows:

Tube DNA

Aand D vector (30 fmoles [~100 ng])

B insert (foreign) (30 fmoles [~ 10 ng])

Cand E vector (30 fmoles) plus insert (foreign) (30 fmoles)
r superhelical vector (3 fmoles [~10 ng])

The molar ratio of plasmid vector to insert DNA fragment should be ~1:1 in the ligation
reaction. The final DNA concentration should be ~10 ng/ul.

a. To Tubes A, B, and C add:

10x Ligation buffer
Bacteriophage T4 DNA ligase
10 mM ATP
H,0
b. To Tubes D and E, add:
10x Ligation buffer
10 mM ATP
H,0
no DNA ligase

1.0 ul

0.1 Weiss unit

1.0 ul
to 10 pl

1.0 ul
1.0 ul
to 10 ul

The DNA fragments can be added to the tubes together with the H,O and then warmed to
45°C for 5 minutes to melt any cohesive termini that have reannealed during fragment prepa-
ration. Chill the DNA solution to 0°C before the remainder of the ligation reagents are added.
To achieve the maximum efficiency of ligation, set up the reactions in as small a volume as
possible {5~10 ul). Adding ATP as a component of the 10x ligation buffer leaves more volume
for vector or foreign DNA in the reaction mixture. Some commercial ligase buffers contain
ATP. When using such buffers, the addition of ATP is no longer required. For a definition of
Weiss units, please see the information panel on DNA LIGASES.

6. Incubate the reaction mixtures overnight at 16°C or for 4 hours at 20°C.

7. Transform competent E. coli with dilutions of each of the ligation reactions as described in
Protocol 23, 24, 25, or 26. As controls, include known amounts of a standard preparation of
superhelical plasmid DNA to check the efficiency of transformation.

Tube DNA Ligase Expected number of transformed colonies
A vector + ~0 (~10* fewer than Tube F)!

B insert + 0

C vector and insert + ~10-fold more than Tube A or D

D vector - ~0 (~10* fewer than Tube F)

E vector and insert - some, but fewer than Tube C

F superhelical vector - >2 x 10°

"Transformants arising from ligation of vector DNA alone are due either to failure of one or
both restriction endonucleases to digest the DNA to completion or to ligation of the vector
to residual amounts of the small fragment of the multiple cloning site.

P




Protocol 18

Attaching Adaptors to Protruding Termini

I ROTOCOL 17 IS EASILY MODIFIED TO ACCOMMODATE the addition of an adaptor to a DNA frag-

ment with protruding ends. Adaptors may be purchased in both phosphorylated and unphos-
phorylated forms (i.e., with phosphate residues or hydroxyl groups at their 5" termini; please see
the information panel on ADAPTORS and Table 1-13. Because DNA ligase requires 5-phosphoryl
termini, unphosphorylated adaptors must be modified before use by transferring the y-phosphate
from ATP to the 5-hydroxyl group. This reaction is catalyzed by the bacteriophage-T4-encoded
enzyme polynucleotide kinase. If phosphorylated adaptors are purchased, omit Step 1 (phospho-

rylation step) of the protocol, and begin with Step 2.

MATERIALS

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

Buffers and Solutions
Please see Appendix 1 for components of stock solutions, buffers, and reagents.
Dilute stock solutions to the appropriate concentrations.
ATP (10 mm)
Omit ATP from the ligation reaction in Step 2 if the ligation buffer contains ATP.
Ethanol
10x Linker kinase buffer
Phenol:chloroform (1:1, viv) <!>
Sodium acetate (3 M, pH 5.2)
TE (pH 8.0)

Enzymes and Buffers
Bacteriophage T4 DNA ligase
Please see the information panel on DNA LIGASES
Polynucleotide kinase
Restriction endonucleases

Nucleic Acids and Oligonucleotides

Foreign or target DNA fragment
Synthetic oligonucleotide or adaptor dissolved in TE (pH 8.0) at a concentration of ~400
ug/mil.

For a hexamer, this concentration is equivalent to a 50 UM solution.
Adaptors are available from Stratagene. Please see the information panel on ADAPTORS

1.88
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Special Equipment

METHOD

Equipment for spun-column chromatography (please see Appendix 8)
Water bath preset to 65°C

1. To phosphorylate the adaptors, add to a sterile microfuge tube:

synthetic oligonucleotide or adaptor 0.5-2.0 pg, dissolved in TE (pH 8.0)
10x linker kinase buffer 1.0 pl
10 mAt ATP Loul
H,0 to 10 ul
bacteriophage T4 polynucleotide kinase 1.0 unit

Incubate the reaction for 1 hour at 37°C.
There 1s no need to purify the phosphorylated adaplors: Aliquots of the reaction mixture can be
transferred directly into ligation reactions.
2. To ligate the phophorylated adaptors to a DNA fragment with complementary protruding
ends, set up a ligation reaction as follows:

DNA fragment 100-200 ng
phosphorylated adaptor 10-20-fold molar excess
10x ligation buffer Loyl
bacteriophage T4 DNA ligase : 0.1 Weiss unit
10 ma1 ATP 1.0l
H,0 to 10 pl

Incubate the ligation mixture for 6-16 hours at 4°C,

To achieve the maximum efficiency of ligation, set up the reactions in as small a volume as possi-
ble {5-10 ul). Adding ATP as a component of the 10x ligation buffer leaves more volume for vec-
tor or foreign DNA in the reaction mixture. Some commercial ligase buffers contain ATP. When
using such buffers, the addition of ATP is not required.

3. Inactivate the DNA ligase by incubating the reaction mixture for 15 minutes at 65°C.

4. Dilute the ligation reaction with 10 pl of the appropriate 10x restriction enzyme buffer. Add
sterile H,O to a final volume of 100 ul followed by 50-100 units of restriction enzyme.

5. Incubate the reaction for 1-3 hours at 37°C.

The restriction enzyme catalyzes the removal of polymerized linkers from the ends of the DNA
fragment and creates protruding termini, A huge amount of restriction enzyme is required to
digest the large quantities of adaptors present in the reaction.

6. Extract the restriction digestion with phenol:chloroform and recover the DNA by standard
ethanol precipitation.

7. Collect the precipitated DNA by centrifugation at maximum speed for 15 minutes at 4°C in
a microfuge, and resuspend the DNA in 50 pl of TE (pH 8.0).

8. Pass the resuspended DNA through a spun column to remove excess adaptors and their cleav-
age products.

9. The modified DNA fragment can now be ligated to a plasmid vector with protruding ends
that are complementary to those of the cleaved adaptor (please see Protocol 17).




Protocol 19

Blunt-ended Cloning into Plasmid Vectors

To OBTAIN THE MAXIMUM NUMBER OF “CORRECT” LIGATION products in cloning blunt-end target
fragments, the two components of DNA in the ligation reaction must be present at an appropriate
ratio. If the molar ratio of plasmid vector to target DNA is too high, then the ligation reaction may
generate an undesirable number of circular empty plasmids, both monomeric and polymeric; if too
low, the ligation reaction may generate an excess of linear and circular homo- and heteropolymers
of varying sizes, orientations, and compositions. For this reason, the orientation of the foreign DNA
and the number of inserts in each recombinant clone must always be validated by restriction
endonuclease mapping or some other means. As a general rule, acceptable yields of monomeric cir-
cular recombinants can be obtained from ligation reactions containing equimolar amounts of plas-
mid and target DNAs, with the total DNA concentration <100 ug/ml (Bercovich et al. 1992).

This protocol describes procedures for cloning blunt-ended DNA fragments into linearized
plasmid vectors. Protocols 20 and 21 present further strategies to facilitate the recovery of the cor-
rect ligation products in blunt-ended cloning. Removal of 5’-phosphate residues from the vector
(please see Protocol 20) will suppress recircularization of the linear plasmid. Note, however, that
opinions vary as to whether dephosphorylation is advantageous; for further discussion of this
issue, please refer to the introduction to Protocol 20. As a more effective approach, synthetic link-
ers encoding restriction endonuclease recognition sites may be ligated to blunt-ended DNA ter-
mini (please see Protocol 21) to provide cohesive ends for cloning by the method in Protocol 17.
Protocols for filling recessed 3" termini or for removing protruding 5 or 3" termini are described

in Chapter 9, Protocol 10.

MATERIALS

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

Buffers and Solutions

Please see Appendix 1 for components of stock solutions, buffers, and reagents.

Dilute stock solutions to the appropriate concentrations.

ATP (10 mm)
Omit ATP from the ligation reaction in Step 2 if the ligation buffer contains ATP.
Ethanol
Phenol:chloroform (1:1, v/vi <!>
Polyethylene glycol (30% w/v PEG 8000 solution) <!>
Sodium acetate (3 M, pH 5.2)
TE (pH 8.0)
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Enzymes and Buffers

Bacteriophage T4 DNA ligase
Please see the information panel on DNA LIGASES.

Restriction endonucleases

Gels

Agarose gels
Optional, please see Steps 2 and 3.

Polyacrylamide gels <!>
Optional, please see Step 2.

Nucleic Acids and Oligonucleotides

Foreign or target DNA (blunt-end fragment)
Vector (plasmid) DNA

Additional Reagents

Step 4 of this protocol requires the reagents listed in Protocol 20 of this chapter.
Step 7 of this protocol requires the reagents listed in Protocol 23, 24, 25, or 26 of this
chapter.

METHOD

1. In separate reactions, digest 1-10 pg of the plasmid DNA and foreign DNA with the appro-
priate restriction enzyme(s) that generate blunt ends.

2. Purify the digested foreign DNA and vector DNA by extraction with phenol:chloroform and
standard ethanol precipitation (please see Appendix 8).

Depending on the experiment, it may be necessary or desirable to isolate the target fragment(s) of
foreign DNA by neutral agarose or polyacrylamide gel electrophoresis as described in Chapter 5.
This isolation is generally done when there are a large number of restriction fragments in the
preparation of foreign DNA that can ligate to the vector. Rather than screening multiple transfor-
mants for the desired clone(s), many investigators prefer to enrich for the foreign sequences of
interest before ligation.

3. Reconstitute the precipitated DNAs separately in TE (pH 8.0) at a concentration of ~100
pug/ml. Calculate the concentration of the DNAs (in pmole/ml) assuming that 1 bp has a mass
of 660 daltons.

Confirm the approximate concentration of the two DNAs by analyzing aliquots by agarose gel elec-
tophoresis.

4. Dephosphorylate the plasmid vector DNA as described in Protocol 20.

5. Transfer appropriate amounts of the DNAs to sterile 0.5-ml microfuge tubes as follows:

Tube DNA

Aand E vector! (60 fmoles [~100 ng])

B foreign? (60 fmoles [~10 ng])

Cand F vector! (60 fmoles) plus foreign (60 fmoles)?

D linearized vector (contains 5 -terminal phosphates) (60 fmoles)
G superhelical vector (6 fmoles [~10 ng])

'Vector DNA is dephosphorylated as described in Protocol 20.

“Linkers may be ligated to foreign target DNA.

*The molar ratio of plasmid vector to insert DNA fragment should be ~1:1 in the ligation
reaction. The total DNA concentration in the ligation reaction should be ~10 ng/ul.
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a. To Tubes A, B, and C add:

10x Ligation buffer
Bacteriophage T4 DNA ligase

1.0 ul

0.5 Weiss unit

5 mM ATP 1.0 ul
H,0 t0 8.5 ul
30% PEG 8000 1-1.5 pul
b. To Tubes D, E, and F add:
10x Ligation buffer 1ol
5 mM ATP 1.0 ul
H,0 to 8.5 ul
30% PEG 8000 1-1.5ul

no DNA ligase

To achieve the maximum efficiency of ligation, set up the reactions in as small a volume as pos-
sible {5-10 pl). Adding ATP as a component of the 10x ligation buffer leaves more volume for
vector or foreign DNA in the reaction mixture. Some commercial ligase buffers contain ATP.
When using such buffers, the addition of ATP is not required.

The DNA fragments can be added to the tubes together with the H,O and then warmed to
45¢C for 5 minutes to help dissociate any clumps of DNA that have formed during fragment
preparation. Chill the DNA solution to 0°C before the remainder of the ligation reagents are
added. It is important (i) to warm the PEG stock (30%) solution to room temperature before
adding to the ligation reaction and (ii) to add this ingredient last. DNA can precipitate at cold
temperatures in the presence of PEG 8000.

Incubate the reaction mixtures overnight at 16°C or for 4 hours at 20°C.

Transform competent E. coli with dilutions of each of the ligation reactions, using one of the
methods described in Protocols 23 through 26. As controls, include known amounts of a
standard preparation of superhelical plasmid DNA to check the efficiency of transformation.

Tube DNA Ligase  Expected number of transformants
A vector' + ~03

B insert + 0

C vector' and insert + ~5-fold more than Tube F

D vector! - ~0

E vector? - ~50-fold more than Tube D

F vector' and insert - ~50-fold more than Tube D

G superhelical vector - 2x10°

'Dephosphorylated.

“Not dephosphorylated.

“Iransformants arising from ligation of dephosphorylated vector DNA alone are due to fail-
ure to remove 5 residues during treatment with alkaline phosphatase.
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Protocol 20
Dephosphorylation of Plasmid DNA

R EMOVAL OF TERMINAL 5 -PHOSPHATE GROUPS MAY BE USED to suppress self-ligation and circu-
larization of plasmid DNA. During ligation in vitro, DNA ligase will catalyze the formation of a
phosphodiester bond between adjacent nucleotides only if one nucleotide carries a 5'-phosphate
residue and the other carries a 3’-hydroxyl terminus. Recircularization of plasmid DNA can
therefore be minimized by removing the 5’-phosphate residues from both termini of the plasmid
DNA with alkaline phosphatase (Seeburg et al. 1977; Ullrich et al. 1977). However, a foreign DNA
segment with intact 5'-terminal phosphate residues can be ligated efficiently in vitro to the
dephosphorylated plasmid DNA to generate an open circular molecule containing two nicks
(please see Figure 1-11). Because these open circular DNA molecules transform E. coli more effi-
ciently than dephosphorylated linear DNA, most of the transformants should, in theory, contain
recombinant plasmids.

Despite its logical appeal, many investigators continue to have doubts about the value of
dephosphorylation. There is no question that removal of the 5°-phosphate residues suppresses
recircularization of linear plasmid DNA and therefore diminishes the background of transformed
bacterial colonies that carry “empty” plasmids. All too frequently, however, there is a parallel
decline in the number of colonies that carry the desired recombinant. In addition, some investi-
gators believe that the presence of 5'-hydroxyl groups may lead to an increase in the frequency of
rearranged or deleted clones. For these reasons, directional cloning is the preferred method of
cloning in plasmids whenever the appropriate restriction sites are available. Dephosphorylation
of the vector is now recommended only when:

o The DNA insert to be cloned is only available in small amounts. In this situation, the use of a
tenfold molar excess of dephosphorylated vector over insert will ensure that all available insert
is ligated to the vector.

o When the transformants are to be screened by restriction enzyme digestion of minipreparations
of plasmid DNA. Because preparing plasmid DNA from more than a dozen or two small-scale
cultures of bacteria is tedious, the use of a dephosphorylated vector will ensure a high fre-
quency of the desired recombinants in a small sample of transformants.

o When cloning blunt-ended fragments of DNA (please see protocol 19).

o If a vector that has been prepared by cleavage with two different enzymes generates a large
number of transformed colonies. This indicates either that one of the two enzymes used to pre-
pare the vector failed to cleave the DNA to completion or that the small fragment of DNA
rcleased from the multiple cloning site has not been removed from the vector preparation but
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FIGURE 1-11 Dephosphorylation
The diagram shows the use of phosphatase to prevent recircularization of vector DNA.

instead is ligated into the vector. In both cases, dephosphorylation of the vector can be of use
since removal of the 5'-terminal phosphate residues prevents reconstitution of closed circular
plasmid DNAs.

Dephosphorylation is, however, not needed when cloning DNA fragments with comple-
mentary protruding ends provided recombinants are screened by a-complementation and/or
identified by colony hybridization (Protocols 27 and 28). Because large numbers of colonies may
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be readily screened on a single plate, rare recombinants can easily be identified and recovered,
even when the number of background colonies is high. This protocol presents a method to
remove 5"-phosphate residues from protruding or blunt termini of linearized plasmids.

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

Buffers and Solutions

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

EDTA (0.5 M, pH 8.0)

EGTA (0.5 M, pH 8.0)
Optional, please see Step 6.

Ethanol

Phenol <!>

Phenol:chloroform (1:1, viv) <!>

SDS (10% wiv)

Sodium acetate (3 M, pH 5.2 and pH 7.0)
TE (pH 8.0)

Tris-CI (10 mm, pH 8.3)

Enzymes and Buffers

Gels

Calf intestinal alkaline phosphatase (CIP)
or
Shrimp alkaline phosphatase (SAP)

Proteinase K (10 mg/ml)
Pleasc see the discussion on Proteinase K in Appendix 4.

Restriction endonucleases

Agarose gel (0.7%) cast in TBE containing 0.5 ug/ml ethidium bromide <!>
Please see Step 2.

Nucleic Acids and Oligonucleotides

Vector DNA (closed circular plasmid)

Special Equipment

METHOD

Water bath preset to 56°C or 65°C
Please see Step 6.

1. Digest a reasonable quantity of closed circular plasmid DNA (10 pg) with a two- to threefold
excess of the desired restriction enzyme for 1 hour.

2. Remove an aliquot (0.1 ug), and analyze the extent of digestion by electrophoresis through a
0.7% agarose gel containing ethidium bromide (please see Chapter 5, Protocol 1), using undi-
gested plasmid DNA as a marker. If digestion is not complete, add more restriction enzyme
and continue the incubation.

St b et e
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TABLE 1-8 Conditions for Dephosphorylation of 5 -phosphate Residues from DNA

TYPE OF ENZYME/AMOUNT INCUBATION
TERMINUS PER MOLE DNA ENDS TEMPERATURE/TIME
5'-Protruding 0.01 unit CIP© 37°C/30 minutes
0.1 unit SAP 37°C/60 minutes
3'-Protruding 0.1-0.5 unit CIP® 370C/15 minutes
then
55°C/45 minutes
0.5 unit SAP 37°C/60 minutes
Blunt 0.1-0.5 unit CIP® 7°C/15 minutes
then
55°C/45 minutes
0.2 unit SAP 37°C/60 minutes

*After the initial 30-minute incubation, add a second aliquot of CIP enzyme and continue incubation for

another 30 minutes at 37¢C.

"Add a second aliquot of CIP just before beginning the incubation at 55°C.

When digestion is complete, extract the sample once with phenol:chloroform and recover the
DNA by standard precipitation with ethanol. Store the ethanolic solution on ice for 15 min-
utes.

Recover the DNA by centrifugation at maximum speed for 10 minutes at 4°C in a microfuge,
and dissolve the DNA in 110 pl of 10 mM Tris-Cl (pH 8.3).

Reserve 20 pl of the DNA preparation for later use as a control (please see Protocol 19).

To the remaining 90 ul of the linearized plasmid DNA, add 10 pl of 10x CIP or 10x SAP buffer
and the appropriate amount of calf intestinal phosphatase (CIP) or shrimp alkaline phos-
phatase (SAP) and incubate as described in Table 1-8.

Inactivate the phosphatase activity:

To inactivate CIP at the end of the incubation period: Add SDS and EDTA (pH 8.0) to final
concentrations of 0.5% and 5 mM, respectively. Mix well, and add proteinase K to a final con-
centration of 100 pg/ml. Incubate for 30 minutes at 55°C.

Alternatively, CIP can be inactivated by heating to 65°C for 30 minutes (or 75°C for 10 minutes)

in the presence of 5 mM EDTA or 10 mm EGTA (both at pH 8.0).
or

To inactivate SAP: Incubate the reaction mixture for 15 minutes at 65°C in the dephospho-
rylation buffer.

At the end of the dephosphorylation reaction, it is crucial to remove or completely inactivate the
alkaline phosphatase before setting up the ligation reactions. Although both CIP and SAP can be
inactivated by heating as described above, we recommend that the dephosphorylation reaction be
extracted with phenol/chloroform before using the dephosphorylated DNA in a ligation reaction.

Cool the reaction mixture to room temperature, and then extract it once with phenol and
once with phenol:chloroform.

Recover the DNA by standard precipitation with ethanol. Mix the solution again and store it
for 15 minutes at 0°C.




Protocol 20: Dephosphorylation of Plassnid DNA ~ 1.97

9. Recover the DNA by centrifugation at maximum speed for 10 minutes at 4°C in a microfuge.
Wash the pellet with 70% ethanol at 4°C and centrifuge again.

10. Carefully remove the supernatant and leave the open tube on the bench to allow the ethanol
to evaporate.

11. Dissolve the precipitated DNA in TE (pH 8.0) at a concentration of 100 ug/ml. Store the DNA
in aliquots at —20°C.




Protocol 21

Addition of Synthetic Linkers
to Blunt-ended DNA

L INKERS ARE SMALL SELF-COMPLEMENTARY PIECES of synthetic DNA, usually 8-16 nucleotides in
length, that anneal to form blunt-ended, double-stranded molecules containing a recognition site
for a restriction enzyme (please see Figure 1-12).

Linkers are used to equip blunt-ended termini of DNA with restriction sites as an aid to
cloning (Scheller et al. 1977). A large variety of linkers available from commercial suppliers can

EcoRl inkers

5P ccleh ¢oH
3pH GG Csp

ligate linkers to target DNA using high
concentrations of T4 DNA higase

[FGCC XTI EG G
CCGGICTTAABL C

CClGAAITCEGCC TCh
GGICTTAABLCGGICTTAA

digest using EcoRl

" aaticpe Pl
30H c 5p

tigate with linearized plasmid
vector carrying EcoRl termim

FIGURE 1-12 Cloning by Addition of Linkers to Blunt-ended Target DNA
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TABLE 1-9 Linker Sequences

BamHI d(CGGGATCCCG)
BamHI d(CGCGGATCCGCG)
Bglll d(GAAGATCTTC)
EcoRI d(GGAATTCC)

EcoRl d(C AATT( CG)
EcoRI d(CCGGAATTCCGG)
HindlIIl d(C AAGLTT( Q)
HindIIl d(CCCAAGCTTGGG)
Neol d(CATGCCATGGCATG)
Ndel d(CCATATGG)

Nhel d(CTAGCTAGCTAG)
Notl d(AGCGGCCGCT)

Pstl d(GCTGCAGC)

Sacl d(CGAGCTCG)

Sall d(CGGTCGACCG)
Smal d(TCCCCCGGGGGA)
Spel d(CGGACTAGTCCG)
Srfl d(AGCCCGGGCT)
Xbal d(CTAGTCTAGACTAG)
Xhol d(CCGCTCGAGCGG)

Modified with permission, ©1999 Stratagene.

be purchased in two forms that carry either a phosphate group or a hydroxyl group on the 5 ter-
mini (please see Table 1-9). Only phosphorylated molecules are substrates for T4 DNA ligase, and
nonphosphorylated linkers must therefore be treated with bacteriophage T4 polynucleotide
kinase and ATP before they can be joined to DNA. In a typical experiment, phosphorylated link-
ers are ligated in 75-100-fold molar excess in the presence of a blunt-ended target molecule. This
heavily skewed stoichiometry drives end-to-end ligation of linkers and polymerization of linkers
to each end of the target DNA. The excess linkers are cleaved from the DNA fragment by the
appropriate restriction enzyme, and their remnants are removed by gel filtration or gel elec-
trophoresis. The purified DNA fragment, now a few nucleotides longer and equipped with con-
ventional cohesive termini, may be ligated into a vector carrying compatible termini (please see
Figure 1-12).

In many cases, particular linkers are chosen because they carry a restriction site that is
known to be absent from the body of an individual target DNA. However, a different strategy is
required when linkers are used to clone populations of DNA molecules whose sequences are
unknown, ¢.g., a population of cDNAs. This can be achieved as follows:

e Use the cognate methylating enzyme to modify internal recognition sites in the cDNAs and
thereby protect them against cleavage by the restriction enzymes used to trim the polymerized
linkers from the termini of the cDNAs. For example, EcoRI linkers can be added to a DNA frag-
ment that contains one or more internal recognition sites by treating the DNA with EcoRI
methylase in the presence of S-adenosylmethionine (SAM, a methyl group donor) before link-
er addition. Methylation of the first adenosyl residue in the GAATTC recognition site prevents
subsequent cleavage by the EcoRI restriction enzyme when polymerized linkers are removed
from the ends of the modified DNA. For more details, please consult Appendix 4.
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e Partially fill recessed 3" termini of an Xhol cloning site on the vector and ligate to the cDNA
carrying phosphorylated adaptors with 3-base protruding termini complementary to the par-
tially filled Xhol site. Neither the vector nor the cDNA molecules can anneal to themselves, but
they can join to one another. Because the Xhol site is regenerated, the cloned cDNA can be
recovered by digestion with Xhol. This strategy greatly improves the efficiency of the ligation
step in ¢cDNA cloning and eliminates the need to methylate the cDNA or to digest it with
restriction enzymes before insertion into the vector (Yang et al. 1986; Elledge et al. 1991). For
more information, please see the information panel on ADAPTORS.

Finally, in some blunt-ended DNA ligations, it is possible to include a restriction enzyme in
the ligation reaction or to restrict the ligated DNA before transformation, in order to increase the
proportion of bacterial colonies carrying the desired recombinants. For example, Smal and
Hincll are two restriction enzymes that cleave to yield blunt ends and whose recognition sites are
included in most multiple cloning sites. In ligations where these two sites will not be regenerated
when the target DNA is ligated to the vector, and in which the two enzymes do not cleave within
the DNA fragment to be ligated, the Smal or Hincll enzyme can be included in the ligation reac-
tion. Alternatively, and more efficiently, after ligation, the reaction can be diluted into a final vol-
ume of 100 ul of 1x restriction enzyme buffer and digested with 5-10 units of the appropriate
enzyme for 1-3 hours. Either of these treatments prior to transformation will result in cleavage
of self-ligated vector DNA, thereby enriching for recombinants whose Stal or Hincll sites have
been eliminated by ligation of the insert. Because circular DNAs produce manyfold more trans-
formants/ug than linear DNAs, most E. coli colonies arising after transformation will carry the
desired recombinants. A similar strategy can be used when cloning blunt-ended DNA fragments
generated by PCR. Stratagene markets a kit, pCR-ScriptSK(+), for this purpose.

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

Buffers and Solutions

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

Ammonium acetate (4 M, pH 4.8)
ATP (5 mm and 10 mm)

Omit 5 mM from the ligation reaction in Step 2 if the ligation buffer contains ATP.
Ethanol
10x Linker kinase buffer

600 mM Tris-Cl (pH 7.6)

100 mM MgCl,

100 mM dithiothreitol

2 mg/ml bovine serum albumin
Phenol:chloroform (1:1, viv) <!>
Sodium acetate (3 M, pH 5.2)
TE (pH 8.0)

Enzymes and Buffers

Bacteriophage T4 DNA ligase
Please see the information panel on DNA LIGASES

e
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Bacteriophage T4 polynucleotide kinase
Restriction endonucleases
Gels
Polyacrylamide gel (10%) <!> or agarose gel (0.7%) (optional)
These gels may be used to assess the results of ligation and digestion. Please see the note to Step 7.
Nucleic Acids and Oligonucleotides
Foreign or target DNA (blunt-end fragment)
Synthetic linkers dissolved in TE (pH 8.0) at a concentration of 400 pg/m!
For a dodecamer, this concentration is a equivalent to a 50 UM solution.
Radioactive Compounds
[y-32PJATP <!> (1-10 uCi)
Optional for phosphorylation reaction. Please scc the note to Step 2.
Special Equipment
Equipment for spun-column chromatography
Water bath preset to 65°C

METHOD

1.101

Phosphorylation of Linkers (If Necessary)

1. Assemble the following reaction mixture in a sterile 0.5-ml microfuge tube:

10x linker kinase buffer L.oul
10 mM ATP 1.0 ul
synthetic linker dissolved in TE (pH 8.0) 2.0 ug'
H,0 to 9 pl
bacteriophage T4 polynucleotide kinase 10 units

'Approximately 250 pmoles of a dodecamer.

Incubate the reaction for 1 hour at 37°C.

If necessary, methylation of internal restriction sites in the target DNA should be carried out at this

stage, i.e., carried out before linker addition and according to the manufacturer’s instructions.

Ligation of Phosphorylated Linkers to Blunt-ended DNA

2. Calculate the concentration of termini in the preparation of blunt-ended DNA and then
assemble the following ligation mixture in the order given in a sterile 0.5-m! microfuge tube:

50 pug of a 1 kb segment of double-stranded DNA = 78.7 nmoles or 157.4 nM of termini.

blunt-ended DNA 2 pmoles of termini
phosphorylated linkers 150-200 pmoles of termini
H,0 to 7.5
10x ligation buffer 1.0 ul
5 mM ATP (free acid) 1.0 ul
bacteriophage T4 DNA ligase 1.0 Weiss unit

Incubate the reaction mixtures for 12—16 hours at 4°C.

To achieve the maximum efficiency of ligation, set up the reactions in as small a volume as possi-
ble (5-10 pl). Addition of ATP as a component of the 10x ligation buffer leaves more volume for

e J— —-
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vector or foreign DNA in the reaction mixture. Some commercial ligase buffers contain ATP. When
using such buffers, the addition of ATP is no longer required. For a definition of Weiss units, please
see the information panel on DNA LIGASES.

3. Inactivate the bacteriophage T4 DNA ligase by heating the reaction mixture to 65°C for 15
minutes.

4. Cool the ligation mixture to room temperature and then add:

10x restriction enzyme buffer 10 ul
restriction enzyme 50 units
sterile H,O to a final volume of 100 pl

Incubate the reaction for 1-3 hours at 37°C.

Recovery of Ligated DNA
5. Purify the restricted DNA by extraction with phenol:chloroform. Precipitate the DNA with 2
volumes of ethanol in the presence of 2 M ammonium acetate.

6. Collect the precipitated DNA by centrifugation at maximum speed for 15 minutes at 4°C in
a microfuge, and dissolve the pellet in 50 ul of TE (pH 8.0).

7. Pass the resuspended DNA through a spun column to remove excess linkers (please see
Appendix 8).

Usually, the ligation and restriction endonuclease reactions go well and there is no need to check the
products before proceeding. If necessary, however, these steps can be checked as follows:

» During ligation, phosphorylated linkers assemble into polymers (e.g., dimers, trimers, and tetramers)
that can be detected when 1.0 pl of the reaction mixture (Step 2) is analyzed by electrophoresis
through a neutral 10% polyacrylamide gel. A ladder of multimers should be visible when the gel is
stained by ethidium bromide or SYBR Gold.

o Ifradiolabeled linkers are used and if the ligation is successful, the radioactive linkers will form a series
of radioactive bands that can be resolved by electrophoresis through a neutral 10% polyacrylamide
gel. However, instead of staining, the radiolabeled linkers may be detected by autoradiography or
phosphorimaging. When the linker is labeled to high specific activity, it is possible to verify that the
radiolabeled linker has become attached to the target DNA because some of the radioactivity elutes
with the target DNA during spun-column chromatography (Step 7). Alternatively, an aliquot of the
reaction mixture can be analyzed by electrophoresis through an agarose gel. After ligation, a small frac-
tion of the radiolabel should comigrate with the target fragment.

e To verify that the restriction enzyme has deaved the polymerized linkers to completion, analyze 10 ul
of the restriction digest by polyacrylamide gel electrophoresis. The linker ladder should now be
reduced to monomers.

8. Recover the DNA by standard ethanol precipitation and dissolve the precipitate in 10-20 pl
of TE (pH 8.0).

The modified DNA fragment can now be ligated as described in Protocol 17 into a plasmid (or
bacteriophage) vector with protruding ends that are complementary to those introduced by the
linker.

e g - =



Protocol 22

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

THE SLOWEST STEP IN CLONING IN PLASMIDS is the electrophoretic purification of the desired
restriction fragment of foreign DNA and the appropriate segment of plasmid DNA. In the proto-
col given below (adapted from Struhl 1985), ligation of plasmid and foreign DNAs is carried out
in the presence of low-melting-temperature agarose (please see Chapter 5). The method works for
both blunt-end ligation and ligation of cohesive termini, but it requires a large amount of ligasc

and its efficiency is about one to two orders of magnitude lower than ligation with purified

DNA

(Protocols 17 and 19). For this reason, the method is not suitable for construction of libraries and
is used chiefly for rapid subcloning of segments from large fragments of DNA in dephosphory-

lated vectors and for assembling recombinant constructs.

'MATERIALS

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

Enzymes and Buffers
2x Bacteriophage T4 DNA ligase mixture

1 M Tris-Cl (pH 7.6) 1.0 pl
100 mm MgCl, 2.0ul
200 mM dithiothreitol 1.0 ul
10 mM ATP 1.0 ul
H,0 45 ul
Bacteriophage T4 DNA ligase 1 Weiss unit

10 pl is required for each ligation.

Prepare fresh for each use in a microfuge tube chilled on ice. Store the reaction mixture in ice until need-

ed. For definition of Weiss units, please see the information panel on DNA LIGASES.
Restriction endonucleases

Gels

Low-melting-temperature agarose gel
Please see Chapter 5.

Nucleic Acids and Oligonucleotides

Foreign DNA

Plasmid DNA (—~100 pg/ml, dephosphorylated)
Approximately 100 ng of dephosphorylated DNA is required for each ligation.

T it
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Special Equipment

METHOD

Heating block preset to 70°C
Ultraviolet lamp, hand-held, long wavelength (302 nm) <!>
Water bath preset to 16°C

. Use the appropriate restriction enzyme(s) to digest an amount of target DNA sufficient to

yield ~250 ng of the desired fragment. Perform the digestion in a volume of 20 ul or less.

Separate the DNA fragments by clectrophoresis through a low-melting/gelling-temperature
agarose gel.

. Examine the agarose gel under long-wavelength UV illumination. From the relative fluores-

cent intensities of the desired bands, estimate the amounts of DNA that they contain. Use a
clean razor blade to cut out the desired bands in the smallest possible volume of agarose (usu-
ally 40-50 ul). Leave a small amount of each band in the gel to mark the positions of the DNA
fragments and then photograph the dissected gel.

Place the excised and trimmed slices of gel in separate, labeled microfuge tubes.

If necessary, the agarose slices may be stored for a few days at 4°C in closed tubes.

Melt the agarose by heating the tubes to 70°C for 15 minutes in a heating block. Estimate the
volume of the melted agarose in the tube and calculate the volume that would contain ~200
ng of DNA.

The aim is to harvest ~200 ng of foreign DNA in a volume of 10 pl or less. This takes practice.
However, ligations work, albeit less efficiently, for bands containing as little as 10 ng of DNA that
are only just visible in the gel.

In a sterile microfuge tube warmed to 37°C, combine the following:

dephosphorylated plasmid DNA 60 fmoles
foreign DNA fragment 120-240 fmoles (in a
volume of 10 ul or less)

Mix the contents of the tube quickly with a sterile disposable pipette tip before the agarose

solidifies.
The molar ratio of foreign DNA to plasmid vector in the ligation reaction should be no less than
2:1 and no more than 4:1.

In separate tubes, set up two additional ligations as controls, one containing only the dephos-
phorylated plasmid vector and the other containing only the fragment of foreign DNA.

Incubate the three tubes for 5-10 minutes at 37°C, and then add to cach tube 10 pl of ice-cold
2x bacteriophage T4 DNA ligase mixture. Mix the contents of the tube quickly with a sterile
disposable pipette tip before the agarose solidifies. Incubate the reactions for 12-16 hours at
16°C.

The recombinants, products of the ligation reaction, can now be used directly for transformation

(as described in Protocol 23, 24, or 25 or for electroporation as described in Protocol 26) into E.

coli. Remelt the agarose in the ligation mixtures by heating the sealed microfuge tubes to 70°C for

10~15 minutes in a heating block before transformation or electroporation.

Typically, 1-5 Wl of each ligation reaction is used to transform chemically prepared competent bac-

terial cells. Only 0.1-1.0 pl of the ligation reaction is required for tranformation of bacterial cells

by the more efficient method of electroporation. Addition of a greater volume of the ligation mix-

ture will increase the solute concentration in the electroporation cell to the point where arcing
becomes a distinct possibility.
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Protocol 23

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

WHEN DOUG HANAHAN WAS A GRADUATE STUDENT at Cold Spring Harbor Laboratory and
Harvard University in the late 1970s and early 1980s, he achieved transformation efficiencies that
were unheard of previously, but then became standard. Hanahan drove a fast car, worked mostly
at night and with some secrecy, never telling the ingredients of the transformation buffer that gave
him such spectacular results. However, he freely and generously distributed the buffer to anyone
whose experiment needed high efficiencies of transformation. A good many of the cDNA libraries
generated on the East Coast in the early 1980s were established with Hanahan’s transformation
buffer, which was known as “Liquid Gold” because of its beautiful shimmering color.

Eventually, the formula for Liquid Gold was published, together with a detailed description
of how to achieve high efficiencies of transformation (Hanahan 1983). If followed scrupulously,
Hanahan’s procedure can reproducibly generate competent cultures of E. coli that can be trans-
formed at high frequencies (5 X 10® transformed colonies/ug of superhelical plasmid DNA). The
key word here is scrupulously. Follow Hanahan’s instructions exactly and all will be well. Take a
short cut, use dirty glassware, impure water, or a stale chemical and disappointment will follow,
which may explain why some investigators struggle to reproduce Hanahan’s results.

Three factors appear to be crucial for obtaining consistently high frequencies of transfor-
mation of competent cells prepared by the Hanahan procedure:

o The purity of the reagents used in the transformation buffers. It is most important to prepare
the competent cells using water and dimethylsulfoxide (DMSQO) of the highest purity
(Hanahan 1985). Some reagents, including components of bacterial media, decline with stor-
age. Whenever possible, use freshly purchased reagents and growth media. If problems arise,
individual reagents (e.g., DMSQO, dithiothreitol [DTT], glycerol, and 2- [N-morpholino]ethane-
sulfonic acid [MES]) should be substituted one at a time in the transformation protocol to
ascertain the quality of a given batch of reagent and its effect on the transformation frequency.

o The state of growth of the cells. For unknown reasons, the highest frequencies of transforma-
tion are obtained with cultures that have been grown directly from a master stock stored in
freezing medium at ~70°C. Cultures that have been passaged continuously in the laboratory or
that have been stored at 4°C or at room temperature should not be used.

o The cleanliness of the glassware and plasticware. Because trace amounts of detergent or other
chemicals greatly reduce the efficiency of bacterial transformation, it is best to set aside a batch

1105
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of glassware that is used for no other purpose than to prepare competent bacteria. This glass-
ware should be washed and rinsed by hand, filled with pure water (Milli-Q or equivalent), and
sterilized by autoclaving. The water should be discarded just before the glassware is used. Keep
in mind that many manufactured plastics and filters used for sterilization contain detergents
that can severely reduce the transformation frequency.

Hanahan’s procedure works well with strains of E. coli commonly used in molecular
cloning, including DH1, DH5, MM294, J]M108/9, DH5¢, and many others. However, a few strains
of E. coli (e.g., MC1061) are refractory to this method. For further details and the extension of the
method to other species of bacteria, see Hanahan et al. (1991, 1995). Other methods for trans-
formation are described in Protocol 24 (preparation of “ultra-competent” cells) and Protocol 25
(transformation using calcium chloride).

'MATERIALS

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

Buffers and Solutions

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

DMSO <!>
Oxidation products of DMSO, presumably dimethyl sulfone and dimethyl sulfide, are inhibitors of
transformation (Hanahan 1985).

DnD (DMSO and DTT) solution
1.53 g of dithiothreitol
9 ml of DMSO
100 pl of 1 M potassium acetate (pH 7.5)
H,O to 10 ml

Sterilize the DnD solution by filtration through a Millex SR membrane unit (Millipore), which is
designed to withstand organic solvents. Dispense 160-ul aliquots of the DnD solution into sterile 0.5-ml
microfuge tubes. Close the tubes tightly and store them at —20°C.

For preparation of 1 M potassium acetate (pH 7.5}, please see Appendix 1.

Transformation buffers (please see Step 1)
Standard transformation buffer (TFB) is used when preparing competent cells for immediate use.
Frozen storage buffer (FSB) is used to prepare stocks of competent cells that are to be stored at —70°C.

Media

SOB agar plates containing 20 mMm MgSO, and the appropriate antibiotic
Standard SOB contains 10 mm MgSO,.

SOB medium containing 20 mm MgSO,
Standard SOB contains 10 mM MgSO,.

50C medium
Approximately 1 ml of this medium is needed for each transformation reaction.

Nucleic Acids and Oligonucleotides
Plasmid DNA (recombinant plasmid)
Construct using one of the methods described in Protocols 17 through 22 of this chapter.
Centrifuges and Rotors

Sorvall GSA rotor or equivalent
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Special Equipment
Liquid nitrogen <!>
Polypropylene tubes (50 ml), chilled in ice
Polypropylene tubes (17 x 100 mm; Falcon 2059), chilled in ice
Water bath preset to 42°C
Vectors and Bacterial Strains

E. coli strain to be transformed (frozen stock)
The strain should be stored at —70°C in freezing medium (please see Appendices 1 and 8).

METHOD

A IMPORTANT All steps in this protocol should be carried out aseptically.

Preparation of Cells

1. Prepare transformation buffer.

TFB is used when preparing competent cells for immediate use. FSB is used to prepare stocks of
competent cells that are to be stored at —70°C. Organic contaminants in the H,0 used to prepare
transformation buffers can reduce the efficiency of transformation of competent bacteria. H,0
obtained directly from a well-serviced Milli-Q filtration system (Millipore) usually gives good
results. If problems should arise, treat the deionized H,O with activated charcoal before use.

TO PREPARE STANDARD TRANSFORMATION BUFFER

a. Prepare 1 M MES by dissolving 19.52 g of MES in 80 ml of pure H,0 (Miili-Q, or equiva-
lent). Adjust the pH of the solution to 6.3 with 5 M KOH, and add pure H,O to bring the
final volume to 100 ml. Sterilize the solution by filtration through a disposable prerinsed
Nalgene filter (0.45-um pore size). Divide into 10-ml aliquots and store at —200C.

b. Prepare TEFB by dissolving all the solutes listed below in ~500 ml of H,0 and then add 10
ml of 1 M MES buffer (pH 6.3). Adjust the volume of the TFB to 1 liter with pure H,O.

Reagent Amount per liter Final concentration
1 M MES (pH 6.3) 10 ml 10 mf
MnCl, 4H,0 891¢ 45 mM
CaC,-2H,0 147 ¢ 10 mM

KCl 7.46¢ 100 mM
Hexamminecobalt chloride 0.80 g 3 mM

H,O to 1 liter

c. Sterilize the TFB by filtration through a disposable prerinsed Nalgene filter (0.45-um
pore size). Divide the solution into 40-ml aliquots in tissue-culture flasks (e.g., Corning,
or equivalent) and store them at 4°C.

TO PREPARE FROZEN STORAGE BUFFER

a. Prepare 1 M potassium acetate by dissolving 9.82 g of potassium acetate in 90 ml of pure
H,O (Milli-Q, or equivalent). Adjust the pH of the solution to 7.5 with 2 M acetic acid,
add pure H,0 to bring the final volume to 100 ml. Divide the solution into aliquots and
store at —20°C.
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2.

b. Prepare FSB by dissolving all of the solutes listed below in ~500 ml of pure H,O. After the
components are dissolved, adjust the pH of the solution to 6.4 with 0.1 N HCI. Too high
a pH cannot be adjusted by adding base; instead, discard the solution and and begin
again. Adjust the volume of the final solution to 1 liter with pure H,O.

Reagent Amount per liter Final concentration
1 M potassium 10 ml 10.mM

acetate (pH 7.5)
MnCl,*4H,0 891¢g 45 mM
CaCl,2H,0 147 g 10 mm
KCl 7.46 ¢ 10 mM
Hexamminecobalt chloride 0.80¢ 100 mM
Glycerol 100 ml 10% (v/v)
H,0 to 1 liter

¢. Sterilize the solution by filtration through a disposable prerinsed Nalgene filter (0.45-um
pore size). Dispense the solution into 40-ml aliquots and store the aliquots in tissue cul-
ture flasks (e.g., Corning, or equivalent) at 4°C. During storage, the pH of the solution
drifts down to a final value of 6.1-6.2 but then stabilizes.

Use an inoculating loop to streak E. coli of the desired strain directly from a frozen stock onto
the surface of an SOB agar plate. Incubate the plate for 16 hours at 37°C.

It is not necessary to thaw the frozen slock of bacteria. Sufficient cells will stick to the loop when it
is scratched across the surface of the frozen stock. A single tube of frozen stock can be used many
times.

Transfer four or five well-isolated colonies into 1 ml of SOB containing 20 mM MgSO,.
Disperse the bacteria by vortexing at moderate speed, and then dilute the culture in 30-100
ml of SOB containing 20 mM MgSO, in a 1-liter flask.

The colonies should be no more than 2-3 mm in diameter.

Grow the cells for 2.5-3.0 hours at 37°C, monitoring the growth of the culture.

For efficient transformation, it is essential that the number of viable cells not exceed 10* cells/ml,
which for most strains of E. coli is equivalent to an 0D, of ~0.4. To ensure that the culture does
not grow to a higher density, measure the OD, , of the culture every 15-20 minutes. Plot a graph
of the data so that the time when the OD,, of the culture approaches 0.4 can be predicted with
some accuracy. Begin to harvest the culture when the OD,,, reaches 0.35.

For reasons that are unclear, the highest efficiencies of transformation are obtained at two separate
points in the growth curve of E. coli: in early- to mid-log phase (OD,, = 0.4) (Hanahan 1983) and
in late-log phase (OD,,, = 0.95) (Tang et al. 1994). The early peak is easier to work with because
the high efficiency of transformation is sustained for a longer time. The later peak is much steep-
er and a 2-3-minute delay in collecting the cells can cost an order of magnitude in transformation
efficiency.

Because the relationship between the OD, ) and the number of viable cells/ml varies somewhat
from strain to strain, it is essential to calibrate the spectrophotometer by measuring the OD,, of
a growing culture of the particular strain of E. coli at different times in its growth cycle and deter-
mining the number of viable cells at each of these times by plating dilutions of the culture on LB
agar plates in the absence of antibiotics.

Transfer the cells to sterile, disposable, ice-cold 50-ml polypropylene tubes. Cool the cultures
to 0°C by storing the tubes on ice for 10 minutes.

Recover the cells by centrifugation at 2700¢ (4100 rpm in a Sorvall GSA rotor) for 10 min-
utes at 4°C,

Decant the medium from the cell pellets. Stand the tubes in an inverted position for 1 minute
to allow the last traces of medium to drain away.
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8. Resuspend the pellets by swirling or gentle vortexing in ~20 ml (per 50-ml tube) of ice-cold
TFB or FSB transformation buffer. Store the resuspended cells on ice for 10 minutes.

9. Recover the cells by centrifugation at 2700¢ (4100 rpm in a Sorvall GSA rotor) for 10 min-
utes at 4°C.

10. Decant the buffer from the cell pellets. Stand the tubes in an inverted position for 1 minute
to allow the last traces of buffer to drain away.

11. Resuspend the pellets by swirling or gentle vortexing in 4 ml (per 50-m! tube) of ice-cold TFB
or FSB. Proceed either with Step 12a if the competent cells are to be used immediately or with
Step 12b if the competent cells are to be stored at =70°C and used at a later date.

Preparation of Competent Cells

12. Prepare competent cells for transformation,

TO PREPARE FRESH COMPETENT CELLS

Add 140 pl of DnD solution into the center of each cell suspension. Immediately mix by
swirling gently, and then store the suspension on ice for 15 minutes.

Add an additional 140 pl of DnD solution to each suspension. Mix by swirling gently, and
then store the suspension on ice for a further 15 minutes.

Dispense aliquots of the suspensions into chilled, sterile 17 x 100-mm polypropylene
tubes. Store the tubes on ice.

For most cloning purposes, 50-pl aliquots of the competent-cell suspension will be more than
adequate. However, when large numbers of transformed colonies are required (e.g., when
constructing cDNA libraries), larger aliquots may be needed.

Glass tubes should not be used as they lower the efficiency of transformation by ~10-fold.

TO PREPARE FROZEN STOCKS OF COMPETENT CELLS

a.

Add 140 ut of DMSO per 4 ml of resuspended cells. Mix gently by swirling, and store the
suspension on ice for 15 minutes.

Add an additional 140 pl of DMSO to each suspension. Mix gently by swirling, and then
return the suspensions to an ice bath.

Working quickly, dispense aliquots of the suspensions into chilled, sterile microfuge tubes
or tissue culture vials. Immediately snap-freeze the competent cells by immersing the tight-
ly closed tubes in a bath of liquid nitrogen. Store the tubes at —70°C until needed.

For most cloning purposes, 50-p aliquots of the competent-cell suspension will be more than
adequate. However, when large numbers of transformed colonies are required (e.g., when
constructing cDNA libraries), farger aliquots may be needed.

When needed, remove a tube of competent cells from the —70°C freezer. Thaw the cells

by holding the tube in the palm of the hand. Just as the cells thaw, transfer the tube to an
ice bath. Store the cells on ice for 10 minutes.

Use a chilled, sterile pipette tip to transfer the competent cells to chilled, sterile 17 x 100-
mm polypropylene tubes. Store the cells on ice.
Glass tubes should not be used as they lower the efficiency of transformation by ~10-fold.
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Transformation

Include all of the appropriate positive and negative controls (please see the panel on BACTERIAL
TRANSFORMATION).

13.

14.

15.
16.

17.

18.
19.

Add the transforming DNA (up to 25 ng per 50 ul of competent cells) in a volume not
exceeding 5% of that of the competent cells. Swirl the tubes gently several times to mix their
contents. Set up at least two control tubes for each transformation experiment, including a
tube of competent bacteria that receives a known amount of a standard preparation of super-
helical plasmid DNA and a tube of cells that receives no plasmid DNA at all. Store the tubes
on ice for 30 minutes.

Transfer the tubes to a rack placed in a preheated 42°C circulating water bath. Store the tubes
in the rack for exactly 90 seconds. Do not shake the tubes.

Heat shock is a crucial step. It is very important that the cells be raised to exactly the right tem-
perature at the correct rate. The incubation times and temperatures given here have been worked
out using Falcon 2059 tubes. Other types of tubes will not necessarily yield equivalent results.

Rapidly transfer the tubes to an ice bath. Allow the cells to cool for 1-2 minutes.

Add 800 pl of SOC medium to each tube, Warm the cultures to 37°C in a water bath, and then
transfer the tubes to a shaking incubator set at 37°C. Incubate the cultures for 45 minutes to
allow the bacteria to recover and to express the antibiotic resistance marker encoded by the
plasmid.

To maximize the efficiency of transformation, gently agitate (<225 cycles/minute) the cells during
the recovery period.

If screening by a-complementation, proceed to Protocol 27 for plating.

Transfer the appropriate volume (up to 200 ul per 90-mm plate) of transformed competent
cells onto agar SOB medium containing 20 mM MgSO, and the appropriate antibiotic.

When selecting for resistance to tetracycline, the entire transformation mixture may be spread on
a single plate (or plated in top agar). In this case, collect the bacteria by centrifuging for 20 seconds
at room temperature in a microfuge, and then gently resuspend the cell pellet in 100 ul of SOC
medium by tapping the sides of the tube.

A IMPORTANT Sterilize a bent glass rod by dipping it into ethanol and then in the flame of a Bunsen
burner. When the rod has cooled to room temperature, spread the transformed cells gently over the
surface of the agar plate.

When selecting for resistance to ampicillin, transformed cells should be plated at low density (<10?
colonies per 90-mm plate), and the plates should not be incubated for more than 20 hours at 37°C.
The enzyme B-lactamase is secreted into the medium from ampicillin-resistant transformants and
can rapidly inactivate the antibiotic in regions surrounding the colonies. Thus, plating cells at high
density or incubating them for long periods of time results in the appearance of ampicillin-sensi-
tive satellite colonies. This problem is ameliorated, but not completely eliminated, by using car-
benicillin rather than ampicillin in selective media and increasing the concentration of antibiotic
from 60 ug/ml to 100 ug/ml. The number of ampicillin-resistant colonies does not increase in lin-
ear proportion to the number of cells applied to the plate, perhaps because of growth-inhibiting
substances released from the cells killed by the antibiotic.

Store the plates at room temperature until the liquid has been absorbed.

Invert the plates and incubate them at 37°C. Transformed colonies should appear in 12-16
hours.

Transformed colonies may be screened for the presence of recombinant plasmids using one of the
methods described in Protocols 27, 28, 31, and 32 of this chapter or Protocol 12 in Chapter 8.
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BACTERIAL TRANSFORMATION

es of failure,

Negative Controls

nated.
was added to agar that was too hot.

colonies usually appear both on the surface of the medium and in the agar.

Positive Controls

cates problems with the competent bacteria or the transformation buffer.

such as agarose and enzymes.

In every experiment, it is essential to include positive controls to measure the efficiency of transforma-
tion, and negative controls to eliminate the possibility of contamination and to identify the potential caus-

An aliquot of competent cells to which no DNA is added should be carried through the transformation
experiment. The entire aliquot should be plated on a single agar plate containing the appropriate antibi-
otic used to select transformants. No bacterial colonies should grow on this plate or on a selective plate
that received no bacteria at all. If any are detected, the following possibilities should be considered:

o The competent cells are contaminated with an antibiotic-resistant strain of bacteria during the
experiment. Perhaps one of the solutions/reagents used in the transformation protocol is contami-

o The selective plates are defective. Perhaps the antibiotic was omitted altogether from the plates or

o The selective plates are contaminated with an antibiotic resistant strain of bacteria. In this case,

An aliquot of competent cells should be transformed with a known amount of a standard preparation of
circular superhelical plasmid DNA. This control provides a measure of the efficiency of transformation
and allows a standard for comparison with previous transformation experiments. We recommend prepar-
ing two large batches of diluted supercoiled plasmid DNA (1 ng/ml for the Hanahan and Inoue proce-
dures; 500 ng/ml for the calcium chloride procedure). These preparations should be stored at —70°C in
TE (pH 7.8) in very small aliquots. The appropriate standard preparation (2-5 ) should be used to mea-
sure the efficiency of transformation of each new batch of competent cells and to check the efficiency of
transformation in every experiment. Failure to obtain transformed colonies in a given experiment indi-

When a ligation reaction is used as a source of transforming DNA, the transformation efficiency is
reduced by at least two orders of magnitude compared with the supercoiled plasmid DNA control. The
actual number of transformants obtained per pg of ligated DNA will depend on the amount of recombi-
nant plasmid generated during the ligation reaction, and on the presence of inhibitors of transformation




Protocol 24

The Inoue Method for Preparation and
Transformation of Competent E. Coli:
“Ultra-Competent” Cells

MATERIALS

A T ITS BLST, THIS METHOD FOR PREPARING COMPETENT E. coli from Inoue et al. (1990) can chal-
lenge the efficiencies achieved by Hanahan (1983). However, under standard laboratory condi-
tions, efficiencies of 1 X 10® to 3 x 10® transformed colonies/ug of plasmid DNA are more typical.
The advantages of the procedure are that it is less finicky, more reproducible, and therefore more
predictable than the original Hanahan method.

This protocol differs from other procedures in that the bacterial culture is grown at [8°C
rather than the conventional 37°C. Otherwise, the protocol is unremarkable and follows a fairly
standard course. Why growing the cells at low temperature should affect the efficiency of trans-
formation is anybody’s guess. Perhaps the composition or the physical characteristics of bacteri-
al membranes synthesized at 18°C are more favorable for uptake of DNA, or perhaps the phases
of the growth cycle that favor efficient transformation are extended.

Incubating bacterial cultures at 18°C is a challenge. Most laboratories do not have a shak-
ing incubator that can accurately maintain a temperature of 18°C summer and winter. One solu-
tion is to place an incubator in a 4°C cold room and use the temperature control to heat the incu-
bator to 18°C. Alternatively, there is almost no loss of efficiency if the cultures are grown at
20-23°C, which is the ambient temperature in many laboratories. Cultures incubated at these
temperatures grow slowly with a doubling time of 2.5 to 4 hours. This can lead to frustration,
especially late at night when it seems that the culture will never reach the desired OD,, of 0.6.
The answer to this problem is to set up cultures in the evening and harvest the bacteria early the
following morning. The procedure works well with many strains of E. coli in common use in mol-
ecular cloning, including XL1-Blue, DHI, IM103, ]M108/9, DH5q, and HB101.

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

Buffers and Solutions

1.112

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

DMSO <!>
Oxidation products of DMSO, presumably dimethyl sulfone and dimethyl sulfide, are inhibitors of
transformation (Hanahan 1985). To avoid problems, purchase DMSO of the highest quality.

Inoue transformation buffer (please see Step 1)
Chilled to 0°C before use.

e
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Nucleic Acids and Oligonucleotides

Plasmid DNA (recombinant plasmid)
Construct using one of the methods described in Protocols 17 through 22 of this chapter.

Media
LB or SOB medium for initial growth of culture
SOB agar plates containing 20 mm MgSO, and the appropriate antibiotic
Standard SOB contains 10 mM MgSO .

SOB medium, for growth of culture to be transformed
Prepare three 1-liter flasks of 250 ml each and equilibrate the medium to 18-20°C before inoculation.

SOC medium
Approximately 1 ml of this medium is needed for each transformation reaction.
Centrifuges and Rotors

Sorvall GSA rotor or equivalent

Special Equipment
Liquid nitrogen <!>
Polypropylene tubes (17 x 100 mm; Falcon 2059), chilled in ice
Shaking Incubator (18°C)
Water bath preset to 42°C

METHOD

A IMPORTANT All steps in this protocol should be carried out aseptically.

Preparation of Cells

1. Prepare Inoue transformation buffer (chilled to 0°C before use).

Organic contaminants in the H,O used to prepare transformation buffers can reduce the cfficien-
cv of transformation of competent bacteria. H.O obtained directly from a well-serviced Milli-Q fil-
tration system (Millipore) usually gives good Tesults. If problems should arise, treat the deionized
H,O with activated charcoal before use.

a. Prepare 0.5 M PIPES (pH 6.7) (piperazine-1,2-bis[2-ethanesulfonic acid]) by dissolving
15.1 g of PIPES in 80 ml of pure H,O (Milli-Q, or equivalent). Adjust the pH of the solu-
tion to 6.7 with 5 M KOH, and then add pure H,O to bring the final volume to 100 ml.
Sterilize the solution by filtration through a disposable prerinsed Nalgene filter (0.45-um
pore size). Divide into aliquots and store frozen at —20°C.

b. Prepare Inoue transformation buffer by dissolving all of the solutes listed below in 800 ml
of pure H,O and then add 20 ml of 0.5 M PIPES (pH 6.7). Adjust the volume of the Inoue
transformation buffer to 1 liter with pure H,O.

Reagent Amount per liter Final concentration
MnCl,4H,0 10.88 g 55 mM
CaCl,2H,0 220g 15 mM

KCl 18.65 g 250 mM
PIPES (0.5 M, pH 6.7) 20 ml 10 mM

H,0 to 1 liter

c. Sterilize Inoue transformation buffer by filtration through a prerinsed 0.45-um Nalgene
filter. Divide into aliquots and store at —20°C.
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10.

Pick a single bacterial colony (2-3 mm in diameter) from a plate that has been incubated for
16-20 hours at 37°C. Transfer the colony into 25 ml of LB broth or SOB medium in a 250-
ml flask. Incubate the culture for 6-8 hours at 37°C with vigorous shaking (250-300 rpm).

. Atabout 6 o’clock in the evening, use this starter culture to inoculate three 1-liter flasks, each

containing 250 ml of SOB. The first flask receives 10 ml of starter culture, the second receives
4 ml, and the third receives 2 ml. Incubate all three flasks overnight at 18-22°C with moder-
ate shaking.

The following morning, read the OD of all three cultures. Continue to monitor the OD
every 45 minutes.

When the 0D, of one of the cultures reaches 0.55, transfer the culture vessel to an ice-water
bath for 10 minutes. Discard the two other cultures.

The ambient temperature of most laboratories rises during the day and falls during the night. The
number of degrees and the timing of the drop from peak to trough varies depending on the lime
of year, the number of people working in the laboratory at night, and so on. Because of this vari-
ability, it is difficult to predict the rate at which cultures will grow on any given night. Using three
different inocula increases the chances that one of the cultures will be at the correct density after
an overnight incubation.

Harvest the cells by centrifugation at 2500¢ (3900 rpm in a Sorvall GSA rotor) for 10 minutes

at 4°C.

Pour off the medium and store the open centrifuge bottle on a stack of paper towels for 2
minutes. Use a vacuum aspirator to remove any drops of remaining medium adhering to
walls of the centrifuge bottle or trapped in its neck.

Resuspend the cells gently in 80 ml of ice-cold Inoue transformation buffer.
The cells are best suspended by swirling rather than pipetting or vortexing.

Harvest the cells by centrifugation at 2500g (3900 rpm in a Sorvall GSA rotor) for 10 minutes
at 4°C.

Pour off the medium and store the open centrifuge tube on a stack of paper towels for 2 min-
utes. Use a vacuum aspirator to remove any drops of remaining medium adhering to the walls
of the centrifuge tube or trapped in its neck.

Freezing of Competent Cells

11,
12,

13.

14.

Resuspend the cells gently in 20 ml of ice-cold Inoue transformation buffer.

Add 1.5 ml of DMSO. Mix the bacterial suspension by swirling and then store it in ice for 10
minutes.

Working quickly, dispense aliquots of the suspensions into chilled, sterile microfuge tubes.
Immediately snap-freeze the competent cells by immersing the tightly closed tubes in a bath
of liquid nitrogen. Store the tubes at —70°C until needed.

Freezing in liquid nitrogen enhances transformation efficiency by ~5-fold.

For most cloning purposes, 50-ul aliquots of the competent-cell suspension will be more than ade-
quate. However, when large numbers of transformed colonies are required (e.g., when construct-
ing cDNA libraries), larger aliquots may be necessary.

When needed, remove a tube of competent cells from the —70°C freezer. Thaw the cells by
holding the tube in the palm of the hand. Just as the cells thaw, transfer the tube to an ice
bath. Store the cells on ice for 10 minutes.
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15.

Transformation

Usc a chilled, sterile pipette tip to transfer the competent cells to chilled, sterile 17 x 100-mm
polypropylene tubes. Store the cells on ice.
Glass tubes should not be used since they lower the efficiency of transformation by ~10-fold

Include all of the appropriate positive and negative controls (please see the panel on BACTERIAL
TRANSFORMATION in Protocol 23).

16.

17.

18.
19.

20.

21.
22

Add the transforming DNA (up to 25 ng per 50 pl of competent cells) in a volume not
exceeding 5% of that of the competent cells. Swirl the tubes gently several times to mix their
contents. Set up at least two control tubes for each transformation experiment, including a
tube of competent bacteria that receives a known amount of a standard preparation of super-
helical plasmid DNA and a tube of cells that receives no plasmid DNA at all. Store the tubes
on ice for 30 minutes.

Transfer the tubes to a rack placed in a preheated 42°C circulating water bath. Store the tubes
in the rack for exactly 90 seconds. Do not shake the tubes.

Heat shock is a crucial step. It is very important that the cells be raised to exactly the right tem-
perature at the correct rate. The incubation times and temperatures given here have been worked
out using Falcon 2059 tubes. Other types of tubes will not necessarily vield equivalent results.

Rapidly transfer the tubes to an ice bath. Allow the cells to cool for 1-2 minutes.

Add 800 pl of SOC medium to each tube. Warm the cultures to 37°C in a water bath, and
then transfer the tubes to a shaking incubator set at 37°C. Incubate the cultures for 45 min-
utes to allow the bacteria to recover and to express the antibiotic resistance marker encoded
by the plasmid.

To maximize the efficiency of transformation, gently agitate (<225 cycles/minute) the cells during
the recovery period.

If screening by oi-complementation, proceed to Protocol 27 for plating,

Transfer the appropriate volume (up to 200 ul per 90-mm plate) of transformed competent
cells onto agar SOB medium containing 20 mM MgSO, and the appropriate antibiotic.

When selecting for resistance to tetracycline, the entire transformation mixture may be spread on
asingle plate (or plated in top agar). In this case, collect the bacteria by centrifuging for 20 seconds
at room temperature in a microfuge, and then gently resuspend the cell pellet in 100 pl of SOC
medium by tapping the sides of the tube.

A IMPORTANT Sterilize a bent glass rod by dipping it into ethanol and then in the flame of a Bunsen
burner. When the rod has cooled to room temperature, spread the transformed cells gently over the
surface of the agar plate.

When selecting for resistance to ampicillin, transformed cells should be plated at low density (<10
colonies per 90-mm plate), and the plates should not be incubated for more than 20 hours at 37°C.
The enzyme B-lactamase is secreted into the medium from ampicillin-resistant transformants and
can rapidly inactivate the antibiotic in regions surrounding the colonies. Thus, plating cells at high
density or incubating them for long periods of time results in the appearance of ampicillin-sensi-
tive satellite colonies. This problem is ameliorated, but not completely eliminated, by using car-
benicillin rather than ampicillin in selective media and increasing the concentration of antibiotic
from 60 pg/ml to 100 g/ml. The number of ampicillin-resistant colonies does not increase in lin-
ear proportion to the number of cells applied to the plate, perhaps because of growth-inhibiting
substances released from the cells killed by the antibiotic.

Store the plates at room temperature until the liquid has been absorbed.

Invert the plates and incubate them at 37°C. Transformed colonies should appear in 12-16
hours.

'Iransformed colonies may be screened for the presence of recombinant plasmids using one of the
methods described in Protocols 27, 28, 31, and 32 of this chapter or Protocol 12 in Chapter 8.



Protocol 25

Preparation and Transformation of Competent
E. coli using Calcium Chloride

THE FOLLOWING SIMPLE AND RAPID VARIATION OF THE TECHNIQUE published by Cohen etal. (1972)
is frequently used to prepare batches of competent bacteria that yield 5 x 10° to 2 X 10" trans-
formed colonies/ug of supercoiled plasmid DNA. This efficiency of transformation is high
enough to allow all routine cloning in plasmids to be performed with ease. Competent cells made
by this procedure may be preserved at —=70°C, although there may be some deterioration in the
efficiency of transformation during prolonged storage.

MATERIALS

Buffers and Solutions

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

CaCl,22H,0 (1 m)
When preparing competent cells, thaw a 10-ml aliquot of the stock solution and dilute it to 100 ml with
90 ml of pure H,0. Sterilize the solution by filtration through a prerinsed Nalgene filter (0.45-um pore
size), and then chill it to 0°C.

or

Standard transformation buffer (TFB) (please see Protocol 23, Step 1)
For many strains of E. coli, standard TFB (Hanahan 1983) may be used instead of CaCl, with equivalent
or better results.

MgCl ,~CaCl, solution, ice cold

Media

LB or SOB medium for initial growth of culture

SOB agar plates containing 20 mm MgSO, and the appropriate antibiotic
Standard SOB contains 10 mv MgSO,.

SOC medium

Approximately 1 ml of this medium is required for each transformation reaction.

Nucleic Acids and Oligonucleotides

Plasmid DNA (recombinant plasmid)
Construct using one of the methods described in Protocols 17 through 22 of this chapter.

1.116
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Centrifuges and Rotors

Sorvall GSA rotor or equivalent

Special Equipment

Polypropylene tube (50 ml), chilled in ice
Polypropylene tubes (17 x 100 mm; Falcon 2059), chilled in ice
Water bath preset to 42°C

METHOD

A IMPORTANT All steps in this procedure should be carried out aseptically.

Preparation of Cells

1.

Pick a single bacterial colony (2-3 mm in diameter) from a plate that has been incubated for
16-20 hours at 37°C. Transfer the colony into 100 ml of LB broth or SOB medium in a 1-liter
flask. Incubate the culture for 3 hours at 37°C with vigorous agitation, monitoring the growth
of the culture. As a guideline, 1 OD, of a culture of E. coli strain DHI contains ~10” bacte-
ria/ml.

For efficient transformation, it is essential that the number of viable cells not exceed 10% cells/ml,
which for most strains of E. coli is equivalent to an OD,, of ~0.4. To ensure that the culture does
not grow to a higher density, measure the OD,,, of the culture every 15-20 minutes. Plot a graph
of the data so that the time when the OD,; of the culture approaches 0.4 can be predicted with
some accuracy. Begin to harvest the culture when the OD reaches 0.35.

Because the relationship between the OD ;,; and the number of viable cells/ml varies substantially
from strain to strain, the spectrophotometer must be calibrated by measuring the OD,, of a grow-
ing culture of the particular strain of E. coli at different times in its growth cycle and determining
the number of viable cells at each of these times by plating dilutions of the culture on LB agar plates
in the absence of antibiotics.

Transfer the bacterial cells to sterile, disposable, ice-cold 50-ml polypropylene tubes. Cool the
cultures to 0°C by storing the tubes on ice for 10 minutes.

Recover the cells by centrifugation at 2700¢ (4100 rpm in a Sorvall GSA rotor) for 10 min-
utes at 4°C.

Decant the medium from the cell pellets. Stand the tubes in an inverted position on a pad of
paper towels for 1 minute to allow the last traces of media to drain away.

Resuspend each pellet by swirling or gentle vortexing in 30 ml of ice-cold MgCl,~CaCl, solu-
tion (80 mM MgCl,, 20 mM CaCl,).

Recover the cells by centrifugation at 2700g (4100 rpm in a Sorvall GSA rotor) for 10 min-
utes at 4°C,

Decant the medium from the cell pellets. Stand the tubes in an inverted position on a pad of
paper towels for 1 minute to allow the last traces of media to drain away.

Resuspend the pellet by swirling or gentle vortexing in 2 ml of ice-cold 0.1 M CaCl, (or TFB)
for each 50 ml of original culture.

At this point, either use the cells directly for transformation as described in Steps 10 through 16
below or dispense into aliquots and freeze at —70°C (please see Protocol 23, Step 12).

B
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Transformation

For most strains of E. coli (except for MC1061), TFB may be used at this stage instead of CaCl, with
equivalent or better results.

The cells may be stored at 4°C in CaCl, solution for 24-48 hours (Dagert and Ehrlich 1979). The
efficiency of transformation increases four- to sixfold during the first 12-24 hours of storage and
thereafter decreases to the original level.

Include all of the appropriate positive and negative controls (please see the panel on BACTERIAL
TRANSFORMATION in Protocol 23).

10.

11.

12,
13.

14.

15.
16.

To transform the CaCl,-treated cells directly, transfer 200 ul of each suspension of competent
cells to a sterile, chilled 17 x 100-mm polypropylene tube using a chilled micropipette tip.
Add DNA (no more than 50 ng in a volume of 10 pl or less) to each tube. Mix the contents
of the tubes by swirling gently. Store the tubes on ice for 30 minutes.

Transfer the tubes to a rack placed in a preheated 42°C circulating water bath. Store the tubes
in the rack for exactly 90 seconds. Do not shake the tubes.

Heat shock is a crucial step. [t is very important that the cells be raised to exactly the right tem-
perature at the correct rate.

Rapidly transfer the tubes to an ice bath. Allow the cells to chill for 1-2 minutes.

Add 800 ul of SOC medium to each tube. Incubate the cultures for 45 minutes in a water bath
sct at 37°C to allow the bacteria to recover and to express the antibiotic resistance marker
encoded by the plasmid.

The cells may be gently agitated (50 cycles/minute or less in a rotary shaker) at 37°C during the
recovery period.

If screening by o-complementation, proceed to Protocol 27 for plating.

Transfer the appropriate volume (up to 200 ul per 90-mm plate) of transformed competent
cells onto agar SOB medium containing 20 mM MgSO, and the appropriate antibiotic.

When selecting for resistance to tetracycline, the entire transformation mixture may be spread on
a single plate (or plated in top agar). In this case, collect the bacteria by centrifuging for 20 seconds
at room temperature in a microfuge, and then gently resuspend the cell pellet in 100 pl of SOC
medium by tapping the sides of the tube.

A IMPORTANT Sterilize a bent glass rod by dipping it into ethanol and then in the flame of a Bunsen
burner. When the rod has cooled to room temperature, spread the transformed cells gently over the
surface of the agar plate.

When selecting for resistance to ampicillin, transformed cells should be plated at low density (<10*
colonies per 90-mm plate), and the plates should not be incubated for more than 20 hours at 37°C.
The enzyme B-lactamase is secreted into the medium from ampicillin-resistant transformants and
can rapidly inactivate the antibiotic in regions surrounding the colonies. Thus, plating cells at high
density or incubating them for long periods of time results in the appearance of ampicillin-sensi-
tive satellite colonies. This problem is ameliorated, but not completely eliminated, by using car-
bencillin rather than ampicillin in selective media and increasing the concentration of antibiotic
from 60 ug/ml to 100 pg/ml. The number of ampicillin-resistant colonies does not increase in lin-
ear proportion to the number of cells applied to the plate, perhaps because of growth-inhibiting
substances released from the cells killed by the antibiotic.

Store the plates at room temperature until the liquid has been absorbed.

Invert the plates and incubate at 37°C. Transformed colonies should appear in 12-16 hours.

Transformed colonies may be screened for the presence of recombinant plasmids using one of the
methods described in Protocols 27, 28, 31, and 32 of this chapter.
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Protocol 26

Transformation of E. coli
by Electroporation

P REPARING ELECTROCOMPETENT BACTERIA 1S CONSIDERABLY easier than preparing cells for trans-
formation by chemical methods. Bacteria are simply grown to mid-log phase, chilled, centrifuged,
washed extensively with ice-cold buffer or H,O to reduce the ionic strength of the cell suspension,
and then suspended in an ice-cold buffer containing 10% glycerol. DNA may be introduced
immediately into the bacteria by exposing them to a short high-voltage electrical discharge
(Chassy and Flickinger 1987; Chassy et al. 1988; Dower et al. 1988; please see the information
panel on ELECTROPORATION). Alternatively, the cell suspension may be snap-frozen and stored at
-70°C for up to 6 months before electroporation, without loss of transforming efficiency.

Because E. coli cells are small, they require very high field strengths (12.5-15 kV cm™') for
electroporation compared to those used to introduce DNA into eukaryotic cells (Dower et al.
1988; Smith et al. 1990). Optimal efficiency is achieved using small volumes of a dense slurry of
bacteria (~2 x 10'%/ml) contained in specially designed cuvettes fitted with closely spaced elec-
trodes. Electroporation is temperature-dependent and is best carried out at 0—4°C. The efficien-
cy of transformation drops as much as 100-fold when electroporation is carried out at room tem-
perature.

The highest efficiency of transformation (colonies/ug input plasmid DNA) is obtained when
the concentration of input DNA is high (1-10 ug/ml) and when the length and intensity of the
electrical pulse are such that only 30-50% of the cells survive the procedure. Under these condi-
tions, as many as 80% of the surviving cells may be transformed. Higher frequencies of transfor-
mation (colonies/molecule input DNA) are obtained when the DNA concentration is low (~10
pg/ml). Most of the transformants then result from the introduction of a single plasmid molecule
into an individual cell. High concentrations of DNA, on the other hand, favor the formation of
cotransformants in which more than one plasmid molecule becomes established in transformed
cells (Dower et al. 1988). This is highly undesirable in some circumstances, for example, when
generating cDNA libraries in plasmid vectors.

The method outlined in this protocol works well with most strains of E. coli and with plas-
mids <15 kb in size. However, substantial variation in the efficiency of transformation between
strains of E. coli has been reported (e.g., please see Elvin and Bingham 1991; Miller and Nickoloff
1995), and given what is known about the mechanism of uptake of DNA by electroporation, it
would be reasonable to expect that very large plasmids would transform E. coli with reduced effi-
ciency. As is the case with chemical transformation, linear plasmid DNAs introduced into E. coli
by a pulsed electrical discharge transform very inefficiently — from 10- to 1000-fold less effi-
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ciently than the corresponding closed circular DNA — perhaps because the exposed termini of
linear DNA are susceptible to attack by intracellular nucleases.
MATERIALS

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

Buffers and Solutions

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

Glycerol (10% vlv) (molecular biology grade), ice cold

Pure H,O
Milli-Q or equivalent, sterilized by filtration through prerinsed 0.45-um filters. Store at 4¢C.

Nucleic Acids and Oligonucleotides

Media

Plasmid DNA (recombinant plasmid)
Construct using one of the methods described in Protocols 17 through 22 of this chapter.

GYT medium, ice cold
10% (v)v glycerol
0.125% (w/v) veast extract
0.25% (w/v) tryptone
This recipe comes from Tung and Chow (1995).
LB medium, prewarmed to 37°C
SOB agar plates containing 20 mM MgSQO, and the appropriate antibiotic
Standard SOB contains 10 mM MgSO,.
50C medium
Approximately 1 m] of this medium is needed for each transformation reaction.

Special Equipment

Electroporation device and cuvettes fitted with electrodes spaced 0.1-0.2 cm apart
The smaller the gap between the electrodes, the higher the strength of the electrical field generated by a
given voltage. However, the risk of arcing increases as the distance between the electrodes decreases and
as the applied voltage is raised. Conservative investigators will therefore choose cuvettes with a gap of 0.2
¢m, whereas those who are willing to take risks with their experiments will opt for the smaller gap.

Ice water bath

Liquid nitrogen <!>

METHOD

A IMPORTANT All steps in this protocol should be carried out aseptically.

Preparation of Cells

1. Inoculate a single colony of E. coli from a fresh agar plate into a flask containing 50 ml of LB medi-
um. Incubate the culture overnight at 37°C with vigorous aeration (250 rpm in a rotary shaker).

2. Inoculate two aliquots of 500 ml of prewarmed LB medium in separate 2-liter flasks with 25
ml of the overnight bacterial culture. Incubate the flasks at 37°C with agitation (300
cycles/minute in a rotary shaker). Measure the OD, ,, of the growing bacterial cultures every
20 minutes.

600
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Electroporation

10.

11.

12.
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Optimum results (>10° transformants/lg) are obtained with standard strains of E. coli (DHI,
DH5a, JM103, JM109, HB101, and their derivatives) when the OD,,, of the culture is 0.35-0.4.
This density is usually achieved after ~2.5 hours of incubation.

For efficient transformation, it is essential that the number of viable cells not exceed 10° cells/ml,
which for most strains of E. coli is equivalent to an OD,,, of ~0.4. To ensure that the culture does
not grow to a higher density, measure the OD, ,, of the culture every 15-20 minutes. Plot a graph
of the data so that the time when the 0D, of the culture approaches 0.4 can be predicted with

some accuracy. Begin to harvest the culture when the 0D, reaches 0.35.

When the OD,,, of the cultures reaches 0.4, rapidly transfer the flasks to an ice-water bath
for 15-30 minutes. Swirl the culture occasionally to ensure that cooling occurs evenly. In
preparation for the next step, place the centrifuge bottles in an ice-water bath.

For maximum efficiency of transformation, it is crucial that the temperature of the bacteria not

rise above 4°C at any stage in the protocol.
Transfer the cultures to ice-cold centrifuge bottles. Harvest the cells by centrifugation at
1000g (2500 rpm in a Sorvall GSA rotor) for 15 minutes at 4°C. Decant the supernatant and
resuspend the cell pellet in 500 ml of ice-cold pure H,0.

Harvest the cells by centrifugation at 1000g (2500 rpm in a Sorvall GSA rotor) for 20 min-
utes at 4°C. Decant the supernatant and resuspend the cell pellet in 250 ml of ice-cold 10%
glycerol.

Harvest the cells by centrifugation at 1000g (2500 rpm in a Sorvall GSA rotor) for 20 minutes
at 4°C. Decant the supernatant and resuspend the pellet in 10 ml of ice-cold 10% glycerol.

Take care when decanting because the bacterial pellets lose adherence in 10% glycerol.

Harvest cells by centrifugation at 1000g (2500 rpm in a Sorvall GSA rotor) for 20 minutes
at 4°C. Carefully decant the supernatant and use a Pasteur pipette attached to a vacuum line
to remove any remaining drops of buffer. Resuspend the pellet in 1 ml of ice-cold GYT
medium.

This is best done by gentle swirling rather than pipetting or vortexing.

Measure the OD, of a 1:100 dilution of the cell suspension. Dilute the cell suspension to a
concentration of 2 X 10'° to 3 x 10'° cells/ml (1.0 OD,,, = ~2.5 X 10* cells/ml) with ice-cold
GYT medium.

Transfer 40 ul of the suspension to an ice-cold electroporation cuvette (0.2-cm gap) and test
whether arcing occurs when an electrical discharge is applied (please see Step 16 below). If
so, wash the remainder of the cell suspension once more with ice-cold GYT medium to
ensure that the conductivity of the bacterial suspension is sufficiently low (<5 mEq).

To use the electrocompetent cells immediately, proceed directly to Step 12. Otherwise, store
the cells at ~70°C until required. For storage, dispense 40-ul aliquots of the cell suspension
into sterile, ice-cold 0.5-ml microfuge tubes, drop into a bath of liquid nitrogen, and transfer
to a =70°C freezer.

To use frozen electrocompetent cells, remove an appropriate number of aliquots of cells from
the ~70°C freezer. Store the tubes at room temperature until the bacterial suspensions are
thawed and then transfer the tubes to an ice bath.

Pipette 40 pl of the freshly made (or thawed) electrocompetent cells into ice-cold sterile 0.5-
ml microfuge tubes. Place the cells on ice, together with an appropriate number of bacterial
electroporation cuvettes.
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13. Add 10 pg to 25 ng of the DNA to be electroporated in a volume of 1-2 ul to each microfuge
tube and incubate the tube on ice for 30-60 seconds. Include all of the appropriate positive
and negative controls (please see the panel on BACTERIAL TRANSFORMATION in Protocol 23).

Ideally, the DNA to be electroporated should be resuspended at a concentration of 1-10 ug/ml in
H,O or TE (pH 8.0). Two options are available when a DNA ligation reaction is used directly for
electroporation. Either the ligation reaction can be diluted 1/10 to 1/20 in H,O or the DNA can be
purified by spun-column chromatography or by extraction with phenol:chloroform followed by
precipitation with ethanol in the presence of 2 M ammonium acetate. The precipitated DNA is then
rinsed with 70% ethanol and resuspended in TE (pH 8.0) or H,O at a concentration of 1-10 ug/ml.

For the construction of libraries, where high efficiency is required and cotransformants are unde-
sirable, total DNA concentrations of <10 ng/ml are recommended (Dower et al. 1988). For routine
transformation of E. coli with a superhelical plasmid, 10-50 pg of DNA is adequate. When sub-
cloning into a plasmid, up to 25 ng of DNA diluted from the ligation mixture can be used.

14. Set the electroporation apparatus to deliver an electrical pulse of 25 uF capacitance, 2.5 kV,
and 200 ohm resistance.

15. Pipette the DNA/cell mixture into a cold electroporation cuvette. Tap the solution to ensure
that the suspension of bacteria and DNA sits at the bottom of the cuvette. Dry condensation
and moisture from the outside of the cuvette. Place the cuvette in the electroporation device.

16. Deliver a pulse of electricity to the cells at the settings indicated above. A time constant of 4-5
milliseconds with a field strength of 12.5 kV/cm should register on the machine.

The presence of ions in the electroporation cuvette increases the conductivity of the solution and
causes the electrical current to arc or skip through the solution of cells and DNA. Arcing is usual-
ly manifest by the generation of a popping sound in the cuvette during the electrical pulse. The
uneven transfer of the charge through the cuvette drastically reduces the efficiency of transforma-
tion. Arcing increases at higher temperatures and occurs with solutions having an electrical con-
ductance >5 mEq (e.g., 10 mM salt or 20 mM Mg** solutions). If arcing occurs in the presence of
DNA but not in its absence, remove ions from the DNA preparation as described in Step 13.

17. As quickly as possible after the pulse, remove the electroporation cuvette and add 1 ml of
SOC medium at room temperature.

Some investigators believe that the addition of medium at room temperature provides a heat shock
that increases the efficiency of transformation.

18. Transfer the cells to a 17 X 100-mm or 17 X 150-mm polypropylene tube and incubate the
cultures with gentle rotation for 1 hour at 37°C .

If screening by o-complementation, proceed to Protocol 27 for plating.

19. Plate different volumes (up to 200 pl per 90-mm plate) of the electroporated cells onto SOB
agar medium containing 20 mM MgSO, and the appropriate antibiotic.

When transforming with a superhelical plasmid, where transformants can be expected in abun-
dance, a small volume of the bacterial culture can be streaked with a sterile loop onto an agar plate
(or a segment of a plate) containing the appropriate antibiotics. However, if only small numbers of
transformants are expected, it is best to spread 200-1 aliquots of the bacterial suspension on each
of five plates. We do not recommend plating a concentrated suspension of the bacterial culture on
a single plate since the large number of dead cells resulting from electroporation may inhibit the
growth of rare transformants.

20. Store the plates at room temperature until the liquid has been absorbed.

21. Invert the plates and incubate them at 37°C. Transformed colonies should appear in 12-16
hours.

Transformed colonies may be screened for the presence of recombinant plasmids using one of the
methods described in Protocols 27, 28, 31, and 32 of this chapter.
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Protocol 27

Screening Bacterial Colonies Using
X-gal and IPTG: a-Complementation

THIS PROTOCOL PRESENTS METHODS FOR IDENTIFYING recombinant plasmids by a-complementa-
tion (for a detailed discussion of o-complementation, please see the introduction to this chapter).
The chromogenic substrate X-gal (please see the information panel on X-GAL) is mixed with the
bacterial culture, combined with molten top agar, and then spread on selection plates. If resources
are limited, the required volume of X-gal can be spread on top of an agar plate (please see the
panel on ALTERNATE PROTOCOL: DIRECT APPLICATION OF X-GAL AND IPTG TO AGAR PLATES at
the end of this protocol). The efficiency of transformation is slightly higher when the bacteria are
plated in top agar rather than on the surface of agar plates. Perhaps the transformed bacteria pre-
fer the slightly anaerobic state within the soft agar or the isosmolarity provided by the agar medi-
um. Include the following controls:

o A strain of E. coli synthesizing the w-fragment of B-galactosidase. An ideal control is the
parental untransformed strain from which the transformed colonies under test are derived.
Colonies of the parental, untransformed strain should all be white.

o The same w-producing strain transformed by the empty plasmid vector, which encodes the a-
fragment of B-galactosidase. These colonies should all be blue.

Methods for performing a-complementation with bacteriophage A and bacteriophage M13
vectors are described in Chapters 2 and 3, respectively.

MATERIALS

Buffers and Solutions

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

IPTG solution (20% wi/v)
X-gal solution <!> (2% w/v)
Please see the information panel on X-GAL.
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IPTG (isopropyl-B-D-thiogalactoside) is a nonfermentable analog of lactose that inactivates the lacZ repressor
(Barkley and Bourgeois 1978), and therefore induces transcription of the lac operon. Most strains of bacteria
commonly used for o-complementation, however, do not synthesize significant quantities of lac repressor.
Consequently, there is usually no need to induce synthesis of the host- and plasmid-encoded fragments of -
galactosidase for histochemical analysis of bacterial colonies. If the bacterial strain carries the /2 allele of lac
repressor and/or if the plasmid carries a fac/ gene, IPTG should be used to induce synthesis of both fragments
of the enzyme.

Media
LB or YT agar plates containing the appropriate antibiotic
LB or YT top agar

Special Equipment

Heating block preset to 45°C
Wooden toothpicks or Inoculating needles

Vectors and Bacterial Strains

E. coli culture, transformed with recombinant plasmids
Use bacteria transformed by one of the methods described in Protocols 23 through 26 of this chapter.

METHOD

1. Dispense aliquots of molten top agar into 17 X 100-mm tubes. Place the tubes in a 45°C heat-
ing block until they are needed.
Use 3-ml aliquots for 90-mm plates and 7-ml aliquots for 150-ml plates.

2. Remove the first tube from the heating block. Working quickly, add 0.1 ml of bacterial sus-
pension containing <3000 viable bacteria for a 90-mm plate and <10,000 for a 150-mm plate.
Close the top of the tube and invert it several times to disperse the bacteria through the
molten agar.

3. Open the tube and add the appropriate amounts of X-gal and IPTG (if required) as shown in
Table 1-10. Close the top of the tube and gently invert it several times to mix the contents.

4. Quickly pour the molten top agar into the center of a hardened agar plate containing the
appropriate antibiotic and distribute the solution by swirling.

5. Repeat Steps 2—4 until all of the samples have been plated.

6. Allow the soft agar to harden at room temperature, wipe any condensation from the lid of the
plates, and then incubate the plates in an inverted position for 12-16 hours at 37°C.

TABLE 1-10 Components for Top Agar

AMOUNT OF REAGENT

S1ZE OF MOLTEN Tor

PLATE AGAR X-GAL IPTG?
90 mm 3ml 40 ul 7 ul
150 mm 7 ml 100 ul 20 ul

*May not be required; please see the entry on IPTG in the Materials List.
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7. Remove the plates from the incubator and store them for several hours at 4°C, to allow the
blue color to develop.

8. ldentify colonies carrying recombinant plasmids.

o Colonies that carry wild-type plasmids contain active [-galactosidase. These
colonies are pale blue in the center and dense blue at their periphery.

» Colonies that carry recombinant plasmids do not contain active B-galactosidase.
These colonies are creamy-white or eggshell blue, sometimes with a faint blue spot
in the center.

Viewing the plates against a canary yellow background can enhance the eye’s ability to discriminate
between blue and white colonies.

9. Select and culture colonies carrying recombinant plasmids.

Blue or white colonies can develop in several different orientations in the soft agar, often resem-
bling far off tilted galaxies. Regardless of the orientation, they are readily picked by stabbing into
the thin layer of soft agar with a sterile inoculating needle or sterile toothpick and transferring the
inoculum to a tube of medium containing the appropriate antibiotic.

ALTERNATIVE PROTOCOL: DIRECT APPLICATION OF X-GAL AND IPTG
TO AGAR PLATES

An alternative to preparing top agar can be achieved by spreading a concentrated solution of X-gal on the sur-
face of a premade agar plate, rather than incorporating the halogenated galactoside throughout the entire vol-
ume of the agar medium. Take care when spreading the X-gal solution. Colonies in the center of the plate may
be a deeper blue due to variations in the concentration of X-gal across the plate.

Method

1. Pipette 40 wi of 2% X-gal solution and, if necessary, 7 pl of 20% IPTG solution onto the center of a premade
90-mm agar plate {(e.g., LB or YT) containing the appropriate antibiotic. For a 15-cm diameter agar plate,
transfer 100 w of X-gal and, if necessary, 20 pl of IPTG to the center of the plate.

2. Use a sterile spreader (or a bent Pasteur pipette whose tip has been sealed in a flame) to spread the solu-

tions over the entire surface of the plate. Incubate the plate at 37°C until all of the fluid has disappeared.
Because of the low volatility of dimethyl formamide, this procedure can take up to 3—4 hours if the plate is fresh-
ly made.

3. Inoculate the plate with the bacteria to be tested by streaking with a bacterial loop, by arranging clones with
toothpicks, or by spreading up to 100 wl of a bacterial suspension (50,000 cells/ml) on the surface of a 90-
mm agar plate or 200 pl on a 15-cm plate.

4. After the inoculum has been absorbed, incubate the plate in an inverted position for 12-19 hours at 37°C.

5. Remove the plate from the incubator and store it at 4°C for several hours, during which the blue color
develops to its full extent.

6. Identify colonies carrying recombinant plasmids.
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Screening Bacterial Colonies by Hybridization:
Small Numbers
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THIS PROCEDURE IS USED TO SCREEN A SMALL NUMBER of transformed bacterial colonies
(100-200) that are dispersed over several agar plates and are to be screened by hybridization to
the same radiolabeled probe (Protocols 29 and 30 deal with the transfer of intermediate and large
number of colonies, respectively). The colonies are consolidated (gridded) onto a master agar
plate and onto a nitrocellulose or nylon filter laid on the surface of a second agar plate. After a
period of growth, the colonies that have grown on the filter are lysed in situ and processed for
hybridization, as described in Protocols 31 and 32. Meanwhile, the master plate is stored at 4°C
until the results of the screening procedure become available.

Over the years, three types of solid supports have been used for in situ hybridization of lysed
bacterial colonies: nitrocellulose filters, nylon filters, and Whatman 541 filter papers. Nylon filters
are the most durable of the three and will withstand several rounds of hybridization and washing
at elevated temperatures. They are therefore preferred when colonies are to be screened sequen-
tially with a number of different probes. In side-by-side comparisons, nylon filters yield enhanced
hybridization signals relative to nitrocellulose filters. However, when screening bacterial colonies,
the hybridization signal is usually so strong that this difference between the two solid supports is
not a significant factor. When they were first introduced, different treatments were required to fix
efficiently DNA to nylon filters sold by different manufacturers. Although satisfactory results can
be obtained by treating currently available nylon filters as if they were nitrocellulose, optimal per-
formance still requires adherence to the manufacturers’ instructions.

Whatman 541 filter paper, which has a high wet-strength, was first used to screen bacterial
colonies by Gergen et al. (1979). It is now used chiefly to screen arrayed libraries that are stored
as cultures of individual transformed colonies in separate wells of microtiter plates (Linbro
Scientific). These ordered libraries are duplicated on the surface of agar medium (usually in
square Petri dishes), and the resulting colonies are then transferred to Whatman 541 paper and
lysed either by alkali or by a combination of alkali and heat (Maas 1983). Conditions for
hybridization of the immobilized DNA are essentially identical to those established for nitrocel-
lulose filters. Whatman 541 paper has some advantages over nitrocellulose filters: It is less expen-
sive, more durable during hybridization, and less prone to distortion and cracking during drying.
However, unless care is taken during the denaturation step (Maas 1983), the strength of the
hybridization signal is significantly lower than that obtained from nitrocellulose filters. For rou-
tine screening of bacterial colonies, therefore, nitrocellulose or nylon filters remain the preferred
choice as solid supports.
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Media

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

LB or SOB agar plates containing the appropriate antibiotic
LB or SOB agar plates containing chloramphenicol <!>
Optional, please see Step 5. Chloramphenicol is supplemented at 170-200 pg/ml.

Special Equipment

Nitrocellulose (Millipore HAWP, or equivalent) or Nylon filters
Filters need not be detergent-free or sterile.

Syringe (3 cc), Hypodermic needles (18 gauge), and Waterproof black drawing ink (India Ink)
These materials are used to orient the filters on the master plates. For an alternative method, please se¢
note to Step 6.

Wooden toothpicks or Inoculating loops

Additional Reagents

Step 8 of this protocol requires the reagents listed in Protocols 31 and 32 of this chapter

Vectors and Bacterial Strains

METHOD

E. coli strain, transformed with recombinant plasmids
Use bacteria transformed by one of the methods described in Protocols 23 through 26 of this chapter.

E. coli strain, transformed with nonrecombinant plasmid (e.g., pUC, used as a negative
control)

1. Place a nitrocellulose or nylon filter on an agar plate (test plate) containing the selective
antibiotic.

Handle the filter with gloved hands as finger oils prevent wetting of the filter and prevent DNA
transfer.

2. Draw a numbered grid on a piece of graph paper (1-cm-square grid). Number the base of
each agar master plate and place the plate on the grid. Draw a mark on the side of the plate
at the 6 o'clock position.

This marking allows the master plate to be orientated with the grid.

3. Use sterile toothpicks or inoculating loops to transfer bacterial colonies one by one onto the
filter on the test plate and then onto the master agar plate that contains the selective antibi-
otic but no filter. Make small streaks 2-3 mm in length (or dots) arranged according to the
grid pattern under the dish. Streak each colony in an identical position on both plates,

Up to 100 colonies can be streaked onto a single 90-mm plate.

4. Finally, streak a colony containing a nonrecombinant plasmid (e.g., pUC) onto the filter and
the master plate.

This negative control is necessary to show that the radiolabeled probe can discriminate between
empty plasmids and recombinants. DNA fragments isolated from recombinant plasmids by restric-
tion enzyme cleavage and agarase gel electrophoresis are often contaminated with plasmid DNA
sequences, which can create problems when these fragments are used as hybridization probes for
Grunstein-Hogness screening (Grunstein and Hogness 1975) of transformed bacterial colonies,
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5. Invert the plates and incubate them at 37°C until the bacterial streaks have grown to a width
of 0.5-1.0 mm (typically 6-16 hours).

At this stage, when the bacteria are still growing rapidly, the filter may be transferred to an agar
plate containing chloramphenicol and incubated for a further 12 hours at 37°C (Hanahan and
Meselson 1980, 1983). This amplification step is necessary only when the copy number of the
recombinant plasmid is expected to be low (e.g., if a large segment of foreign DNA has been insert-
ed) or when highly degenerate oligonucleotides are used as probes. Under normal circumstances,
cloned DNA sequences can be detected very easily by hybridization without prior amplification of
the recombinant plasmid. Amplification can only be carried out with vectors that replicate in
relaxed fashion (please see introduction to this chapter).

6. Mark the filter in three or more asymmetric locations by stabbing through it and into the
agar of the test plate with an 18-gauge needle, attached to a syringe, dipped in waterproof
black drawing ink (India Ink). Mark the master plate in approximately the same locations.

With practice, it is possible to avoid the use of ink (which can be messy) by punching holes through
the filter into the underlying agar with an empty 18-gauge needle. After hybridization, back light-
ing via a light box can be used to align the holes in the filter with the marks in the agar.

Many investigators prefer to orient the filter by using sharp scissors to cut small notches at various
points on its circumference. After the notched and numbered filter has been placed on the surface
of the agar, the positions of the serrations are marked on the bottom of the plate. The shapes of the
serrations and their positions define the orientation of the filter on the plate.
7. Scal the master plate with Parafilm and store it at 4°C in an inverted position until the results
of the hybridization reaction are available.

8. Lyse the bacteria adhering to the filter and bind the liberated DNA to the nitrocellulose or
nylon filter using the procedures described in Protocol 31. Proceed with hybridization as
described in Protocol 32.




Protocol 29

Screening Bacterial Colonies by Hybridization:
Intermediate Numbers

B ACTERIAL COLONIES GROWING ON AGAR PLATES can be transferred en masse to nitrocellulose fil-
ters. A sterile filter is placed directly onto the bacterial colonies. After a short period of time to
allow transfer of bacterial cells to the filter, the filter is gently removed and prepared for hybridiza-
tion. However, if the copy number of the recombinant plasmid is expected to be low (e.g., if a
large segment of foreign DNA has been inserted) or when highly degenerate oligonucleotides are
used as probes, the filter may be placed (colony side up) on the surface of a fresh agar plate con-
taining the appropriate antibiotic. After incubation for a few hours, the filter with its cargo of
enlarged colonies is prepared for hybridization. Meanwhile, the original (master) plate is incu-
bated for a few hours to allow the bacterial colonies to regrow in their original positions.

These procedures work with bacterial colonies of any size, but small colonies give the clear-
est results as they produce sharp hybridization signals and do not smear during transfer from the
agar plate to the filter. The method works best with 90-mm plates containing up to 2500 colonies.
Larger filters are difficult to place perfectly on the surface of 150-mm plates without air bubbles.
For further information on filters, please refer to the introduction to Protocol 28.

MATERIALS

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

Media

LB or SOB agar plates (90-mm) containing appropriate antibiotics
Plates that are 2-3 days old give the best results in this protocol because they absorb fluid from the bac-
terial inoculum more readily.

LB or SOB plates containing chloramphenicol <!>
Optional, please see Step 6. Chloramphenicol is used at 170-200 pg/ml.

Special Equipment
Nitrocellulose (Millipore HATF, or equivalent) or Nylon filters, sterile and detergent-free
Syringe (3 cc), Hypodermic needles (23 gauge), and Waterproof black drawing ink (India Ink)

These materials are used to orient the filters on the master plates. For an alternative method, please see
note to Step 4.

Whatman 3MM circular filter papers
Prepare in advance a stack of Whatman 3MM papers (one for each nitrocellulose or nylon, plus a few
spares) cut to a size slightly larger than the filters. These are commercially available as precut circles from
several manufacturers.
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Additional Reagents
Step 6 of this protocol requires the reagents listed in Protocols 37 and 32 of this chapter.

Vectors and Bacterial Strains

'METHOD

E. coli strain, transformed with recombinant plasmids, as culture

Use bacteria transformed by one of the methods described in Protocols 23 through 26 of this chapter.

Plate out the transformed E. coli culture onto 90-mm LB or SOB agar plates, at dilutions cal-
culated to generate up to 2500 transformed colonies. When the colonies reach an average size
of 1.5 mm, transfer the plates from the incubator to a cold room.

Number the dry filters with a soft-lead pencil or a ball-point pen, wet them with water, and inter-
leave them between dry Whatman 3MM filters. Wrap the stack of filters loosely in aluminum foil,
and sterilize them by autoclaving (15 psi [1.05 kg/cm?] for 10 minutes on liquid cycle).

Prepare enough filters to make one or two replicas from the starting agar plates. Although sterile
filters arc preferred for this procedure, nonsterile filters may be used if no more replicas are to be
made from the master plate.

Place a dry, sterile detergent-free nitrocellulose filter, numbered side down, on the surface of
the LB (or SOB) agar medium, in contact with the bacterial colonies (plated in Step 1), until
it is completely wet.

‘lake care to prevent air bubbles from becoming trapped between the filter and the agar. This is best
done by bending the filter slightly so that contact is first made between the center of the filter and the
agar medium. Be careful not to move the filter relative to the agar medium after contact has been made.

Once the filter is in place, key the filter to the underlying medium by stabbing in three or
more asymmetric locations through the filter with a 23-gauge needle attached to a syringe,
dipped in waterproof black drawing ink.

A 23-gauge needle or smaller dipped in ink works best (dip once per plate, three holes per plate).

With practice, it is possible to avoid the use of ink (which can be messy) by punching holes through
the filter into the underlying agar with an empty 18-gauge needle. After hybridization, back light-
ing via a light box can be used to align the holes in the filter with the marks in the agar.

Many investigators prefer to oricnt the filter by using sharp scissors to cut small notches at various
points on its circumference. After the notched and numbered filter has been placed on the surface
of the agar, the positions of the serrations are marked on the bottom of the plate. The shapes of the
serrations and their positions define the orientation of the filter on the plate.

Grip the edge of the filter with blunt-ended forceps and, in a single smooth movement, peel

the filter from the surface of the agar.

Usually, the colonies are transferred in their entirety from the agar to the filter leaving behind small
indentations in the surface of the medium. When the master piate is incubated at 37°C, the remain-
ing bacteria grow to fill the indentations but do not expand further.

Proceed with one of the following options as appropriate:

® Lyse the bacteria adhering to the filter and bind the liberated DNA to the nitrocellulose
or nylon filter using the procedures described in Protocol 31. Proceed with hybridization
as described in Protocol 32.

e Lyse the bacteria and immobilize the DNA as described in the alternative protocol at the
end of this protocol.
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e Place the filter, colony side up, on the surface of a fresh LB (or SOB) agar plate contain-
ing the appropriate antibiotic. After incubation for a few hours, when the colonies have
grown to a size of 2-3 mm, remove the filter and proceed with lysis and hybridization as
described in Protocols 31 and 32.

This option should be taken only when the transfer of the colonies to the filter is poor or
uneven, which is not usually the case.

e Amplify the colonies on the filter by transferring the filter to an agar plate containing
chloramphenicol (170-200 pg/ml) and incubating for 12 hours at 37°C. Proceed with

lysis and hybridization (Protocols 31 and 32).

This amplification step (Hanahan and Meselson 1980, 1983) is necessary only when the copy
number of the recombinant plasmid is expected to be low (e.g., if a large segment of foreign
DNA has been inserted) or when highly degenerate oligonucleotides are used as probes.
Under normal circumstances, cloned DNA sequences can be detected very easily by
hybridization without prior amplification of the recombinant plasmid. Amplification can
only be carried out with vectors that replicate in relaxed fashion {please see introduction to
this chapter).

o Use the filter to prepare a second replica:

a. Place the filter colony side up on the surface of a fresh LB (or SOB) agar plate con-
taining the appropriate antibiotic.

b. Lay a dry nitrocellulose filter carefully on top of the first and key to it as described in
Step 4 above.

¢. Incubate the “filter sandwich” for several hours at 37°C.
The plasmids are amplified, if desired, by further incubation on an agar plate containing
chloramphenicol.
d. Proceed with lysis and hybridization (Protocols 31 and 32), keeping the filters as a
sandwich during the lysis and neutralization steps, but peeling them apart before the
final wash (Ish-Horowicz and Burke 1981).

7. Incubate the master plate for 5-7 hours at 37°C until the colonies have regrown (please see
note to Step 5). Seal the plate with Parafilm, and store it at 4°C in an inverted position.

ALTERNATIVE PROTOCOL: RAPID LYSIS OF COLONIES AND BINDING OF DNA
TO NYLON FILTERS

The following procedure, based on a protocol developed by Gary Struhl in 1983 while he was a post-doc in
Tom Maniatis’ laboratory, eliminates treatment of nylon filters with alkali and can save time when dealing with
large numbers of filters. Note that nitrocellulose filters may only be used in this procedure if they have been
autoclaved prior to colony transfer.

Method
1. After removing the filters from the top agarose (Step 5), place them, DNA side up, on paper towels for 5-10

minutes.

2. When their edges begin to curl, place the filters in stacks of ten interleaved with circular Whatman 3MM
papers. Place a few 3MM papers on the top and bottom of the stack.

3. Place the stacks on a small platform (e.g., an inverted Pyrex dish) in an autoclave. Expose the filters to
“streaming steam” for 3 minutes (i.e., 100°C; avoid super-heated steam).

o

Transfer the stack of filter papers and nitrocellulose filters to a vacuum oven. Bake for 2 hours at 80°C while
drawing a vacuum continuously. Remove any 3MM paper that sticks to the nitrocellulose filters by soaking
in 2x SSPE before prehybridizing.
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Screening Bacterial Colonies by Hybridization:
Large Numbers

MATERIALS

THIS METHOD 1S USED TO PLATE AND SUBSEQUENTLY REPLICATE large numbers of colonies onto
nitrocellulose or nylon filters. The procedure is derived from Hanahan and Meselson (1980, 1983)
and is chiefly used when plating out bacteria transformed by a plasmid cDNA library. The bacte-
ria are plated directly from a transformation mixture or an amplified aliquot of the cDNA library
onto detergent-frec nitrocellulose filters, and replica filters are prepared by filter-to-filter contact.
Using this technique, as many as 2 X 10* colonies per 150-mm plate or 10" colonies per 90-mm
plate can be replicated and subsequently screened by hybridization. For further information on
filters, please refer to the introduction to Protocol 28.

Media

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

LB or SOB agar plates containing appropriate antibiotics
Plates that are 2-3 days old give the best results in this protocol because they absorb fluid from the bac-
terial inoculum more readily.

LB or SOB agar plates containing appropriate antibiotics and 25% (v/v) glycerol

LB or SOB plates containing chloramphenicol <!>
Optional, please see Step 12. Chloramphenicol is supplemented at 170-200 pg/ml.

Special Equipment
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Blunt-ended forceps (e.g., Millipore forceps)
Hypodermic needles (18 gauge)
Nitrocellulose (Millipore HATF, or equivalent) or Nylon filters, sterile and detergent-free
Syringe barrel (3 cc)
Whatman 3MM circular filter papers
Prepare a stack of Whatman 3MM papers in advance (one for each nitrocellulose or nylon filter, plus a
few spares) cut to a size slightly larger than the filters. These are commercially available as precut circles

from several manufacturers. Wrap the stack of Whatman 3MM papers in aluminum foil and sterilize
them by autoclaving for 10 minutes at 15 psi (1.05 kg/cm?) on liquid cycle.
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Additional Reagents
Step 14 of this protocol requires the reagents listed in Protocols 31 and 32 of this chapter.

Vectors and Bacterial Strains

E. coli strain, transformed with recombinant plasmids, as culture

Use bacteria transformed by one of the methods described in Protocols 23 through 26 of this chapter.
or
Amplified aliquot of cDNA library, grown as culture

Please see Chapter 11, Protocol 1.

METHOD

Plating Out the Transformation Mix

1. Number the dry filters with a soft-lead pencil or a ball-point pen, wet them with water, and
interleave them between dry Whatman 3MM filters. Wrap the stack of filters loosely in alu-
minum foil, and sterilize them by autoclaving (15 psi [1.05 kg/cm?] for 10 minutes on liquid
cycle).

Prepare enough filters to make one or two replicas from the starting agar plates. Although sterile
filters are preferred for this procedure, nonsterile filters may be used if no more replicas are to be
made from the master plate.

2. Use sterile, blunt-ended forceps to lay a sterile filter, numbered side down, on a 2-3-day-old
LB (or SOB) agar plate containing the appropriate antibiotic. When the filter is thoroughly
wet, peel it from the plate and replace it, numbered side up, on the surface of the agar.

3. Apply the bacteria, in a small volume of liquid, to the center of the filter on the surface of the
agar plate. Use a sterile glass spreader to disperse the fluid evenly, leaving a border 2-3 mm
wide around the circumference of the filter free of bacteria.

A large filter (137-mm diameter) will accommodate up to 0.5 ml of liquid containing 2 x 10 viable
bacteria. A small filter (82-mm diameter) will accommodate up to 0.2 ml of liquid containing a
~10" bacteria.

4. Incubate the plate (noninverted) with the lid ajar for a few minutes in a laminar flow hood
to allow the inoculum to evaporate. Then close the lid, invert the plate, and incubate at 37°C
until small colonies (0.1-0.2-mm diameter) appear (~8-10 hours).

5. If desired, replica filters may be prepared at this stage (proceed with Step 6). Otherwise, pre-
pare the bacterial colonies for storage at —20°C:

a. Transfer the filter colony side up to a labeled LB (or SOB) agar plate containing the
appropriate antibiotic and 25% glycerol.

b. Incubate the plate for 2 hours at 37°C.

When working with a cDNA library, it is best to freeze the master plate. Freezing decreases the
possibility of contamination with molds and fungi and preserves the master plate for many
months. Alternatively, the master filters can be stored for up to 2 weeks at 4°C on LB or SOB
plates containing antibiotic and no glycerol.

c. Seal the plate well with Parafilm, and store it in an inverted position in a sealed plastic bag
at —20°C.
Replicas can be made after thawing the master plate at room temperature (still in the invert-
ed position).
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Making the Replica Filters

10.

11.

12.

13.

14.

Lay the master nitrocellulose or nylon filter colony side up on a sterile Whatman 3MM paper.

Number a damp, sterile nitrocellulose or nylon filter, and lay it on the master filter. Take care
to prevent air bubbles from becoming trapped between the two filters.

This is best done by bending the second filter slightly so that contact is first made between the cen-

ters of the filters. Be careful not to move the filters relative to one another once contact has been

made. Try to arrange the filters so that they do not overlap exactly; this makes it easier to separate

the two filters later on.
Cover the filter sandwich with a second 3MM circle and place the bottom of a Petri dish on
top of the 3MM paper. Press down firmly on the Petri dish with the palm of the hand to facil-
itate transfer of bacteria from the master filter to the replica.

Dismantle the Petri dish bottom and top 3MM paper, and orient the two filters by making a
series of holes with an 18-gauge needle attached to a syringe.
Make sure the needle punctures both filters!

Peel the filters apart. Lay the replica on a fresh LB (or SOB) agar plate containing the appro-
priate antibiotic.

A second replica can be made from the master filter at this point by repeating Steps 6 through 9.

Key the second replica to the existing holes in the master filter.
Place the second replica filter (if made) and the master filter on a fresh LB (or SOB) agar plate
containing the appropriate antibiotic and incubate all plates at 37°C until colonies appear
(4-6 hours).
At this stage, when the bacteria are still growing rapidly, the filter may be transferred to an

agar plate containing chloramphenicol (170-200 pg/ml) and incubated for 12 hours at 37°C.

Move the master nitrocellulose filter to a fresh LB (or SOB) agar plate containing the appro-
priate antibiotic and 25% glycerol. Then freeze it as described in Step 5.

Lyse the bacteria adhering to the replica filters and bind the liberated DNA to the nitrocellu-
lose or nylon filter using the procedures described in Protocol 31. Proceed with hybridization
as described in Protocol 32.




Protocol 31

Lysing Colonies and Binding of DNA to Filters

THIS PROTOCOL DESCRIBES THE LIBERATION OF DNA from bacterial colonies transformed with
recombinant plasmids, and the subsequent fixing of the nucleic acid to the nitrocellulose or nylon
filters in situ. The method is based on the original procedure of Grunstein and Hogness (1975).
The hybridization of radiolabeled probes to nucleic acids immobilized on filters is presented in
Protocol 32.

Both baking and cross-linking serve to fix the bacterial DNA to the nylon or nitrocellulose
filters. The choice between the two methods depends on the equipment at hand and the way in
which the filters will be used. If the filters are to be hybridized with several different probes and
stripped between probing reactions, then it is better to cross-link the DNA to the filters with UV
light. For single hybridization reactions, we have not been able to discern a difference between the
two fixation methods regarding the efficiencies with which DNA is fixed to the filter, the amount
of nonspecific background hybridization, or the intensity or crispness of the autoradiographic
signal from a positive colony. Cross-linking is faster than baking, requiring 20-30 seconds per fil-
ter, compared to a 1-2-hour bake. However, cross-linking is usually carried out in a machine that
is adjusted to deliver a set amount of energy to each filter. These UV light cross-linkers are expen-
sive and generally have a life of ~1 year in an active laboratory. Vacuum baking ovens cost about
the same amount but last 10 years or more in very active departments.

MATERIALS

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

Buffers and Solutions

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

Denaturing solution
Neutralizing solution
SDS (10% wiv)

Optional, please see Steps 1 and 3.
2x SSPE

Special Equipment

Glass or plastic trays for processing filters
Cafeteria trays are ideal for this purpose, as they can accommodate batches of up to 25 filters of 9-10-
cm diameter.
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Microwave oven, Vacuum baking oven, preset to 80°C, or UV light<!> cross-linking device

Please see Source book for a list of manufacturers of cross-linking devices.

Whatman 3MM paper

Vectors and Bacterial Strains

'METHOD

Filters carrying colonies of E. coli transformants

Use transformants prepared by one of the methods described in Protocols 28 through 30 of this chapter.

Cut four pieces of Whatman 3MM paper (or an equivalent) to an appropriate size and shape
and fit them neatly onto the bottoms of four glass or plastic trays. Saturate each of the pieces
of 3MM paper with one of the following solutions:

10% SDS (optional)

denaturing solution

neutralizing solution

2x SSPE

Pour off any excess liquid and roll a 10-ml pipette along the sheet to smooth out any air bub-
bles that occur between the 3MM paper and the bottom of the container.

If the 3MM paper is too wet, the bacterial colonies swell and diffuse during lysis. The hybridization
signals then become blurred and attenuated, and it is very difficult to identify individual colonies
that give rise to the signal.

Use blunt-ended forceps to peel the nitrocellulose or nylon filters from their plates and place
them colony side up on the SDS-impregnated 3MM paper for 3 minutes.

This treatment limits the diffusion of the plasmid DNA during subsequent denaturation and neu-
tralization and results in a sharper hybridization signal.

After the first filter has been exposed to the SDS solution for 3 minutes, transfer it to the sec-
ond sheet of 3MM paper saturated with denaturing solution. Transfer the remainder of the
filters in the same order in which they were removed from their agar plates. Expose each fil-
ter to the denaturing solution for 5 minutes.

When transferring filters from one tray to another, use the edge of the first tray as a scraper to
remove as much fluid as possible from the underside of the filter. Alternatively, remove excess lig-
uid by transferring the filter briefly to a dry paper towel. Try to avoid getting fluid on the side of
the filter carrying the bacterial colonies.

Transfer the filters to the third sheet of 3MM paper, which has been saturated with neutral-
izing solution. Leave the filters for 5 minutes.
Optional: Repeat this step once.

Transfer the filters to the last sheet of 3MM paper, which has been saturated with 2x SSPE.
Leave the filters for 5 minutes.

We prefer to fill a tray or tub (such as that used in washing filters after hybridization) with a vol-
ume of 2x SSPE and then to float the filters from Step 5 on the surface of this solution for several
minutes. Thereafter, the container is agitated 1o sink the filter below the surface of the solution and
left until the last filter to be worked up is similarly treated. This step accomplishes two goals: rins-
ing the filter of neutralization solution and inundating the filter with EDTA to chelate divalent
cations such as Mg?* and thereby to inhibit the action of any residual nucleases that degrade DNA.
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7. Dry the filters using one of the methods below.

If the DNA is to be fixed to the filters by baking: Lay the filters, colony side up, on a sheet of dry
3MM paper and allow them to dry at room temperature for at least 30 minutes.

If the DNA is to be fixed to the filters by cross-linking with UV light: Lay the filters on a sheet
of 2x SSPE-impregnated 3MM paper or on dry paper, depending on the manufacturer’s rec-
ommendation.

8. Fix the DNA to the filters using one of the methods below.

For baking: Sandwich the filters between two sheets of dry 3MM paper, and fix the DNA to
the filters by baking for 1-2 hours at 80°C in a vacuum oven.
Overbaking can cause the filters to become brittle. Nitrocellulose filters that have not been com-
pletely neutralized turn yellow or brown during baking and chip very easily. The background of
nonspecific hybridization also increases dramatically in this situation.
For cross-linking with UV light: Follow the manufacturer’s instructions for fixing DNA to fil-
ters using a commercial device for this purpose.

9. Hybridize the DNA immobilized on the filters to a labeled probe as described in Protocol 32.

Any filters not used immediately in hybridization reactions should be interleaved between 3MM
filters and stored covered in aluminum foil at room temperature.
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Hybridization of Bacterial DNA on Filters

MATERIALS

THIS PROTOCOL PROVIDES PROCEDURES TO HYBRIDIZE DNA from transformed colonies immobi-
lized onto filters with radiolabeled probes and to recover from a master plate the corresponding
colonies that hybridize specifically to the probe. These techniques are designed to be used with
probes that are on average longer than 100 nucleotides in length. Methods for screening bacteri-
al colonies with shorter radiolabeled oligonucleotides are given in Chapter 10.

The purity of a radiolabeled DNA or RNA probe is important when screening plasmid-con-
taining bacterial colonies. Cloned DNA fragments excised from plasmids are commonly used to
prepare the hybridization probe. However, even a small amount of contamination by vector
sequences will generate probes that hybridize to bacterial colonies transformed by any plasmid
used in molecular cloning. This lack of specificity can also occur when using probes prepared
from bacteriophages to screen plasmids (or vice versa), since many vectors contain fragments of
the lacZ gene. To ensure that a DNA fragment that will be used to prepare a hybridization probe
does not contain vector sequences, we recommend purifying the DNA through two gels (agarose
or polyacrylamide) as described in Chapter 5, before carrying out the radiolabeling reaction.

The following protocol is designed for 30 circular nitrocellulose filters, 82 mm in diameter.
Appropriate adjustments to the volumes should be made when carrying out hybridization reac-
tions with different numbers or sizes of filters.

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

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

Formamide <!>
Optional, please see the panel on PREHYBRIDIZATION AND HYBRIDIZATION SOLUTIONS fol-
lowing Step 5. Many batches of reagent-grade formamide are sufficiently pure to be used without fur-
ther treatment. However, if any yellow color is present, the formamide should be deionized (please see
Appendix 1).

Prehybridization/hybridization solution
Please sec the panel on PREHYBRIDIZATION AND HYBRIDIZATION SOLUTIONS following Step 5.
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1x BLOTTO <!>
1x BLOTTO (Bovine Lacto Transfer Technique Optimizer [Johnson et al. 1984]) is as effective a block-
ing agent as Denhardt’s reagent, but much less expensive.

teins to precipitate. If background hybridization is a problem, NP-40 may be added to the hybridization solu-
tion to a final concentration of 1%. BLOTTO should not be used as a blocking reagent when radiolabeled RNA
is used as the hybridization probe, because of the possibility that the dried milk may contain significant

tuted for BLOTTO.

BLOTTO should not be used in combination with high concentrations of SDS, which will cause the milk pro- |

amounts of RNase activity. In this situation, 5x Denhardt’s solution (please see Appendix 1) should be substi- -

Prewashing solution

6x SSC or 6x SSPE
Wash solution 1

2x §§C

0.1% (w/v) SDS
Wash solution 2

1x SSC

0.1% (w/v) SDS
Wash solution 3

0.1x SSC

0.1% (w/v) SDS

LB, YT, or Terrific Broth containing the appropriate antibiotic

Nucleic Acids and Oligonucleotides

Probes

Filters with immobilized DNA from transformed colonies
Use filters prepared as described in Protocol 31.

*2P-labeled double-stranded DNA probe or Synthetic oligonucleotide probes
Prepare the probes as described in Chapter 9 (for double-stranded DNA probe) or Chapter 10 (for oligonu-
cleotide probes). For a further discussion of probes for colony screening, please see the protocol introduc-
tion. Between 2 x 10% and 1 x 10° cpm of **P-labeled probe (specific activity ~5 x 107 cpm/ug) should be
used per milliliter of prehybridization solution. When *?P-labeled cDNA or RNA is used as a probe, poly(A)
at a concentration of 1 g/ml should be included in the prehybridization and hybridization solutions to
prevent the probe from binding to T-rich scquences that are common in eukaryotic DNA.

Special Equipment

Boiling water bath
Glass baking dish (15 x 7.5 x 5 ¢cm) or other hybridization chamber
Incubators preset to 42°C (if prehybridizing in formamide), 50°C, and 68°C

ALTERNATIVE HYBRIDIZATION CHAMBERS

Some investigators prefer to incubate filters in heat-sealable plastic bags (Sears Seal-A-Meal or equivalent) dur-
ing the prehybridizaton and hybridization steps, rather than in crystallization dishes. The former method avoids
problems with evaporation and, because the sealed bags can be submerged in a water bath, ensures that the
temperatures during hybridization and washing are correct. The bags must be opened and resealed when
changing buffers. To avoid radioactive contamination of the water bath, the resealed bag containing radioactiv-
ity should be sealed inside a second, noncontaminated bag,

If only a small number of filters are subjected to hybridization, then a glass screw-top bottle that fits the
rollers of a hybridization oven can be used in place of a crystallization dish or Seal-A-Meal bag. These bottles
and ovens have the advantage that small volumes of hybridization solution can be used and the hybridization

temperature can be accurately controlled. For further details, please see the panel on HYBRIDIZATION

© CHAMBERS in Chapter 6, Protocol 10.
L

[
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Radioactive ink <!>
Reusable alternatives to radioactive ink are chemiluminescent markers available from Stratagene
(Glogos). The markers can be used multiple times and should be exposed to fluorescent light just prior
to a new round of autoradiography.

Water-soluble glue stick
For example, UHU Stic, distributed by FaberCastell.

Whatman 3MM paper or equivalent
Wooden toothpicks or Inoculating needle

Additional Reagents

Step 15 of this protocol requires the reagents listed in Protocol 1 or 4 of this chapter.
Step 15 may also require the reagents listed in Chapter 8, Protocol 12.

METHOD

Prewashing and Prehybridization of the Filters

1.

2.

Float the baked or cross-linked filters on the surface of a tray of 2x SSC until they have
become thoroughly wetted from beneath. Submerge the filters for 5 minutes.

Because some batches of nitrocellulose filters swell and distort during hybridization and subse-
quent drying, it becomes difficult to align the orientation dots on the autoradiograph and filter or
agar plate. This problem can be alleviated to some extent by autoclaving the dry filters between
pieces of damp 3MM paper before use (10 psi [0.70 kg/cm?] for 10 minutes on liquid cycle). Nylon
filters do not suffer from this problem.

Transfer the filters to a glass baking dish containing at least 200 ml of prewashing solution.
Stack the filters on top of one another in the solution. Cover the dish with Saran Wrap and
transfer it to a rotating platform in an incubator. Incubate the filters for 30 minutes at 50°C.

This prewashing step removes bacterial colony debris and can substantially reduce background
hybridization, especially when screening colonies at high density.

In this and all subsequent steps, the filters should be slowly agitated to prevent them from sticking
to one another. Do not allow the filters to dry at any stage during the prewashing, prehybridiza-
tion, or hybridization steps.

Gently scrape the bacterial debris from the surfaces of the filters using Kimwipes soaked in

prewashing solution. This scraping ensures removal of colony debris and does not affect the
intensity or sharpness of positive hybridization signals.

Transfer the filters to 150 ml of prehybridization solution in a glass baking dish. Incubate the
filters with agitation for 1-2 hours or more at the appropriate temperature (i.e., 68°C when
hybridization is to be carried out in aqueous solution; 42°C when hybridization is to be car-
ried out in 50% formamide; please see panel below).

The filters should be completely covered by the prehybridization solution (please see the panel on
ALTERNATIVE HYBRIDIZATION CHAMBERS). During prehybridization, sites on the nitrocel-
lulose filter that nonspecifically bind single- or double-stranded DNA become blocked by proteins
in the BLOTTO. Agitation ensures that the filters are continuously bathed in and evenly coated by
the prehybridization fluid.

Denaturation of the Probe and Performance of Hybridization

5.

Denature **P-labeled double-stranded DNA by heating to 100°C for 5 minutes. Chill the
probe rapidly in ice water.
Alternatively, the probe may be denatured by adding 0.1 volume of 3 N NaOH. After 5 minutes at



Protocol 32: Hybridization of Bacterial DNA on Filters  1.141

PREHYBRIDIZATION AND HYBRIDIZATION SOLUTIONS

Whether or not to use a prehybridization solution containing formamide is largely a matter of personal
preference. Both versions of these solutions give excellent results and neither has clear-cut advantages
over the other. However, hybridization in 50% formamide at 42°C is less harsh on nitrocellulose filters
than is hybridization at 68°C in aqueous solution. Offsetting this advantage is the two- to threefold slow-
er rate of hybridization in solutions containing formarnide. Nylon filters are impervious to the deleterious
effects of aqueous hybridization at high temperatures,

To maximize the rate of annealing of the probe with its target, hybridizations are usually carried out
in solutions of high ionic strength (6x SSC or 6x SSPE) at a temperature that is 20-25°C below T, (please
see the information panel on MELTING TEMPERATURES in Chapter 10). Both solutions work equally
well when hybridization is carried out in aqueous solvents. However, when formamide is included in the
hybridization buffer, 6x SSPE is preferred because of its greater bufiering power. ‘

room temperature, transfer the probe to ice water and add 0.05 volume of 1 M Tris-Cl tpH 7.2) and
0.1 volume of 3 N HCL. Store the probe in ice water until it is needed.

Single-stranded probes need not be denatured.

6. Add the probe to the prehybridization solution covering the filters. Incubate at the appropri-

10.

ate temperature until 1-3 C ¢, , is achieved. During the hybridization, keep the containers
holding the filters tightly closed to prevent the loss of fluid by evaporation.

Use between 2 X 10° and 1 X 10° cpm of *2P-labeled probe (specific activity ~5 x 10° cpm/ug) per
milliliter of prehybridization solution. Using more probe will cause the background of nonspecif-
ic hybridization to increase, whereas using less will reduce the rate of hybridization.

If oligonucleotide probes are used, then please see Chapter 10, Protocol 8, for oligonucleotide
hybridization and washing conditions.

Hybridization mixtures containing radiolabeled single-stranded probes may be stored at 4°C for
several days and reused without further treatment. In some cases, hybridization probes prepared
from double-stranded DNA templates can be reused after freezing the solution, thawing, and boil-
ing for 5 minutes in a chemical fume hood.

When the hybridization is complete, remove the hybridization solution and immediately
immerse the filters in a large volume (300-500 ml) of Wash solution 1 at room temperature.
Agitate the filters gently and turn them over at least once during washing. After 5 minutes,
transfer the filters to a fresh batch of wash solution and continue to agitate them gently.
Repeat the washing procedure twice more.

At no stage during the washing procedure should the filters be allowed to dry.

Wash the filters twice for 0.5-1.5 hours in 300-500 ml of Wash solution 2 at 68°C.

At this point, the background is usually low enough to put the filters on film. If the background is
still high or if the experiment demands washing at high stringencies, immerse the filters for 60
minutes in 300-500 ml of Wash solution 3 at 68°C.

Dry the filters in the air at room temperature on 3MM paper. Streak the underside of the fil-
ters with a water-soluble glue stick and arrange the filters (numbered side up) on a clean,
dry, flat sheet of 3MM paper. Press the filters firmly against the 3MM paper to ensure stick-
ing.

Apply adhesive dot labels marked with either radioactive ink or chemiluminescent markers
to several asymmetric locations on the 3MM paper. Cover the filters and labels with Saran
Wrap. Use tape to secure the wrap to the back of the 3MM paper and stretch the wrap over
the paper to remove wrinkles.

These markers serve to align the autoradiograph with the filters:!
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Analysis of Hybridization Signal and Identification of Positive Colonies

11.

12.

13.

14,

15.

Analyze the filters by phosphorimaging or exposing them to X-ray film (Kodak XAR-2, XAR-
5, or their equivalents) for 12-16 hours at —~70°C with an intensifying screen.

The optimum exposure must be empirically determined and will depend on the size of the colony,
the copy number of the plasmid vector, the specific activity of the probe, and the type of filter used.

Develop the film and align it with the filters using the marks left by the radioactive ink. Use
a nonradioactive fiber-tip pen in a nonblack color to mark the film with the positions of the
asymmetrically located dots on the numbered filters.

Tape a piece of clear Mylar or other firm transparent sheet to the film. Mark on the clear sheet
the positions of pasitive hybridization signals. Also mark (in a different color) the positions
of the asymmetrically located dots. Remove the clear sheet from the film. Identify the posi-
tive colontes by aligning the dots on the clear sheet with those on the agar plate.

Alternatively, place the film on a light box and align the agar plate containing the master colonies
or filter with the stab marks in the agar/master filter. Identify positive colonies by aligning the
hybridization signals with colonies on the master plate.

When screening colonies at high density, it is sometimes easiest to remove the master filter from
the agar plate and to place it directly on the autoradiograph. Line up the filter with the film via the
needle/pen marks.

Filters glued to 3MM paper are readily removed in preparation for stripping (please see Chapter 6,
Protocol 10) by placing the 3MM paper with attached filters in a tub of 2x SSC. The water-soluble
glue dissolves readily in this solution, releasing the filters for transfer to a stripping solution.

Use a sterile toothpick or inoculating needle to transfer each positive bacterial colony into 1-2
ml of rich medium (e.g., LB, YT, or Terrific Broth) containing the appropriate antibiotic.

Often, the alignment of the filters with the plate does not permit identification of an individual
hybridizing colony. In this case, several adjacent colonies should be pooled. The culture is grown
for several hours, diluted, and replated on agar plates so as to obtain ~500 colonies per plate. These
colonies are then screened a second time by hybridization. A single, well-isolated, positive colony
should be picked from the secondary screen and used for further analysis.

After a period of growth, plasmid DNA can be isolated from the culture by one of the
minipreparation methods described in Protocols 1 and 4 and can be further analyzed by
restriction endonuclease digestion or by PCR (please see Chapter 8, Protocol 12).
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CHLORAMPHENICOL

Chloramphenicol inhibits protein synthesis and blocks host DNA synthesis but has no effect on replication
of relaxed plasmids. The copy number of relaxed plasmids therefore increases during incubation of the bac-
terial culture in the drug. Amplification is necessary to achieve high yields of relaxed plasmids, which nor-
mally replicate to only moderate numbers in their host bacteria. Plasmids of a later generation (e.g., pUC
plasmids) carry a modified colE1 replicon and replicate to such high copy numbers that amplification is
unnecessary. These high-copy-number plasmids can be purified in large yield from bacterial cultures that
are allowed to grow to saturation in the absence of chloramphenicol. However, treatment with chloram-
phenicol still has some advantages even for these plasmids. Because it blocks bacterial replication, the bulk
and viscosity of the bacterial lysate are reduced, which greatly simplifies purification of the plasmid. In gen-
etal, the benefits of chloramphenicol treatment outweigh the small inconvenience involved in adding the
drug to the growing bacterial culture.

Properties and Mode of Action of Chloramphenicol

o Chloramphenicol inhibits bacterial protein synthesis by decreasing the catalytic rate constant of peptidyl
transferase, located on 70S ribosomes (Drainas et al. 1987).

¢ Chloramphenicol was first isolated from a soil actinomycete in 1947 (Ehrlich et al. 1947), and by 1950,
it was available in a synthetic form that became widely used as a broad-spectrum antibiotic (please see
Figure 1-13). However, its clinical use has since been curtailed because of drug-induced bone-marrow
toxicity and because resistance to chloramphenicol develops readily in bacteria (for review, please see
Shaw 1983).

¢ Because chloramphenicol inhibits bacterial protein synthesis, it prevents replication of the bacterial
chromosome. However, replication of many “relaxed” plasmids, including virtually all vectors carrying
the wild-type pMB1 (or colE1) replicon, continues in the presence of the drug until 2000 or 3000 copies
have accumulated in the cell (Clewell 1972).

o Until the early 1980s, chloramphenicol was used routinely to obtain decent yields of plasmids contain-
ing the wild-type colE1 replicon from large-scale cultures. Most high-copy-number plasmid vectors con-
structed after 1982 carry mutations that prevent or destabilize the interactions between RNAI and RNAII
and thereby release plasmid DNA from copy-number control. Because vectors containing these mutated
versions of the colEl origin are maintained at several hundred copies per cell, high yields of plasmid
DNA can be obtained without inhibiting bacterial protein synthesis. Nevertheless, treating bacterial cul-
tures with chloramphenicol still has some advantages: The copy number of the plasmids increases a fur-
ther two- to threefold in the presence of the drug, and more significantly, the bulk and viscosity of the
bacterial lysate are greatly reduced because host replication is inhibited. Many investigators find that
adding chloramphenicol to the growing culture is far more convenient than dealing with a highly viscous
lysate.

o For many years, it was thought that amplification of plasmids in the presence of chloramphenicol was
effective only when the host bacteria were grown in minimal medium. However, a protocol that uses rich
medium and chloramphenicol gives reproducibly high yields (=1 mg of plasmid DNA per 500 ml of cul-
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FIGURE 1-13 Structure of Chloramphenicol

Chemical bonds depicted by filled arrows appear above the plane of the figure; bonds represented by
dashed lines appear below the plane of the figure.
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ture) with strains of E. coli harboring low-copy-number plasmids carrying the pMB1 or colE! replicon
(e.g., please see Protocol 3).

Improved yields of pBR322 and its derivatives have been obtained from bacterial cultures treated with
low concentrations of chloramphenicol (10-20 pg/ml) that do not completely suppress host protein syn-
thesis (Frenkel and Bremer 1986). The reason for this result is not understood, but it could be explained
if the replication of plasmids carrying the colE1 origin required an unstable host factor that continues
to be synthesized during partial inhibition of protein synthesis.

Mechanism of Resistance to Chloramphenicol

e Naturally occurring resistance to chloramphenicol in bacteria is due to the activity of the enzyme chlo-

ramphenicol acetyltransferase (encoded by the cat gene), which catalyzes the transfer of an acetyl group
from acetyl coenzyme A (CoA) to the C3-hydroxyl group of the antibiotic. The product of the reaction,
3-acetoxychloramphenicol, neither binds to the pepidyl transferase center of 70S ribosomes nor inhibits
peptidyl transferase.

In field strains of Enterobacteriaceae and other Gram-negative bacteria, the cat gene is constitutively
expressed and is usually carried on plasmids that confer multiple drug resistance.

Several variants of the cat gene product have been described, all of which form trimers consisting of
identical subunits of M, ~25,000. The type I variant, which is encoded by a 1102-bp segment of trans-
poson Tn9, is in wide use as a reporter gene. However, most kinetic and structural analyses have been
carried out with the type III variant, which yields crystals suitable for X-ray analysis. The active site,
which is located at the subunit interface, contains a histidine residue, which is postulated to act as a gen-
eral base catalyst in the acetylation reaction (Leslie et al. 1988; Shaw et al. 1988). The two substrates
(chloramphenicol and acetyl-CoA) approach the active site through tunnels located on opposite sides of
the molecule.
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KANAMYCINS

Properties and Mode of Action of Kanamycins

The kanamycins, which are members of the aminoglycoside family of antibiotics, were first isolated in 1957
at the Japanese National Institutes of Health from cultures of Strepromyces kanamyceticus (Umezawa et al.
1967), which synthesizes three forms of the antibiotic: kanamycins A, B, and C. Kanamycin A, the major
component, has a broad spectrum of activity against many species of bacteria and for several years was an
important antibiotic for the treatment of serious infections caused by Gram-negative bacilli. Its stereo-
chemistry and absolute configuration were derived initially by chemical methods and nuclear magnetic res-
onance (NMR) and were later confirmed by X-ray crystallography (for review, please see Hooper 1982).

The aminoglycoside antibiotics are polycations that diffuse readily through porin channels in the outer
membranes of Gram-negative bacteria. However, transport from the periplasmic space into the cytosol is
driven by the negative membrane potential of the inner periplasmic membrane and is, therefore, an ener-
gy-dependent process. Once in the cytosol, these antibiotics interact with at least three ribosomal proteins
and with specific bases within the decoding region of the smaller ribosomal RNA subunit, resulting in inhi-
bition of protein synthesis and an increased frequency of induced transtational errors (for reviews, please
see Noller 1984; Cundliffe 1990).

In vitro, kanamycin and other aminoglycoside antibiotics that lack a guanido group (e.g., neomycin
and gentamycin) also inhibit splicing of group I introns (von Ahsen et al. 1991, 1992; von Ahsen and Noller
1993). This observation supports the idea that the aminoglycoside antibiotics may recognize ancient struc-
tures in RNA that have been conserved through long stretches of evolutionary time (Davies 1990).

Mechanism of Resistance to Kanamycin

In structure, the kanamycins resemble gentamycin, neomycin, and geneticin (G418) (please see Figure 1-
14), and they are inactivated by many of the same bacterial aminophosphotransferases (APHs) (for reviews,
please see Davies and Smith 1978; Shaw et al. 1993). Of the seven major groups of APHs that have been dis-
tinguished on the basis of their substrate specificities, two have been used extensively as selectable markers
for kanamycin resistance (Km'): APH(3")-1 isolated from transposon Tn903, and APH(3")-II isolated from
Tn5. The APHs encoded by these genes inactivate kanamycin by transferring the y-phosphate of ATP to the
hydroxyl group in the 3’ position of the pseudosaccharide.

Both aph(3°)-Ia and aph(3°)-IIa have been used as selectable markers in prokaryotic vectors. However,
it is not always easy to ascertain from the literature which gene has been used to construct particular vec-
tors. This is unfortunate because the DNA sequences of aph(3°)-In and aph(3°)-1la have diverged exten-
sively (Shaw et al. 1993), such that the two genes have different restriction maps and will not cross-hybridize
under normal conditions of stringency. Aph(3)-1I efficiently inactivates geneticin (G418) and is used as a
dominant selectable marker in eukaryotic cells (e.g., please see Jimenez and Davies 1980; Colbére-Garapin
et al. 1981; Southern and Berg 1982; Chen and Fukuhara 1988).

CHoOH OH
m CH,R,
H2N
Ry | Ro
Kanamycin A NH, OH
Kanamycin B NH, NH,
Kanamycin C OH NH,

FIGURE 1-14 Structures of Kanamycins
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pBR322

pBR322 and all of its derivatives replicate in a relaxed fashion. Their copy number can be increased from
~20 to >500 by inhibiting bacterial protein synthesis with an antibiotic such as chloramphenicol.
pBR322 and some of its derivatives recombine to form multimers in recA* hosts (Bedbrook et al. 1979).
pBR322 does not carry a stability region (cer) that maintains the plasmid as monomers, which are more
efficiently partitioned between daughter cells (Summers and Sherratt 1984). cer is a 280-bp sequence at
which a host recombinase (xerC) acts in concert with ArgR and PepA proteins to reduce multimeric plas-
mid DNAs to a monomeric form (Colloms et al. 1990).

pBR322 and its immediate derivatives lack a partition function and are readily lost from cells during sus-
tained growth in minimal media in the absence of antibiotics. This problem was solved by the construction
of plasmids that contain the parlocus of pSC101 in a pBR322 backbone (Zurita et al. 1984). The par locus
induces supercoiling of the origin of replication, which somehow allows each plasmid molecule in the
intracellular pool to be treated as an individual unit of inheritance (Miller et al. 1990; Conley and Cohen
1995; Firshein and Kim 1997).

pBR322, like almost all plasmid vectors commonly used in molecular cloning, is nonconjugative and is
incapable of directing its conjugal transfer from one bacterium to another. This is because pBR322 lacks
a region (mob) encoding proteins that bind to the plasmid DNA at the origin of transfer (oriT). Mob pro-
teins introduce a single-strand nick at a site called nic located within a cis-acting region called bom (for
reviews, please see Chan et al. 1984; Willetts and Wilkins 1984). pBR322 and some plasmid vectors of the
same vintage can be mobilized if a conjugative plasmid that expresses Mob proteins is also present in the
cell (Young and Poulis 1978). Mobilization of pBR322 then occurs from the nic site (nucleotide 2254 in
the pBR sequence). Newer plasmid vectors lack the nic/bom site and cannot be mobilized (Twigg and
Sherrat 1980; Covarrubias et al. 1981).
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TETRACYCLINE

Properties and Mode of Action of Tetracycline

o All tetracyclines share an identical four-ring carbocyclic skeleton that supports a variety of groups
(please see Figure 1-15).

o The first of the tetracyclines — chlortetracycline — was discovered in 1948 as a naturally occurring
antibiotic synthesized by Streptomyces aureofaciens and active against a wide-range of Gram-positive and
Gram-negative bacteria and protozoa. By 1980, ~1000 tetracycline derivatives had been isolated and/or
synthesized, and the estimated global production was in excess of 500 metric tons (for review, please see
Chopra et al. 1992).

o Tetracycline enters bacterial cells by passive diffusion across the outer membrane through porin chan-
nels, which are composed of the OmpF protein. Transport of the antibiotic across the cytoplasmic mem-
brane and into the cytoplasm requires pH or electropotential gradients.

¢ Tetracycline inhibits bacterial growth by disrupting codon-anticodon interactions at the ribosome,
which blocks protein synthesis (for reviews, please see Gale et al. 1981; Chopra 1985; Chopra et al. 1992).
Specifically, the antibiotic binds to a single site on the 30S ribosomal subunit and thereby prevents
attachment of aminoacyl-tRNA to the acceptor site.

Mechanism of Resistance of Tetracycline

¢ The chief mechanism by which E. coli becomes resistant to high concentrations of tetracycline involves
antiporter proteins, known as Tet proteins, which are located in the bacterial inner membrane and, in
exchange for a proton, expel intracellular tetracycline-metal complexes against a concentration gradient
(for review, please see Chopra et al. 1992). Resistant cells are able to grow in the presence of tetracycline
because they maintain a low intracellular concentration of the drug.

o The five known related tetracycline efflux genes, designated retA(A) to tetA(E), encode hydrophobic pro-
teins of homologous sequence and similar structure.

o The tetA(C) gene of pBR322 and many other vectors encodes a 392-residue polypeptide composed of
two domains each containing six transmembrane segments (for review and references, please sce
McNicholas et al. 1992). The TetA{C) protein assembles into a multimeric form in the inner membrane
of E. coli (Hickman and Levy 1988).

o The expression of tetA(C) has several collateral effects on the cell (for references, please see Griffith et al.
1994). These effects include (1) reduced growth and viability, (2) increased supercoiling of plasmid
DNA, (3) complementation of defects in potassium uptake, and (4) increased susceptibility to other
antibacterial agents, including aminoglycoside antibiotics and lipophilic acids.

Inactivation of the tetA(C) gene therefore provides growth advantage to bacteria that are exposed to
such agents. In the early days of molecular cloning, this effect was used to select for bacteria carrying recom-
binant plasmids in which the tetA(C) gene had been inactivated by insertion of a foreign DNA sequence
(Bochner et al. 1980).
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FIGURE 1-15 Structure and Synthesis of Tetracycline

The carbon atoms in the tetracycline skeleton carry substitute groups in various tetracycline derivatives.
Chemical bonds (filled arrows) appear above the plane of the figure; bonds (dashed lines) appear below
the plane of the figure,
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AMPICILLIN AND CARBENICILLIN

Properties and Mode of Action of Ampicillin and Carbenicillin

o Ampicillin is an aminopenicillin; carbenicillin is a semi-synthetic carboxypenicillin (please see Figure 1-16).

o The antimicrobial activity of both compounds extends to Gram-negative organisms such as Haemophilus
influenzae and E. coli. Carbenicillin was the first penicillin with significant activity against Pseudomonas
species that are not susceptible to aminopenicillins, such as ampicillin.

o The rigidity of the cell walls of susceptible organisms is due in part to a thin layer of cross-linked pepti-
doglycan, just 1-2 molecules thick. The long glycan chains are composed entirely of amino sugars and
are cross-linked by peptide chains containing D-amino acids. The penicillins inhibit the final stage of
synthesis of cross-links, which occurs outside the cell and is catalyzed by a transpeptidase (for reviews,
please see Neu 1985; Donowitz and Mandell 1988). Penicillins are most active against bacteria in the log-
arithmic phase of growth and have relatively little effect in the stationary phase, when synthesis of pep-
tidoglycan is suppressed.

o [naddition to their activity against transpeptidase, penicillins inhibit enzymes (called penicillin-binding proteins
or PBPs) necessary for the rod-like structure of E. coli and for septum formation during division (Tomasz 1986).

Mechanism of Resistance to Ampicillin and Carbenicillin

o The periplasmic enzyme f-lactamase catalyzes hydrolysis of the cyclic amide bond of the B-lactam ring, with
concomitant detoxification of ampicillin and carbenicillin (Abraham and Chain 1940; Bush and Sykes 1984).

e [-lactamases are present in small amounts in the periplasmic space of field strains of antibiotic-resistant,
Gram-negative bacteria. They are coded either chromosomally or on plasmids. The most prevalent p-lacta-
mase in Gram-negative bacteria — the TEM B-lactamase — is named after the initials of the Athenian girl
from whom a strain of E. coli expressing the enzyme was first isolated in 1965 (Datta and Kontomichalou
1965). The TEM B-lactamase, which is widely used as a selectable marker in molecular cloning, is a 286-
residue protein encoded by the bla gene (Sutcliffe 1978). The first 23 amino acids of the nascent lactamase
protein function as a signal sequence cleaved during translocation of the protein into the periplasm.

o When B-lactamase is expressed from high-copy vectors, such as those used in molecular cloning, large
amounts of the enzyme are secreted into the medium. Sufficient B-lactamase can be produced by a sin-
gle transformed colony to hydrolyze the antibiotic in the surrounding medium and to create a protect-
ed zone in which antibiotic-sensitive colonies can grow. This leads to the appearance of nontransformed,
satellite colonies. The problem is ameliorated, but not completely eliminated, by using carbenicillin
rather than ampicillin in selective media, because carbenicillin is more resistant than ampicillin to
hydrolysis by the p-lactamases of genera such as Pseudomonas and Escherichia.

site of cleavage R = NH, in ampicillin
by pB-lactamase R = COOH in carbenicillin

FIGURE 1-16 Cleavage of -Lactam Antibiotics by B-Lactamase

Chemical bonds {filled arrows) appear above the plane of the figure; bonds (dashed lines) appear below
the plane of the figure.
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X-GAL

E. coli encodes a B-galactosidase that hydrolyzes the disaccharide lactose into the monosaccharides glucose
and galactose. The activity of the enzyme can be assayed with a chromogenic substrate such as X-gal (5-
bromo-4-chloro-3-indolyl-B-D-galactoside), which is converted by B-galactosidase into an insoluble dense
blue compound (Horwitz et al. 1964; Davies and Jacob 1968).

This discovery came about when, in 1967, Julian Davies, working at the Pasteur Institute, was trying to
develop nondestructive histochemical stains that would allow him to distinguish between Lac” and Lac”
colonies. This goal required finding a specific chromogenic substrate that would be hydrolyzed by B-galac-
tosidase to highly colored products that were both nondiffusible and nontoxic. Davies was pleased to find
that phenyl-p-galactosides produced a satisfactory color reaction, but he was less gratified by their conver-
sion to toxic nitrophenols that efficiently killed the very cells he was trying to identify. Understandably,
Davies, who is voluble and Welsh, found this situation a little frustrating. He expressed his Cymric indig-
nation to Mel Cohn, a visitor to the laboratory, who fortunately remembered reading a brief paper by
Horwitz and his colleagues describing the use of dihalageno-indolyl compounds as histological stains for B-
galactosidase (Horwitz et al. 1964). Davies’ next problem was to persuade the people at the Pasteur to buy
some X-gal. In those days, X-gal was not available commercially and custom synthesis cost $1000 per gram.
After much discussion, X-gal was ordered, synthesized, and delivered. In addition to being sensitive and
nontoxic, X-gal turned out to be an extremely beautiful histochemical reagent that has generated gorgeous
pictures of B-galactosidase expression in flora and fauna of all types. When Jacques Monod first saw the bril-
liant blue color of induced bacterial colonies, he commented that this was proof that E. coli was the most
intelligent organism in the world.

a-COMPLEMENTATION

a-Complementation occurs when two inactive fragments of E. coli B-galactosidase associate to form a func-
tional enzyme. Deletion of the 5 region of the lacZ gene encoding the initiating methionine residues caus-
es translation to begin at a downstream methionine residue, generating a carboxy-terminal fragment of the
enzyme (the w- or a-acceptor fragment). An amino-terminal fragment (the a-donor fragment) is generat-
ed by deletion or chain-terminating mutations in the structural gene. Although neither the o-donor frag-
ment nor the w-acceptor fragment is enzymatically active, the two parts of the enzyme can associate to form
an active B-galactosidase both in cells and in vitro (Ullmann et al. 1967). Many « donors of varying lengths
are functional for complementation. The minimum requirement seems to be an a-peptide containing
residues 3—41 (Langley et al. 1975; Zabin 1982; Weinstock et al. 1983; Henderson et al. 1986).

Analysis of the three-dimensional structure of E. coli B-galactosidase (Jacobson et al. 1994) provides a
rational explanation for o-complementation. B-galactosidase is a tetramer composed of four identical
monomets of 1023 amino acids, which are folded into five sequential domains. The amino-terminal seg-
ment of the monomer (the complementation region) directly participates in the interfacial association
among monomers by forming contacts with domains 1, 2, and 3 of its own monomer. The complementa-
tion peptide also stabilizes an interfacial four-helix bundle composed of two helices from each of two
monomers.

Many of the plasmid vectors carry a short segment of E. coli DNA containing the regulatory sequences
and the coding information for the first 146 amino acids of the B-galactosidase gene. Embedded in the cod-
ing region is a polycloning site that maintains the reading frame and results in the harmless interpolation
of a small number of amino acids into the amino-terminal fragment of B-galactosidase. Vectors of this type
are used in host cells that express the carboxy-terminal portion of B-galactosidase. Although neither the
host-encoded nor the plasmid-encoded fragments of B-galactosidase are themselves active, they can associ-
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ate to form an enzymatically active protein. This type of complementation, in which deletion mutants of the
operator-proximal segment of the lacZ gene are complemented by B-galactosidase-negative mutants that
have the operator-proximal region intact, is called o-complementation (Ullmann et al. 1967). The lac” bac-
teria that result from o-complementation are easily recognized because they form blue colonies in the pres-
ence of the chromogenic X-gal (Horwitz et al. 1964; Davies and Jacob 1968; please see the information panel
on X-GAL). However, insertion of a fragment of foreign DNA into the polycloning site of the plasmid almost
invariably results in production of an amino-terminal fragment that is no longer capable of a-complemen-
tation. Bacteria carrying recombinant plasmids therefore form white colonies. The development of this sim-
ple color test has greatly simplified the identification of recombinants constructed in plasmid vectors. It is
easy to screen many thousands of transformed colonies and to recognize from their white appearance those
that carry putative recombinant plasmids. The structure of these recombinants can then be verified by
restriction analysis of minipreparations of vector DNA or by other diagnostic criteria. For procedures for
screening recombinants using o-complemetation, please see Protocol 27 and the panel on ALTERNATIVE
PROTOCOL: ON DIRECT APPLICATION OF X-GAL AND IPTG TO AGAR PLATES.
Screening by a-complementation is highly dependable but not completely infallible:

o Insertion of foreign DNA does not always inactivate the complementing activity of the a-fragment of B-
galactosidase. If the foreign DNA is small (<100 bp), and if the insertion neither disrupts the reading
frame nor affects the structure of the a-fragment, a-complementation may not be seriously affected.
Examples of this phenomenon have been documented but they are very rare and of significance only to
the investigator who encounters this problem.

¢ Not all white colonies carry recombinant plasmids. Mutation or loss of lac sequences may purge the plas-
mid of its ability to express the o-fragment. However, this is not a problem in practice because the fre-
quency of lac’ mutants in the plasmid population is usually far lower than the number of recombinants
generated in a ligation reaction.

In most bacterial strains used for a-complementation, the w-fragment is encoded by the deletion
mutant lacZAM15, which lacks codons 11-41 of the B-galactosidase gene (Ullmann and Perrin 1970). This
mutant gene is usually carried on an F* plasmid.

Strains of bacteria commonly used for o-complementation do not synthesize significant quantitities of
lac repressor. Consequently, there is usually no need to induce synthesis of @ and « fragments for histo-
chemical analysis of bacterial colonies. If necessary, synthesis of both fragments can be fully induced by
IPTG, a nonfermentable lactose analog that inactivates the lacZ repressor (Barkley and Bourgeois 1978).

ETHIDIUM BROMIDE

Ethidium bromide (3,8-diamino-6-ethyl-5-phenylphenathridium bromide) was synthesized in the 1950s in
an effort to develop phenanthridine compounds as effective trypanocidal agents; the structure is shown in
Figure 1-17. Ethidium emerged from the screening program with flying colors. It was 10-50-fold more
effective against trypanosomes than the parent compound, was no more toxic to mice, and, unlike earlier
phenanthridines, did not induce photosensitization in cattle (Watkins and Wolfe 1952). Ethidium bromide
is still widely used for the treatment and prophylaxis of trypanomiasis in cattle in tropical and subtropical
countries.
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In addition to its veterinary uses, ethidium bromide has played an important part in the development
of molecular cloning: Staining with a low concentration of ethidium bromide has been the standard
method of detecting small quantities of DNA in agarose gels for more than 25 years (Sharp et al. 1973); and
from 1966 to the mid-1980s, equilibrium CsCl-ethidium bromide centrifugation was the only reliable
method available to purify closed circular DNAs (Bauer and Vinograd 1971). The usefulness of ethidium
bromide for these tasks derives from its fluorescent properties in combination with its ability to intercalate
between the base pairs of double-stranded DNA.

After insertion into the helix, the planar stacked tricyclic phenanthridine ring system of the drug lies
perpendicular to the helical axis and makes van der Waals contacts with the base pairs above and below. At
saturation in solutions of high ionic strength, approximately one ethidium molecule is intercalated per 2.5
bp, independent of the base composition of the DNA. The geometry of the base pairs and their positioning
with respect to the helix are unchanged except for their displacement by 3.4 A along the helix axis (Waring
1965). This causes a 27% increase in the length of double-stranded DNA (Freifelder 1971) saturated with
ethidium bromide.

When isolated from host cells, closed circular DNA molecules display a right-handed superhelical
structure that results from a deficiency of Watson-Crick turns. Intercalation of ethidium bromide requires
local uncoiling of the helix at the point of insertion, which alters the average pitch of the helix and increas-
es the average number of base pairs per turn until a critical value is reached when the circular DNA mole-
cules are unstrained and free of all supercoils (Lerman 1961). As more drug is added, the additional uncoil-
ing forces the circles to form left-handed supercoils (Crawford and Waring 1967; Bauer and Vinograd 1968).
However, the binding affinity of the dye for closed circular DNA decreases progessively as the number of
reversed supercoils increases. Because of this decrease in binding affinity, closed circular DNAs bind less
drug at saturation than do nicked circles or linear molecules (Bauer and Vinograd 1968, 1970). Binding of
ethidium bromide reduces the buoyancy of DNA in CsCl density gradients, and the magnitude of this
decrease is a function of the average number of drug molecules bound per base pair. Because of the restrict-
ed binding of ethidium bromide to positively supercoiled DNAs, closed circular DNAs come to equilibrium
at a denser position (~1.59 g/cc) in CsCl-ethidium bromide gradients than linear or nicked circular DNAs
(1.55 glcc).

The fixed position of the planar group of ethidium bromide and its close proximity to the bases cause
the bound dye to display an increased fluorescent yield compared to the dye in free solution. Ultraviolet
(UV) radiation at 254 nm is absorbed by the DNA and transmitted to the dye; radiation at 302 nm and 366
nm is absorbed by the dye itself. In both cases, a fraction of energy is re-emitted at 590 nm in the red-orange
region of the visible spectrum (LePecq and Paoletti 1967). Most of the commercially available UV light
sources emit UV light at 302 nm. The fluorescent yield of ethidium bromide-DNA complexes is consider-
ably greater at this wavelength than at 366 nm but is slightly less than at shorter wavelength (254 nm).
However, the amount of photobleaching and nicking of the DNA is much less at 302 nm than at 254 nm
(Brunk and Simpson 1977).

The reaction between ethidium bromide and DNA is reversible (Waring 1965}, but the dissociation of
the complex is very slow and is measured in days rather than minutes or hours. For practical purposes, dis-
sociation is achieved by passing the complex through a small column packed with a cation-exchange resin
such as Dowex AG50W-X8 (Waring 1965; Radloff et al. 1967) or by extracting with organic solvents such
as isopropanol (Cozzarelli et al. 1968) or n-butanol (Wang 1969). The former method has been shown to
result in the removal of ethidium bromide to a binding ratio below that detectable by fluorescence, 2 molar
ratio of dye to nucdleic acid of 1:4000 (Radloff et al. 1967).

Ethidium bromide also binds with highly variable stoichiometry to RNA, heat-denatured or single-
stranded DNA, and the cyclic-coil form of closed circular DNA. This is attributed to binding of the drug to
helical regions formed by intrastrand interactions in these polynucleotides (Waring 1965, 1966; LePecq and
Paoletti 1967).
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CONDENSING AND CROWDING REAGENTS

Condensing reagents, like hexamminecobalt chloride and crowding reagents, such as polyethylene glycol,
have two effects on ligation reactions:

» They accelerate the rate of ligation of blunt-ended DNA by one to three orders of magnitude. This
increase allows ligation reactions to be performed at lower concentrations of enzyme and DNA.

o They alter the distribution of ligation products. Intramolecular ligation is suppressed, and the ligation
products are created exclusively by intermolecular joining events. Thus, even at concentrations of DNA
that favor circularization, all of the DNA products are linear multimers.

Different batches of PEG 8000 stimulate the ligation of blunt-ended DNAs to different extents. It is a
good idea to test several batches of PEG 8000 to determine which one yields a maximum stimulation of lig-
ation, and then to dedicate the chosen bottle for use in ligation reactions only. The maximum stimulation
of ligation usually occurs between 3% and 5% PEG 8000 in the ligation reaction; however, this value can
fluctuate between different batches and should be determined empirically. The PEG stock (13%) solution
should be warmed to room temperature before being added to the ligation reaction, as DNA can precipi-
tate at cold temperatures in the presence of PEG 8000. In addition, it is important that the PEG stock solu-
tion be added as the final ingredient to the ligation reaction. Stimulation of blunt-ended DNA ligation by
PEG 8000 is highly dependent on the concentration of magnesium ions, which should be maintained in the
5-10 mM range in the ligation reaction.

In our hands, PEG gives more reproducible stimulation of blunt-end ligation than hexamminecobalt
chloride.

PURIFICATION

OF PLASMID DNA BY PEG PRECIPITATION

Minipreparations of plasmid DNA can be used as templates in dideoxysequencing reactions whose prod-
ucts can be analyzed on automated machines (please see Chapter 12). The length of the DNA sequence
established in a run on one of these machines is determined largely by the purity of the plasmid DNA. The
following steps can be added to the standard minipreparation of plasmid DNA by alkaline lysis with SDS to
provide “sequencing-grade” plasmid DNA that reproducibly yields >600 bp of readable sequence on
machines such as the Applied Biosystems Models 370A or 377.

1. To 50 pl of a minipreparation of plasmid DNA (prepared as described in Protocol 1), add 8.0 ul of 4 M
NaCl and 40 pl of 13% (w/v) PEG 8000. Incubate the mixture on ice for 20—30 minutes.

2. Collect the DNA precipitate by centrifugation at maximum speed for 15 minutes at 4°C in a microfuge.
Carefully remove the supernatant by gentle aspiration.
The pellet of DNA is translucent and generally invisible at this stage.
3. Rinse the pellet with 500 ul of 70% ethanol.
The precipitate changes to a milky-white color and becomes visible.
4. Carefully pour off the ethanol. Rinse the DNA pellet once more with 70% ethanol. Store the tube in an
inverted position at room temperature until the last visible traces of ethanol have evaporated.
5. Dissolve the DNA in 20-30 pl of H,O.

1.5 ml of bacterial culture should yield 3~5 g of purified plasmid DNA. Check the concentration and
integrity of the preparation of plasmid DNA by agarose gel electrophoresis using known amounts of
plasmid DNA of similar size as standards. Do not submit a plasmid DNA to a sequencing facility with-
out first performing this agarose gel check.
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LYSOZYMES

A drop from the nose of Fleming, who had a cold, fell onto an agar plate where large yellow colonies
of a contaminant had grown, and lysozyme was discovered. He made this important discovery
because when he saw that the colonies of the contaminant were fading, his mind went straight to
the right cause of the phenomenon he was observing — that the drop from his nose contained a lytic
substance. And, also immediately, he thought that this substance might be present in many
secretions and tissues of the body. And he found that this was so — the substance was in tears,
saliva, leucocytes, skin, fingernails, mother’s milk — thus very widely distributed in amounts and
also in plants.

Lady Amelia Fleming (Personal Recollections of Lysozyme and Fleming)

I have been trying to point out that in our lives chance may have an astonishing influence and, if
I may offer advice to the young laboratory worker, it would be this — never to neglect an
extraordinary appearance or happening. It may be — usually is, in fact — a false alarm that leads
to nothing, but it may on the other hand be the clue provided by fate to lead you to some important
advance.

Alexander Fleming (from his lecture at Harvard University)

¢ Lysozymes are a family of enzymes that catalyze the acid base hydrolysis of B-(1,4) linkages between N-
acetylglucosamine and N-acetylmuramic acid residues in the proteoglycan of bacterial cell walls (Blake
et al. 1967; Fursht 1985). They were discovered by Alexander Fleming, who identified an enzyme activi-
ty that rapidly lysed suspensions of bacteria (Fleming 1922). The products of digestion by vertebrate
lysozymes of the cell walls of bacteria were identified in the late 1950s, which allowed the structure and
composition of the substrate to be deduced (for review, please see Jollés 1960).

o Lysozymes are widely distributed in nature and are expressed wherever there is a need to lyse bacterial
cells, for example, during release of bacteriophages from infected cells, on the surface of vertebrate
mucosa, and in a great number of secretions of different animals, both vertebrate and invertebrate. No
structural similarity exists between vertebrate and bacteriophage-encoded lysozymes such as bacterio-
phage A endolysin and bacteriophage T4 endoacetylmuramidase.

¢ In molecular cloning, vertebrate lysozymes {e.g., egg-white lysozyme) are used at pH 8.0 in combination
with EDTA and detergents to liberate cosmid and plasmid DNAs from their bacterial hosts (Godson and
Vapnek 1973).
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POLYETHYLENE GLYCOL

PEG is a straight chain polymer of a simple repeating unit H(OCH, CH,) OH, and it is available in a range
of molecular weights whose names reflect the number (n) of repeating units in each molecule. In PEG 400,
for example, n = 8-9, whereas in PEG 4000, # ranges from 68 to 84.

PEG induces macromolecular crowding of solutes in aqueous solution (Zimmerman and Minton
1993) and has a range of uses in molecular cloning, including:

e Precipitation of DNA molecules according to their size. The concentration of PEG required for precipi-
tation is in inverse proportion to the size of the DNA fragments (Lis and Schleif 1975a,b; Ogata and
Gilbert 1977; Lis 1980). The precipitation of DNA by PEG is most efficient in the presence of 10 mM
MgCl, at room temperature (Paithankar and Prasad 1991). Under these conditions, the efficiency of PEG
precipitation approaches that obtainable with ethanol. Both long linear and circular forms of DNAs are
efficiently precipitated; however, linear DNAs of less than 150 bp are not quantitatively precipitated by
PEG/MgCL,.

o Precipitation and purification of bacteriophage particles (Yamamoto et al. 1970).

e Increasing the efficiency of reassociation of complementary chains of nucleic acids during hybridization,
blunt-end ligation of DNA molecules, and end-labeling of DNA with bacteriophage T4 polynucleotide
kinase (Zimmerman and Minton 1993).

e Fusion of cultured cells with bacterial protoplasts (Schaffner 1980; Rassoulzadegan et al. 1982).

CESIUM CHLORIDE AND CESIUM CHLORIDE EQUILIBRIUM DENSITY GRADIENTS

Cesium, the 55th element, was discovered in 1855 by Wilhelm Bunsen, a German chemist better known for
his burner.

Because cesium atoms are so heavy, concentrated solutions of CsCl form density gradients after only a
few hours of high-speed centrifugation (Meselson et al. 1957). The buoyant density of a macromolecule is
defined as the concentration of CsCl (in g/cm?) at that exact point in the density gradient at which the
macromolecule floats. The density of the initial solution of CsCl in the centrifuge tube is usually adjusted
so that it corresponds to the density of the molecules or particles under investigation, For example, because
the buoyant density of most double-stranded linear DNAs in CsCl is ~1.70 g/ml, gradients are usually
formed from a CsCl solution whose initial density is also 1.70 g/ml.

Double-stranded DNAs

The density of double-stranded linear DNA in CsCl is a function of its base composition (Schildkraut et al.
1962).

p = (0.098)[G+C] + 1.660 g/cm?
where

p = buoyant density of DNA
[G+C] = mole fraction of G+C in double-stranded DNA

In solutions of Cs,S0O,, the density of double-stranded DNA is insensitive to base composition.
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Single-stranded DNAs

RNA

In CsCl solutions, the density of single-stranded DNA is ~0.015-0.020 g/cm® greater than that of double-
stranded DNA of the same base composition.

The buoyant density of single-stranded RNA in CsCl is >1.8 gm/cm?. This is approximately the density of
a saturated solution of CsCl. RNA therefore forms a pellet on the bottom of CsCl density gradients. The dif-
ference in buoyant density of RNA and DNA forms the basis of an efficient method to prepare RNAs that
are free of traces of DNA (Glidin et al. 1974).

Bacteriophage Particles

The buoyant density of protein in CsCl is ~1.3 g/cm’, whereas the density of double-stranded DNA is ~1.70
g/cm?. Virus particles have a density that reflects their ratio of nucleic acid to protein. For example, bacte-
riophage A, which consists of almost equal parts of protein and double-stranded DNA has a density of ~1.48
g/cm?. This is sufficiently different from other cellular components that equilibrium density centrifugation
in CsCl has long been used as a standard method of purification of bacteriophage A particles ( Yamamoto et
al. 1970).

Properties of CsCl Solutions

The concentration of CsCl corresponding to any desired density between 1.20 and 1.80 (30-60% w/w of
CsCl at 25°C) can be calculated from the following table.
The properties of aqueous solutions of CsCl are given in Table 1-11 on the following page.
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TABLE 1-11 Properties of Solutions of Cesium Chloride

A % Cs M Cw Co-Cw n-n, A S
BY WEIGHT D20 (G/UTER) (G-MOLE/UTER) (G/LITER)  (G/LITER) (X 10%) N °C  (G-MOLE/LITER)
00 1.0000 0 .000 998.2 0 0 1.3330 .00 .000
1.00 1.0076 10.1 .060 995.8 25 8 1.3338 20 057
2.00 1.0153 20.3 120 993.3 50 15 13345 40 114
3.00 1.0232 30.6 182 990.7 7.5 23 1.3353 .59 172
4.00 1.0311 412 245 988.2 10.1 31 1.3361 .80 231
5.00 1.0392 51.9 .308 985.5 12.7 39 13369 1.00 292
6.00 1.0475 62.7 373 982.9 153 48 13378  1.21 353
7.00 1.0558 73.8 438 980.2 15.0 56 13386 142 414
8.00 1.0643 85.0 505 977.5 20.8 65 13395 163 477
9.00 1.0730 96.4 573 974.7 23.5 73 13403  1.85 541
10.00 1.0818 108.0 641 971.9 26.4 82 13412 2.07 605
11.00 1.0907 119.8 711 969.0 293 91 13421 2.29 669
12.00 1.0997 131.7 782 966.1 32.2 100 13430 2,52 735
13.00 1.1089 1439 855 963.1 35.2 110 13439 2.75 801
14.00 1.1183 156.3 928 960.0 38.2 119 13449 299 867
15.00 1.1278 168.9 1.003 956.9 41.3 128 1.3458 322 934
16.00 1.1375 181.7 1.079 953.8 445 138 13468  3.46 1.002
17.00 1.1473 194.7 1.156 950.6 477 148 13478 371 1.070
18.00 1.1573 207.9 1.235 947.3 51.0 158 1.3488  3.96 1.139
19.00 1.1674 221.4 1.315 943.9 54.3 168 13498 4.1 1.215
20.00 1.1777 235.1 1.396 940.5 57.7 178 13508  4.47 1.286
22.00 1.1989 263.3 1.564 933.5 64.8 199 1.3529

24.00 1.2207 2924 1.737 926.1 72.1 220 1.3550

26.00 1.2433 322.7 1.916 918.4 79.8 242 13572

28.00 1.2666 354.0 2.103 910.4 87.9 265 1.3595

30.00 1.2908 386.6 2.296 902.0 96.3 288 1.3618

32.00 1.3158 4203 2.496 893.1 105.1 312 1.3642

34.00 1.3417 455.4, 2.705 883.9 114.3 337 1.3666

36.00 1.3685 491.8 2.921 874.3 124.0 362 1.3692

38.00 1.3963 529.6 3.146 864.2 134.1 388 1.3718

40.00 1.4251 569.0 3.380 853.5 144.7 414 1.3744

42.00 1.4550 610.0 3.623 842.4. 155.8 442 1.3772

44.00 1.4861 652.7 3.877 830.8 167.5 470 1.3800

46.00 1.5185 697.3 4.141 818.5 179.7 500 1.3829

48.00 1.5522 743.7 4.417 805.7 1925 530 1.3860

50.00 1.5874 792.3 4.706 792.3 206.0 562 1.3891

52.00 1.6241 843.0 5.007 778.2 220.0 595 1.3924

54.00 1.6625 896.2 5323 763.4 234.8 629 1.3959

56.00 1.7029 951.9 5.654 747.9 250.3 665 1.3995

58.00 1.7453  1010.5 6.001 7317 266.5 703 1.4033

60.00 1.7900  1072.1 6.367 714.7 283.5 744 1.4074

62.00 1.8373  1137.1 6.754 696.9 301.3 787 1.4117

64.00 1.8875  1205.9 7.162 678.3 319.9 833 1.4163

Cesium chloride, CsCl; molecular weight = 168.37; relative specific refractivity = 0.465.
Reprinted, with permission, from CRC Handbook of Chemistry and Physics (1980-1981) (ed. R.C. Weast), 61st edition. Copyright CRC Press, Boca
Raton, Florida.
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DNA LIGASES

Ligases catalyze the formation of phosphodiester bonds between the directly adjacent 3°-hydroxyl and 5'-
phosphoryl termini of nucleic acid molecules. The substrates may be DNA or RNA, and the cofactors that
generate high-energy intermediates in the reaction may be ATP or NAD", depending on the type of ligase.

In vivo, DNA ligases are required for enzymatic completion of lagging-strand synthesis during replica-
tion of DNA, and they are also involved in genetic recombination and in DNA repair (Gottesman et al. 1973;
Horiuchi et al. 1975; Waga et al. 1994; for review, please see Kornberg and Baker 1992; Shuman 1996;
Lehman 1998). In vitro, DNA ligases are used chiefly to create novel combinations of nucleic acid molecules
and to attach them to vectors before molecular cloning. More specialized uses of DNA ligases include the
sealing of nicks in the second strand during synthesis of cDNA (Okayama and Berg 1982), the amplifica-
tion of DNA segments that lie outside the boundaries of known DNA sequences {the inverse PCR) (Triglia
et al. 1988), the detection of nicks in DNA by the release of AMP (Weiss et al. 1968b), and, more recently,
the detection of point mutations in DNA by the ligase chain reaction (also known as the ligase amplifica-
tion reaction) (Landegren et al. 1988; Wu and Wallace 1989; Barany 1991a,b).

DNA ligases used in molecular cloning are either of bacterial origin or bacteriophage-encoded. All
eubacteria, whether thermophilic or mesophilic, contain a single ligase gene that encodes an NAD"-depen-
dent enzyme (Olivera and Lehman 1967; Takahashi et al. 1984). During the first step of a ligation reaction,
the diphosphate linkage of NAD" is used as a phosphoanhydride and the adenyl group is transferred to the
g-amino group of a lysine residue (Zimmerman et al. 1967; Gumport and Lehman 1971). In the case of lig-
ases encoded by the ATP-dependent ligases of eukaryotes and bacteriophages, the high-energy enzyme
intermediate is formed more conventionally, by hydrolysis of the o, pyrophosphate in ATP and transfer of
the adenyl group to a lysine residue (Becker at al. 1967; Cozzarelli et al. 1967; Weiss and Richardson 1967;
Weiss et al 1968a). From then on, however, the mechanism of the reaction catalyzed by the two types of
enzymes is similar: The adenyl residue is transferred to the 5°-phosphate at the terminus of one DNA mol-
ecule, which is then open to nucleophilic attack by a hydroxyl group at the 3" terminus of an immediately
adjacent DNA molecule. This results in the formation of a phosphodiester bond, elimination of AMP, and
covalent joining of the DNA strands (for reviews of the mechanism of the ligation reaction, please see
Lehman 1974; Higgins and Cozzarelli 1979; Engler and Richardson 1982; Shuman 1996).

The amino acid sequences of E. coli ligase show little overall similarity to the sequences of bacterio-
phage-encoded DNA ligases, to eukaryotic ATP-dependent ligases, or to the ligases of thermophilic bacte-
ria, However, in all ligases so far identified (including RNA ligases), the lysine residue that becomes adeny-
lated during the reaction lies in the vicinity of a reasonably well-conserved hexapeptide motif (K*-Y-D-G-
X-R in the case of T4 DNA Ligase) (Barker et al. 1985; Lauer et al. 1991; Kletzin 1992; Shuman 1996). In
addition, the superfamily of ATP-dependent ligases shares five other linear sequence elements that are
involved in contacts between the enzyme and ATP (Tomkinson et al. 1991; Shuman 1996).

The DNA ligases used in molecular cloning differ in their abilities to ligate noncanonical substrates,
such as blunt-ended duplexes, DNA-RNA hybrids, or single-stranded DNAs. These and other properties are
summarized in Table 1-12 on the following page.

Bacteriophage T4 DNA Ligase

» T4 DNA ligase, which is encoded by gene 30 of bacteriophage T4 (Wilson and Murray 1979}, is a
monomeric protein of 487 amino acids (calculated M, = 55,230) (Weiss et al. 1968b; Armstrong et al.
1983).

» T4 DNA ligase, which is purified commercially from overproducing strains of E. coli (Tait et al. 1980),
hasaK_ of 6 X 107 M for cohesive termini (Sugino et al. 1977), 5 x 16~ M for blunt ends, and 1.9 x 10~
for nicks. The K of the enzyme for ATP is ~5 x 107> M (Weiss et al. 1968b).

e T4 RNA ligase has been reported to stimulate the activity of T4 DNA ligase (Sugino et al. 1977).
However, agents such as polyethylene glycol (Pheiffer and Zimmerman 1983) and hexamminecobalt
chloride (Rusche and Howard-Flanders 1985), which increase macromolecular crowding and increase
the rate of ligation by three orders of magnitude, are less expensive (please see the information panel on

CONDENSING AND CROWDING REAGENTS).
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TABLE 1-12 DNA lLigases

SUBSTRATES?
CoHesive BLUNT  DNA-RNA RNA-RNA  COFACTORS AND SULFHYDRYL
LIGASE TERMINI ENDS HYBRIDS HYBRIDS ACTIVATORS TEMPERATURE REAGENTS
E. coli yes yes® no no DPN" 10-15°C for cohesive not required?
ligase Mg*™ (1-3 mM) termini
37°C for closing nicks*
T4 ligase yes yes® yes® yes© ATP 4°C for cohesive dithiothreitol
Mg (10 mMm) terminif requireds
15-25°C for blunt ends"
37°C for closing nicks'
Ligases of ves no no no DPN’ 24-37°C for cohesive required®™
thermophilic Mg?* (10 mM) termini
bacteria 65-72°C for closing

nickskbm

“DNA ligases will not join pairs of DNAs whose termini carry the following groups at the point of ligation:

)]

“-hydroxyl and 3"-hydroxyl

“-hydroxyl and 3’-phosphate
"-phosphate and 3°-dideoxynucleoside
“-triphosphate and 3"-hydroxyl

(S BNVI R

E.

‘Dugaiczyk et al. (1975).

coli DNA ligase was originally reported (Sugino et al. 1977) to be incompetent at joining of blunt-ended DNA molecules except in the presence of
condensing agents such as PEG or Ficoll (Zimmerman and Pheiffer 1983) and with monovalent cations such as Na' (Hayashi et al. 1985a,b). More recent-
ly, however, Barringer et al. (1990) have shown that E. coli DNA ligase is capable of joining blunt-ended and some single-stranded nucleic acids with kinet-
ics that are dependent on enzyme and substrate concentration. However, for routine ligation of blunt-ended DNAs, bacteriophage T4 ligase is the enzyme
of choice. T4 DNA ligase will ligate blunt-ended molecules (Ehrlich et al. 1977; Sgaramella and Ehrlich 1978), but the rate of reaction is not linearly depen-
dent on enzyme concentration and works efficiently only in high concentrations of DNA and enzyme. In addition, condensing agents such as PEG, Ficoll,
and hexamminecobalt chloride accelerate the rate of blunt-end ligation by T4 DNA ligases by a factor of 1000 and permit ligation at lower enzyme, ATP,
and DNA concentrations (Zimmerman and Pheiffer 1983; Rusche and Howard-Flanders 1985). Blunt-end ligation is inhibited by high concentrations of
Na' (230 mM) and phosphate (225 mM) (Raae et al. 1975).

YWeiss and Richardson (1967).
“T4 DNA ligase can join RNA molecules annealed to either complementary DNA or RNA templates, albeit with low efficiency (Kleppe et al. 1970).
'Ferretti and Sgaramella (1981).

“Weiss et al. (1968a,b).

"Sgaramella and Ehrlich (1978).

Pohl et al. (1982).

‘Almost all thermophilic ligases, like mesophilic eubacterial ligases, use DPN" as a cofactor. However, one thermostable ligase that requires ATP as a
cofactor has been cloned and sequenced (Kletzin 1992). The properties of this enzyme have not been investigated in detail.

Makahashi et al. (1984).

"Takahashi and Uchida (1986).

"Barany (1991a,b).

As shown in Table 1-12, T4 DNA ligase can catalyze the ligation of cohesive termini (Hedgpeth et al.
1972; Mertz and Davis 1972), oligodeoxynucleotides, or oligoribonucleotides in RNA-DNA hybrids
(Olivera and Lehman 1968; Kleppe et al. 1970; Fareed et al. 1971). In addition, the enzyme can efficient-
ly promote the end-to-end joining of two duplex molecules with fully base-paired termini (Sgaramella
et al. 1970; Ehrlich et al. 1977).

T4 DNA ligase shows a strong (Wiaderkiewicz and Ruiz-Carillo 1987; Landegren et al. 1988; Wu and
Wallace 1989), but not absolute, aversion (Goffin et al. 1987) to joining oligonucleotides that are
hybridized to a complementary template and contain a mispaired base at either the 3" or 5" junction of
the two strands. This ability to discriminate between perfectly and imperfectly paired termini allowed
the development of oligonucleotide ligation and amplification systems to detect mutations in genes of
medical interest.

High concentrations (>100 mM) of monovalent cations such as Na' and K* inhibit the activity of T4
DNA ligase, the extent of the inhibition varying with the terminal sequences of the substrate DNAs
(Hayashi et al. 1985a). However, in the presence of crowding agents such as 10% PEG, monovalent
cations have a paradoxical effect and stimulate the activity of the enzyme.
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E. coli DNA ligase is encoded by the lig gene that lies at 52 minutes on the E. coli genetic map (Gottesman
et al. 1973; Bachmann 1990).

The lig gene (Gottesman 1976) and lop11 lig” (Cameron et al. 1975), a regulatory mutant overproducing
the enzyme, have been cloned into bacteriophage 3 vectors, thus facilitating large-scale purification of
the enzyme (Panasenko et al. 1977, 1978). The nucleotide sequence of the lig gene (Ishino et al. 1986)
shows that E. coli DNA ligase consists of 671 amino acids with a molecular weight of 73,690.

For several years, it was believed that E. coli DNA ligase would not ligate blunt-ended double-stranded
DNA. However, following cloning and expression of the ligase gene, highly active preparations of the
enzyme became available that were able to catalyze blunt-end ligation with moderate efficiency
(Barringer et al. 1990). Blunt-end ligation is stimulated about tenfold when the reaction mixture con-
tains 10-15% PEG and high concentrations of K" (Hayashi et al. 1985b). Nevertheless, E. coli DNA lig-
ase is not widely used in molecular cloning procedures, since T4 DNA ligase is capable of efficiently join-
ing blunt-ended DNAs in the absence of crowding agents.

Unlike T4 DNA ligase, E. coli DNA ligase will not efficiently join RNA to DNA and is therefore unable to
join adjacent RNA and DNA segments that arise during replacement synthesis of second-strand cDNA
(Okayama and Berg 1982). The bacterial enzyme can therefore be used to generate long strands of cDONA
that are uninterrupted by segments of RNA.

Thermostable DNA Ligases

The genes encoding thermostable ligases from several thermophilic bacteria have been cloned,
sequenced, and expressed to high levels in E. coli (e.g., please see Takahashi et al. 1984; Barany and
Gelfand 1991; Lauer et al. 1991; Jonsson et al. 1994). Several of these enzymes are available from com-
mercial sources.

Like the E. coli enzyme, almost all thermostable ligases use NAD" as a cofactor and work preferentially
at nicks in double-stranded DNA. In addition, thermostable ligases, like their mesophilic homolog, can
catalyze blunt-end ligation in the presence of crowding agents, even at elevated temperatures (Takahashi
and Uchida 1986).

Because thermostable ligases retain activity after multiple rounds of thermal cycling, they are used exten-
sively in the ligase amplification reaction to detect mutations in mammalian DNAs.

Units of Ligase Activity

The standardization of ligase activity in units that are meaningful to both biochemists and molecular clon-
ers has proven to be an elusive goal. For the last 20 years, at least three different units have been used to mea-
sure ligase activity:

A Weiss unit (Weiss et al. 1968b) is defined as the amount of ligase that catalyzes the exchange of 1 nmole
of 2P from inorganic pyrophosphate to ATP in 20 minutes at 37°C.

The Modrich-Lehiman unit (Modrich and Lehman 1971), now rarely used, is based on the conversion of
radiolabeled d(A-T), copolymer with 3’-hydroxyl and 5’-phosphoryl termini to a form resistant to
digestion with exonuclease III. One Modrich-Lehman unit is defined as the amount of enzyme required
to convert 100 nmoles of d(A-T), to an exonuclease-II-resistant form in 30 minutes under standard
assay conditions.

o Arbitrary units, defined by commercial suppliers, are based on the ability of ligase to ligate cohesive ends

of DNA. These units are often more subjective than quantitative and provide little guidance to an inves-
tigator who values precision. In the absence of meaningful information, most investigators setting up lig-
ation reactions must resort to guesswork, which inevitably means that more ligase will be used than is
necessary. This, of course, is exactly what the commercial companies seek. As a rough guide, 1 Weiss unit
is approximately equivalent to 60 cohesive end units (as defined by New England Biolabs). Thus, in 30
minutes at 162C, 0.015 Weiss units of T4 DNA ligase should ligate 509 of fragments derived by diges-
tion of 5 ug of bacteriophage A DNA with HindIIL
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ADAPTORS

Adaptors are used to replace one type of protruding terminus with another. They are short double-strand-
ed synthetic oligonucleotides that carry an internal restriction endonuclease recognition site and single-
stranded tails at one or both ends (please see Table 1-13). This protruding sequence can be ligated to DNA
fragments containing a complementary single-stranded terminus. After ligation, the DNA can be cleaved
with the appropriate restriction enzyme to create a new protruding terminus.

Adaptors are available in two basic designs and a variety of specificities. Some adaptors consist of a par-
tial duplex formed between two oligonucleotides of different lengths; for example, the EcoRI-Not adaptor
from Stratgene has the following structure:

5" AATTCGCGGCCGC(C|3’
3" IGCGCCGGCGp 5

During ligation, the protruding 5" end of the adaptor becomes joined to the complementary terminus
of the target DNA, restoring an EcoRI site (GAATTC). In addition, the ligation of the phosphorylated blunt
ends allows the adaptors to form dimers that contain internal No#l recognition sites (GCGGCCGC).
Higher-order polymer formation cannot occur because the protruding 5° terminus is not phosphorylated.

By contrast, another class of adaptors is supplied as an unphosphorylated single oligonucleotide whose
sequence is partially self-complementary. After duplex formation, the EcoRI-Pstl adaptor from U.S.
Specialty Biochemicals has the following structure:

5" AATTICCTGCAGG 3’
3"IGGACGTCAITAA 5

During ligation, one strand of the adaptor becomes joined to the complementary terminus of the tar-
get DNA, restoring an EcoRlI site. No further ligation is possible unless the adaptor has been phosphorylat-
ed in the investigator’s laboratory, in which case the adaptors can form tandem arrays. Phosphorylation is
recommended because tandem arrays of adaptors are cleaved more efficiently than single adaptors by the
second restriction enzyme, in this case, Pst] (site: CTGCAG).

Adaptors also offer an excellent way to ligate cDNA to vectors during the construction of ¢cDNA
libraries. The recessed 3 termini of an Xhol cloning site on the vector are partially filled, and phosphory-
lated adaptors with 3-base protruding termini complementary to the partially filled Xhol site are attached
to the cDNA. Neither the vector nor the cDNA molecules can anneal to themselves, but they can join to one
another. Because the Xhol site is regenerated, the cloned cDNA can be recovered by digestion with Xhol.
This strategy greatly improves the efficiency of the ligation step in cDNA cloning and eliminates the need
to methylate the cDNA or to digest it with restriction enzymes before insertion into the vector (Yang et al.
1986; Elledge et al. 1991).

Alternatively, PCR can be used to add a desired restriction site or sites at the 5" and 3 ends of a frag-
ment of amplified DNA by simply incorporating the recognition sequence at the 5 ends of the oligonu-
cleotide primers. In many cases, the target DNA can be cloned into one restriction site in a polylinker and
then excised by digestion with another restriction enzyme or combination of enzymes. For routine sub-
cloning, this is often the method of choice because the target DNA can be inserted into a polylinker that
contains several useful flanking restriction sites. However, a polylinker is not always available that carries the
desired restriction site in an appropriate location. This problem can be solved by using an adaptor with the
appropriate length of “spacer” between the protruding terminus and the internal restriction site. Adaptors
therefore simplify the task of creating genes that efficiently express fusion proteins because they allow the
target DNA, free of potentially deleterious flanking sequences, to be inserted in-frame into the desired
expression vector.




TABLE 1-13 Adaptor Sequences

Information Panels

EcoRI-Notl

BamHI-Smal

EcoRI-Smal

Sall-Smal

HindlIIl-Smal

BamHI-Pstl

EcoRI-EcoRI

EcoRI-Xhol

Xholll-EcoRI

Xhol-EcoRI

BamHI-EcoR1

Sall-Notl

HindIII-Notl

Xhol-Notl

Sall-Xhol

5

3
5
3
5
3
5
3
5
3
5
3
5
3
5
3
5
3
5
3
5
3
B
3
5
3
5
3
5
3

" AATTCGCGGCCGC 37
GCGCCGGCG 5’
" GATCCCCCGGG 37
GGGGCCC 5’

" AATTCCCCGGG ¥

AGGGCCC 5°
" GATCCCTGCAG ¥
GGACGTC 5
" AATTCGAATTC 3’

GCTTAAG 5

" AGCTTGAATTC 3’
ACTTAAG 5’
" TCGAGGAATTC 3
CCTTAAG S
" GATCCGAATTC 3’
GCTTAAG 5’

" TCGACCTCGAG 3’
GGAGCTC 5

GGGGCCC 5’
" TCGACCCCGGG 37
GGGGCCC 5’
" AGCTTCCCGGG 3

" AATTCGGCTCGAG 3°
GCCGAGCTC 5’

" TCGACGCGGCCGC 3
GCGCCGGCG 5’
"AGCTTGCGGCCGC 3°
ACGCCGGCG 5
" TCGAGGCGGCCGC 3’
CCGCCGGCG 5

Modified with permission, © 1999 Stratagene.
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ELECTROPORATION

L162

The application of a sharp pulse of electricity is thought to cause dimpling of membranes followed by for-
mation of transient hydrophobic pores whose diameter fluctuates from a minimum of 2 nm to a maximum
of several nm. Some of the larger hydrophobic pores are converted to hydrophilic pores because the energy
needed to create and maintain a hydrophilic pore is reduced as the transmembrane voltage is increased
(Weaver 1993). Reclosing of pores seems to be a stochastic process that can be delayed by keeping the cells
at low temperature. While the pores remain open, DNA molecules can easily pass from the medium into the
cytoplasm (please see Figure 1-18).

The transmembrane voltage required for formation of large hydrophobic pores varies in direct pro-
portion to the diameter of the target cell. Most manufacturers of electroporation machines provide litera-
ture describing the approximate voltages required for transfection of specific cell types in their particular
apparatus. Three important parameters of the pulse affect the efficiency of electroporation:

s Length of pulse is determined mainly by the value of the capacitor and the conductivity of the medium.
Most commercial electroporation machines use capacitative discharge to produce controlled pulses.

o Field strength varies in direct proportion to the applied voltage and in inverse proportion to the distance
between the electrodes. Most manufacturers provide cuvettes of various sizes to suit the task at hand and
recommend that the cuvettes be used only once. However, many investigators, in an effort to reduce
costs, wash and re-use the cuvettes several times. The wisdom of this practice is a topic of ongoing debate
(e.g., please see Hengen 1995).

o Shape is determined by the design of the electroporation device. The wave form produced by most com-
mercial machines is simply the exponential decay pattern of a discharging capacitor (Dower et al. 1988).

For most commonly used strains of E. coli, maximum rates of transformation are achieved after a sin-
gle electrical pulse with a field strength of 12.5-15 kV cm” and a length of 4.5-5.5 milliseconds. Under

these conditions,~50% of the cells survive.
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FIGURE 1-18 Changes in the Membrane during Electroporation

Drawings of hypothetical structures for transient and metastable membrane conformations believed to be
relevant to electroporation. (A) Fredd volume fluctuation; (B) aqueous protrusion or “dimple”; (C,D)
hydrophobic pores usually regarded as the “primary pores” through which ions and molecules pass; (£)
composite pore with “foot in the door” charged macromolecule inserted into a hydrophilic pore. The tran-
sient aqueous pore model assumes that transitions from A—B—C or D occur with increasing frequency
as U is increased. Type F may form by entry of a tethered macromolecule, while the transmembrane volt-
age is significantly elevated, and then persist after U has decayed to a small value through pore conduc-
tion. It is emphasized that these hypothetical structures have not been directly observed and that support
for them derives from the interpretation of a variety of experiments involving electrical, optical, mechan-
ical, and molecular transport behavior. (Reprinted, with permission, from Weaver 1993 {copyright Wiley-
Liss, Inc.].)
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SINCE BACTERIOPHAGE A WAS FIRST USED AS A CLONING VEHICLE in the early 1970s (Murray and
Murray 1974; Rambach and Tiollais 1974; Thomas et al. 1974), more than 400 different vectors
have been described. Some of these vectors are the direct descendants of field strains of lambdoid
bacteriophages; others are far more esoteric (please see the information panel on
BACTERIOPHAGES: HISTORICAL PERSPECTIVE). This introduction contains information on the
genetics and molecular biology of the virus that is required for the investigator to choose wisely
among these vectors and to use them effectively.

The word that comes to mind when thinking about X is elegance. The genetic circuitry of
the virus is etched into DNA with great delicacy and the utmost economy. The experiments to
trace the filigree of connecting regulatory loops within this circuitry match the virus itself in both
beauty and subtlety. The distillation of these findings into a harmonious and general theory of
gene control is an intellectual achievement that equals any other in biology in this century. And,
as an early phage worker has written, “at each (of these) steps, the situation was aesthetically so
pleasant that everybody felt happy with the picture.” (Thomas 1993)

A direct bequest of the store of detailed knowledge and physiology of bacteriophage 2 accu-
mulated during the past 40 years has been the development of versatile and sophisticated vectors
for the cloning, propagation, and expression of eukaryotic genes.

The genome of wild-type bacteriophage A is a double-stranded DNA molecule, 48,502 bp
in length. Figure 2-1 shows a sketch of the structure of bacteriophage A. The sequences of the
DNAs of two strains of A are known in their entirety (Sanger et al. 1982; Daniels et al. 1983a,b);
partial sequences of many other strains and vectors are scattered throughout various databases.
The DNA is carried in bacteriophage particles as a linear double-stranded molecule with single-
stranded termini 12 nucleotides in length (cohesive termini or cos). Soon after entering a host
bacterium, the cohesive termini associate by base pairing to form a circular molecule with two

e A TR uE— s v - e - e
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E
B
head
D
DNA
tail tube 135 am
FIGURE 2-1 Structure of Bacteriophage A
The schematic drawing depicts the components of the
bacteriophage 1 particle. Arrows indicate the locations ~ conical part 150m
within the particle of the proteins encoded by genes C, tail fiber 23 nm

E, B, and D.

staggered nicks 12 nucleotides apart (Wu and Taylor 1971; Yarmolinski 1971; Weigel et al. 1973;
Nichols and Donelson 1978). These nicks are rapidly sealed by the host’s DNA ligase and gyrase
to generate a closed circular DNA molecule that serves as the template for transcription during
the early, uncommitted phase of infection.

During lytic growth, the circular DNA directs the synthesis of ~30 proteins required for its
replication, the assembly of bacteriophage particles, and cell lysis. The lytic cycle takes 40—45 min-
utes and generates ~100 infectious virus particles per infected bacterium.

In its lysogenic state, bacteriophage 4 DNA is integrated into the bacterial genome, is repli-
cated as part of the bacterial chromosome, and is thus transmitted to progeny bacteria like a chro-
mosomal gene. During establishment of lysogeny, only a small number of A genes are expressed,
including the I gene, which inhibits expression of lytic functions and positively regulates tran-
scription of its own gene, and int, which is required for integration of the phage DNA into the
bacterial chromosome.

During maintenance of lysogeny, much of the integrated bacteriophage genome is quies-
cent, with only three genes being transcribed: rexA, rexB, and cl. rexA and rexB prevent superin-
fection of A lysogens by certain other bacteriophages, whereas, as mentioned previously, the CI
protein blocks transcription of genes required for lytic infection.

GENOMIC ORGANIZATION

The genome of bacteriophage % carries a complement of at least 30 genes. The order of many of
these genes was originally established by assaying the ability of bacteriophages carrying substitu-
tions and/or deletions to rescue mutations (Kaiser 1955) and by measuring the frequency of genet-
ic recombination between mutants of various types. The recombination frequency between distant
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genetic markers is ~15%, whereas the smallest reported recombination frequency (between muta-
tions separated by just 4 bp) is 0.05% (McDermit et al. 1976; Rosenberg et al. 1978).

Although the order of genes ascertained by these methods was essentially correct, estimates
of genetic distances between mutations did not always correspond to the physical distances
because of local variation in recombination rates. Measurements of the distances between mark-
ers, genes, and mutations became precise only when bacteriophage A DNA was sequenced (please
see Figure 2-2). The genes of bacteriophage A are organized into functionally related clusters.

e The left-hand region includes genes Nul through J whose products are used to package the
viral DNA into bacteriophage heads and to assemble infectious virions from filled heads and
preformed tails.

e The central region (J through gam) codes for functions involved in gene regulation, establish-
ment and maintenance of lysogeny, and genetic recombination. Many genes of the central
region arc not essential for lytic growth and can be sacrificed during construction of bacterio-
phage 4 vectors to make room for segments of foreign DNA.

o The right-hand region (gam through Rz) contains essential genes used in replication of bacte-
riophage A and lysis of infected bacteria.

THE UNCOMMITTED PHASE OF INFECTION

Adsorption

Bacteriophage 2 adsorbs to the trimeric maltoporin receptor, an outer membrane protein con-
sisting of three identical 421-residue monomers, each folded into an 18-strand p-barrel (Thirion
and Hofnung 1972; Schwartz 1975; Neuhaus 1982). Adsorption involves interaction between mal-
toporin receptors and the carboxy-terminal residues of the 1133-residue viral J protein (Werts et
al. 1994), which is located at the tip of the tail fiber (Schirmer et al. 1995). All three monomers
are involved in binding and adsorption of phage (Marchal and Hofnung 1983). About half of the
binding sites are exposed on long peptide loops projecting into the periplasm, whereas the rest are
buried at locations where the loops pack together into the p-barrel.

As its name suggests, the maltoporin receptor is normally used to facilitate diffusion of mal-
tose and maltodextrins into the cell (Szmelcman and Hofnung 1975; Ferenci and Boos 1980).
Synthesis of these receptors, which are encoded by the bacterial lamB gene, is repressed by glu-
cose and induced by maltose (Schwartz 1967). The outer membrane of a fully induced bacterial
cell contains ~5 x 10* maltoporin receptors.

Infection by bacteriophage A initially involves formation of reversible phage-receptor com-
plexes that progress to irreversible complexes (Lieb 1953a) when contacts are established between
components of the tail fiber and a membrane-bound mannose phosphotransferase encoded by
the bacterial gene ptsM (Postma 1987). The reversible attachment of the bacteriophage is facili-
tated by magnesium ions and occurs rapidly (within a few minutes) both at room temperature
and at 37°C (Lieb 1953a). The linear viral DNA is then injected into the bacterium, right end first,
through the bacteriophage’s tail tube (Chattoraj and Inman 1974; Saigo and Uchida 1974;
Thomas 1974). However, injection of the viral DNA and the subsequent events in the lytic cycle
do not occur efficiently at room temperature (MacKay and Bode 1976). Plaques of bacteriophage
A will, therefore, not form unless bacterial lawns are incubated at temperatures higher than
~28°C.
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Immediate Early Transcription

After the linear viral DNA has been converted to a superhelical, covalently closed circle, early
transcription is initiated at two divergent promoters, p; and py, which are located to the left and
right, respectively, of the ¢l (repressor) gene. The resulting “immediate early” RNAs terminate at
the ends of the N and cro genes, at sites ¢, and ¢, , respectively, although ~40% of the rightward
transcripts continue through genes O and P (which encode proteins involved in DNA replication)
and terminate at f,. Transcription from p, and p, is carried out by E. coli RNA polymerase,
whereas termination of RNA synthesis at i[> ty)> and tp, is mediated by the E. coli-encoded pro-
tein p (for review, please see Friedman 1988; Das 1993; Oppenheim et al. 1993). The 128 leftward
transcript codes for the N protein (pN), an antiterminator whose action is essential for the next
phase of lytic infection.

Delayed Early Transcription

The delayed early genes of bacteriophage A flank the immediate early genes N and cro. Their tran-
scription is dependent on the product of the immediate early gene N, which allows the host RNA
polymerase to read through the transcriptional terminators ¢, and t,, into the flanking delayed
early genes, cll and clIl. Because pN is unstable (¢, , = 1-2 minutes) in lon" bacteria (Gottesman
et al. 1981), expression of cII and Il requires continued synthesis of the 125 immediate early
RNA (please see Figure 2-3). Transcription of N from p, is negatively controlled by the bacterio-
phage-encoded repressors CI and Cro and positively controlled by the E. coli-encoded RNase I1I
(Oppenheim et al. 1993). In addition, pN may negatively autoregulate its own translation.

N protein \

128 mRNA

s

att I nt cl N cl cro clht oP Q A Genes

PN

\ Cro protein

FIGURE 2-3 Bacteriophage % Immediate Early Transcription

RNA polymerase binds to three promoters p,, p,”, and p, and transcribes the DNA until it encounters a
p-dependent termination site (@ ). The major gene product of leftward transcription is the N protein. The
major gene product of rightward transcription is the Cro protein. No protein is synthesized from the small
transcript initiated from the p, * promoter. (Shaded boxes) The products of transcription.
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The specific binding sites for pN, called nutL and nutR (for N-utilization), are embedded in
the leftward and rightward immediate early RNAs. Each nut site contains a unique hairpin structure
called boxB to which dimers of pN bind soon after nut is transcribed. Full activity of pN, however,
requires a set of accessory antitermination factors encoded by the host bacterium: NusA, NusB,
NusG, and the ribosomal protein S10 (for reviews, please see Das 1993; Roberts 1993). The pN-boxB
complex interacts with these factors and the RNA polymerase, allowing the enzyme to elongate
nascent RNA chains at an increased rate and to skip through sites of transcriptional pausing.

pN is thus an RNA-binding protein that acts as an operon-specific antiterminator by recog-
nizing a signal in immediate early RNAs and binding to the transcription complex. This binding
allows RNA synthesis to proceed through several p-dependent and p-independent terminators.
The N protein is therefore a positive regulatory element whose activity is necessary for the lytic
growth of bacteriophages carrying t,,. However, mutants of bacteriophage A that carry a deletion
of t,, can grow (albeit poorly). Such bacteriophages are known as nin (N-independent) mutants
(Court and Sato 1969). The nin5 mutation (please see Figures 2-2 and 2-3), which is carried in
many bacteriophage A vectors, is a deletion of 2800 bp between genes P and Q that removes ty, and
some genes relevant to recombination between plasmids and bacteriophage DNA.

Infection Reaches an Important Crossroad

The outcome of infection — lysogeny or vegetative growth — remains unresolved until the end of
the delayed early phase. By this stage, the bacteriophage proteins required for the next steps in both
pathways are present in the infected cells, which are therefore poised to follow either course as cir-
cumstances dictate. In wild-type E. colj, the decision between lysogeny and the Iytic cycle is influ-
enced by the multiplicity of infection and by the nutritional state of the cell. The higher the mul-
tiplicity (Boyd 1951; Lieb 1953b) and the worse the nutritional state of cell (Kourilsky 1973;
Herskowitz and Hagen 1980), the higher the frequency of lysogenization. The biochemical medi-
ator of lysogeny may be 3"-5" cCAMP, whose intracellular concentration alters in response to changes
in nutritional conditions (Hong et al. 1971; Grodzicker et al. 1972). When bacteria are grown in
rich medium, the intracellular concentrations of cAMP are low, and the lytic pathway is favored.
In mutant cells that lack cAMP, the lytic pathway is heavily favored. Because none of the known
bacteriophage promoters are responsive to cAMP, it seems likely that the decision between lysoge-
ny and lytic infection is influenced in part by a bacterial gene or genes that are regulated by cAMP.

A key element in the decision between lysis and lysogeny is the bacteriophage-encoded CII
protein (please see the panel on CIt PROTEIN), the activator of transcription of A genes that (1)

Cli PROTEIN

e The Cll protein is synthesized as a 97-amino-acid polypeptide. After removal of the amino-terminal methio-
nine and the subterminal valine, the polypeptide associates into an active tetrameric form.

e Itis a DNA-binding protein that interacts specifically and with reasonable affinity (3 x 107 m) with a 20-25-
bp region of three leftward promoters: pg, p, and Paq The consensus sequence for binding is
TTGCN,TTGC.

e Cll'and RNA polymerase interact with the three leftward promoters in a cooperative manner, such that full
activation of transcription occurs when the concentration of cll is tenfold less (3 x 107 M) than that required
for maximal binding of cil alone.

e The Cll protein is unstable (half-life = 2 minutes) but is partially stabilized by the bacteriophage Clll pro-
tein. In addition, its natural rate of degradation is diminished or enhanced by several bacterial gene prod-
ucts. Mutations in the £. coli lon and cya genes increase the rate of degradation of Cll and, therefore, favor
the Iytic response, whereas mutations in the hflA and hflB loci extend the half-life of the protein and facili-
tate the lysogenic response (Hoyt et al. 1982; Banuett et al. 1986; for reviews, please see Friedman et al.
1984; Ho and Rosenberg 1988).
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FIGURE 2-4 The Bacteriophage i Cll Protein Is a Transcriptional Activator

The product of the cll gene transcribed from the p, promoter is a transcriptional activator that stimulates
leftward transcription (thick arrows) from p;, pge, and p, .. The promoter py, controls expression of the Ci
(repressor) protein, whereas p; controls expression of int (encoding integrase). The promoter p,, directs
the synthesis of an antisense RNA that is believed to reduce expression of the Q (antiterminator) gene
product. The products of early transcription initiated from the promoters p, and p, are represented by
thin arrows. (Modified, with permission, from Ho and Rosenberg 1988.)

represses lytic functions and (2) catalyzes integration of the viral DNA into the host chromosome
{Echols 1980; Herskowitz and Hagen 1980; Wulff and Rosenberg 1983). A high intracellular con-
centration of CII favors lysogeny, whereas a low concentration tips the balance in favor of lysis.
The CII protein coordinately regulates transcription from three separate leftward promoters: p,, .,
pp and p,, (please see Figure 2-4). Thus, when a sufficient concentration of ClII is present in the
infected cell, transcription of int and ¢l genes is activated. The integrase (Int) protein, synthesized
from p,, catalyzes a breaking and joining event that leads to inscrtion of the viral DNA into the
host chromosome. The product of the cI gene — X repressor — binds to three 17-bp operators in
each of the early promoters p, and p;, thereby denying access of RNA polymerase to the pro-
moters and hence blocking transcription of phage early genes N, cro, O, P, and Q, whose products
are essential for onward progression of the lytic cycle (please see the panel on CI PROTEIN). This
stranglehold can be broken by another transcriptional repressor — Cro — which competes with
Cl protein for occupation of the operator Oy, (please see Figure 2-5). The outcome of this compe-

Ct PROTEIN

Bacteriophage & Cl protein (236 amino acids; M, = 26,228) is an inactive monomer at very low concentra-
tions (<107 M), but at physiological concentrations, it forms functional homodimers. Although commonly
called % repressor because of its negative regulatory functions at o, and o,, Cl protein is also a positive regu-
lator of gene transcription and can activate transcription of its own gene.

¢ The DNA-binding domain of Cl protein lies within the amino-terminal region of the molecule (Sauer et al,
1979) and contains five stretches of o-helix, of which two (helices 2 and 3) form a helix-loop-helix motif
and are involved in sequence-specific binding to the major groove of DNA (Pabo and Lewis 1982; Beamer
and Pabo 1992; for more details, please see review by Hochschild 1994). The Cl protein binds symmetri-
cally to DNA, so that each amino-terminal domain contacts a similar set of bases.

e The carboxy-terminal domain of the Cl protein contains the major sites for dimerization and oligomeriza-
" tion (Pabo et al. 1979),

o 0, and o, both contain three binding sites for Cl protein. In each case, site 1 fi.e., 0, and 0,) has a ~10-
fold greater affinity than the other sites for Cl protein. The repressor, therefore, always binds first to o, and
Ok, and then binds to the other sites in the operator in a cooperative manner (Johnson et al. 1979).
Cooperativity is mediated by the carboxy-terminal domains of repressor dimers.

o When incubated at high pH in vitro, CI protein undergoes an autocatalytic cleavage at a Gly-Ala peptide
bond located between the two domains. In vivo, autocatalytic cleavage occurs in the presence of bacterial
RecA protein, which acts as a coprotease (Little 1984; for review, please see Little 1993).
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FIGURE 2-5 Bacteriophage . Delayed Early Transcription

N protein turns on genes to the left of N, including clll and genes involved in recombination and, in addi-
tion, genes to the right of cro, including cll and the DNA replication genes O and P and the positive reg-
ulator of late transcription, Q. During the delayed early phase of transcription, the fate of the infected cell
remains undecided, and infection can progress either to lysogeny or to a cycle of vegetative growth. By
the end of the delayed early phase, an irrevocable decision has been taken to proceed down one pathway
or the other. (Shaded boxes) The products of transcription; (@) transcription termination sites.

THE DISCOVERY OF BACTERIOPHAGE )

Bacteriophage A first appeared in the laboratory in 1951, when Esther Lederberg found that certain mutants of
Escherichia coli K-12, which survived following treatment with intensive ultraviolet (UV) irradiation, grew nor-
mally in pure culture but died of a bacteriophage infection after conjugation to other bacterial strains. The
parental wild-type K-12 strain, like most others in use at that time, was naturally lysogenic for bacteriophage
A Exposure to UV irradiation cured the surviving bacteria of prophage, generating bacterial strains that were
no longer immune to external infection by the bacteriophage. Strains “cured” in this way fell victim to lysis by
bacteriophage 2 (1) when incubated with lysogenic strains, which spontaneously produce infectious phage
particles at a low rate, or (2) when during conjugation, the DNA of a lysogenic strain was transferred to a
nonlysogenic recipient. In both cases, the incoming bacteriophage genome entered a repressor-free cell and
established a cycle of Iytic growth, generating a batch of progeny particles that could Iytically infect the remain-
ing nonlysogenic cells in the culture.

Lysogeny was not a new phenomenon, having already been studied over the course of 40 or more years
by an illustrious cadre of phage workers including Macfarlane Burnet, Fugéne and Elizabeth Wollmann, Jules
Bordet, and Felix D'Herelle (for a review of early work on lysogeny, please see Brock 1990). However, none
of their experiments provided a satisfying explanation of the constant production of small amounts of infec-
tious bacteriophages by pure cultures of bacteria and the episodic and unpredictable occurrence of massive
lysis. “Worthless” was Max Delbriick’s succinct description of a half century of honest effort,

Al this changed as a result of André Lwoff’s elegant experiments showing first that exposure to small
amounts of UV irradiation reproducibly caused an entire culture of lysogenic Bacillus megaterium to liberate
bacteriophage particles in a synchronous fashion (Lwoff and Gutmann 1950), and second that every cell of the
culture carried a prophage (for review, please see Lwoff 1953). The discovery of induction was of great impor-
tance because it made possible both genetic and biochemical studies of the production of temperate bacte-
riophages. Lwoff's papers caused tremendous excitement in the phage world and were sufficient to persuade
sceptics that the phenomenon of lysogeny was both real and accessible. Wiriting 15 years later in prose that
was still passionate, Lwoff (1966) describes the discovery of induction as the highlight of his scientific life. By
contrast, Esther Lederberg’s paper — far more laconic and pallid — gives no sign that she had discovered the
bacteriophage that was to become the defining crucible for molecular studies of prokaryotic gene control.
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FIGURE 2-6 Wiring Diagram of the Switch between Lytic Infection and Lysogeny

Dimers of the Cl repressor bind most tightly to oy, and least tightly to og,. Cro has the opposite relative
affinities. Transcription at promoter py is repressed when p, is occupied by Cl; transcription at pg,, is
repressed when o, is occupied by CI. Thus, Cl establishes lysogeny by throttling expression of genes
transcribed from p; and, once the lysogenic state is achieved, controls its own concentration by inhibit-
ing transcription at pg,,. Because binding of CI to adjacent sites is cooperative, the proximity of o,
ensures a sharp concentration dependence of binding to o,. Binding of Cl to oy, also activates tran-
scription from p,,. On induction, CI protein is inactivated by cleavage and transcription from py resumes.
The first product of transcription is the mRNA for Cro. Binding of Cro to oy, prevents further synthesis of
Cl protein. Repression of transcription is relieved at p, and established at py,,. The switch to lytic infec-
tion is then permanent (Ptashne 1986). (Modified, with permission, from Harrison 1992.)

tition determines whether the cell will become lysogenic or will advance to the late stages of lytic
infection. The three binding sites of Oy are arranged within and between two divergent promoters
for the genes encoding the two repressors. Cro and the CI protein bind to these sites with different
preferences (order of binding, cooperativity, and affinity) (Johnson et al. 1979). Thus, the CI pro-
tein binds to sites oy, and oy, strongly and cooperatively, whereas Cro binds to oy, strongly and to
0,, weakly (Cro does not bind cooperatively). Each protein turns off the gene encoding its com-
petitor as well as the appropriate downstream genes that are required for lytic growth or lysogeny.
The two repressors therefore not only compete for the same sites, but also have mutually antago-
nistic physiological effects (for reviews, please see Gussin et al. 1983; Ptashne 1992}).

In addition to its repressive effects on rightward transcription, the CI protein stimulates left-
ward transcription of its own gene by a factor of ~10. This effect is mediated by binding of a
repressor dimer at o,,; a repressor dimer bound at o, interacts cooperatively with repressor
bound at o, to stabilize binding to the DNA (please see Figure 2-6) (Meyer et al. 1980). The
bound repressor is able to make direct contact with RNA polymerase at the leftward promoter,
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Pry (Guarente et al. 1982: Hochschild et al. 1983) and thereby to stimulate the transition from the
closed to the open transcription complex (Hawley and McClure 1983; Fong et al. 1993). Transcription
from py,, may also be stimulated by CI-mediated exclusion of RNA polymerase from binding to Py
(Hershberger et al. 1993).

In summary, during establishment of lysogeny, repressor synthesis is directed by the pro-
moter py, under positive regulation by the CII and CIII proteins. However, because repressor pre-
vents transcription from pp and p;, it blocks further expression of cII and clII, respectively. Thus,
these genes are inactive in lysogens (Bode and Kaiser 1965). Furthermore, since CII and CIII are
unstable, CI protein must eventually suppress, albeit indirectly, transcription from Pri-
Transcription of ¢l from a second promoter p, . is therefore required for the maintenance of
lysogeny (please see Lysogeny [p. 2.15] and Figure 2-6).

LATE LYTIC INFECTION

DNA Replication

Recombination

Two genes, O and B, are weakly transcribed from pj, immediately after infection and more strong-
ly later as a consequence of pN-mediated antitermination. The products of these genes, together
with some of the host replication proteins and stress proteins, are required for replication of bac-
teriophage DNA (for reviews, please see Furth and Wickner 1983; Kornberg and Baker 1992).
During the early phase of infection, bacteriophage .. DNA replicates bidirectionally as a Cairns or
0 {circle to circle) form, using a single origin (or7) that is activated by proteins pO and pP. In a
wild-type E. coli infected with wild-type bacteriophage A, ~50 monomeric, circular bacteriophage
genomes are synthesized before replication shifts to a rolling circle mode. Linear DNA molecules
are then generated that consist of tandem polymers of the bacteriophage genome arranged head
to tail. These long concatemeric molecules are cut and packaged into proheads of progeny parti-
cles (please see Figure 2-7 and DNA Packaging [p. 2.14]).

It is not known what triggers the mid-stream shift from 6 to rolling circle replication.
However, the conversion from one mode to another is inhibited by the heterotrimeric exonucle-
ase V, which is encoded by the bacterial recB, recC, and recD genes (Telander-Muskavitch and Linn
1981). Nevertheless, the production of concatenated DNA is not affected in recBCD” cells as long
as the infecting bacteriophage carries a functional gam gene. The product of this gene binds to
exonuclease V and inactivates its exonucleolytic activity (Unger and Clark 1972; Kuzminov et al.
1994). In the absence of Gam protein, the potent, multifunctional RecBCD nuclease degrades the
concatenated linear bacteriophage DNA produced by rolling circle replication. Gam protein is not
needed for production of linear concatenates of viral DNA if the RecBCD nuclease is defective or
absent (Greenstein and Skalka 1975). Most bacteriophage A vectors lack the gam gene but can
nevertheless multiply (o a passable extent in recBCD" cells if they are able to generate concate-
meric forms of the genome that are suitable substrates for packaging of progeny particles. Such
concatemers can be formed by recombination between monomeric circular DNA molecules that
are produced by 6-type replication.

Systems in Cells Infected with Bacteriophage A

Both bacteriophage 4 and E. coli encode recombination systems (red and recA, respectively) that
can produce dimeric and multimeric circles from the replicating 8 form. Most bacteriophage %
vectors that are gam™ are also red ~ and must therefore be propagated on recA” strains of bacteria
in order to promote the efficient production of circular multimers. During packaging, these cir-
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cular forms, like the head-to-tail tandem polymers produced by rolling circle replication, are
cleaved at the cosL and cosR sites by the terminase function of the bacteriophage-encoded A pro-
tein. However, the presence of an active bacterial recombination system can sometimes lead to
instability in sequences cloned in bacteriophage A vectors, particularly in genomic sequences that
contain repetitive elements. There are three ways to avoid this problem:

o Several vectors have been designed that carry the gam gene on one of the arms of the bacte-
riophage genome. Examples of such vectors are Charon 32-35 and 40 (Loenen and Blattner
1983; Dunn and Blattner 1987).

e Gam protein can be supplied in trans from a plasmid (Crouse 1985). In this system, the expres-
sion of gam is controlled by the product of the Q gene of the incoming bacteriophage.
Inactivation of exonuclease V can therefore occur only after infection.

‘ circularize replicate via
S pGGGCGGCCACCT o-type
cosL . mechanism
E. coli
DNA ligase
—P e
linear A DNA
CCCGCCGCTGGApS!
cosR /
1
Xgam+/E.co// recBCDT Agam’, red*/E.coll rec™
or kgam'/E.coli recBCD™ or hgam’, red /E.coli rec”

generation of packaging substrates

by rolling circle replication generate packaging

intermediates by
recombination

package into preformed
bacteriophage heads

FIGURE 2-7 Bacteriophage » Replication and Recombination

During Iytic infection, bacteriophage A DNA, which is injected into the cell as a linear molecule, is rapid-
ly converted to a closed circular form by ligation of the cohesive ends (cos). During the early phase of
infection, DNA replication proceeds bidirectionally (6-type replication) and generates ~50 monomeric
copies of the circular viral DNA per cell. In the presence of the gam gene product in host cells that are
recBCD”, or in the absence of the gam gene product in host cells that are recBCD’, replication converts
to a rolling circle mode. The events of replication generate linear concatemers of viral DNA, which are
substrates for packaging of the viral DNA into the preformed heads of bacteriophage particles. In
recBCD" cells that are infected with agam phage, rolling circle replication cannot be established. Under
such circumstances, progeny particles cannot be produced unless a suitable system is available to cat-
alyze recombination between circular monomers of viral DNA, generating multimeric circles that are
acceptable substrates for packaging into preformed bacteriophage heads.
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e A number of mutant strains of E. coli are available that are recombination-proficient but defi-
cient in exonuclease V. These include strains that are defective in recB or recC, as well as strains
carrying the mutations sbcA or sbeB, both of which suppress mutations in recBC.

Because synthesis of catenated bacteriophage DNA is impeded by exonuclease V, red ~ gam™
bacteriophages produce small plaques when plated on wild-type E. coli. However, recombination-
deficient bacteriophage mutants carrying an octameric y DNA sequence known as x (chi) pro-
duce plaques that are close to normal in size (Lam et al. 1974: Henderson and Weil 1975; please
see the panel on CHI x SITE). The presence of (1) the y sequence in the bacteriophage genome and
(2) an active recombination RecBCD system provided by the host leads to an increase in the effi-
ciency of recombination events that generate closed circular dimers and multimers from 6 forms.
red” gam” bacteriophages package these multimers efficiently, and red ™ gam™ " bacteriophages
grow to a reasonable yield in wild-type E. coli.

CHI (y) SITE

% is an 8-bp-long sequence of double-stranded genomic DNA (5° CCTGGTGG 37) that, in E. coli, causes
increased recombination over a region of several kilobases located asymmetrically around the ¥ sequence. The
stimulatory effect of 3 sequences on recombination is due to the formation of a nick about five nucleotides 3
of the ¥ site by the £. coli RecBCD protein, a heterotrimeric enzyme encoded by the recB, recC, recD genes
(Taylor et al. 1985; for review, please see Taylor 1988). The nick only occurs when the enzyme passes through
the y sequence in one direction (from right to left, as written above), unwinding the DNA as it goes (Faulds et
al. 1979; Yagil et al. 1980; Smith et al. 1981). The combination of unwinding and nicking generates a single-
stranded “tail” with a x sequence near its 3~ end. This tail is believed to be a potent substrate for RecA pro-
tein, which catalyzes the formation of recombinant molecules between the single-stranded tail and homolo-
gous double-stranded DNA (for review, please see Smith 1990).

Of the several major pathways of recombination in E. coli, only RecBCD is stimulated by y sites. x sites
are therefore inactive in recB, recC, and recBC double mutants. Normally, the RecBCD) protein expresses a
powerful exonuclease V activity (Telander-Muskavitch and Linn 1981) that is used, e.g., to destroy foreign DNA
that has been cleaved by restriction enzymes (Simmon and Lederberg 1972; Oliver and Goldberg 1977).
However, y sites protect linear DNA from degradation both in vivo and in vitro, perhaps by inactivating the
exonuclease V activity of the RecBCD nuclease (