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Lecture outline

Nucleotides — short repetition of structural parts
Functions of nucleotides

Degradation of nucleic acids from food sources
Degradation of purine nucleotides

Degradation of pyrimidine nucleotides

o O O O O O

Two diseases related to purine nucleotides

= Gout — a very common disease
» Adenosine deaminase deficiency — a very rare disease
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What is a nucleotide?

I
0—P—0—~ I
- Adenine y N
0 4 r H~</ I‘i
' 2 " b N/ i
OH OH fl) Nitrogenous base
0—P—0—CH, o
N — (|)_
Base = adenine Phosphdto
N J
Y OH \
Nucleoside = adenosine Sugar
OH (in ribose) or H (in deoxyribose)
\_ A
- Y
Nucleotide = AMP « Nucleotide = Phosphate(s) + Pentose + Nitrogenous base

* Nucleoside = Pentose + Nitrogenous base

Adenosine monophosphate

&
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The nitrogenous bases
— purines and pyrimidines

Five bases

(0

Purme Adenme Guanlne

Two rings; two purines

Y oeH 0 0
H CH
NZ 4 3 H NZ "oy Hn ’
PYRIMIDINES J\: | )\ | )\ | )\ |
N
H N H o N H (o) |:1 H o r;| H

Pyrimidine Cytosine Uracil Thymine
Figure 4-4 (ln RNA) (ln DNA)

Biochemistry, Sixth Edition
© 2007 W.H.Freeman and Company

Three pyrimidines; pyramide from above; CUT
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Functions of nucleotides

Hydrogen bonds

Nitrogenous bases: , Thymine L HN Adep:\lne 3
¥ 5 EEEBAdenine O OH
i 0y,0 X 3
=< Thymine N e
S mmGuanine -0 Q o = &
==X Cylosin -61 3
ytosine }7/ O‘P:‘o
HoN
0,

Fo [ A
_—Base pair 5} o N o N "F=0
e d , i
_e=" Cytosine Q_,
Sugar- © Guanine Hz yies o5
Il

backbone

‘Sugar-phosphate Bases

Sugar-phosphate
3 5 backbone

backbone

Building blocks for DNA and RNA
(store and translate genetic information)

ﬁ ”Activators” of biomolecules
used for biosynthesis

n-Glucosyl group

CH,OH
o]
H H
=k OH H Uridine
0
H HO ? I HN
0—1”3—0—1‘3—0’ )\ |
0 0—CH, 07 °N
0
H H
H H
OH OH

UDP-glucose
(a sugar nucleotide)

UDP-Glucose
(activated form of glucose; glucose donor in
glycogen synthesis)
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— some examples

Coenzyme A

NH,
Reactwe roup
g (‘4 N
/ W
N
HS/\/ W NJ
o HC' CH;
2-0,P0 OH

B Mercapto—

Pantothenate unit
ethylamine unit

Building blocks for
important biomolecules

Signaling molecules
(both extra- and intracellular)

ADORA1 ADORA2A TH2
//N\C/C\\\\N
/ Sy HC\ I |
/ \ / \ H, N/C\ ¢CH
Gad, PI3K PLC Rosl l eNOS Gas =% o | N
. 2 ! N
EETsPGI2 AC P CH—CH
AKT NO
AC ! &N L,
cAMP
e ! CAMP
Y PKA

PKA

Adenosine signaling
(a nucleoside)
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Overview of nucleotide metabolism

Salvage synthesis De novo synthesis
(synthesis from reused nitrogenous bases and sugars) /
\ Nucleotides
DNA and RNA — ~———_, Conversion to other
synthesis important biomolecules

Degradation

— \

Nitrogenous bases Sugar moiety

/ W \ > Reuse for nucleotide

Reuse for nucleotide Further synthesis (salvage)
synthesis (salvage) degradation Energy source
e (ATP or energy-
Urate Urea rich molecules)
+ Urea + Energy or
(purines) energy-rich molecules

(pyrimidines)
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Expensive with de novo synthesis of nucleotides
— the salvage pathway is cheaper

Bicarbonate

&
NH;
o, :
2 ATP \l , lFchme
10
ASPG'EE?N /CG:\C/N\ tealah;:;rc;?c‘{ltte
Carbamoyl é; ch: ;9C‘--/ ' DE NOVO PATHWAY
phosphate . Aspartate N'-Formyl-~ \le/ ~N©——Clutamine  » tivated ribose (PRPP) + amino acids
NaE: i/ tetrahydrofolate ribose-P FAIE: A4 QO iz v
| 3 70T & Y Purine
c2, 6¢ Glutamine ring l
N7 structure
Pyrimidine Nucleotide
ring
PRPP \
. (aribose IMP SALVAGE PATHWAY
phosphate)
,- \ Activated ribose (PRPP) + base
UTP =P CTP to RNA ATP GTP to RNA l
‘ ‘ ‘ ‘ Nucleotide
TTP dCTP 10 DNA dATP dGTP to DNA PRPP; 5-Phosphoribosyl 1-pyrophosphate
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Degradation of nucleic acids

from food sources

Degradation of dietary nucleic acids occur in the
small intestine

Nucleases, secreted by the pancreas, hydrolyze
RNA and DNA to oligonucleotides

Oligonucleotides are further hydrolyzed by
pancreatic phosphodiesterases, producing
mononucleotides

In the intestinal mucosal cells (intestinal epithelial
cells), nucleotidases remove the phosphate groups,
releasing nucleosides that are further degraded to
free bases and sugars by nucleosidades

The liberated bases can potentially be used in
salvage pathways for nucleotide synthesis
(however, at least the purines appear to be degraded
to a large extent allready in the intestinal cells)

CIRCULATION

SMALL 1
INTESTINE :

MUCOSAL =
CELLS

N \\
INTESTINALMN~~2

Low pH
denatures DNA
and RNA

Y
Denatured

nucleic acids
1

1
Nucleases

Oligonucleotides
1

1
Phosphodiesterases|
1

Y
Mononucleotides
1

1
Nucleotidases
Y

Nucleosides
1

Nucleolsidases
(Deoxy-) £~
ribose Y

--------- PYRIMIDINES
PURINES

Lippincott’s lllustrated Reviews

Biochemistry, 6th ed
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Nucleotide degradation pathways

Nucleotides

|

Degradation

— \

Nitrogenous bases Sugar moiety

/ W \ > Reuse for nucleotide

Reuse for nucleotide Further synthesis (salvage)

synthesis (salvage) degradation Energy source
. (ATP or energy-
Urate Urea rich molecules)
+ Urea + Energy or
(purines) energy-rich molecules
(pyrimidines)

ey
4 2
¢ 3
Nt
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Degradation of purine nucleotides

— formation of uric acid

0
H,0 P; P, Ribose 1-P N
. E 7_‘ / NH
Nucleotidases converts the GMP Guanosine i | )\
) . . phosphorylase N N NH,
nucleotides into nucleosides H
Guanine
HZO
Guanine
deammase
H;N
P, Ribose 1-P H20 H202
N \
74 | / / /
| Nucleotidase | Adenosine Nucleo&de Xanthine
/N N deaminase phosphorylase oxidase
ribose 5-P rlbose nbose

AMP Adenosine Inosine Hypoxanthine Xanthine

H,0 + 0,
Xanthine
oxidase
HzOz
0 0
N H N
NH NH

N 0 N 0

Hoo N oo

Uric acid
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Adenosine deaminase an important enzyme
In the degradation of adenosine

0
H,0 P; P, Ribose 1-P N
Adenosine is deaminated to GMP \__/ Guanosine \__/ </ | )Ni
; : ; : Nucleotid Nucleosid
inosine by adenosine deaminase o hsphtris N T
Toxic ammonia converted into Guanine
urea in the liver H2°
Guanine
deammase
H20 P; Ribose 1-P H20 H,0,
\
< LTS ]5 =47 fL) =< ] IL
Nucleotidase Adenosine Nucleo&de Xanthine
deaminase phosphorylase oxidase
nbose 5-P rlbose nbose
AMP Adenosine Inosine Hypoxanthine Xanthine
H,0 + 0,
Xanthine
oxidase
HzOz
(0] 0
N H N
NH NH
_0_</ \ /K ; 0:< l /l\
N (0] N
Hoo N N
Urate Uric acid
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The sugar parts are removed by
nucleoside phosphorylase

Options for sugar phosphates:
1. Reuse for nucleotide synthesis
(convert to PRPP)

2. Use for energy production or
generation of energy-containing

molecules
\
< </f)
Nucleondase Adenosme
deaminase
nbose 5-P nbose
AMP Adenosine
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GMP

Zepk-~

nbose
Inosine

0}
H,0 Pi P;
NH
Nucleotidase GuanOSIne Nucleoside \ /l\
phosphorylase N NH,
Guanine
HZO
Guanine
deammase
H,0 Hzoz
Nucleoside Xanthine <
phosphorylase oxidase
Hypoxanthine Xanthine

H,0 + 0,
Xanthine
oxidase

H30,

(0] (0]
N H N
NH NH
RSB B4
N (0] N 0
Hoo N N
Urate Uric acid
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GMP and AMP degradation converge at the level of
xanthine that is further metabolized to uric acid

0
H,0 P; P, Ribose 1-P N
NS o NS 7 ok
G M P Nucleotidase G uanosine Nucleoside < \ )\
Toxic ammonia converted into - :
urea in the liver Guanine
HZO
Guanine
deammase
\ H20 NH4 P Ribose 1-P H20 H,0,
( ) </ ) </ ) </
Nucleotidase Adenosine Nucleoside Xanthine
deaminase phosphorylase oxidase
nbose 5-P rlbose nbose
AMP Adenosine Inosine Hypoxanthine
H,0 + 0,
Xanthine
oxidase
H;0,
0 0
N H N
NH NH
Excreted in the urine < - 1 L S o— | P
N N 6] N N [¢]
H H H H
Urate Uric acid
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Degradation of pyrimidine nucleotides

NH, 0
!
Nq B | (CHy)
OJ\N OJ\N H _ o
| | Intermediates within brackets refer to
Rib—(®) (@Rib—(® - i
CMP UMP (dTMP) metabolites from dTMP degradation
H,0 H,0
nucleotidase ) nucleotidase
P P~
cytic!ine &
Cytidine -%ﬂ%» Uridine (Deoxythymidine) He /U\ _(CHy)
N C—H
H,0 NH?} Pi — uridine J\ (|:__H
- phosphorylase o P
(dRibose1-P +| dihydrouracil g H
Uracil (Thymine) dehydrogenase Dihydrouracil
(Dihydrothymine)
+ +
RARER:tH HADE H,0 hydropyrimidine
hydratase
[¢]
=l
— T00C_ _(CHy) 0—=C _(CHy
] CH oy CH
CH—(CHy) | 2 |
I _CH, _CH,
CH=0 H,N 0 g
loni ialdehyd 3 2 F
Ma((l)vl[:l;:hs;ll:::l ;l:icy € aminotransferase p-Alanine B-urcidopropionase ﬁ-Urei.dol.)ropionate
semialdehyde) (B-Aminoisobutyrate) (B-Ureidoisobuyrate)
Glutamate NH] + CO, H,0

«-Ketoglutarate
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CMP and UMP degradation converge at the level of uridine

NH, 0
| H
OJ\T OJ\xi: H
Rib—(®) (dRib—(B)
cMp UME s IME) Nucleotidases convert the
H,0 ‘ H,0 . . .
ks T . D eeotidase | | NUClEOtIdes into nucleosides
‘ P,
ot cyti«.!ine o
Cytidine deaminase | yy .46 (Deoxythymidine) H /U\ _(CHy)
5 N (l:—n
. . H,0 NH} i idi
Toxic ammonia converted : ; o B A
. . . (d)Ribose-1-P . . H
into urea in the liver i . M .
Uracil (Thymine) Dihydrouracil
(Dihydrothymine)
+ +
NADPH+ H NADP H30 hydropyrimidine
hydratase
6]
= il
— T00C_ _(CHy) 0—=C _(CHy
1 CH HUN CH
CH—(CHy) | 2 |
] _CH, _CH,
CH=0 H,N o N
Mal(%;‘;fhs;l‘:::llg:il;yde aminotransferase p-Alanine B-ureidopropionase ﬁ-Urei.dol.)ropionate
semialdehyde) (B-Aminoisobutyrate) (B-Ureidoisobuyrate)
Glutamate NH] + CO, H,0

«-Ketoglutarate
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The sugar part is removed by a phosphorylase to

1. Reuse for nucleotide synthesis
(convert to PRPP)

2. Use for energyproduction or
generation of energy-containing
molecules

Options for sugar phosphates:

Options for free bases:
1. Reuse for nucleotide synthesis

2. Use for energy production (ATP)
or generation of energy-containing
molecules

i\[IHz 0
N/) H\N)‘\/'[m,)
OJ\T OJ\xiJ H
Rib—(®) (dRib—®)
CMP UMP (dTMP)
H,O H,0
nucleotidase B nucleotidase
P P, ~
cytidine
Cytidine % Uridine (Deoxythymidine)
H,0 NH? Pi —~ uridine
: phosphorylase
(d)Ribose-1-P dihydrouracil
dehydrogenase

Uracil (Thymine)l
/ NADPH +c \'

NADP*

generate the free pyrimidine bases

0

Heo )j\ _(CHy)

N C—H

o N'/C\_ H

Dihydrouracil
(Dihydrothymine)

H;0 hydropyrimidine
hydratase
¢
~0—¢
\c {l(CH,,)
H;N |
% _CH,
H

0

B-urcidopropionase g _[reidopropionate

- ~00C (CHy)
“ci
CH—(CHy) |
. 2
Mal((&n:hs el‘n lall de.hyde aminotransferase p-Alanine
ethyimalonic r 5
semialdehyde) (B-Aminoisobutyrate)
Glutamate
«-Ketoglutarate
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Complete degradation of nitrogenous bases for ATP production or
generation of energy-containing molecules

NH, 0
1
N%) H\Nﬁ(cm:
OJ\T OJ\rlq H
Rib—®) (Rib—(®)
CMP UMP (dTMP)
H,0 H,0
; D nucleotidase . ) nucleotidase
cytidine 5
Cytidine deaminase vy - gine (Deoxythymidine) - )J\ _(CHg)
5 N (I:—n
. 8 + ¢ 421
Toxic ammonia converted W0 T 1 _don
' ' i {d)Ribose-1-p =] P PO . 07 N7 Ny
into urea in the liver sl _H ‘
Uracil (Thymine) — ot Dihydrouracil
(Dihydrothymine)
+
NADPH+H® NADP" g \ihydropyﬁmidine
hydratase
ATP, fatty acids or e
ketone bodies . ~00C_ _(CHy) T0—C_ _(CH,)
(from CMP and UMP) J A, ?H H,N ‘f“
e 3
CH CH,
CH=0 HNT 0 E/ :
Methylmalonate ~Malonic semialdehyde ., transferase p-Alanine B-ureidopropionase §_Ureidopropionate
ialdehvde (Methylmalonic P OE
semialdeny . (B-Aminoisobutyrate) (B-Ureidoisobuyrate)
dehvd semialdehyde) yr
ehydrogenasg Glutamate €O, Hy0
a-Ketoglutarate ATP or glucose
Acetyl CoA production
(Propionyl CoA) / (from dTMP)
P .
"0y o Methylmalonyl CoA — Succinyl CoA
cafbo)(y/aSe Methylmalonyl CoA mutase (C AC intermediate)
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What happens with the sugar moiety produced
during nucleotide degradation?

HO o HO o
i i
o—Fl’—o- 0—||>—0—
OH OH (- OH o
Ribose-1-phosphate Deoxyribose-1-phosphate
Phosphopentomutase
Can be reused for
nucleotide synthesis o- o-
(converted to PRPP) |

|
“0—P—0
I 0 I %
0 0
OH OH

OH OH

OH
Ribose-5-phosphate

Deoxyribose-5-phosphate
Pentose phosphate pathway Deoxyribose phosphate aldolase
(transketolase and transaldolase)

Fructose-6-phosphate

Glyceraldehyde-3-phosphate
+ +
Glyceraldehyde-3-phosphate Acetaldehyde

T >— Acetyl CoA
Endproducts used for energyproduction or generation of energy-containing molecules
O Fructose-6-phosphate and glyceraldehyde-3-phosphate: ATP or glucose production
O Acetyl CoA: ATP, fatty acids or ketone bodies

TSN

[ ™\

y N —
& . e~
Nnin _><

/ o
,// N

.

g

o
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Full degradation of pyrimidines and
purines

Pyrimidines

O Generate ammonia (NH,;) that is converted into UREA by the liver and
excreted in the urine

O Metabolites that can be used for energy production (ATP) or converted

into energy-containing molecules such as glucose (liver), fatty acids

and ketone bodies

Purines

O Primarily generate URIC ACID (urate) that is excreted in the urine

(some ammonia is also produced; converted into urea by the liver)
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Gikt
— fran “the disease of kings” till folksjukdom

Q Vid for hoga uratnivaer i blodet (>6-7mg/dl) falls urat
ut som saltkristaller (ofta natriumurat)

O Kristallerna lagger sig i leder, senor och omgivande
vavnad (vanligast ar stortans grundled) och orsakar
dar inflammation

O Vanligaste artitsjukdomen (uppskattad férekomst i UricAcid /0¥
Sverige, 1-2% av befolkningen) Build up -

A De hdga uratnivaer i blodet beror antingen pa 6kad
syntes eller pa minskad utséndring av urat

O Beror oftast pa livsstilsfaktorer, lakemedels-
behandling eller annan sjukdom

O Preventiva atgarder inkluderar bland annat Joint

- Minskat intag av alkohol. Vid metabolism av etanol bildas laktat
som kompetitivt hd&mmar utséndring av urat i tubuli

Sharp Needle Like
- Minskat intag av purinrika livsmedel (framst inalvsmat, sardiner, Uric Acid Crystals
ansjovis och musslor, men aven ovrig fet fisk, skaldjur och kott)
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Lakemedelsbehandling av gikt

Strategi 1: RIS GHF
Hamma bildningen av urat genom att hAmma Guanosine
enzymet xantinoxidas som ansvarar for sista Guanite
steget | nedbrytningen av puriner.

Adenosine
Exempel pa lakemedelssubstanser som hammar Inosine

produktionen av urinsyra:

Hypoxanthine

OH Xanthine oxidase +
X Xanihine
. . N A\ Xanthine oxidase
Allopurinol (hypoxantinanalog) LN e acid
N N (blood)
N, H
\\C
N CHj;
&
Febuxostat ™% f OH |
> S Uric acid
HsC o) (urine)

ey
4 2
¢ 3
Nt
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Lakemedelsbehandling av gikt

Strategi 2:

Hamma reabsorptionen av urat fran urinen i njurtubuli genom att inhibera
urattransportorer (dessa aterfor normalt en stor del av utsondrat urat till
blodet). Ger sankta uratnivaer i blodet da mer urat avgar med urinen.

Schematic of Lesinurad’s Mechanism of Action

Exempel pa substans:
Filtration

Probenecid

(@] ‘\ . "
k\ O)LOH =
/\/N“s Decreased
O O

RN

Reabsorption

Increased
Excretion

Size of arrow - o wries
@ Uric acid g h 2 F:S . .
[ ' depicts uric acid load o i Eosionmd J gt
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Svar kombinerad immunbrist (SCID)

O SCID (Severe Combined Immunodeficiency)
Samlingsnamn pa ett flertal ovanliga sjukdomar som beror pa
avsaknad av immunceller som T- och B-lymfocyter, vilket leder till
ett defekt immunsystem.

ad Utan behandling leder SCID till svar infektionsbenagenhet och
drabbade individer avlider ofta redan under det forsta levnadsaret.

O Adenosindeaminasbrist; mycket ovanlig form av SCID i Sverige

O Autosomal recessiv nedarvning (mutationer i ADA genen orsakar
dysfunktionellt adenosindeaminas)

Q En narmast total brist pa immuncellerna T- och B-lymfocyter ses
vid adenosindeaminasbrist
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Svar kombinerad immunbrist (SCID)

—till foljd av adenosindeaminasbrist

Adenosine )—=— —>  Inosi :
Ansamlas rose Behandling
ADA Gar ut pa att ge tillgang till "friskt enzym”
s e EIRRREe | O Hematopoetisk stamcellstransplantation
Rp——— l (benmargstransplantation) fran frisk donator
dAMP O Enzymsubstitutionsbehandling, dvs enzymet
| ges som lakemedel (PEG-konjugat ADA
JADP injiceras subkutant)
| O Genterapi; "frisk ADA-gen” introduceras i
dATP individens egna hematopoetiska stamceller

MGdijlig koppling mellan enzymdefekt och avsaknad av immunceller:

Muterat adenosindeaminas som férlorat sin funktion—> ansamling av deoxyadenosin som omvandlas till
dATP-> syntes av 6vriga deoxyribonukleotider hammas (dATP hammar ribonukleotidreduktas)—>
syntes, replikation och reparation av skadat DNA hammas-> paverkar framforallt snabbt prolifererande
celler (celltyper med hog omsattning) som da genomgar apoptos ("programmerat sjalvmord”)

T- och B-lymfocyter under utveckling & mycket snabbt prolifererande celler och tros darfor paverkas i
speciellt hog grad av tillstandet.
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Genterapi vid adenosindeaminasbrist

Har utforts pa ett fatal individer dar det inte varit mojligt att hitta lamplig donator

DIRECT DELIVERY
ransgene The therapeutic |
l trmsoen:“l;
hogod a o T~
%oo‘:ww vehicle gd -
2 e such as @ virus, - =)
r 4 2
. AV
2 /
|/
/ Target cegan

| dedivery cell such as

a stam cell thatis

_often derived from
the patient.

CELL-BASED DELIVERY

are multiplied in the

The genetically modified
cells (e.g., stem ceills)
laboratory.
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Virus, med en frisk kopia av
ADA genen tillverkas.

De virus man anvander saknar
formagan att ge upphov till
sjukdom men har kvar
egenskapen att bygga in nya
gener i var arvsmassa.

Virusen infekterar sedan
hematopoetiska stamceller
isolerade fran den sjuka
individens benmarg och for pa
sasatt in den friska genen i
dessaceller.

Cellerna ges tillbaka till den
sjuka individen som darmed
har fatt “friska stamceller” som
kan bilda friska T-lymfocyter.
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Sammanfattning av nukleotidnedbrytning

» Nukleotider har flera viktiga funktioner forutom att bilda nukleinsyrorna
DNA och RNA

» Fem kvavebaser
« Tva puriner; Tva ringar; GA
* Tre pyrimidiner; pyramid fran ovan; CUT

» De novo syntes av nukleotider ar dyrt vilket gor att baserna och
sockerenheterna atervinns i hog grad

» Om fullstandig nedbrytning av nukleotider
+ Sockerdelen kan anvandas direkt som energikalla (ATP) eller omvandlas till energirika
produkter

+ Kvavebaserna
Puriner: URINSYRA (URAT) + mindre mangd urea
Pyrimidiner: UREA + energirika molekyler som kan anvandas for direkt
produktion av ATP eller omvandlas till energirika produkter

» Defekter nukleotidmetabolism kan orsaka sjukdom
« Gikt; mycket vanlig artritsjukdom; uratkristaller i leder pga hdga uratnivaer i blodet
» Adenosinedeaminasbrist (form av SCID); mycket ovanlig sjukdom; defekt
adenosinnedbrytning orsakar narmast total brist pa T- och B-lymfocyter; mycket
infektionskénsliga
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Nukleotidnedbrytning

Lasanvisningar
Detta forelasningsmaterial

Biochemistry, 10th ed, Berg et al.
2023 W.H. Freeman, Macmillian Learning

Kapitel 26: sidorna 809-810

Instuderingsfragor

Finns upplagt pa Canvas

Har ni nagra fragor?

Hor garna av er till mig med ett meddelande pa Canvas
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