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Overview of Nucleotides ':l

O 0]
- Components i Mg
. . o o e Nucleoside
o Nitrogenous base (purine/pyrimidine) |
O Pentose sugar (ribose/deoxyribose) L Nucleoside monophosphate
(NMP)
o Phosphate group(s)
|iNucleosic(ilc\el gg))hosphate—J > Nucleotides

* FunCt:ionS Nucleoside triphosphate4‘

O Building blocks of DNA/RNA (NTP) <

o Coenzymes (NAD+, FAD)

o Energy transfer (ATP, GTP)
O

O

Second messengers (CAMP, cGMP)
Allosteric regulators (ATP, ADP, AMP)

Y

Nucleotide




Structure of Purines and Pyrimidines

Purines

Adenine (A)

O
HN/ C\ ;
HN” \N/C\Nf

Guanine (G)

Pure As Gold

CUT the pyramid

Pyrimidines

Thymine (T)
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Ribose 5-phosphate + ATP
l ) |

Glutamine + PRPP
| |

\/
( Glycine (+ ATP)

( N™°-Formyl-FH, (Cy)

Glutamine (N3) (+ ATP)
(+ ATP to close ring)

(
l, 60, ()
(
(

Aspartate (N4) (+ ATP)

N'°-Formyl-FH, (C.)

IMP

De Novo Purine
Biosynthesis

Uses amino acids as precursors to
produce nucleotides

Occurs primarily in the liver
Requires at least six high-energy
bonds (ATP) per purine molecule
synthesized

Goal is to create inosine
monophosphate (IMP), and IMP
turns into adenine or guanine

11 step process !
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Sources of Atoms in Purine Rings
CO, Glycine

| /

Aspartate T

l ><—N10 -Formyl-
FH

10 W =

NT-Formyt- | " Glutamine

FH,
Glutamlne RP  (amide N)

(amide N)

e Amino acids necessary for purine synthesis (cats purr until they GAG):
o Glycine
o Aspartate
o Glutamine
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Step 1: Creating PRPP

‘o—:%—o—c:H2 N
 5-Phosphoribosyl-1-pyrophosphate (PRPP) is TR
an activated form of ribose used to initiate

purine biosynthesis it
Ribose 5-phosphate
« Synthesized from ribose 5-phosphate ATP
(produced from glucose via the pentose B/ 2
phosphate pathway) and ATP by the enzyme o AMP
PRPP synthetase -o—'%— _— ’
* PRPP is used in both purine and pyrimidine o i n
biosynthesis ! H BP0
OH oH O O
5-Phosphoribosyl 1-pyrophosphate
(PRPP)
study *




Step 2: Rate Limiting Step !

P)— 0= CH, H
H o-PB-0-F
OH OH * PRPP reacts with glutamine to form
PRPP 5'-phosphoribosyl-1'-amine
/ "0 . Catalyzed by glutamine
_ Giutamine fi Gilutamine phosphoribosylamidotransferase (GPAT)
amidovansferase N\ Glutamate * This enzyme is highly regulated, making this step the
\ committed/rate limiting step of purine biosynthesis
| PP,
P)—O-CH, NH.
¥ H
OH OH
5-Phosphoribosyl 1-amine s-l-u dg $




9 more steps to get to IMP!

O

HN/\EN\\ |

(P-0-CH,

H H
OH OH

Inosine monophosphate
(IMP)
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i ’ v) ’
‘OO(I: Gin
HC — NH, VI Synthetase | (5 :AL’;
Aspartate | Glu
iy
~00C
o ATP, Mg2*
I co, H,O Ring closure ”
— —
ik 1 YY) L LXC) Ho0E T 3GH
4 / B g 4 v
Hzﬁ lil VIl Carboxylase HZN/C\’;/ VIl Synthetase Hr?l éc\-}?ﬂ‘f
R-5-® R5-® R-5-®)
Aminoimidazole succinyl Aminoimidazole Aminoimidazole Formylglycinamidine
@ carboxamide ribosyl-5-phosphate carboxylate ribosyl-5-phosphate ribosyl-5-phosphate ribosyl-5-phosphate
(1X) (viny (vi) (vn
| Adenylosuccinase |
Y
ﬁ N'°-Formyl- ﬁ ﬁ
H ,folate H ,folate H,O
C 4 4 = o
LA MY RN &r ., wor,
g —=C o il S /
HoN \,i{ [ Formylransterase | O—S\N /C\T/ Ring closure HC\\N /c\,',
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Formimidoimidazole carboxamide Inosine monophosphate (IMP)
ribosyl-5-phosphate (Xm)
(X1

Aminoimidazole carboxamide
ribosyl-5-phosphate
(X)




GTP~] GHe

H—=C—NH,
I
aope+| C-O
P O
Aspartate

\
o= C=CHy =G
(@) ] O

R5P
Adenylosuccinate

O

]}

i

CH

1
\('DH

C=0"

1

@)

Fumarate

v
NH,

AMP

IMP to AMP

Formation of Adenylosuccinate
* Aspartate is added to IMP

 Enzyme: Adenylosuccinate
synthetase

* Requires GTP as the energy
source

Formation of AMP

e  Fumarate is released from
adenylosuccinate

 Enzyme: Adenylosuccinate
lyase

\
R5P
IMP
NAD*
i
H,O
IMP
dehydrogenase
NADH
i
H+
v
O
HN | N>
OJ\N s
H R5P
XMP
ATP ~
GIn
K GMP
synthetase
Glutamate <4
AMP, PP; #
v
@)
HN | N>
I
INTSN 5
R5P
GMP

IMP to GMP

Formation of XMP

 The hypoxanthine base of
IMP is oxidized to xanthine

* Enzyme: IMP
dehydrogenase

Conversion of XMP to GMP

e Glutamine donates an
amide nitrogen to XMP

 Enzyme: GMP synthetase
* Requires ATP for energy
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Ribose 5-phosphate
PRPP synthetase

~o[s%”

: 5-Phosphoribosyl 1-pyrophosphate
(PRPP)

Glutamine phosphoribosyl
amidotransferase
e -

Q «-
-~ 5-Phosphoribosyl 1-amine
IMP IMP Adenylosuccirate
dehydrogenase synthetase
= % 2
’. XMP /“Adenylosuccinate
“GMP AMP )
.Y eop ADP *
_ GTP ATP _

Purine Synthesis Regulation

Regulation of PRPP synthetase

* Inhibitors: GDP (oxypurine), ADP
(aminopurine)

Regulation of GPAT

e Inhibitors: GMP, AMP

« Activators: PRPP, glutamine
Regulation of IMP dehydrogenase
* Inhibited by GMP

« Activated by high ATP
Regulation of Adenylosuccinate synthetase
* Inhibited by AMP

« Activated by high GTP
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Purine Salvage Pathways

Free bases Nucleotides Nucleosides
e APRT AMP 5'-Nucleotidase e )
i enosine
/ N\ 4 T\
PRPP PP, AMP P; Adenosine
deaminase Adenssine Knese deaminase
4 S
\>NH, ADP  ATP  [NeNH,
i " HGPRT - IM'P 5'-Nucleotidase - , &
ypoxanthine / \ \ nosine
PRPP PP =

Ribose 1-phosphate

v

Purine nucleoside phosphorylase

HGPRT

Guanine—7?~GMP

PRPP PP

v

5'-Nucleotidase

S

Pi

Ribose 1-phosphate

» Guanosine

Purine nucleoside phosphorylase

Allows free bases, nucleosides,
and nucleotides to be easily
interconverted

Requires significantly less energy
compared to de novo synthesis

Major form of nucleotide
generation for specific cell types
like lymphocytes

Key enzymes

APRT

HGPRT

Adenosine deaminase (ADA)

Purine nucleoside phosphorylase
(PNP)

O O O O
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Lesch-Nyhan Syndrome

Free bases Nucleotides Nucleosides
e APRT AMP 5'-Nucleotidase e )
I enosine
/ N\ 4 N\
PRPP PP, AMP P; Adenosine
N deaminase Adenssine Knese deaminase
\>NH, ADP  ATP  [MNH,
i " HGPRT - II\/I'P 5'-Nucleotidase - , &
ypoxanthine / \ \ nosine
PRPP PP; =
Ribose 1-phosphate
v Purine nucleoside phosphorylase
HGPRT v 5'-Nucleotidase
Guanine WGMP \ ®» Guanosine
PRPP PP; P;

Ribose 1-phosphate

Purine nucleoside phosphorylase

Defective purine salvage

HGPRT deficiency

Decreased GMP and IMP formation
Compensatory increase in purine
synthesis (increased GPAT) leads
to excess uric acid production!

HGPRT:

Hyperuricemia

Gout

Pissed off (aggression, self-
mutilation)

Red/orange crystals in urine
Tense muscles (dystonia)
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Adenosine Deaminase (ADA) Deficiency

Free bases Nucleotides Nucleosides . ] .
... HE 5-Nucleotdase —— o Deoxyadenosine (dA) and its toxic
F’R7PP ?PP- % AN Y o derivatives accumulate in blood
’ deaminase e deaminase and ]mmune Cells
ks e Elevated dATP levels inhibit
\>NH, ADP  ATP  [NeNH, . .
| | | ribonucleotide reductase,
Hypoxanifine —=— - IMP — > Inosine impairing DNA synthesis
PRPP PP, P, e Severe dysfunction of both T cells
Ribose 1-phosphate and B Cells
.\ v Purine nucleoside phosphorylase o
e Causes Severe Combined
. HGPRT v 5'-Nucleotidase . ImmunOdefiCiency (SCID):
=" N N i ® Increased susceptibility to infections
PRPP PP P; ® Failure to thrive and developmental

Ribose 1-phosphate

delays

Purine nucleoside phosphorylase
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PNP Deficiency

Free bases Nucleotides Nucleosides
Adenine o ilill AMP S_huciagicess » Adenosine . .
7 N\ 4 \ " * Inosine and guanosine
PRPP PP, AMP P; Adenosine .
4 deaminase Adenosine kinase deaminase accu m u lat] On
"R . '
- %A T . Toxic effects of accumulated
con | N | nucleosides selectively impair T-
ot t—ems a0 e . > Inosine cell function, while B-cell
PRPP PP, Pi function remains near normal
Rib 1-ph hat of. oM o
SR PR v Purine nucleoside phosphorylase ° Increased Suscept] b]l]ty to
l infections due to loss of T-cell
Guanine—7HGPRT?~GMP 5'-NUCIe{d‘ase » Guanosine funCtion
PRPP PP P,

Ribose 1-phosphate

Purine nucleoside phosphorylase
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" | N\>H AIVI&P>NH+ . -
ﬁ [ Purine Degradation

GMP IMP

Pi‘{ Ny P,
\ 4

Guanosine Inosine
Pi — P
Ribose 1- '\b Ribose 1-
phosphate 0 phosphate

e g Degradation pathways:
] QI\> KN/L?H e AMP — IMP — inosine — uric acid
: - e GMP — guanine — xanthine — uric acid

Guanine Hypoxanthine

| e
NH:>\ _7(*,40“ " most of uric acid is excreted in urine !
H

Allopurino
O
N
N
Ly
(@) N N
H H
Xanthine

O,
Allopurinol Xanthine oxidase
H20,

O

N K. =54
O N N

N study

Uric acid ———> Urine




0 [

HfIN\>“ AM: mn’u;gmnnvs DRINK |
HN SN e e
GMP al IlelP GOUt
Pi</i v\'Pi ‘
G}:Eb1 IC’;b1 e Increased levels of uric acid in ) 4
B P ﬁ\'/ihosphate blood (hyperuricemia) BUT WII%N ' "!!:'
Hj‘:j[ M HL [ W e Due to overproduction (10%) or SUFFER'FROM:
i N underexcretion (90%) of uric acid _Gout.
i i 4 e Deposits of monosodium urate
NH:>\ OA"OF’L"""O?(X:E%°x‘dase (MSU) crystals in joints causing an
HE\/IN\>H inflammatory response
AN e Treated with Allopurinol
Haing (hypoxanthine analogue), which
Allopurinol -KXamhmeoxidase inhibits Xanthine oxidase —
S decreased uric acid production
Hjjj:N\>—O‘pKa =64
N study

Uric acid ———> Urine



De Novo Pyrimidine Biosynthesis

Glutamine + CO, + 2ATP
]

CPS-II
UTP@ |@ PRPP

Carbamoyl phosphate

l/ Aspartate
!
J

Orotate

l/ PRPP
}«» CO,

UMP

Pyrimidine bases are synthesized first and then
attached to ribose-5-phosphate from PRPP

Entire pathway occurs in the cytosol
CPSll is the key regulatory enzyme

Synthesis of any pyrimidine nucleotide begins
\(/\(Jiltvi\wpt)he formation of uridine monophosphate

study
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Sources of Atoms in a Pyrimidine Ring

Glutamine /Aspartate
(amide N) —’N3

.
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Step 1: Formation of Carbamoyl Phosphate

2ATP+HC03™+ NHz, gide e
2ADP | cps

+P;

oY 0

[
HN-C-0-p=0
CARBAMOYL PHOSPHATE

* Glutamine + Bicarbonate + ATP > Carbamoyl Phosphate
 Enzyme: Carbamoyl Phosphate Synthetase Il (CPSIl)
* Occurs in the cytosol (unlike CPSI in the mitochondria)

S
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Step 2: Addition of Aspartate

i
2- O Aspartate P; '
| (||) \\ { HN" \NHz
e R ? &
=3 O0C -
Oo' O \N H> Aspartate . coo
transcarbamoylase H
H H
Carbamoyl phosphate Carbamoylaspartate
study




Step 3: Ring Closure

0

H* H,O C
Yoo HN" SNH

- = = O —
dihydroorotase H O

H H H H

Carbamoylaspartate Dihydroorotate
study




Step 4: Oxidation to Orotic Acid

It + O
E NAD* H* g
"00C <
é(kO Dihydroorotate “-00C *\’/ko
% dehydrogenase
. H
Dihydroorotate Orotate
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Step 5: Addition of PRPP

Orotic acid
(orotate)

Orotate PRPP
phosphoribosyl-
transferase PP,
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Step 6: Formation of UMP !

O

Qg

F|i-5-®

Orotidine 5'-P

decarboxylase
y CO,

O

HN 3 ; 5’

}2\1 6

T
R-5-(P

ump study




Conversion of UMP to CTP

o Phosphorylation of UMP to UTP

’o—ﬁ—o—ﬁ—o—ﬁ—o ‘N/LO o« Je .
ATE ADP AT ADP & & & k—? * UMP (uridine monophosphate) is

UMP \/ . UDP \/ . UTP . phosphorylated to UTP (uridine

triphosphate) through nucleotide kinases
Glutamine + ATP
> Synthesis of CTP
Glutamate + ADP + P v
—  An amine group from glutamine is added
CA to UTP forming CTP (cytidine triphosphate)
“O‘g_‘ °‘g"_‘ o4 * Enzyme: CTP synthetase

OHOH

S
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Pyrimidine Synthesis Regulation

Glutamine + CO, + 2ATP  Regulated Step
!  CPSII is the key regulatory enzyme in

CPS-II pyrimidine synthesis.
UTP° o PRPP Allosteric Regulation
W * Inhibited by UTP (high pyrimidine levels)
Carbamoyl phosphate  Activated by PRPP (low pyrimidine levels)

S
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Pyrimidine Salvage Pathways

Pyrimidine Nucleoside Phosphorylase

Free Bases Nucleoside * Converts pyrimidine bases to nucleoside
_ : o monophosphates
Uracil Ribose 1-phosphate  yridine e Preference:
or > or * Uracil is the preferred substrate, and this enzyme is
Cytosine Cytidine sometimes called uridine phosphorylase
Pi * Cytosine is also utilized, though with lower
efficiency
: * Thymine is poorly utilized, as the enzyme has very

Deoxyribose 1-phosphate low affinity for it

Thymine R » Thymidine  Thymine Phosphorylase

* Converts thymine to a deoxyribonucleoside (adds a
i deoxyribose residue)

* Has a high affinity for thymine, facilitating its salvage
into the nucleotide pool

study
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Pyrimidine Degradation

* Pyrimidines are broken down into
soluble, non-problematic end products

NH HO -Alanine
. 4 a1 e Sbn » Degradation products, such as B-
Cytosine % Uracil = Dihydrouracil »(CO,+NH . . .
alanine and B-aminoisobutyrate, are
HO f-Aminoisobutyrate .
i safely excreted or metabolized
Thymine % Dihydrothymine \ »CO,+NH

« Unlike purines, pyrimidine
degradation does not pose health risks
like gout

S
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Yeah, 'm made of

Depression

2/ b |
Y 4l 2
N ¢
A / D/“' &‘ LY
’ ?
=, Ay 4
1N _—— s G\
- 7 0N
2 AT ¥ A -
X /

B = 0~E=a Base owd #
. « For DNA synthesis, ribose must be reduced to
i N/—O\.V i deoxyribose at the diphosphate level

Production of
Deoxyribonucleotides

NDP HO OH
» * Enzyme: Ribonucleotide reductase
NADP* Thioredoxin(SH\ « Cofactor: Thioredoxin
T*;gggg% Focnucieotide » Deoxyribonucleoside diphosphates (dNDPs)
o s are produced, which are further
L phosphorylated to triphosphates (dNTPs) for
- DNA synthesis
, ; Base
B-0=E g ; ; | « ATP (+) and dATP (-) regulate activity
H\! | H/H
dNDP HO | H S'I'Udg *
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