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NUCLEOTIDES

i :

AN N N
“J I L
Ho oA A
e N

H H
"
C 4

Flg. 5.1 : General structure of nitrogen bases
(A) Purine (B) Pyrimidine (The positions are numbered
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pyrimidines (C, T, U) found in nucieic acids,




BIOSYNTHESIS OF PURINE
RIBONUCLEOTIDES

Many compounds contribute to the purine
ring of the nucleotides (Fig.17.7).

1. N of purine is derived from amino group
of aspartate.

2. Cz and Cy arise from formate of N'O-
formyl THF

3. N3 and Ng are obtained from amide group
of glutamine.

4. G4, G5 and Ny are contributed by glycine,
5. Cg directly comes from CO,,

It should be remembered that purine bases
are not synthesized as such, but they are formed
as ribonucleotides. The purines are built upon a
pre-existing ribose 5-phosphate. Liver is the
major site for purine nucleotide synthesis,
Erythrocytes, polymorphonuclear leukocytes and
brain cannot produce purines.
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1. Ribose S5-phosphate, produced in the
hexose monophosphate shunt of carbohydrate
metabolism is the starting material for purine
nucleotide synthesis. It reacts with ATP to form
phosphoribosy| pyrophosphate (PRPP).

2. Glutamine transfers its amide nitrogen to
PRPP to replace pyrophosphate and produce
5-phosphoribosylamine, The enzyme PRPP
glutamyl amidotransferase is controlled by
feedback inhibition of nucleotides (IMP, AMP
and GMP). This reaction is the 'committed step’
in purine nucleotide biosynthesis.

3. Phosphoribosylamine reacts with glycine
in the presence of ATP to form glycinamide
ribosyl 5-phosphate or glycinamide ribotide
(GAR}.

4. N'%Formyl tetrahydrofolate donates the
formyl group and the product formed is formyl-
glycinamide ribosyl 5-phosphate.

5. Glutamine transfers the second amido
amino group to produce formylglycinamidine
ribasyl 5-phosphate,

6. The imidazole ring of the purine is closed
in an ATP dependent reaction to yield 5-amino-
imidazole ribosyl 5-phosphate,

7. Incorporation of CO,; (carboxylation)
occurs to yield aminoimidazole carboxylate
ribosyl 5-phosphate. This reaction does not
require the vitamin biotin and/or ATP which is
the case with most of the carboxylation
reactions.

8. Aspartate condenses with the product in
reaction 7 to form aminoimidazole 4-succinyl
carboxamide ribosyl 5-phosphate.

9. Adenosuccinate lyase cleaves off fumarate
and only the amino group of aspartate is retained
to yield aminoimidazole 4-carboxamide ribosyl
5-phosphate.
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Synthesis of AMP
and GMP from IMP

Inosine monophosphate is the immediate
precursor for the formation of AMP and GMP

(Fig.17.3). Aspartate condenses with IMP in the
presence of GTP to produce adenylsuccinate
which, on cleavage, forms AMP.

For the synthesis of GMP, IMP undergoes
NAD* dependent dehydrogenation to form
xanthosine monophosphate (XMP), Glutamine
then transfers amide nitrogen to XMP to produce
GMP.

6-Mercaptopurine is an inhibitor of the
synthesis of AMP and GMP, It acts on
the enzyme adenylsuccinase (of AMP
pathway) and IMP dehydrogenase (of GMP
pathway).

Regqulation of purine
nuclectide biosynthesis

The purine nucleotide synthesis is well
coordinated to meet the cellular demands. The
intracellular concentration of PRPP regulates
purine synthesis to a large extent. This, in turn,
is dependent on the availability of ribose
5-phosphate and the enzyme PRPP synthetase,

PRPP glutamyl amidotransferase is controlled
by a feedback mechanism by purine nucleotides.
That is, if AMP and GMP are available in
adequate amounts to meet the cellular
requirements, their synthesis is turned off at the
amidotransferase reaction,

Another important stage of regulation is in the
conversion of IMP to AMP and CMP. AMP
inhibits adenylsuccinate synthetase while GMP
inhibits IMP dehydrogenase. Thus, AMP and
GMP control their respective synthesis from IMP
by a feedback mechanism.
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Inhibitors of
purine synthesis

Folic acid (THF) s
essential for the synthesis
of purine nucleotides
(reactions 4 and 10).
Sulfonamides are the
structural analogs of para-
aminobenzoic acid
(PABA). These sulfa drugs
can be used to inhibit the
synthesis of folic acid by
microorganisms. This
indirectly reduces the
synthesis of purines and,
therefore, the nucleic acids
(DNA and RNA).
Sulfonamides have no
influence on  humans,
since folic acid is not
synthesized and is
supplied through diet.

The structural analogs of folic acid (e.g.
methotrexate) are widely used to control cancer,
They inhibit the synthesis of purine nucleotides
(reaction 4 and 10) and, thus, nucleic acids. Both
these reactions are concerned with the transfer of
one-carbon moiety (formyl group). These
inhibitors also affect the proliferation of normally
growing cells. This causes many side-effects
including anemia, baldness, scaly skin etc.
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Saivage nathway for purines

The free purines (adenine, guanine and
hypoxanthine) are formed in the normal turnover
of nucleic acids (particularly RNA), and also
obtained from the dietary sources, The purines
can be directly converted to the
nutkoﬁdes,andlhvsprocessisknownas
‘salvage pathway' (Fig.17.5).

Adenine phosphoribosyl transferase catalyses
the formation of AMP from adenine.
Hypoxanthine-guanine  phosphoribosyl  trans-
ferase  (HGPRT)  converts Ruanine  and
hypoxanthine, respectively, 1o GMP and IMP.
Phosphoribosyl pyrophosphate (PRPP) is the
donor of ribose 5-phosphate in the salvape

The salvage pathway is particularly important
in certain tissues such as erythrocytes and brain
where de novo (a new) synthesis of purine
nucleotides is not operative.

A defect in the enzyme HGPRT causes Lesch-
Nyhan syndrome (details given later).

Lesch-Nyhan syndrome s a sex-linked
metabaolic disorder since the structural gene for
HGPRT s located on the X-chromosome.
It affects only the males and is characterized by
excessive uric acid production {often gouty
arthritis), and nmeurological abnormalities such as
mental retardation, aggressive behavior, learming
disability etc, The patients of this disorder have
an irresistible urge ta bite their fingers and lips,
often causing self-mutilation,
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The end product of purine metabolism in N\ Adanasine 2 N N .
humans is uric acid. The sequence of reactions > k\ | > | \>
in purine nucleotide degradation is given in R'bm N N *Wk\n N
Adenosine mﬁlbosa Ribose
1. The nucleotide monophosph‘ates (AMP, e
IMP and GMP) are converted to their respective: pibose +* phosphoryiase
nucleoside forms (adenosine, inosine and -
guanosine) by the action of nucleotidase. oS | 5 i
] | \> nucleoside
2, The amino group, either from AMP or k\N - i | PO
adenosine, can be removed to produce IMP or s 1-phosphate
inosine, respectively.
Hz0 + D2~
Inosine and guanosine are, respectively, = irinig
converted to hypoxanthine and guanine (purine N J
bases) by purine nucleoside phosphorylase. - '
Adenosine is not degraded by this enzyme,
hence it has 1o be converted to inosine. \> /k >
NHs qu H.N
4. Guanine undergoes deamination by xmmn. S
guanase to form xanthine.
5. Xanthine oxidase is an important enzyme M0 %N yanhing
H,0,4/] Oxidase

that converts hypoxanthine to xanthine, and
xanthine to uric acid. This enzyme contains

FAD, molybdenum and iron, and is exclusively AR
found in liver and small intestine, Xanthine HN N
oxidase liberates H,O, which is harmful to the )Ni >': .
tissues. Catalase cleaves H,O5 to H,O and O, e



Uric acid {2,6,8-trioxypuring) s the final
excretory product of purine metabolism in ‘ .
humans. Uric acid can serve as an important UﬂC GCFd
antioxidant by getting itself converted (non-
enzymatically) to allantoin. it is believed that the Uricasea
antioxidant role of ascorbic acid in primates is
replaced by wuric acid, since these animals have :
lost the ability to synthesize ascorbic acid. Allantoin

Most animals (other than primates) however, -
oxidize uric acid by the enzyme uricase fo Allantoinase
allantoin, where the purine ring is cleaved.

Allantoin Is then converted to allantoic acid and

excreted in’ some’ fishes' (Fig.17.8). Further Allantoic acd
degradation of allantoic acid may occur 1o 2
produce urea (in amphibians, most fishes and Glyoxylate Allantoicase
some molluscs) and, later, to ammonia (in xy '
marine invertebrates).
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DISOCROERS OF
PURINE METABOLISM

Hyperuricemia and goul

Gout is a metabolic disease associated with
averproduction of uric acid. At the physiological
pH, uric acid is found in a more soluble form as
sodium urate. In severe hyperuricemia, crystals
of sodium urate get deposited in the soft tissues,
particularly in the joints. Such deposits are
commonly known as tophi. This causes
inflammation in the joints resulting in a painful
gouty arthritis. Sodium urate and/or uric acid
may also precipitate in kidneys and ureters that
results in renal damage and stone formation,

Historically, gout was found to be often
associated with high living, over-eating and
alcohol consumption. In the previous centuries,
alcoho! was contaminated with lead during its

manufacture and storage. Lead poisoning leads

to kidney damage and decreased uric acid
excretion causing goul.
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BIOSYNTHESIS OF
PYRIMIDINE RIBONUCLEOTIDES

The synthesis of pyrimidines is a much
simpler process compared to that of purines.

Aspartate, glutamine (amide group) and CO,

contribute to atoms in the formation of
pyrimidine ring (Fig.17.17). Pyrimidine ring is
first synthesized and then attached to ribose
5-phosphate. This is in contrast to purine
nucleotide synthesis wherein purine ring is buill
upon a pre-existing ribose 5-phosphate. The
pathway of pyrimidine synthesis is depicted in
Fig.17.12, and the salient features are described
below.

Glutamine transfers its amido nitrogen to CO,
to produce carbamoyl phosphate. This reaction
mkwmmmismwymbycvmsom!
egsw?: carbamoy! phosphate synthetase |l

CPS il 1s actwated by ATP and PRPP and
Svmhetase 1 (CPS n fsa mitochon
which synthesizes carbamoyl phosphate
ammonia and CO, and, in turmn urea (Refer
protein  metabolism, Chapter 15, for more

details). Prokaryotes have only one carbamoyl
phosphate synthetase which is responsible for
the biosynthesis of arginine and pyrimidines.

Carbamoyl phosphate condenses  with

aspartate to form carbamoyl aspartate. This
reaction is

cm!ysed by  aspartate
se catalyses the
tmlrmdine rma closme with a loss of H;0,

The three enzymes—CPS I, aspartate trans-
carbamoylase and dihydroorotase are the
domains (functional units) of the same protein,
This is a good example of a multifunctional

CO; + Glutamine

2ATP 4 H,0

2ADP « Pi Glutamate

PRPP-.| Oretate
PR W

HN
0=C
Ribose 5-P
Orotidine mono-
phosphate (OMP)

Ot OMP et

Ribose 5-P

Uridine monophosphate (UMP)
ATP

Deoxyuridine
dlphosphale {dUDP) UIE
dUMP Glutamine +
P ONS, N10- ATP +HaO | o
. Methylene _ it CTP synthetase
KL i et + 4]
THF 1
CTP




The next step in pyrimidine synthesis is an
NAD* dependent dehydrogenation, leading to
the formation of orotate.

Ribose 5-phosphate is now added to orotate
to produce orotidine monophosphate (OMP).
This reaction is catalysed by orotate phospho-
nbosyltransferase, an enzyme comparable wilh

By an ATP-dependent kmase reaction, UMP
is converted to UDP which serves as a precursor
for the synthesis of dUMP, dTMP, UTP and CTP.

Ribonucleotide reductase converts UDP to
dUDP by a thioredoxin-dependent reaction.
Thymidylate synthetase catalyses the transfer of
a methyl group from N3, N'C-methylene
tetrahydrofolate to produce deoxythymidine
monophosphate (dTMP).

Glutamine — N ?‘ 30
2 “ ASpannte




Degradation of
pyrimidine nucleotides
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Saivage pathway
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Disorders of pyrimidine metabolism

m Il is due 10 the deﬁcuency of the enzymes

ca ¢ of pyrimidine synthesus
(Fig.l? 12). Both these enzyme activities are
present on a single protein as domains

(bifunctional enzyme).

Feeding diet rich in uridine and/or cytidine is
an effective treatment for orotic aciduria. These
compounds provide (through phosphorylation)
pyrimidine nucleotides required for DNA and
RNA synthesis, Besides this, UTP inhibits
carbamoyl phosphate synthetase Il and blocks
synthesis of orotic acid,

m ihf',‘"
ﬂm This is then diverted f0t the increased
synthesis and excretion of orotic acid.

Reye syndrome is a rapidly
progressive encephalopathy.
Symptoms may include
vomiting, personality changes,
confusion, seizures, and loss
of consciousness



Interconversion of the Nucleotides

During the catabolism of nucleic acids, nucleoside mono- and diphosphates are released. The
nucleosides do not accumulate to any significant degree, owing to the action of nucleoside kinases.
These include both nucleoside monophosphate (NMP) kinases and nucleoside diphosphate (NDP)
kinases. The NMP kinases catalyze ATP-dependent reactions of the type:

(d)NMP + ATP <——> (d)NDP + ADP

There are four classes of NMP kinases that catalyze, respectively, the phosphorylation of:

1. AMP and dAMP; this kinase is known as adenylate kinase.

2. GMP and dGMP.

3. CMP, UMP and dCMP.

4. dTMP.

The enzyme adenylate kinase is important for ensuring adequate levels of energy in cells such as liver
and muscle. The predominant reaction catalyzed by adenylate kinase is:

2ADP <——> AMP + ATP

The NDP kinases catalyze reaction of the type:

N,TP + N, DP <——> N,DP + N, TP

N, can represent a purine ribo— or deoxyribonucleotide; N, a pyrimidine ribo— or deoxyribonucleotide.
The activity of the NDP kinases can range from 10 to 100 times higher than that of the NMP kinases.
This difference in activity maintains a relatively high intracellular level of (d)NTPs relative to that of
(d)NDPs. Unlike the substrate specificity seen for the NMP kinases, the NDP kinases recognize a wide
spectrum of (d)NDPs and (d)NTPs.
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