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1. Introduction
Purine de novo synthesis (PDNS) represents a ba-

sis for all other steps in nucleotide metabolism as well
as all other interconnected pathways. Despite the es-
sential functions of PDNS, salvage pathways recycle
nucleotides to meet daily needs. Thus, the requirement
to synthesize new purines in differentiated cells is small.
Purine de novo synthesis of the purine ring is required
only when DNA is replicated so that, although present
in most tissues, the activity of the metabolic pathway
is highly variable.

The purine biosynthetic pathway is nearly ubiqui-
tous among organisms and results in the conversion of
phosphoribosyl pyrophosphate (PRPP) to inosine mo-
nophosphate (IMP). The key experiments to discover
functioning of the pathway had been conducted by John

Buchanan and his co-workers in the 1950s (1–3). They
established in pigeon liver extracts that 10 enzymatic
activities are required for the interconversion of PRPP
to IMP (Fig. 1). In contrast, in most microorganisms,
12 enzymatic activities are involved in the same inter-
conversion.

In uricotelic species (e. g. in the liver of birds and
terrestrial reptiles), purines synthesized de novo are
oxidized to uric acid and excreted as the main form of
waste nitrogen. In plants, specialized tissues use it to
assimilate and detoxify NH

3
.

It is assumed that the content of ATP and GTP in
mammalian cells equals to about 15–20% of the num-
ber of purine bases incorporated into DNA during repli-
cation. Hence, it is difficult for the cell to replicate the
genome in the presence of a complete block of de no-
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Fig. 1. Scheme of purine de novo synthesis. For abbreviation of enzyme names see text (section 3. Proteins). Multifunctional enzymes

shown in dashed lines. THF – tetrahydrofolate, 10-CHO-THF - 10-formyl-tetrahydrofolate.
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vo purine synthesis. It is not surprising that PDNS at-
tracted substantial attention in the anticancer drug re-
search.

The aim of this article is to briefly review the most
important literature dealing with genes, proteins, interme-
diates, regulative mechanisms and clinical implication
of purine de novo synthesis and update our knowledge
of this important metabolic pathway.

2. Genes
A cluster of genes (acting as an operon) encoding

enzymes of PDNS in an approximately 16-kilobase pair
region of the Bacillus subtilis chromosome was cloned
(4). Sequence comparisons provided evidence for ho-
mology with the corresponding multifunctional enzymes
from yeast and Drosophila. Sequence alignment of the
phosphoribosylaminoimidazole carboxylase heterodimer
from Bacillus subtilis with the monomeric enzyme from
Methanobrevibacter smithii indicated an evolutionary
relationship between the two enzymes.

The human genes or cDNAs for all the enzymes
involved in the de novo pathway have been isolated by
Patterson and co-workers (5). Six genes encode the
enzymes. Three of these genes in vertebrates code for
multifunctional enzymes (see Fig. 1). Except the enzy-
me for step one (regulatory), which has been found to
be closely linked to bifunctional enzyme (steps six and
seven) on human chromosome 4, all genes for the
pathway are on different chromosomes.

The bovine cDNA sequences of seven known ge-
nes involved in the PDNS are highly similar to the hu-
man genes and their chromosomal locations are in ac-
cordance with comparative positions of the human ge-
nes. This supports the hypothesis that genes involved
in basic biological functions are conserved.

Isolation of clones showed the multifunctional natu-
re of some enzymes in the pathway (6) and revealed
possible coordinate regulation of these genes (e. g. 7).

The processed pseudogene sequences of genes of
PDNS identified in several mammalian species indica-
te that the genes of this pathway have been suscepti-
ble to retrotransposition.

3. Proteins
In mammals, the first ten steps are catalyzed by

six different enzymes; three monofunctional, two bi-
functional and one trifunctional enzyme (see Fig. 1).
Phosphoribosyl pyrophosphate amidotransferase (PPAT,
EC 2.4.2.14) catalyses step 1 and it is a regulative step
(see below). Trifunctional enzyme glycinamide ribo-
nucleotide synthetase-glycinamide ribonucleotide
transformylase-aminoimidazole ribonucleotide synthe-
tase (GARS-GART-AIRS, EC 6.3.4.13, 2.1.2.2, 6.3.3.1)
catalyzes steps 2, 3 and 5; formylglycinamidine ribo-
nucleotide synthase (FGAMS, EC 6.3.5.3) step 4. Ami-
noimidazole ribonucleotide carboxylase-aminoribosyl
aminoimidazole succinocarboxamide ribonucleotide
synthetase (AIRC-SAICARS, EC 4.1.1.21, 6.3.2.6) ca-
talyzes steps 6 and 7 and adenylosuccinate lyase
(ADSL, EC 4.3.2.2) catalyzes step 8. The ADSL also
catalyzes the second of the two steps converting IMP

to AMP. Bifunctional aminoimidazolecarboxamide ribo-
nucleotide formyltransferase – IMP cyclohydrolase
(AICARFT-IMPCH or ATIC, EC 4.1.1.21, 6.3.2.6) cata-
lyzes steps 9 and 10. ATIC requires dimerisation for
AICARFT activity but not for IMPCH activity. Formyl-
-AICAR was found to be a product inhibitor of AICARFT
with submicromolar K(i). The transformylase reaction
strongly favors the substrate. The coupling of the
AICARFT and IMPCH activities on a single polypepti-
de allows the overall conversion of AICAR to IMP to be
favorable by coupling the unfavorable formation of FA-
ICAR with the highly favorable cyclization reaction (8).

PDNS is not expressed in all cell types in man. It is
highly active in muscle and liver. On the other hand,
human erythrocyte and matured brain are not capable
of PDNS and rely solely on salvage.

4. Intermediates
Behind the first committed step of PDNS, the

intermediates of the pathway do not participate in other
metabolic reactions aside the pathway. Two intermedia-
tes are chemically unstable – phosphorybosylamine
(PRA, t1/2

 is 5s under physiological conditions) and
formylglycinamidine ribonucleotide and others are pu-
tatively unstable (carboxyminoimidazole ribonucleoti-
de and aminoimidazole ribonucleotide). It has substan-
tial implications for discussions about substrate channe-
ling in the pathway (see bellow). Succinylaminoimida-
zolecarboxamide  ribotide (SAICAR) in the dephospho-
rylated form has been suggested to cause neurological
impairment in patients with inherited defects associa-
ted with its accumulation (ADSL deficiency or fumara-
se deficiency).

Aminoimidazolecarboxamide ribotide (AICAR also
termed ZMP), the intermediate of the pathway and the
dephosphorylated ribonucleoside (AICA riboside also
termed acadesine as a drug), are of particular interest
because of its similarity to AMP and adenosine,
respectively. AICA riboside are easily transported across
the cellular membrane via equilibrate nucleoside trans-
porter, it is intracellularly phosphorylated and can reach
intracellularly the millimolar levels.

Vast number of effects of AICA riboside and AICAR
on cellular functions have been reported. Competition
between AICA riboside and adenosine for this trans-
porter results in the accumulation of extracellular ade-
nosine that inhibits excitatory synaptic transmission via
activation of inhibitory adenosine A1 receptors. AICAR
activates the AMP-activated protein kinase, AMPK ki-
nase and glycogen phosphorylase (9). Effects of AICA
riboside include accelerated repletion of purine nucleo-
tide pools in the heart, inhibition of growth and deple-
tion of pyrimidine nucleotide pools in fibroblasts, re-
duction of endurance in skeletal muscle, inhibition of
fatty acid, sterol synthesis, and gluconeogenesis in he-
patocytes, and increase in glucose uptake in muscle.
Acadesine can either induce or inhibit apoptosis de-
pending on the cell type (10). This compound has im-
portant implications in the context of treatment of leuke-
mia (11), diabetes, cardioprotection (12) and as an immu-
nomodulator (13).
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5. Inhibitors
Potent inhibitors of purine (as well as pyrimidine)

nucleotide biosynthesis are synthetic or natural-product
analogues of intermediates of the pathway or, more re-
cently, inhibitors rationally designed from the knowledge
of the catalytic mechanism. These inhibitors are effecti-
ve drugs against cancer, inflammatory disorders and va-
rious infections. For human cancer, the purine pathway
is a more traditional target for inhibition than the pyrimi-
dine pathway, where more toxic side effects are appa-
rent. Drugs such as methotrexate (inhibiting transformy-
lation steps 3 and 9) have multiple sites of action, ma-
king it difficult to predict quantitatively their effects upon
cells. Rational design of inhibitors based on the X-ray
structure of the target enzyme has the chance of yiel-
ding drugs with only one site of action in human cells.
That approach resulted in the discovery of drugs acting
against PPAT (step 1; e. g. piritrexm), GART (azaserine,
diazomycin, dideazatetrahydrofolate, lometrexol), AIRC
(fluorosulfonylbenzoyl-adenosine) and SAICARS (nitro-
aminoimidazole ribonucleotide).

PDNS inhibitors had been proved to cause the dis-
appearance of intracellular nucleotides and accumula-
tion of PDNS intermediates to a milimolar concentra-
tion level.

6. Control
The knowledge of control mechanisms of pathways

is important for understanding of biochemical processes
and it has also substantial implications for the treat-
ment of diseases. The biosynthesis pathways are ge-
nerally negatively regulated by their end products. The
regulation in general occurs at two distinct levels – feed-
back inhibition of usually the first enzyme of the path-
way and coordinate repression at the transcriptional le-
vel of the genes encoding enzymes of the pathway.
Transcription of the Bacillus subtilis purine de novo ope-
ron has been known to be regulated by adenine and
guanine nucleotides (4). The PDNS pathway is co-re-
gulated with genes involved in biosynthesis of substra-
tes (glutamine, glycine and 10-formyl tetrahydrofolate)
consumed in the pathway (14).

In Saccharomyces cerevisiae, PDNS genes are
transcriptionally activated by Bas1p and Bas2p trans-
cription factors; intermediate SAICAR is needed for opti-
mal activation of the genes (15).

Human PDNS in lymphoblasts had been studied by
Hershfield and Seegmiller (16). They found coordinate
control of proximal (rate-determining) steps and the ino-
sinic acid branch point. Becker and Kim lately reported
the control by purine nucleotides and phosphoribosylpy-
rophosphate in human fibroblasts (17). Retroinhibition of
human amidophosphoribosyltransferase by purine nucleo-
tides was shown to play an important role in cellular proli-
feration (18). Expression of all the enzymes was found to
be upregulated after the treatment with keratinocyte and
epidermal growth factors, indicating that these mitogens
stimulate nucleotide production by induction of these
enzymes. It is also known that PDNS enzymes (contra-
ry to salvage enzymes) display a variable activity du-
ring cell cycle with peak values in the log phase (19).

7. Channeling
Substrate channeling by multienzyme complexes or

multifunctional enzymes is a widely accepted concept.
Unstable intermediates and multifunctional enzymes in-
volved in PDNS point toward channeling of substrates
of the pathway. There is also a number of experimental
data supporting the theory of substrate channeling in
PDNS. Some proteins co-purify during isolation proce-
dures in avian liver and human lymphocytes (20).

However, other experiments found no stable inter-
action between PPAT and GARS between which un-
stable PRA has to channel. The authors concluded that
interaction should be transient (21).

It has also been confirmed that in the last two steps
(AICAR-FAICAR-IMP) the substrate does not channel
and binding sites do not communicate. The authors spe-
culate that the reason for bifunctionality of the protein is
increased local concentration of the intermediate and that
coupling of the activities on a single polypeptide allows
the overall conversion of AICAR to IMP to be favorable
(22, see also section 3. Proteins). Substrate channeling
in PDNS has still been the matter of hot debate.

8. Inherited metabolic disorders
There are three inherited metabolic defects disco-

vered so far related to the pathway – two enzyme defi-
ciencies (ASL and ATIC) and superactivity of phospho-
ribosyl pyrophosphate synthase – co-regulative step of
the pathway preceding PPAT. The deficiency of ASL
was discovered by Jaeken and Van den Berghe twenty
years ago (23). The major clinical feature is variable
psychomotor delay often accompanied by epilepsy and
autistic features. The second deficiency (ATIC) has been
described recently by Van Den Berghe’s group (24). Fin-
dings of normal uric acid level in the body fluids of pa-
tients confirm that enzyme defects (besides of first re-
gulative step) in PDNS do not effect overall metabolic
flux of the pathway as predicted by mathematical mo-
del (25). In both the disorders, substrates of defective
enzymes accumulate in body fluids of the patients and
are the key biochemical hallmarks.

Superactivity of phosphoribosyl pyrophosphate
synthase is an X chromosome-linked disorder characte-
rized by PRPP, purine nucleotide, and uric acid overpro-
duction. Clinically it is manifested as gout and, in some
cases, with neurodevelopmental impairment (26). The
mechanisms underlying the inherited PRS superactivi-
ty are diverse and include defective allosteric regula-
tion, increased apparent affinity of PPAT for the substrate
phosphoribosyl pyrophosphate, and increased activity
of one of the two isoforms of the enzyme (caused by
pretranslational dysregulation of expression).

9. Conclusions
The aim of this communication was to review the

most important literature dealing with mechanisms and
clinical implication of purine de novo synthesis and update
our knowledge of this important metabolic pathway. Despi-
te an extensive research of purine de novo synthesis
conducted over more than half a century by principal
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investigators and numerous papers published in promi-
nent journals, the functionality of the pathway has not
been fully understood yet. Over fifty papers, including
fourteen in journals with impact factors between 4 and
11 retrieved by PubMed for the keyword “purine
biosynthesis“ published over last four months stress that
the interest in the pathway has not been declining.

Genes and enzymes involved in the pathway have
been well characterized by now. Some properties of
the pathway, e. g. feedback inhibition by products of
the pathway, belong to a biochemical canon. On the
other hand, the channeling of intermediates in the path-
way still remains open. The rationally designed inhibi-
tors based on the X-ray structure of the target enzyme
provide drugs with only one site of action in human
cells including the pathway. In the pathway there are
recognized only two inherited metabolic deficiencies out
of ten potential offering the field for further research.
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