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Abstract. The purine nucleoside cycle is a cyclic path-
way composed of three cytosolic enzymes, hypoxan-
thine-guanine phosphoribosyltransferase, IMP-GMP
specific 5¢-nucleotidase, and purine-nucleoside phospho-
rylase. It may be considered a ‘futile cycle’, whose net re-
action is the hydrolysis of 5-phosphoribosyl-1-pyrophos-
phate to inorganic pyrophosphate and ribose 1-phos-
phate. The availability of a highly purified preparation of
cytosolic 5¢-nucleotidase prompted us to reconstitute the
purine nucleoside cycle. Its kinetics were strikingly simi-
lar to those observed when dialyzed extracts of rat brain
were used. Thus, when the cycle is started by addition of
inorganic phospate (Pi) and hypoxanthine or inosine (the
‘inosine cycle’), steady-state levels of the intermediates
are observed and the cycle ‘turns over’ as far as 5-phos-
phoribosyl-1-pyrophosphate is being consumed. In the
presence of ATP, which acts both as an activator of IMP-
GMP-specific 5¢-nucleotidase and as substrate of nucleo-
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side mono- and di-phosphokinases, no IDP and ITP are
formed. The inosine cycle is further favored by the ex-
tremely low xanthine oxidase activity. Evidence is pre-
sented that ribose 1-phosphate needed to salvage pyrimi-
dine bases in rat brain may arise, at least in part, from the
5-phosphoribosyl-1-pyrophosphate hydrolysis as cat-
alyzed by the inosine cycle, showing that it may function
as a link between purine and pyrimidine salvage. When
the cycle is started by addition of Pi and guanine (the
‘guanosine cycle’), xanthine and xanthosine are formed,
in addition to GMP and guanosine, showing that the
guanosine cycle ‘turns over’ in conjunction with the re-
cycling of ribose 1-phosphate for nucleoside interconver-
sion. In the presence of ATP, GDP and GTP are also
formed, and the velocity of the cycle is drastically re-
duced, suggesting that it might metabolically modulate
the salvage synthesis of guanyl nucleotides.

Key words: Purine salvage; PRPP homeostasis; purine nucleoside cycle; Rib1-P shuttle; nucleoside interconversion;
rat brain.

Introduction

5-Phosphoribosyl 1-pyrophosphate (PRPP) may be con-
sidered as a ‘high-energy’ sugar phosphate, with a high
potential of 5-phosphoribosyl transfer. A widely accepted
tenet is that under normal conditions, the PRPP pool is
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maintained at a low level, to avoid excessive and unbal-
anced nucleotide synthesis. The regulation of PRPP syn-
thesis by PRPP synthetase and its utilization by phospho-
ribosyltransferases are the major factors maintaining the
intracellular level of PRPP [1]. However, an additional
factor, the purine nucleoside cycle (PNC), should also be
considered. The PNC, also named the ‘oxypurine cycle,’
is a cyclic pathway composed of three cytosolic enzymes:
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the hypoxanthine-guanine phosphoribosyltransferase
(HGPRT), the purine-nucleoside phosphorylase (PNP),
and the IMP-GMP-specific 5¢-nucleotidase (cN-II). Be-
cause its net reaction is the hydrolysis of PRPP, PNC has
been proposed to play a role in the metabolic regulation
of intracellular PRPP levels [2, 3]. One of the products of
PNC, ribose 1-phosphate (Rib1-P), is needed to salvage
pyrimidine bases and to interconvert nucleosides [4, 5].
Moreover, due to the substrate specificity of the three en-
zymes of the cycle, PNC may function with either gua-

nine or hypoxanthine compounds (figs. 1, 2). The two
pathways will be called the ‘guanosine cycle’ and ‘ino-
sine cycle’ respectively, throughout this paper. Both cy-
cles have been reconstituted in vitro, by using commer-
cial HGPRT and PNP and a highly purified preparation of
cN-II, cloned and expressed in Escherichia coli [6]. Their
kinetics were strikingly similar to those observed when
crude extracts of rat brain were used as an enzyme source.
Our results suggest that the two cycles may play addi-
tional metabolic roles. In those areas, such as brain,
where purine salvage synthesis is particularly active [4, 7,
8], PRPP may indeed be the source of Rib 1-P needed for
pyrimidine salvage and 5¢-fluorouracil (5-FU) activation
[9, 10]. Due to the presence a high guanase activity in rat
brain [11], the guanosine cycle ‘turns over’ in conjunction
with the recycling of Rib1-P for nucleoside interconver-
sion first described by us in 1997 [5] and may play a role
in modulating the salvage synthesis of guanyl nucleotides
known to be important intracellular signals.

Materials and methods

Materials
[8-14C]-adenine (55 mCi/mmol), [8-14C]-guanine (53.3
mCi/mmol), [8-14C]-inosine (460 mCi/mmol), [8-14C]-
hypoxanthine (54 mCi/mmol), [2-14C]-uracil (54
mCi/mmol), [2-14C]-5-FU (55 mCi/mmol), PNP, HGPRT,
guanase, PRPP, 2,3-bisphosphoglycerate (BPG), dithio-
threitol, bases, nucleosides, and nucleotides were from
Sigma. Bovine recombinant cN-II was prepared as de-
scribed previously [6]. Hi Safe II Scintillation liquid was
purchased from Wallac. Polyethyleneimine (PEI)-cellu-
lose-precoated thin-layer plastic sheets (0.1 mm thick)
were purchased from Merck and prewashed once with
10% NaCl and three times with deionized water before
use. All other chemicals were of reagent grade. 

Preparation of rat brain extracts
Three-month-old male Sprague-Dawley rats (250 g) were
sacrificed by decapitation. Procedures involving animals
and their care were conducted in conformity with the in-
stitutional guidelines that are in compliance with national
and international laws and policies. The brain was re-
moved and kept frozen at –80°C until needed. Storage
times did not exceed 3 months.
The brain was cut into small pieces, washed with cold
saline and gently homogenized with a hand-driven Potter
homogenizer in 3 vol of 100 mM Tris-HCl buffer, pH 7.4,
with 20 mM KCl and 1 mM dithiothreitol. The ho-
mogenate was centrifuged at 4°C at 39,000 g for 1 h. The
supernatant fluid obtained was dialyzed overnight at 4°C
in dialysis bags against 10 mM Tris-HCl buffer, pH 7.4,
supplemented with 1 mM dithiothreitol, and is referred to
as crude extract. The preparation, which is devoid of

Figure 1. The inosine cycle. The enzymes participating in the cycle
are: 1, HGPRT; 2, cN-II; 3, PNP. The net reaction is the hydrolysis
of PRPP to Rib1-P and inorganic pyrophosphate (PPi). The al-
losteric activation by ATP and 2,3-bisphosphaglycerate (BPG), and
inhibition by inorganic phosphate (Pi), modulate the cycle rate.

Figure 2. The ‘Rib1-P shuttle’-linked guanosine cycle. The en-
zymes participating in this pathway are: 1, HGPRT; 2, cN-II; 3,
PNP; 4, guanase. The guanosine cycle rate is limited by guanine
deamination and GMP phosphorylation. The final products of the
two linked pathways are GTP and xanthosine.



plasma membranes, nuclei, and mitochondria, proved to
be extremely useful in studies on rat brain purine and
pyrimidine salvage synthesis [4, 5] as well as in ATP
breakdown studies under conditions mimicking anoxia
[12]. Protein concentration was determinated by the
Coomassie blue-binding assay, using bovine serum albu-
min as standard [13].

The inosine and guanosine cycles in rat brain
The standard reaction mixtures contained 5 mM Tris-HCl
buffer, pH 7.4, 100 mM [8-14C]-inosine (8000 dpm/nmol)
(the inosine cycle), or 100 mM [8-14C]-guanine (11,000
dpm/nmol) (the guanosine cycle), 1 mM PRPP, 8.3 mM
MgCl2, 4.5 mM BPG, 5 mM KH2PO4, and brain extract,
1.15 mg of protein/ml. Modifications of the standard incu-
bation mixture are indicated in the figure and table leg-
ends. The reaction was started by addition of crude extract.
At different time intervals, the reaction was stopped by
rapidly drying portions of 10 µl of the incubation mixture
on PEI-cellulose-precoated thin-layer plastic sheets, and a
chromatogram was developed in n-propanol/NH3/
trichloroacetic acid (100%)/H2O (75:0.7: 5:20, v/v). In all
separations, appropriate standards were used and detected
as ultraviolet-absorbing areas which were excised and
counted for radioactivity with 8 ml of scintillation liquid.

In vitro reconstitution of the inosine and guanosine
cycles
The standard incubation mixture contained, in a final vol-
ume of 110 µl, 100 mM [8-14C]-inosine (8000 dpm/
nmol), 1 mM PRPP, 8.3 mM MgCl2, 4.5 mM BPG, 1 mM
KH2PO4, 4.4 mU of PNP, 4.4 mU of HGPRT, 22 mU of
cN-II in 5 mM Tris-HCl buffer, pH 7.4 (the inosine cy-
cle). The guanosine cycle was reconstituted in the same
experimental conditions with 100 mM [8-14C]-guanine
(11,000 dpm/nmol) and in the absence or presence of 
22 mU of guanase. Modifications of the incubation mix-
tures are indicated in the figure and table legends. The 
reactions were started by addition of [8-14C]-inosine or
[8-14C]-guanine. At different time intervals, the reactions
were stopped and analyses were performed as described
under ‘The inosine and guanosine cycles in rat brain.’

Determination of PRPP levels during the inosine cycle
Crude extracts, containing 345 µg of protein, were incu-
bated in a total reaction volume of 300 ml, in the presence
of 100 mM inosine, 2 mM PRPP, 8.3 mM MgCl2, 4.5 mM
BPG, 5 mM KH2PO4, 5 mM Tris-HCl buffer, pH 7.4. The
incubation was carried out at 37°C. At different time inter-
vals, a 30-ml portion was withdrawn, heated for 90 s at
100°C, and centrifuged. PRPP was determined in the su-
pernatant fluid according to King et al. [14], with minor
modifications. The reaction mixtures contained, in a final
volume of 50 ml, 2 mM [8-14C]-hypoxanthine (8000 dpm/
nmol), 68 mU of HGPRT, 20 mM MgCl2, 50 mM Tris-

HCl, pH 7.4. The reaction mixtures were incubated at 37°C
for 1 h. Then, 10 ml was applied to a PEI-cellulose-pre-
coated thin-layer plastic sheet and developed with 1.4 M
LiCl. The marker compounds were detected with a UV
lamp. The zones corresponding to IMP were excised and
counted for radioactivity with 8 ml of scintillation liquid.

Results and discussion

The rat brain inosine cycle maintains a low 
intracellular PRPP level and provides Rib1-P needed
for pyrimidine salvage and 5¢¢-FU activation
The inosine cycle was reconstituted using highly purified
enzyme preparations (fig. 3A). At 100 µM inosine and 
5 mM inorganic phosphate (Pi) initial concentrations,
steady state levels of inosine and hypoxanthine were at-
tained. When a rat brain extract was used as enzymes
source (fig. 3B), hypoxanthine, IMP, as well as inosine,
attained steady-state levels, as occurs in vivo [15]. Strik-
ingly, after about 20 min of incubation, hypoxanthine
abruptly accumulated at the expense of IMP degradation.
We explain these results as follows. While PRPP is being
consumed, the intermediates are continuously recycled.
But as soon as PRPP disappears, HGPRT becomes inac-
tive. Then the cycle is interrupted, causing IMP degrada-
tion by cN-II, and hypoxanthine accumulation. These re-
sults appear particularly relevant in light of our recent ob-
servations, showing that the Lesh Nyhan syndrome is
metabolically related not only to a deficiency of HGPRT,
but also to a three- to fivefold increase in cN-II [16]. At 
2 mM initial PRPP concentration, the steady-state period
lasted about 40 min, indicating that at both 1 and 2 mM
PRPP initial concentrations, the velocity of the cycle re-
mained unchanged (fig. 3C). Figure 3C also shows the
time course of PRPP breakdown as catalyzed by the ino-
sine cycle. We cannot exclude that a small amount of
PRPP is removed by the action of non-specific phos-
phatases and of the recently discovered PRPP-pyrophos-
phatase [17]. Hypoxanthine and inosine are the major
metabolites accumulated. A thorough study of their pre-
cise metabolic fate is beyond the aim of the present work.
Nevertheless, we notice that in the reconstituted cycle
(fig. 3A), once PRPP has been consumed, inosine is the
major metabolite, as expected on the basis of the equilib-
rium constant of the PNP reaction, which favors inosine
formation. In contrast, in the incubation mixture with rat
brain extract, hypoxanthine is the major metabolite (fig.
3B). Table 1 shows the requirements of the rat brain ino-
sine cycle. The cycle responds to protein and inosine ini-
tial concentration, as well as to the allosteric activators of
cN-II, ATP and BPG. This enzyme is also inhibited by Pi
[18]. In fact, increasing the Pi concentration from 5 to 10
mM increases the duration of the steady period from 20
to 30 min (data not shown). We propose that modulation
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of cN-II by ATP and Pi might in turn regulate the inosine
cycle flux. At a normal low [Pi]/[ATP] ratio, as found in
well-oxygenated cells, cN-II is fully active and the veloc-
ity of the inosine cycle is maximal. As a consequence, the
PRPP pool is maintained at a low level, thus avoiding un-
necessary ‘salvage’ or ‘de novo’ nucleotide synthesis.
During ischemia, the [Pi]/[ATP] ratio raises drastically
[19, 20], the situation is reversed, and enough PRPP is
made available for purine nucleotide salvage synthesis.
This process, which in our opinion represents the real
purine salvage, is favored by the increase in purine base
levels occurring in ischemia [21] and by the increase in
PRPP which accompanies massive ATP degradation, as
occurs in rat brain during anoxia [12]. In in vivo condi-
tions, the velocity of the inosine cycle might be influ-
enced by the purine nucleotide cycle, in which IMP is a
common intermediate [22], and by IMP dehydrogenase
[23]. The other two components, inosine and hypoxan-
thine, should not leave the cycle. This is suggested (i) by
the virtual absence of xanthine oxidase [22, 24] and ino-
sine kinase activities [10, 25] and (ii) by the lack of fur-
ther IMP phosphorylation in rat brain [12].
Among different rat organs tested, brain was found to be
the most active (ca 42 nmol/mg of protein per minute),
followed by testis (ca. 5), kidney and heart (ca. 2), and
liver (ca. 1). The low activity of the liver extract should be
ascribed to its high xanthine oxidase activity [26], even
though the levels of HGPRT and PNP [4] as well as 
cN-II [27] are comparable with those of brain.
In previous papers, we have shown that in rat brain, ura-
cil salvage and 5-FU activation are Rib1-P-mediated
processes involving pyrimidine base (or base analog) ri-
bosylation followed by multiple phosphorylation steps
[9, 10]. In this pathway, uridine phosphorylase acts as an
anabolic, rather than catabolic enzyme. Our results have

Figure 3. The inosine cycle as reconstituted in vitro (A) and as cat-
alyzed by rat brain extract (B, C). �, IMP; �, hypoxanthine; �, ino-
sine; �, PRPP; �, PRPP in the absence of rat brain extract. (A) the
reaction mixture contained 100 µM [14C]-inosine, 5 mM Pi, 1 mM
PRPP, 4.5 mM BPG, 8.3 mM MgCl2, 0.04 U/ml of PNP, 0.04 U/ml
of HGPRT, and 0.2 U/ml of cN-II, in 5 mM Tris-HCl buffer, pH 7.4.
(B, C) The complete reaction mixture contained 100 µM [14C]-ino-
sine, 1 mM PRPP (B) or 2 mM PRPP (C), 5 mM KH2PO4, 8.3 mM
MgCl2, 4.5 mM BPG, 5 mM Tris-HCl buffer, pH 7.4, and brain ex-
tract, 1.15 mg of protein/ml. Rat brain extract was added at zero
time. 

Table 1. Rat brain inosine cycle requirements. 

Reaction mixture Steady state Rate of PRPP
duration disappearence
(min) (nmol/mg of protein

per minute)

Complete system 20 42.3
2.3 mg of protein/ml 10 84,5
4.6 mg of protein/ml 5 168.5
0.575 mg of protein/ml >100 <8,5
PRPP 2 mM 40 42.3
Minus BPG 30 28.2
Inosine 0.05 mM 60 14.1
ATP 5 mM 20 42.3
instead of BPG 4.5 mM

The complete system contained 100 µM [14C]-inosine, 1 mM PRPP,
5 mM KH2PO4, 8.3 mM MgCl2, 4.5 mM BPG, 5 mM Tris-HCl
buffer, pH 7.4, and brain extract, 1.15 mg of protein/ml. The reac-
tion was initiated by addition of brain extract. The average rate of
PRPP disappearance was calculated from the time of the hypoxan-
thine rise at the end of the steady-state period (see fig. 3C).
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been elegantly confirmed by Cao et al. [28] in a uridine
phosphorylase gene knockout cell model. We now pro-
pose that Rib1-P needed to ribosylate uracil or 5-FU
might well arise from PRPP breakdown, as catalyzed by
the inosine cycle. This idea is strongly supported by the
results presented in figure 4A, showing that uracil is
readily converted into uridine by rat brain extracts, pro-
vided hypoxanthine is present in the reaction mixture. In
our experimental conditions, hypoxanthine starts the ino-
sine cycle, and thus Rib1-P formation. In the presence of
ATP, uridine and 5¢-fluorouridine are further phosphory-
lated to their respective ribonucleotides (figs. 4A, B).
One might speculate that the inosine cycle may act as a
linkage between PRPP mediated purine salvage and

Rib1-P-mediated pyrimidine salvage, as illustrated in 
figure 5. We observe that an adenosine cycle, similar to
the inosine cycle, cannot be operative, due to the absence
of adenosine phosphorylase in mammals [29].

The ‘Rib1-P shuttle’-linked guanosine cycle modu-
lates the intracellular pool of guanine compounds
Figure 6 compares the kinetic features of the reconstituted
guanosine cycle with those of the guanosine cycle, as cat-
alyzed by rat brain extract. The kinetics of the reconstituted
system (fig. 6A, B) become comparable with those of the
brain extract (fig. 6C), provided an additional enzyme,
guanase, is added to PNP, HGPRT, and cN-II. Guanase has
been recently cloned from rat brain [30] and an early ob-

Figure 4. Inosine cycle-mediated uracil salvage (A) and 5¢-FU activation (B). �, 5¢-fluorouridine; �, 5¢-FUMP; �, 5¢-FUDP + 5¢-FUTP.
No uridine- or 5¢-fluorouridine-nucleotides were formed in the absence of ATP. (A) The reaction mixtures contained 100 µM hypoxanthine,
1 mM PRPP, 5 mM KH2PO4, 8.3 mM MgCl2, 4.5 mM BPG (open symbols) or 5 mM ATP (filled symbols), 5 mM Tris-HCl buffer, pH 7.4,
brain extract, 1.15 mg of protein/ml, and 1 mM [14C]-uracil. Rat brain extract was added at zero time. �, uridine; �, UMP; �, UDP + UTP;
�, uridine formed in the absence of hypoxanthine. (B) the reaction mixture contained 100 µM hypoxanthine, 1 mM PRPP, 5 mM KH2PO4,
8.3 mM MgCl2, 5 mM ATP, 5 mM Tris-HCl buffer, pH 7.4, brain extract, 1.15 mg of protein/ml, and 1 mM [14C]-5¢-FU. Rat brain extract
was added at zero time. 

Figure 5. The central position of the inosine cycle between PRPP-mediated purine salvage and Rib1-P-mediated pyrimidine salvage. 1,
HGPRT; 2, cN-II; 3, PNP; 4, adenine phosphorybosyl-transferase; 5, uridine phosphorylase; 6, uridine kinase. Note that IMP, in contrast
to GMP, AMP and UMP, is not further phosphorylated.
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servation on its distribution throughout mouse and rat fore-
brain has been confirmed [11, 31]. The rapid decay of
[14C]-guanine was accompanied by the appearance of a se-
ries of radioactive compounds. Thus, in addition to GMP
and guanosine, the other two intermediates of the cycle,
xanthine and xanthosine were also formed (fig. 6C). These
results may be explained by assuming that in rat brain, the
guanosine cycle ‘turns over’ in conjunction with the recy-
cling of Rib1-P for purine nucleoside interconversion, oth-
erwise called by us the ‘Rib1-P shuttle’[5]. In this pathway,
Rib1-P needed to ribosylate xanthine stems from the ‘turn-
ing over’ of the cycle. Therefore, the amount of xanthosine
formed may be taken as an index of the velocity of the
guanosine cycle (table 2). Only trace amounts of [14C]-uric
acid could be detected. ATP has a dual effect on the guano-
sine cycle, being not only an activator of cN-II, but also a
substrate of nucleoside mono- and di-phosphokinases.
Thus, in the presence of ATP at physiological concentra-
tion [32, 33], GDP and GTP were formed, in addition to
xanthine, guanosine, GMP, and xanthosine (fig. 6D).

Phosphorylation of GMP reduces the velocity of the
guanosine cycle by subtracting one of its intermediates, as
shown by the decrease in xanthosine formed when ATP
substituted BPG as cN-II activator (fig. 6D, table 2). Table
2 also shows that brain was by far the most active, among
a series of rat tissues tested. An additional GMP-leaving
route due to the action of GMP reductase [34] might also
be considered to occur in vivo. Our results suggest that the
guanosine cycle and the Rib1-P shuttle, working in con-
junction, might modulate the synthesis of guanyl nu-
cleotides in those areas, such as brain, which strongly de-
pend on the salvage pathway for nucleotide synthesis. Gua-
nine nucleotides in the form of GDP, GTP, and cyclic GMP
are becoming increasingly recognized in neuronal signal
pathways, so that regulation of their synthesis could alter
cellular signaling. Moreover, we propose that, at least in
part, xanthosine present in serum [35] might originate
from the guanosine cycle-linked Rib1-P shuttle.
Finally, we emphasis that an artifactual presence of ecto
5¢-nucleotidase in our cell-free brain extract, even when

Figure 6. The guanosine cycle as reconstituted in vitro (A, B) and as catalyzed by rat brain extracts (C, D). �, GMP; �, guanine (Gua); �,
guanosine (Guo); �, GDP + GTP; �, xanthine (Xn); �, xanthosine (Xao). (A, B) The reaction mixtures contained 100 µM [14C]-guanine,
1 mM PRPP, 5 mM KH2PO4, 8.3 mM MgCl2, 4.5 mM BPG, 0.04 U/ml of PNP, 0.04 U/ml of HGPRT, 0.2 U/ml of cN-II, in 5 mM Tris-HCl
buffer, pH 7.4. (B) 0.02 U/ml of guanase was added. (C, D) The reaction mixtures contained 100 µM [14C]-guanine, 1 mM PRPP, 5 mM
KH2PO4, 8.3 mM MgCl2, 5 mM Tris-HCl buffer, pH 7.4, brain extract, 1.15 mg of protein/ml, and 4.5 mM BPG (C) or 5mM ATP (D). 
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