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Abstract

Inosine triphosphate pyrophosphatase (ITPA protein) (EC 3.6.1.19) hydrolyzes
deaminated purine nucleoside triphosphates, such as ITP and dITP, to their
corresponding purine nucleoside monophosphate and pyrophosphate. In
mammals, this enzyme is encoded by the Itpa gene. Using the Itpa
gene-disrupted mouse as a model, we have elucidated the biological significance
of the ITPA protein and its substrates, ITP and dITP. Itpa™ mice exhibited peri- or
postnatal lethality dependent on the genetic background. The heart of the Itpa™
mouse was found to be structurally and functionally abnormal. Significantly
higher levels of deoxyinosine and inosine were detected in nuclear DNA and RNA
prepared from Itpa” embryos compared to wild type embryos. In addition, an
accumulation of ITP was observed in the erythrocytes of Itpa” mice. We found
that Itpa” primary mouse embryonic fibroblasts (MEFs), which have no
detectable ability to generate IMP from ITP in whole cell extracts, exhibited a
prolonged population-doubling time, increased chromosome abnormalities and
accumulation of single-strand breaks in their nuclear DNA, in comparison to
primary MEFs prepared from wild type embryos. These results revealed that (1)
ITP and dITP are spontaneously produced in vivo, and that (2) accumulation of
ITP and dITP is responsible for the harmful effects observed in the Itpa” mouse.
In addition to its effect as the precursor nucleotide for RNA transcription, ITP has
the potential to influence the activity of ATP/GTP-binding proteins. The biological

significance of ITP and dITP in the nucleotide pool remains to be elucidated.
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1. Introduction

To control the quality of nucleotide pools, organisms possess a number of
nucleoside triphosphate (NTP) pyrophosphatases which hydrolyze
non-canonical nucleoside triphosphates to their corresponding monophosphates.
Recently, many kinds of NTP pyrophosphatases have been reported by various
groups who undertook a structure-based approach [1], a modified
nucleotide-resin affinity-based approach [2, 3 in the same issue] as well as an
approach based on genomic search techniques [4,5]. These enzymes are
categorized as house-cleaning (or nucleotide-pool-sanitizing) NTP
pyrophosphatases and are grouped within four structural super-families:
MutT-related (Nudix) hydrolases, trimeric dUTPase, ITPase (HAM1/Maf) and
all-alpha NTP pyrophosphatases (MazG) [6].

ITPase (EC 3.6.1.19) is an enzyme with the activity of NTP
pyrophosphohydrolase, and preferentially hydrolyzes deaminated purine
nucleoside triphosphates, such as ITP, dITP, XTP and dXTP, to their
corresponding nucleoside monophosphate and pyrophosphate [1,4,5,7,
Behmanesh et al, unpublished]. This enzyme has been studied for decades, and
is known by different names, such as inosine triphosphate
pyrophosphohydrolase, inosine triphosphate pyrophosphatase, inosine
triphosphatase as well as others. ITPase is encoded by the Itpa gene in
mammals [4,5], the rdgB (recombination-dependent growth, locus B) gene in
Escherichia coli [7,8], and the HAM1 (6-N-Hydroxylaminopurine Sensitivity and
Mutagenesis) gene in Saccharomyces cerevisiae [9]. These enzymes fall within
the ITPase family as they possess the HAM1p domain in their structure [6]. The
3D-structures of archaean and mammalian enzymes were determined by X-ray
crystallography [1,10]. The ITPA protein does not distinguish between ITP and
dITP, since there is no strong interaction between the protein and the 2'-oxygen
of the sugar ring of the substrate nucleotides [1,10]. The ITPA protein acts as a
dimer, and requires Mg?* ion and dithiothreitol for maximal enzyme activity [4,11].
Previously, it has been reported that the Ky values of ITPA protein for dITP and
other substrates are in the several hundred micro molar range (for example, 0.31
mM of dITP for human ITPA protein) [1,4,12]. Considering substrate inhibition



[11], which is observed in the ITPA reaction at a dITP concentration above 250
MM, Burgis and Cunningham recently determined that the Ky values of mouse
and human ITPA protein for dITP are 25 and 33 pM, respectively [7]. The gene
has been found in many kinds of organisms from virus, bacteria to human
[1,4-9,13,14]. However, the phenotypes of gene-disrupted mutants are different
among species (Table 1). In E. coli, a mutant of the rdgB gene encoding ITP
pyrophosphatase has been found to be viable but exhibits a synergistic lethality
with the recA or recBC mutation, hyper-recombination and SOS-induced
phenotype [7,8,15]. In the case of human ITPA deficiencies, no major phenotype
has been reported, except for an abnormal accumulation of ITP in erythrocytes
and an aberrant sensitivity to nucleoside antimetabolite drugs [16-19]. To avoid
any confusion in this review, we describe the enzyme activity as ITP
pyrophosphatase activity, and the protein, by the symbol of each gene.

Using the Itpa gene-disrupted mouse as a model, we will discuss the
biological significance of the ITPA protein and its substrates, ITP and dITP.

2. The Itpa gene-disrupted mouse (Itpa” mouse)
2.1. The mouse Itpa gene

The mouse Itpa gene consists of 8 exons and spans a region of about 13.8
kb on chromosome 2 [5]. Three pseudogene-like sequences were found in the
mouse genome [5]. Different sizes of transcripts have been reported in both
human and mouse Itpa genes [5,20]. Mouse ITPA protein consists of 198 amino
acid residues and has a molecular weight of 21,883 daltons. Its amino acid
sequence is 89.9% identical to that of the human ITPA protein (194 a.a.) [5]. An
expression profile of the Itpa gene in adult mouse tissues examined by Northern
blotting showed that the Itpa gene was expressed in all tissues examined,
however, its level varied significantly among tissues, with strong expression
observed in testis, brain and thymus [5]. The genomic sequence revealed that
the mouse Itpa gene has a TATA-less promoter with an initiator consensus
sequence of PyPyANT/APyPy (CTACTTC), just upstream of the 5' end of the
longest Itpa transcript, indicating that the Itpa gene may be a house-keeping

gene [5]. The level of Itpa mMRNA is affected by the cell cycle stage; it is highest
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just before S-phase, and low in the quiescent state [5]. In extracts prepared from
mouse brain and liver, only a single band corresponding to a polypeptide with a
molecular weight of 22 kDa was detected with an anti-ITPA serum. The ITPA
protein exists mainly in cytoplasm, and is not detected in the mitochondrial

fraction [5, Sakumi et al, unpublished result].

2.2. The Itpa gene-disrupted mouse (Itpa” mouse)

Recently, we reported the production and characterization of the ltpa
gene-disrupted mouse [21]. This mouse possesses a disrupted-Itpa gene in
which exons 2-4 that encode Val23-11e88 of the mouse ITPA protein are replaced
with the polll-neo cassette. Although an aberrant Itpa transcript was detected in
the Itpa”™ mouse, null expression of the ITPA protein in this mouse was confirmed
by western blotting as well as by an ITP pyrophosphatase assay (Fig. 1A).

+/+

The Itpa™” mouse was indistinguishable from its Itpa™ littermates with
respect to size, viability, fertility and behavior. With a C57BI/6J genetic
background, Itpa’ mouse exhibits a perinatal lethality [22]. However, given a
129SvEV/C57BI/6J mixed genetic background, about 10% of the offspring
obtained by the mating of Itpa™” mice had the Itpa™ genotype [21]. The newborn
Itpa”” mice showed growth retardation and died before weaning, although there
was a significant amount of milk in their stomachs (Fig. 1B). Prior to death, the
Itpa”” mouse exhibited ataxia, abnormal breathing, and heart abnormalities. On
pathological analysis, the Itpa” mouse showed such features as immature hair
follicles, hyperkeratosis of the forestomach, decreased extramedullary
hematopoiesis in liver and spleen, and germ cell hypoplasia in testis, in addition
to hypoplasia of the heart [21].

The heart of the Itpa ” mouse was smaller and immature, especially in
terms of the ventricular regions (Fig. 1C). Analysis of a 10-day-old Itpa” mouse
heart showed that both ventricular chamber walls were thinner than those of the
Itpa** mouse. Striated staining of desmin corresponding to the Z-disc was
absent in the Itpa” heart and disorganization of myocardial fibers was observed
[21]. On ultrastructural analysis of Itpa™ mouse cardiomyocytes, it was evident

that the number of sarcomeres was decreased and that the sarcomeric structure



was broken and disorganized (Fig. 1C). The shape of the mitochondria was
changed although the inner and outer membrane structure seemed normal. We
did not find apoptotic cardiomyocytes nor symptoms of myocardial infarction in
the heart of the Itpa” mouse. Its cardiac performance as observed by
echocardiography was also impaired; movement of the Itpa”™ mouse heart was
unsynchronized and jerky [21]. These results indicate that an ITPA-deficiency

causes disruption of the sarcomeric structure and dysfunction of cardiomyocytes.

2.3. ITP detected in the Itpa” mouse

Under ITPA-deficient conditions, ITP is expected to accumulate in the
nucleotide pool and the accumulated ITP to be incorporated into the RNA. It has
been shown that ITP is indeed accumulated in amounts corresponding to about
10% of the ATP molecules in the nucleotide pool of Itpa”™ mouse (10-days-old)
erythrocytes (Fig. 1D) [21]. No ITP was detected in erythrocytes of either the
Itpa™* or Itpa™ mouse. As for organs including the heart, however, no ITP was
detected in the nucleotide pool of the Itpa” mouse. One possibility is that the
accumulated ITP is spent in its incorporation into the RNA by transcription,
except in erythrocytes where transcription does not occur. Alternatively, rapid
degradation of nucleotides may prevent detection of minor nucleotide species in
tissues. In the case of RNA, IMP was detected in nuclease P1-digested RNA of
Itpa”” mouse heart, and the amount was equivalent to about 1% of the AMP [21].
These results clearly showed that ITP was indeed produced in mouse cells, and
that ITPA protein degraded the deaminated nucleotides to maintain the quality of
the ATP pool.

It is well known that quality control of the nucleotide pool is important for
DNA and RNA synthesis [23-25]. By way of analogy to 8-oxo-dGTPase (MTH1)
function [26], the ITPA protein has been considered to prevent dITP-induced
mutagenesis. However, because the Ky value of ITPase to its substrate is not
particularly small (25 uM for dITP [7]) as compared to the size of the dNTP pool
(13 uM for dATP [27]), it is more likely that ITP, a deaminated product of ATP,
which is the most abundant nucleotide in the nucleotide pool (2.8 mM [27]), is a

physiological substrate for ITPA protein in mammalian cells. It is known that ITP



inhibits certain kinds of biochemical reactions that require GTP or ATP, such as
microtuble polymerization [28,29] and contraction of actomyosin in muscle [30].

ATP, a multifunctional nucleotide and the most abundant in the nucleotide
pool, plays a fundamental role in a wide variety of cellular processes, including
RNA synthesis, energy translation, signal transduction, cytoskeleton remodeling,
and muscle contraction. In the case of cardiac function, a number of sarcomeric
proteins require ATP for their normal activities. Oxidative deamination of adenine
at C-6 converts ATP to ITP. Because ITP retains a molecular structure similar to
that of ATP, it can act as an aberrant substrate replacing ATP in some biological
processes. For example, it has been shown that MgeITP-bound actomyosin has
a greatly reduced shortening velocity and rate of force recovery as compared to
the Mg+*ATP-bound form, and exhibits disordered striations during activation in
vitro [30].

If ITP were to successfully compete with the ATP molecule, then either (1)
ITP would have to have a much higher affinity to a target protein than ATP, (2) the
number of ITP molecules would have to be greater than that of ATP, or (3) the
number of ATP molecules would be inadequate for the number of target proteins,
which may function cooperatively as do sarcomeric proteins [31]. One likely
possibility is that, during cardiac development of the Itpa™ mouse, accumulated
ITP competes with ATP, which is required for actomyosin function in the
sarcomere [21]. The random binding of a few ITP molecules to actomyosin
results in asynchronous sarcomeric movements, which may cause a degradation
of the striated pattern of the sarcomere and destroy its well-organized structure,
which is essential for heart function.

To explain the phenotypes of the ITPA-deficient mouse, we can consider
the three pathways shown in Fig. 2; (I) via dITP, which is incorporated into DNA,
(I via ITP, which is incorporated into RNA, and (lll) via ITP, which exists as a
free nucleotide and acts as an agonist or antagonist to ATP/GTP-binding proteins.
In the second case, we have observed that IMP is accumulated in the RNA of
Itpa”” mouse tissue. It is likely that the accumulated inosine nucleotides lead
RNA species to be altered in coding property and structure, resulting in the

production of defective proteins, or in destabilization of RNA-containing



complexes such as the ribosome. In either case, it is necessary for cells to
eliminate ITP from their ATP pool via the ITPA protein in order to keep cells
healthy. Our findings with the Itpa”™ mouse are in strong agreement with the
hypothesis that the ITPA protein functions to exclude ITP from the ATP pool and

to protect cells from the harmful influence of deaminated purine nucleotides [21].

2.4. Deoxyinosine (dI) and inosine are detected in the DNA and RNA of the Itpa™
mouse embryo and embryonic fibroblast.

As shown in Fig. 2, the dITP molecule is also expected to be incorporated
into DNA of the Itpa™ mouse. Using liquid chromatography coupled with tandem
mass spectrometry (LC-MS/MS) as a detection system, we quantified the
amounts of deoxyinosine (dl) and inosine nucleotides in the DNA and RNA of
Itpa™ mouse embryo (E14.5), respectively [22]. The Itpa’ embryo contained a
significant amount of dl in its nuclear DNA. The amount of dI residue detected in
ltpa” embryos (20.1 + 4.8 dl residues per 10° nucleosides) was more than eight
times that measured in Itpa™* embryos (2.34 + 0.76 dI residues per 10°
nucleosides). These amounts correspond to about 2 x 10* dI residues per single
wild type cell, and more than 10° dl residues per single Itpa™ cell in terms of their
nuclear DNAs. These results indicate that both spontaneous dITP generation
and incorporation of the dITP into DNA occur in the Itpa” cell. We also confirmed
the presence of a significantly increased accumulation of inosine (567.3 £ 41.4
residues per 10° guanosine) in cellular RNA prepared from Itpa™ embryos
compared to those from Itpa*™* (10.5 + 1.50 residues per 10° guanosine) and
ltpa™ (11.4 + 1.07 residues per 10° guanosine) embryos [22]. The amount of
inosine accumulated in RNA of the Itpa” embryo was more than 50 times higher
than that of the wild type.

Itpa”” primary mouse embryonic fibroblasts (pPMEFs), which were
established from Itpa”™ mouse embryos, are characterized by a prolonged
doubling time, G2/M arrest and a higher frequency of chromosomal abnormality
[22]. In the Itpa’” pMEFs, single-strand DNA breaks are increased in nuclear
DNA as are chromosomal abnormalities such as chromatid/chromosome gaps or

breaks and premature centromere separation. Itis likely that these abnormalities



cause G2/M arrest, thus suppressing cell proliferation as observed in the Itpa™
pPMEFs. These ITPA deficiency-caused features may result in severe cellular
dysfunction with growth retardation and late embryonic lethality.

How did the single-strand DNA breaks and chromosomal abnormalities
occur in the Itpa™ pMEFs? It is likely that these breaks are produced in the DNA
repair process during which deoxyinosines accumulate in nuclear DNA. At least
two enzymes are known to be involved in the excision repair of dlI; the
mammalian homolog of endonuclease V (endoV) [32], which cleaves at the
second phosphodiester bond 3’ to the dl, and methylpurine DNA glycosylase
(MPG/AAG), which excises hypoxanthine [33-35], the base component of dI.
Mismatch repair proteins are another possible cause of single-strand DNA
breaks. Since an aberrant base pair of 6-thioguanine (6 TG):T is known to be
recognized by mammalian MutSa proteins [36,37], a dl:dT mispair might be
recognized by the proteins.

It is noteworthy that exposure of peripheral lymphocytes to ITP or IDP in
culture was reported to cause such chromosomal aberrations as chromatid
breaks and gaps [38] as well as sister chromatid exchange [39]. Although the
precise mechanism responsible for the chromosomal aberrations by ITP or IDP is
not known, exposure to a high concentration of ITP or IDP may result in an
increase in the dl level in nuclear DNA, thus increasing the frequency of
single-strand DNA breaks and chromosomal abnormality as observed in Itpa™
primary MEFs. Moreover, both ITPA deficiency and exposure to ITP or IDP were
found to increase premature centromere separation [22,38]. These
chromosomal abnormalities may be due to an increased level of ITP in the
nucleotide pool. Since sister chromatid cohesion is accomplished via a cohesin
complex composed of Rad21, Smcla, Smc3, and two Scc3 orthologues, SA1
and SA2 [40,41] through a reaction requiring ATP, ITP may compete with ATP
and disrupt establishment of sister chromatid cohesion, thus resulting in

premature centromere separation and inappropriate chromatid separation.

3. Source of ITP and dITP, and their metabolic pathways in the cell



Using ITPA-deficient mice and MEFs, we confirmed that (1) ITP and dITP
are spontaneously produced in vivo, and (2) the amounts of inosine nucleotides
in RNA and DNA are increased under ITPA deficient-conditions. These findings
raise several new questions. What is the source of ITP and dITP in vivo? Does
spontaneous or enzymatic deamination of ATP and dATP occur or are ITP and
dITP produced as metabolites derived from IMP? How do the nucleotides
function in these mice and inflict damage at the cellular and macroscopic level?
Is the mechanism common to different species?

The amount of ITP in the nucleotide pool is dependent on an equilibrium
between synthesis and degradation. The degradation involves transcription and
enzymatic hydrolysis. ITP is known to be incorporated into RNA by RNA
polymerase Il and Ill, however, it results in an inhibition of the elongation reaction
[25,42]. ITP is incorporated by human RNA polymerase Il, and is inserted with
the same Ky and Vnax as GTP at the same template position [25]. However, the
transcriptional proofreading mechanism was found to inhibit the elongation of
transcription at the IMP position. The levels of ITP and dITP are mainly controlled
through the activity of the ITPA protein, which varies among individuals in human
populations [16-19]. Recently, an enzyme with IDP/dIDP hydrolyzing activity has
been identified [22,43]. Intracellular concentrations of ITP and dITP are restricted
by these enzymes to maintain the cell in a healthy state.

The metabolic pathway used to produce ITP is currently not well known as
yet (Fig. 3). As with pathways from IDP to ITP and dIDP to dITP, itis known that
nucleoside diphosphate kinase is efficient at catalyzing the reaction with ATP as
a phosphate group donor [44]. However, according to the KEGG purine
metabolic pathway and based on the results of the previous authors, the enzyme
that produces IDP from IMP is missing [45]. In E.coli, it has shown that guanylate
kinase may catalyze the reaction in a certain case [46,47]. As for eukaryotic cells,
there are two conflicting reports; one group using rabbit erythrocytes showed that
there is no enzyme for converting IMP to IDP [48], while the other detected IDP
production after **C-labeled hypoxanthine was applied [49]. Itis possible that
different pathways are used in different species. The gene of the enzyme, which

efficiently converts IMP to IDP under physiological conditions, has not yet been

10



identified in mammals. As another possibility, ITP can be formed by deamination
of the ATP molecule, which occurs spontaneously or by enzymatic reaction [50].
Karran and Lindahl [51] have shown that spontaneous deamination of an adenine
base occurs in DNA. This reaction is enhanced under conditions of a low pH in
the presence of nitrite, conditions similar to those that are found inside the
stomach. Although ATP deaminase activity was found in Microsporum audouini
[52], its existence has not yet been reported in mammalian cells.

In the case of ITPA-deficient mouse erythrocytes, we detected a large
amount of ITP molecules corresponding to 10% of that of ATP [21]. Production
and accumulation of the ITP molecules occurred during a few weeks (from the
embryonic stage to 10 days after birth). Whether by a chemical or enzymatic
reaction, a significant amount of the ITP can be produced in the cell if ITPA
protein is absent. It is possible that erythrocytes possess an as yet unidentified
enzyme with IMP kinase activity which converts IMP to IDP by ATP hydrolysis
(Fig. 3). Mammalian adenylate and guanylate kinases are the candidate
enzymes which have reported to be able to phosphorylate IMP in vitro [53,54].
Because the concentration of ATP is high, the reaction may proceed even if the
concentration of IMP is low. If the enzyme does not exist [48], it is more likely that
the deaminated ATP is a source of ITP, as compared to the product of the
enzymatic phosphorylation of IDP. This is because the amounts of IDP and IMP
observed in the Itpa™ erythrocytes are small compared to that of ITP (Fig. 1D)
[21]. The abundance of IMP in nucleotide pool is variable in tissues of the wild
type mouse; IMP is hardly detectable in erythrocytes, readily detectable in liver,
and muscle contains almost the same amount of IMP as ATP (unpublished result,
Sakumi et al). ITP in muscle might be produced through the IMP-IDP pathway.

It is clear that a significant amount of dITP is produced and incorporated
into DNA in cells, since dI was detected in the DNA of ITPA” embryos and
primary MEFs [22]. As with ITP, we can consider two pathways for the
production of dITP in vivo, namely, deamination of dATP and metabolic
conversion of IDP (Fig. 3). As for the pathway used in converting IDP to dIDP, we
could not find any report confirming whether mammalian ribonucleotide

reductase is able to catalyze the reaction. Ribonucleotide reductase is known to
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have strict substrate specificity [55]. However, because 6-TG and other
nucleoside analogues are incorporated into DNA [56], IDP is also a potential
substrate for the enzyme. If IDP is the substrate of ribonucleotide reductase in
vivo, controlling the amount of IDP is very important for quality control of the
dNTP pool since dIDP is phosphorylated by nucleotide diphosphate kinase to
produce dITP [44]. Recently, NUDT16 protein has been reported to possess
IDP/dIDP phosphohydrolase activity (Fig. 3, [22,43]). The enzyme may have a
role in preventing the increase of dITP in the dNTP pool.

4. Biological significance of ITP and dITP

We now know that significant amounts of inosine and deoxyinosine
nucleotides are produced in the nucleotide pool, and are found in the RNA and
DNA of mammalian cells [22]. The amount of dI in DNA of Itpa™ mouse cells is
much more than that of 8-oxodG in DNA of Oggl1,Mthl double-knockout
(Oggl™” ,Mth1™) mouse cells [57].

To evaluate the biological significance of deaminated purine nucleoside
triphosphates such as ITP and dITP, we have to consider the three pathways
shown in Fig. 2. In the first, dITP is produced in cells, and incorporated into DNA
by DNA polymerases. Deoxyinosine in DNA may cause cellular dysfunctions,
such as mutations and strand breaks, the latter occurring as part of the DNA
repair pathways [8,32-35,46]. In the second pathway, ITP is produced and
incorporated into RNA during transcription [25]. The incorporated inosine might
affect the structure and function of RNA and RNA-protein complexes such as
ribosomes, or may result in a mutated protein through aberrant translation. In the
third pathway, ITP functions as a free nucleotide and acts as an agonist or
antagonist to ATP/GTP-binding proteins [28-30].

In E. coli, the lethality of rdgB recA or rdgB recBC double mutants, the
former encoding ITP pyrophosphatase, is suppressed by the inactivation of
endonuclease V [8], which cleaves at the second phosphodiester bond 3’ to the
lesion, a deaminated adenosine, thus initiating alternative excision repair [32]. It
is likely that an ITP pyrophosphatase deficiency in E.coli results in the

accumulation of dITP in the nucleotide pool, thus causing an increased
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accumulation of dl in the DNA. Excision repair initiated by endonuclease V leads
to chromosomal fragmentation in recA and recBC mutants [8]. The
hyper-recombination and SOS-induced phenotype of the rdgB single mutant is
also reversed by the inactivation of endonuclease V [58]. These observations
strongly suggest that ITPA deficiency in mouse cells also causes chromosomal
abnormality [22].

As observed in the Itpa”™ mouse, a deficiency in ITP degradation leads to a
cardiomyopathy-like phenotype, which is known to be mainly caused by
mutations of sarcomeric protein-encoding genes [59]. Itis clear that
maintenance of the quality of the ATP pool is important for sarcomere
organization in the heart. Since ITP has structural similarity not only to ATP but
also to GTP, ITP has a potential to affect the functions of GTP
binding/hydrolyzing proteins. ITP pyrophosphatase activity should be important
in keeping biochemical processes in cells functioning properly.

In the case of human ITPA deficiency, however, no major phenotype has
been reported except for an abnormal accumulation of ITP in erythrocytes and an
aberrant sensitivity to nucleoside antimetabolite drugs such as azathioprine and
ribavirin [16-19]. Sumi et al found that the P32T mutation is responsible for
human ITPA deficiency, and proposed a relationship between this deficiency and
an increased sensitivity to the toxicity of nucleoside analogue drugs [17]. They
suggested that the ITP level in ITPA-deficient human erythrocytes may represent
10%-25% of the ATP pool, which is similar to the amount of ITP observed in the
Itpa” mouse [21]. To explain the difference in the phenotypes of
ITPase-deficient mice and humans, we considered two hypotheses. One is that
there is another compensational mechanism in human cells used in excluding
ITP from the ATP pool, other than that involving ITPA protein. It has been shown
that the P32T mutant protein possesses reduced stability and about half of the
enzyme activity of the wild type enzyme in vitro [12,60]. Recently, it has also
been shown that NUDT16 protein has IDP/dIDP-, and to a lesser extent,
ITP/dITP-hydrolyzing activity [22,43], which may be responsible for the
prevention of ITP/dITP production in vivo. The other hypothesis is that an ITPA

deficiency may be related to a specific kind of disease in human populations,
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although this possibility has not yet been sufficiently explored. Recently, Fellay et
al reported that in a human population, ITPA enzyme activity was related to a
sensitivity to ribavirin, an anti-hepatitis C virus drug [19]. In this case, higher ITPA
activity was associated with a higher susceptibility to anaemia caused by ribavirin.
Clinical and biochemical analyses of ITPA-deficient patients as well as human
ITPA-deficient cells are important for clarifying the biological significance of
inosine nucleotides and ITPA protein in humans.

5. Future perspectives

There are many issues to be resolved in terms of the biological significance
of ITP, dITP and the cellular systems that maintain the quality of canonical
nucleotide pools in mammalian cells.

The effects caused by deoxyinosine and inosine in DNA and RNA have not
been clearly elucidated as yet. DNA and RNA polymerases are likely to
recognize dITP and ITP as dGTP and GTP, then incorporate them opposite C
during replication and transcription, respectively [25,61]. However, once
incorporated into a polynucleotide, hypoxanthine, the base moiety of inosine
nucleotides, may pair with T and other bases in addition to C [61,62]. These
aberrant base pairs may be recognized by the mismatch repair system as well as
by the base excision repair system. In addition to its effect as a substrate for
replication and transcription, ITP has the potential to interact with the
ATP/GTP-binding proteins [28-30]. Most of the processes involving ITP have not
been elucidated as yet.

We did not detect ITPA protein in the mitochondrial fraction, although there
exist independent nucleotide pools and systems of replication and transcription.
It is likely that there is another ITP/dITP clearance system in mitochondria.

We did not discuss XTP and dXTP, which are substrates of mammalian
ITPA proteins, because we have not yet quantified the amounts of these
nucleotides in vivo. To elucidate the molecular mechanisms of the biological
effects of the deaminated nucleotides, precise identification and characterization
of the enzymes responsible for the metabolic pathways of these non-canonical

nucleotides are required. Quantification of both canonical and non-canonical
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nucleotides, and characterization of the metabolite profiles, representing the
amount of each nucleotide, are important for understanding the roles of each
nucleotide in specific tissue types, since these vary from tissue to tissue.
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Legends to figures

Figure 1. Typical phenotypes of Itpa” mice (129SvEv/C57BI/6J mixed
genetic background). (A) No ITPase activity was detected in the erythrocyte
extract of the Itpa” mouse. The amount of IMP released from ITP by the
erythrocyte extract was determined by HPLC. Itpa™, open circle; Itpa™, gray
circle; Itpa”, closed circle. (B) Itpa™ mice were smaller than Itpa*™* and Itpa™”
mice. Ten-day-old male mice from the same litter were compared. (C) The heart
of the Itpa™ mouse showed hypoplasia. On electron micrographic analysis,
microfibrillar disarray was evident in Itpa”™ mouse heart (10-days-old). (D)
Accumulation of ITP in the nucleotide pool of Itpa’™ mouse erythrocytes. The
peak area corresponding to the accumulated ITP is shown in green. No ITP was
evident in Itpa™* and Itpa™ mouse erythrocytes. (Adapted from Behmanesh et al
[21] with permission.)

Figure 2. The roles of the ITPA protein in mouse cells. Deaminated purine
nucleoside triphosphates, such as ITP and dITP accumulate in the Itpa™ cells,
because there is no ITPA protein. Quality control of the nucleotide pool is
important not only because DNA (I) and RNA (1l) are made up of the nucleotides
which it supplies, but also because of the biological pathways that require
nucleotides for activities (lll), such as those involved in muscle contraction and

heart development. (Adapted from Behmanesh et al [21] with permission.)

Figure 3. Metabolic pathways for the synthesis of ITP and dITP. The
pathways directly related to ITP, IDP, dITP and dIDP are indicated by red arrows.
Putative pathways for synthesizing the deaminated nucleotides are numbered in
red. The event or enzyme indicated by each number is as follows: (1)
deamination, (2) ribonucleotide reductase (EC: 1.17.4.1), (3)
nucleoside-diphosphate kinase (EC: 2.7.4.6), (4) ATP-diphosphatase (EC.:
3.6.1.5, 3.6.1.6). Because these ATP-diphosphatases have reported as
ectonucleotidases in mammals [63], another enzyme may exist to regulate the

intracellular nucleotide pool, such as NUDT16 protein, (5) ITP pyrophosphatase
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(EC: 3.6.1.19), (6) NUDT16 protein [22,43,3; reviewed in detail by Tsuchimoto et
al, in the same issue], (7) Guanylate kinase (EC: 2.7.4.8). Agarwal et al reported
that human erythrocytic guanylate kinase catalyzes a very slow reaction with IMP
[54], (8) Adenylate kinase (EC: 2.7.4.3). Although the purified adenylate kinase
of human erythrocyte was reported to contain no measurable catalytic activity on
IMP [64], recently Ren et al have shown that IMP could be phosphorylated by
purified adenylate kinase 6 protein [53], (?) IMP/dIMP kinase (not identified in
mammals, yet). Only a portion of the purine nucleotide synthesis pathways
related to ITP, IDP, dITP and dIDP are shown.
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ITP pyrophosphatases

Gene, enzyme Phenotype of mutant Reference

Human | Gene: ITPA (Ch.20p) ¢« accumulation of ITP in erythrocytes | [4,10,12,13,16-20]
Protein:194aa (21.5kDa) | ¢ aberrant sensitivities to the
nucleoside antimetabolite drugs,
such as azathioprine and ribavirin

Mouse | Gene: Itpa (Ch.2) ¢ peri- or postnatal lethality (depends | [5,21,22]

Protein:198aa (21.9kDa) on the genetic background)

¢ heart abnormality

e accumulation of ITP in erythrocytes

¢« accumulation of inosine in RNA,
deoxyinosine in DNA of the Itpa(-/-)

embryo
Yeast | Gene: HAM1/YJR069C ¢ Increased sensitivity (mutation, [9]
(Ch.X) survival) to 6-hydroxylaminopurine
Protein:197aa (22.1kDa)
E.coli | Gene: rdgBlyggV ¢ the synergistic lethality with recA [7,8,15]

Protein:197aa (21.0kDa) or with recBC.

+ rdgB mutants exhibit a hyper-
recombination and SOS-induced
phenotype

Sakumi et al., Table 1
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(1) deamination

(2) ribonucleotide reductase (EC: 1.17.4.1)

(3) nucleoside-diphosphate kinase (EC: 2.7.4.6)
(4) ATP-diphosphatase (EC: 3.6.1.5, 3.6.1.6)

(5) ITP pyrophosphatase (EC: 3.6.1.19)

(6) NUDT16 protein

(7) Guanylate kinase (EC: 2.7.4.8)

(8) Adenylate kinase (EC: 2.7.4.3)

(?) IMP/dIMP kinase (not identified yet)

Sakumi et al., Figure 3
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