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a b s t r a c t

The malarial parasite, Plasmodium vivax (Pv), causes a serious infectious disease found primarily in Asia
and the Americas. For protozoan parasites, 6-oxopurine phosphoribosyltransferases (PRTases) provide
the only metabolic pathway to synthesize the purine nucleoside monophosphates essential for DNA/RNA
vailable online 1 June 2010
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production. We have purified the recombinant Pv 6-oxopurine (PRTase) and compared its properties with
the human and Pf enzymes. The Pv enzyme uses hypoxanthine and guanine with similar catalytic effi-
ciency to the Pf enzyme but xanthine is not a substrate, hence we identify this enzyme as PvHGPRT. Mass
spectrometry suggests that PvHGPRT contains bound magnesium ions that are removed by EDTA result-
ing in loss of activity. However, the addition of Mg2+ restores activity. Acyclic nucleoside phosphonates
(ANPs) are good inhibitors of PvHGPRT having Ki values as low as 3 �M. These compounds can form the

w dru
cyclic nucleoside phosphonates basis for the design of ne

Malaria caused by the parasite Plasmodium vivax (Pv) is often
eferred to as a neglected disease. This is because the primary focus
or prevention and treatment has been directed towards Plasmod-
um falciparum (Pf) malaria. However, there are ∼2.6 billion people
iving in areas of risk from attack by Pv and it is estimated that
his species is responsible for 25–40% of the reported 515 million

alarial infections each year [1]. Pv is the main cause of malaria
utside Africa, occurring mainly in Asia (the cause of 80% of malaria
nfections) and the Americas (70%) [2]. Protozoan parasites lack
he enzymes to synthesize the purine nucleoside monophosphates
ssential for DNA/RNA production from small molecules (the de
ovo pathway) [3]. Thus, they rely on the salvage of hypoxanthine,

uanine and possibly xanthine by 6-oxopurine phosphoribosyl-
ransferase (PRTase) for survival and reproduction, making this
nzyme an excellent target for drug design. The reactions catalysed
y this enzyme are shown in Table 1A. The presence of divalent

Abbreviations: PRTase, phosphoribosyltransferase; PvHGPRT, Plasmodium
ivax hypoxanthine-guanine-phosphoribosyltransferase; PfHGXPRT, Plasmod-
um falciparum hypoxanthine-guanine-xanthine phosphoribosyltransferase;
GPRT, hypoxanthine-guanine phosphoribosyltransferase; PRib-PP, 5-phospho-
-d-ribosyl-1-pyrophosphate; ANP, acyclic nucleoside phosphonate; DTT,
ithiothreitol; PPi, pyrophosphate.
∗ Corresponding author. Tel.: +61 7 3365 3549; fax: +61 7 3365 4699.
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gs aimed at combating malaria caused by Pv.
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metal ions, usually Mg2+ in vivo, is required for the reaction to
proceed. There are two mechanisms whereby the catalytic prop-
erties of this enzyme can be utilized for effective drug design. One
mechanism is through the design of purine base analogs that, after
conversion to the products of the reaction, are toxic to the cell
[4]. It is proposed that their mode of action is to interfere with
DNA/RNA synthesis in the parasite, in a similar manner to the anti-
cancer agent, 6-mercaptopurine [5]. Purine bases, like guanine and
hypoxanthine and their analogs, should be transported across the
parasite’s cell membrane either actively or passively [6–8]. Another
mechanism that can be exploited for drug design is direct inhi-
bition of the enzyme. To date, the only known inhibitors of the
Pf enzyme are the immucillin 5′-phosphates [9] and the acyclic
nucleoside phosphonates (ANPs) [10]. The ANPs are excellent ther-
apeutic leads because they have a stable phosphorus–carbon bond,
favourable pharmacokinetic properties and low cytotoxicity [11].
The complete genome of Pv has been sequenced and the gene cod-
ing for Pv 6-oxopurine PRTase identified [12]. To date, this enzyme
has not previously been investigated or its properties examined as
a potential target for chemotherapy. Here, the expression, purifi-

cation and characterization of recombinant Pv 6-oxopurine PRTase
are reported and the biochemical properties of this enzyme com-
pared with those of the human and Pf 6-oxopurine PRTases. We
later show this enzyme uses guanine and hypoxanthine as purine
bases, but not xanthine and henceforth refer to it as PvHGPRT. New

dx.doi.org/10.1016/j.molbiopara.2010.05.018
http://www.sciencedirect.com/science/journal/01666851
mailto:luke.guddat@uq.edu.au
dx.doi.org/10.1016/j.molbiopara.2010.05.018
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Table 1
(A) The reaction catalysed by the 6-oxopurine PRTases and (B) the kinetic con-
stants of PvHGPRT for its naturally occurring substrates and purine base analogs.

.

Substratea kcat (s−1) Km(app) (�M) kcat/Km (s−1 �M−1)

Hypoxanthine 0.74 ± 0.01 0.93 ± 0.12 0.8
Guanine 1.7 ± 0.03 1.9 ± 0.4 0.9
6-Mercaptopurine 0.63 ± 0.08 1.18 ± 0.5 0.5
6-Thioguanine 1.2 ± 0.06 0.86 ± 0.25 1.4
8-Azahypoxanthine 1.1 ± 0.13 361 ± 75 0.003
8-Azaguanine 0.4 ± 0.04 110.8 ± 20.5 0.004

(A) The reaction catalysed by the 6-oxopurine phosphoribosyltransferases. The nat-
urally occurring purine bases are guanine (R is –NH2), hypoxanthine (R is –H) and
xanthine (R is O). For the Pv and human enzymes only guanine and hypoxan-
thine are substrates. For the Pf enzyme all three naturally occurring purine bases
are substrates. (B) aThe Km(app) values for these bases were measured under satu-
rating conditions of PRib-PP (900 �M). The purine base concentration ranged from
0.5 �M to 60 �M except for 8-azahypoxanthine (75–329 �M) and 8-azaguanine
(
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the major component at 27,793 Da and a smaller peak at 27,849 Da
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20–148 �M). Seven different concentrations of the purine base were used. The sta-
istical analysis for the Km and Vmax values was calculated using Prism4 (Graphpad
oftware, Inc., La Jolla, CA).

NP inhibitors of the Pv enzyme are identified as leads for the
evelopment of drugs to treat malaria due to infection by P. vivax.

Recombinant Pv 6-oxopurine PRTase was expressed with an

-terminal hexa-histidine tag and purified to homogeneity as
ssessed by SDS-PAGE and mass spectrometry (Fig. 1). Mass spec-
rometry of the purified sample gave a major peak at 27,849 Da
Fig. 1b) and a smaller peak at 27,793 Da (8% of the total sig-

ig. 1. The cDNA coding for the Pv 6-oxopurine PRTase was cloned into the pET22b ve
scherichia coli cells. A hexa-histidine tag was introduced at the N-terminus of the polype
pro-gpt-lac, thi, hpt, F−) as described for the plasmids containing either PfHGPRT, huma

ell lysis were as previously described [15–16]. The enzyme was purified using either a Hi
vHGPRT. The molecular mass markers are in kDa. Electrospray mass spectra of (b) purifie
amples were desalted on a C18 HPLC column with a 0–60% CH3CN gradient containing 0
al Parasitology 173 (2010) 165–169

nal), a difference of 56 Da. The calculated mass of the monomeric
polypeptide chain plus the hexa-histidine tag and the N-terminal
methionine is 27,792.9 Da which corresponds to the smaller mass
in Fig. 1b. Sequencing of the purified recombinant PvHGPRT con-
firmed that the N-terminal methionine had not been cleaved, the
N-terminal sequence being MHHHHHH. Thus, the smaller mass
obtained in Fig. 1c is due solely to the intact polypeptide chain
containing the six histidine residues and the N-terminal methio-
nine residue. PvHGPRT was initially purified using a cobalt affinity
resin. The mass of that preparation of enzyme was 27,849 Da. Thus,
the difference in mass units compared with the single polypeptide
chain was 56.1 Da and was tentatively attributed to the presence of
one cobalt ion (mass = 58.9 Da). However, atomic absorption spec-
troscopy showed no cobalt in this preparation. Alternatively, this
mass difference can be attributed to the mass of one magnesium ion
(24.3 Da) and two coordinated hydroxyl ions or water molecules
(total of 58 or 60 Da). Escherichia coli XGPRT and HPRT both con-
tain magnesium ions in their crystal structures in the absence
of the mononucleotide [13,14]. Thus, one possible explanation is
that unliganded PvHGPRT also contains bound magnesium ions. All
three enzymes are purified in buffers containing 0.01 M MgCl2. In E.
coli XGPRT, a Mg2+ is bound to the O�1 atom of E89 whereas, in E. coli
HPRT, it is liganded to the enzyme through two side chains that, in
the amino acid sequence alignment, correspond to E145 and D146
in PvHGPRT. The crystal structure of unliganded E. coli HPRT shows a
Mg2+ coordinated to three water molecules [14]. These two amino
acids (E and D) are located in one of the most highly conserved
regions in the 6-oxopurine PRTases. The free human HPRT struc-
ture does not contain Mg2+ [15] and PfHGXPRT is purified in the
absence of added divalent ions, requiring only PRib-PP and hypox-
anthine for stability [16]. Thus, these two enzymes do not contain
Mg2+ bound to the free structure and do not need these divalent
metal ions to maintain activity. PvHGPRT was dialysed into buffer
containing EDTA at 5 ◦C overnight. This resulted in a decrease in the
specific activity from 5.4 to 0.17 �mol min−1 A280

−1 and a decrease
in mass by 56 Da (Fig. 1c). The mass spectrum after dialysis shows
(8% of the total) which was the major component prior to dial-
ysis (Fig. 1b). The presence of the larger peak probably explains
the small amount of active enzyme (3%) that remains after dialy-
sis. These results support the hypothesis that the mass difference

ctor (ampR) by GeneArt® . The gene sequence was optimised for codon usage in
ptide to facilitate purification. The plasmid was transformed into S�606 cells (ara,
n HGPRT, E. coli HPRT or E. coli XGPRT [13–16]. The growth media and method for
sPurTM Cobalt or a BioRad ProfinityTM IMAC resin. (a) SDS-PAGE analysis of purified
d PvHGPRT and (c) PvHGPRT after dialysis into buffer containing 1 mM EDTA. Both
.1% formic acid.
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f 56 Da is due to the presence of a metal ion, which could be
ttributed to one bound Mg2+ ion per monomer and accompanying
ater molecules or hydroxyl ions.

A sample of PvHGPRT with a specific activity of
.2 �mol min−1 A280

−1 was dialysed into buffer contain-
ng 1 mM EDTA overnight. The specific activity decreased to
.7 �mol min−1 A280

−1. The addition of buffer containing MgCl2 to
ive a final concentration of Mg2+ of 9 mM resulted in an increase
f activity to 2.7 �mol min−1 A280

−1 after 2 h. The addition of
he same concentration of magnesium ions together with 1.8 mM
Rib-PP resulted in an increase of activity to 5.8 �mol min−1 A280

−1

n the same time period. This supports the proposition that the
etal ion bound to the free enzyme is Mg2+. The loss of activity
hich occurred when the metal ion was removed also suggests

hat its presence is essential to maintain the active site structure of
he enzyme; and that, after removal of Mg2+, the addition of Mg2+

r the Mg2+. PRib-PP complex restores the enzymatic activity.
The molecular mass calculated from the sedimentation equi-

ibrium data, using a method described previously [16], is
14,000 ± 2000 Da which agrees well with the expected mass of
111,392 Da for a tetramer with 27,848 Da subunits. Human and
f enzymes also exist as tetramers in solution [15,16]. Dialysis of
vHGPRT into Mg2+-free buffer (0.1 M Tris–HCl, 1 mM DTT, pH 7.4)
esulted in a loss of 90% of the activity. Ultracentrifugation showed
hat the enzyme still existed as a tetramer and, therefore, the loss
f activity which occurs on dialysis into magnesium-free buffer is
ot due to dissociation of the tetrameric unit.

PvHGPRT has a specific activity for guanine of
.2 �mol min−1 mg−1 of protein and for hypoxanthine,
.1 �mol min−1 mg−1 of protein. Thus, in terms of kcat, gua-
ine is the preferred base. This difference may be due to variations

n the orientation of the two substrates in the active site.
he specific activities for the enzyme from P. falciparum are
lightly lower, 1.5 �mol min−1 mg−1 of protein using guanine
nd 0.77 �mol min−1 mg−1 of protein with hypoxanthine [16].
n contrast, the specific activities for the human counterpart are

uch higher with values of 34 �mol min−1 mg−1 of protein for
uanine and 19 �mol min−1 mg−1 of protein for hypoxanthine
16]. Lower specific activities for the naturally-occurring purine
ases compared with the human enzyme are also found for the cor-
esponding PRTases from other protozoan parasites. For example,
. mansoni HGPRT has a specific activity of 7.6 �mol min−1 mg−1

f protein for guanine and 5.3 �mol min−1 mg−1 of protein for
ypoxanthine [17]. For T. foetus HGPRT, these values are 2.2 and
.3 �mol min−1 mg−1 of protein for the two bases [18] while for E.
enella HGPRT, the specific activities are 4.9 and 6.4, respectively
19]. Thus, in general, the enzymes from the protozoan parasites
xhibit lower specific activities than the human counterpart. The
eason for this may be that, in some parasites, the 6-oxopurine
RTases are expressed at high levels and, therefore, their turnover
ates do not have to be as high as human HGPRT.

The kinetic constants, kcat and Km, of recombinant PvHGPRT for
he naturally-occurring purine base substrates are given in Table 1.
onsidering catalytic efficiency, kcat/Km values for guanine and
ypoxanthine are similar. PfHGXPRT favours hypoxanthine with a
atio of kcat/Km (hypoxanthine): kcat/Km (guanine) of 6 and human
GPRT prefers guanine, with a ratio of kcat/Km (hypoxanthine):

cat/Km (guanine) of 0.3. This difference in specificity between the
arasite and human enzymes may reflect the fact that, in the para-
itic cell, hypoxanthine is the primary precursor for synthesis of the
urine nucleoside monophosphates. PvHGPRT binds hypoxanthine

ith a 2-fold greater affinity compared with guanine (compare Km

alues in Table 1) while for PfHGXPRT the Km ratio is 12 (Km is
.07 ± 0.03 �M for hypoxanthine and 0.83 ± 0.5 �M for guanine)
16]. The affinity for both purine bases is higher for the Pf enzyme
ompared with PvHGPRT, being 13-fold greater for hypoxanthine
al Parasitology 173 (2010) 165–169 167

and 4-fold greater for guanine, suggesting differences in the mode
of binding of these bases between the two enzymes. In contrast,
for the human enzyme, the situation is reversed with guanine
binding more tightly than hypoxanthine (Km for hypoxanthine is
3.4 ± 1.0 �M and for Km for guanine is 1.9 ± 0.4 �M) [16]. Thus,
all three enzymes have different affinities for these two naturally-
occurring substrates.

A striking difference between PvHGPRT and PfHGXPRT is in their
ability to use xanthine. As for human HGPRT [16], xanthine is not a
substrate for PvHGPRT with a calculated kcat/Km ≤ 5 M−1 s−1. How-
ever, xanthine is a good substrate for PfHGXPRT in terms of kcat

(3.3 ± 0.2 s−1) though it binds weakly (Km = 183 ± 18 �M) [16], giv-
ing kcat/Km = 2 × 104 M−1 s−1. It has been proposed that PfHGXPRT
evolved to be able to use xanthine as this may be the purine base
in highest concentration during its life cycle in the mosquito. How-
ever, the Pv enzyme appears not to have this requirement and can
replicate without the necessity of having to use the third naturally-
occurring base. Therefore, it is possible that the xanthine activity in
PfHGXPRT may have arisen due to an evolutionary accident rather
than to perform a function critical to the survival of the parasite.

There is little difference in the Km for PRib-PP between the three
enzymes indicating that, in the areas that bind the pyrophosphate
and 5′-phosphate moieties, the structures are highly conserved.
This result is confirmed by the similarity in amino acid sequence
in these regions. PvHGPRT binds GMP and IMP more weakly than
the Pf or human enzymes. For PvHGPRT, the Ki for IMP is 62 �M
and for GMP, this value is 26.1 �M. PfHGXPRT binds these com-
pounds more tightly, with Ki values of 3.6 ± 1 �M and 10 ± 2 �M,
respectively [11]. The human enzyme is more similar to PfHGXPRT
in this respect having much lower Ki values for IMP and GMP than
PvHGPRT (Ki for IMP is 5.4 ± 1.2 �M and, for GMP, 5.8 ± 0.2 �M)
[11]. Given that PvHGPRT binds hypoxanthine 2-fold more tightly
than guanine, it is surprising that for the mononucleotides the sit-
uation is reversed. This suggests that the binding of the purine
base is not the primary contributing factor to the Ki value for the
mononucleotides. Because of the significant differences between
these three enzymes in their ability to use the naturally occurring
purine bases, the kinetic constants for a number of base analogs for
PvHGPRT were measured (Table 1). PvHGPRT does not discriminate
greatly between these bases in terms of kcat (Table 1). However, for
PvHGPRT, the substitution of a nitrogen atom for a carbon atom
in the 8-position of the purine base resulted in a 100–300-fold
increase in the Km. The replacement of the 6-oxo exocyclic group
by a thio group (6-mercaptopurine and 6-thioguanine) had little
effect on the Km (Table 1; [4]) for all three enzymes, indicating
that the role of the exo-cyclic group in this position is to con-
fer specificity for the 6-oxopurine bases as against the 6-amino
group required by adenine PRTase [4]. The exocyclic groups in this
position form a hydrogen bond with the �-amino group of the
invariant lysine residue that is found in all the known 6-oxopurine
PRTases structures (K177 in PvHGPRT). 6-Mercaptopurine and 6-
thioguanine are good substrates for PvHGPRT in terms of catalytic
efficiency (kcat/Km) (Table 1). For PfHGXPRT, 6-mercaptopurine is
by far the preferred substrate, having a kcat/Km of 20 �M−1 s−1

compared with 1.2 �M−1 s−1 for 6-thioguanine [4]. This is consis-
tent with the fact that PfHGXPRT binds hypoxanthine with 13-fold
higher affinity than the Pv enzyme. Substitutions in the imidazole
portion of the purine base have a marked effect on the selectivity
for PvHGPRT. Such substitutions virtually abolish binding. A similar
result is observed for the human enzyme. Thus, 8-azaguanine is a
very weak substrate for PvHGPRT with a kcat/Km of 0.004 �M−1 s−1,

similar to that found for the human HGPRT (0.005 �M−1 s−1) [4]. In
comparison, this base is a good substrate for PfHGXPRT, having a kcat

of 4.9 ± 0.02 s−1 and a Km of 12.6 ± 0.2 �М (kcat/Km of 0.4 �M−1 s−1)
[4]. For 8-azahypoxanthine, kcat/Km is identical to that found for
8-azaguanine using PvHGPRT though the kcat and Km values are
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Table 2
Inhibition of PvHGPRT by acyclic nucleoside phosphonates.

Compound no. Phosphonate moietya Base Ki (�M)

1 8-Azaguanine 3.3 ± 0.7

2 Guanine 6.4 ± 1.5

3 2-Amino-6-bromopurine 2.9 ± 0.8

a The acyclic chain is attached to the N9-position of the purine base. Synthesis of compound 1: 9-[2-(phosphonoethoxy)ethyl]-8-azaguanine was prepared analogously
with the literature by the alkylation of N2-[(dimethylamino)methylene]-8-azaguanine with diisopropyl [(2-chloroethoxy)ethyl]phosphonate, followed by methanolysis. The
resulting diisopropyl ester of ANP was transformed to the free phosphonic acid. 1H NMR (D2O): 1.72 (m, 2H, H-5); 3.73 (m, 2H, H-4); 3.98 (t, 2H, J1,2 = 5.4, H-2); 4.58 (t, 2H,
J1,2 = 5.4, H-1). 13C NMR (D2O): 30.61 d, J1,P = 124.0 (C-5); 46.38 (C-1); 67.97 (C-2); 68.64, d, J2,P = 3.2 (C-4); 125.71 (C-5′); 152.23 (C-4′); 161.12 and 164.61 (C-2′ and C-6′). -ESI-
MS, m/z: 303.2 [M–H]− . -ESI-HRMS calc for C8H12O5N6P 303.0607, found: 303.0612 [M–H]− . Synthesis of compound 2: (9-[2-(1-phosphonopropan-2-yloxy]ethyl]guanine)
was prepared as described previously. Synthesis of compound 3: 2-amino-6-bromo-9-[2-(phosphonoethoxy)ethyl]-9H-purine was prepared from the corresponding 2-
amino-6-chloro-purine phosphonate ester by reaction with bromotrimethylsilane (TMSBr, 10 equiv.) in CH3CN at RT overnight followed by hydrolysis. In addition to desired
c as ob
2 O): 30
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leavage of the ester, a quantitative replacement of 6-chloro with 6-bromo group w
′-CH2–P); 3.87 (m, 2H, CH2–O); 4.31 (m, 2H, N–CH2); 8.13 (s, 1H, H-8). 13C NMR (D2

C-5); 142.86 (C-6); 145.33 (C-8); 152.61 (C-4); 159.76 (C-2). For C9H15BrN5O5P. H2

oth doubled. These two values are also doubled for PfHGXPRT and,
lthough the kcat/Km values are the same for both substrates, the
arasite enzymes bind the hypoxanthine analog more weakly than
he guanine analog. For the human enzyme, 8-azahypoxanthine
s such a weak substrate that no rate could be detected and the
alculated kcat/Km is ≤1.1 × 103 M−1 s−1 [4]. For PvHGPRT, allop-
rinol (8-aza-7-deazahypoxanthine) is a very weak substrate with
cat/Km being 1.7 × 103 M−1 s−1. For allopurinol, the kcat/Km value
or PfHGXPRT is 6 × 104 M−1 s−1 while for human HGPRT, this value
s similar to that for PvHGPRT (3 × 103 M−1 s−1) [4]. Overall, these
esults show that the Pv and human enzymes are far less toler-
nt of atomic substitutions in the imidazole ring than is PfHGXPRT.
urine base analogs inhibit the growth of Pf in cell culture thus mak-
ng them potential drug leads [4]. Furthermore, 6-mercaptopurine
nd 8-azaguanine have been found to arrest parasitemia in mice
nfected with the malarial strain of Plasmodium berghei with IC50
alues of 47 �M and 32 �M, respectively (Guddat et al., unpub-
ished). P. vivax is unable to be cultured and the only in vivo testing
vailable is in monkeys or related mammals [20].

Because ANPs have previously been shown to be good inhibitors
f PfHGPRT [10], three of these compounds were investigated as
otential inhibitors of PvHGPRT (Table 2). The structures of these
NPs (Table 2) differ in the purine base and the linker between the
ase and the phosphonate group. ANPs arrest the growth of Pf in
ell culture [10]. These compounds contain a phosphonate group
hat binds in the 5′-phosphate binding pocket in human HGPRT
10]. This group is one of the anchors that hold the ANPs in posi-
ion. There are three separate entities that contribute to the affinity
f the ANPs for the active site: the purine base, the linker between

he base and the phosphonate group and the phosphonate group
tself. When modifications to two or more of these entities are

ade the overall effect can either be synergistic or the changes may
egate each other. This is demonstrated by the fact that, although
-azaguanine is a very poor substrate for PvHGPRT, compound 1
served. FABMS: 366 [MH+] (50). 1H NMR (D2O): 1.73 (m, 2H, P–CH2); 3.73 (m, 2H,
.73 d, J1-P = 123.9 Hz, P–C); 43.93 (N–CH2); 68.04 (O–CH2); 68.74 (2′-CH2–P); 126.81
6.11) Calculated: C, 28.14; H, 3.94; N, 18.23. Found: C, 28.27; H, 4.01; N, 18.01.

is a good inhibitor of the enzyme. The tight binding is, therefore,
due primarily to the phosphonate moiety and the linker. 2-Amino-
6-bromopurine with the same phosphonate moiety (compound 3)
is also a good inhibitor. Both these compounds inhibit PfHGXPRT
with Ki values of 0.2 �M (compound 1) and 1.3 �M (compound 3).
Compound 2 is still a good inhibitor of PvHGPXRT therefore there
must be room in the active site to accommodate the methyl group
in the 4-position in the linker. However, this compound binds more
tightly to the human enzyme with a Ki value 10-fold lower than for
the parasite enzymes [21]. These results, along with the kcat data
for the substrates further highlight that structural differences in
the active sites of these three enzymes must exist. An ANP with
a Ki value of 8 �М exhibited an IC50 value of 1 �M against Pf cells
grown in culture [11]. It is expected that good inhibitors of PvHGPRT
described in Table 2 will inhibit the growth of P. vivax. The potential
of these three ANP compounds for anti-malarial therapy is fur-
ther demonstrated by their low cytotoxicity in human cell cultures,
which suggests that they have minimal, if any, inhibitory effect on
cellular enzymes (including human HGPRT). In human A549 and
U251 cell lines, their 50% cytostatic concentrations were 260 �M
(compound 1), and >600 �M (compounds 2 and 3).

The two Plasmodium 6-oxopurine PRTases show 77% identity
in their primary sequences. Their identities are much lower when
compared to human HGPRT. For PfHGXPRT this value is 45% while,
for PvHGPRT, it is 39%. However, as expected from the kinetic data,
the residues that line the surface of the purine, pyrophosphate and
5′-phosphate binding sites are conserved between the two parasite
enzymes. The regions of largest difference in the primary sequence
between the two parasite enzymes are at the N-terminus (residues

14–20), the C-terminus (residues 223–232), and residues 98–107
and 122–125, which are regions near a large mobile loop that covers
the active site during catalysis [9]. Based on the known crystal struc-
tures of bacterial and human PRTases, these regions themselves are
generally highly flexible [13–15]. Thus, the difference in the cat-
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lytic and physical properties between the two parasite enzymes
s most likely attributed to differences in flexibility conferred by
mino acid residues in these regions.

PvHGPRT differs from both PfHGXPRT and human HGPRT in
ts catalytic properties. These differences are reflected in the kcat

nd Km values for the naturally-occurring purine bases and also
or purine base analogs. PvHGPRT appears to require the pres-
nce of magnesium to maintain its active site conformation as do
he two E. coli enzymes, XGPRT and HPRT. Neither human HGPRT
or PfHGXPRT has this requirement. ANPs are selective and potent

nhibitors of PfHGXPRT and are effective in arresting the growth
f Pf in cell culture. The ANPs reported here are good inhibitors of
vHGPRT with Ki values as low as 3 �M. Based on these data, ANPs
hat inhibit PvHGPRT will generally be good inhibitors of PfHGXPRT
hough there will be significant differences in their Ki values based
n the structures. Thus, such compounds form a platform for the
esign of more potent inhibitors and for testing of their in vivo
ctivity.
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