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ABSTRACT: Trichomonassaginalisis a parasitic protozoan and the causative agent of trichomoniasis. Its
primary purine salvage system, consisting of a purine nucleoside phosphorylase (PNP) and a purine
nucleoside kinase, presents potential targets for designing selective inhibitors as antitrichomonial drugs
because of lack of de novo synthesis of purine nucleotides in this organism. cDNA engodaginalis

PNP was isolated by complementation ofscherichia colistrain deficient in PNP and expressed, and

the recombinant enzyme was purified to apparent homogeneity. It bears only 28% sequence identity with
that of human PNP but 57% identity with the coli enzyme. Gel filtration showed the enzyme in a
hexameric form, similar to the bacterial PNPs. Steady-state kinetic analyBisaginalis PNP-catalyzed
reactions gav&,’'s of 31.5, 59.7, and 6.4M for inosine, guanosine, and adenosine in the nucleosidase
reaction and 45.6, 35.9, and 1B for hypoxanthine, guanine, and adenine in the direction of nucleoside
synthesis. This substrate specificity appears to be similar to that of bacterial PNPs. The catalytic efficiency
of this enzyme with adenine as substrate is 58-fold higher than that with either hypoxanthine or guanine,
representing a distinct disparity with the mammalian PNPs, which have negligible activity with either
adenine or adenosine. The kinetic mechanisnT ofaginalis PNP-catalyzed reactions, determined by
product inhibition and equilibrium isotope exchange, was by random binding of substrates (purine base
and ribose 1-phosphate) with ordered release of the purine nucleoside first, followed by inorganic phosphate.
Formycin A, an analogue of adenosine known as an inhibitoE.o€oli PNP without any effect on
mammalian PNPs, was shown to inhifit vaginalis PNP with aK;is of 2.3 uM by competing with
adenosineT. vaginalis PNP thus belongs to the family of bacterial PNPs and constitutes a target for
antitrichomonial chemotherapy.

Trichomonasyaginalis an anaerobic parasitic protozoan, some of the others, such d&3iardia lamblia (11—13),
is the causative agent of trichomonial vaginitis, a common, Leishmenia doneni (9—12), andTritrichomonas foetugl3,
sexually transmitted disease with a worldwide impact. It has 14), rely primarily on purine phosphoribosyltransferases to
medical and social implications and also assumes particularsalvage purine bases from their living environments. One
importance due to its augmentation of the predisposition to of the early successes in targeting purine salvage in protozoan

HIV infection (1—3). parasites for growth inhibition has been the rational inhibitor
Purine salvage pathways in protozoan parasites have beewesign against the hypoxanthinguanine-xanthine PRTase
considered key targets for antiparasitic chemotherdp§)( (HGXPRTase) inT. foetus the only major purine salvage

due to the lack of de novo purine nucleotide synthesis amongenzyme in this organism. It yielded submicromolar inhibitors
all the protozoan parasites studied thus far and their against the enzyme, which inhibit the growth of the parasite
dependence on purine salvage to replenish their purinein a highly specific mannerl§, 16).
nucleotide pools. Certain protozoan parasites, sudfo&e- The . T

- . . = purine salvage system in. vaginalis is highly
plasma gondii(6, 7) and Plasmodium falciparum(6—8), simplified as well as distinctive from those among other

gﬁgengri?\lbr?mlzgg? deepli]i?\z‘;gz”g) ?Sy:j:?nn:fsg?\fjsévag:fee:}arasitic protozoa. It possesses no detectable purine PRTase
P P g€, activity (17, 18). Apparently, purine salvage in this organism
relies entirely on the functions of a purine nucleoside
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National Institutes of Health. phosphorylase (PNP) and a nucleoside kind3eX(8). PNP
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_ " Abbreviations: PNP, purine nucleoside phosphorylase; R-1-P, qrrasponding nucleosides. Another purine nucleoside kinase
ribose 1-phosphate;j,Morganic phosphate; Ao, adenosine; A, adenine; L . . .
PRTase, phosphoribosyltransferase; HGXPRTase, hypoxanthine gua@Ctivity capable of converting adenosine and guanosine to

nine xanthine phosphoribosyltransferase. the corresponding nucleotides was also identified in the cell-
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free extract. Apparentlyl. vaginalisrelies primarily on the synthesis is favored over nucleoside phosphorolysis with an
sequential reactions catalyzed by these two enzyme activitiesequilibrium constant of around 53%). In the mammalian
to replenish its purine nucleotide pool. An effective inhibition system, however, coupling of the purine base production
of either the phosphorylase or the kinase activity is antici- from PNP-catalyzed nucleoside phosphorolysis to nucleotide
pated to deplete purine nucleotides frdmvaginalis and synthesis catalyzed by HGXPRTase or oxidation of the
thus block its propagation. However, beyond this initial purine base by xanthine oxidase results in favoring PNP-
identification of purine salvage enzyme activities in the cell- catalyzed phosphorolysis reaction in vivo. In contrast, PNP
free extracts of . vaginalis there has been little further study in T. vaginalisis expected to favor an anabolic reaction for
except for a preliminary report on the partial purification synthesis of purine nucleosides. A kinetic analysis of TvPNP-
and characterization of a guanosine kinase from this proto- catalyzed reactions with human PNP-catalyzed reactions may
zoan parasite without knowing whether the same enzyme cast interesting lights on the different biological roles they
also possesses adenosine kinase actit#. (t is also not may play.
known if a single PNP capable of recognizing both guanine
and adenine as substrates is presefit iraginalis (TVPNP). MATERIALS AND METHODS
A single PNP or only one nucleoside kinase functioning in
purine salvage would greatly simplify the search for enzyme
inhibitors for the purpose of antitrichomonial chemotherapy.
In the present investigation we began an effort to identify
and characterize the PNP fromvaginalis.PNPs have been
identified and characterized from a variety of living organ-
isms. They fall into two main categorie2Q): the low

Isolation of TwPNP cDNA by Functional Complementa-
tion. An E. coli strain HO1071 (F, supFrelA spoT rpsL
purE deoD gsk-J, which is deficient in both guanosine
kinase and PNP, was used for complementation with a cDNA
library of T. vaginalis strain 3001 trophozoites (see below).
The cDNA library constructed in Lambda Zap Il was excised

. ; = in vivo using Exassist interference-resistant helper phage
olculr Macs (B6100 KDa) Tomolimers Whch Shecl{Siatagene).vansdced ocol HO1071. and piated oo
identified in many mammalian tissueal( 22), and the high 'tT]B m|_n|m6':1I5med|/l|J_m (_32) s;;pplgmerggd W't/rlig“;c.:oti? (0'24(?))'
molecular mass (110160 kDa) homohexamers, which have iamin (0. Mg ).L-methionine ( mg ), histidine ( .
been isolated from many bacterial speci23<25) and have mg/L), ade_nlne (20 mg/ L.)’ a_n(_JI guanosine (40 mg/L). Plasmid
a much broader substrate specificity, acting on both 6-0xo- DNA was isolated from -|nd|V|duaI colonies and sequenced.
and 6-aminopurines. This simple classification has a few _ Cloning and Expression of/PNP cDNA.A full-length
exceptions such as the PNP frdacillus cereug31—33), TVP.NP cDNA, identified among the DNA plasmids in the.
which has a 6-oxopurine specificity like the mammalian positive complements, was sequenced and the DNA plasmid

enzyme and the enzyme protein appears to equilibrateused as th_e template in polymerase chain reactions (PCR).
between a dimer and a tetramer. TellulomonaPNP @6, A sense primer SGCTCATATGGCAACACCCCATAAC-

27), which lacks almost any sequence identity with the T(_:TGCTCAG—3 containing anNdd site and an antisense
Escherichai coliPNP, shares about 33% sequence identity, Primer 3-CCCTGCAGTTAGTGGTGATGGTGGTGAT-
similar substrate specificity, and a trimeric solution form with GTAATTTGATTGCTGCTTCAAGTGC-3, with aPst site,

the mammalian enzyme. These PNPs have apparentiywere used to amplify the TvPNP cDNA. The antisense
unusual and interesting phylogenetic backgrounds. Since ~Primer has an extra sequence adding a 6-histidine (His) tag
vaginalisis generally regarded as one of the early branched at the C-terminus of the encoded protein. The amplified DNA
out primitive eukaryotic microorganisms, it will be interesting fragment was cloned into the pBAce expression ve@8) (
to find out to which category TvPNP may belong. between theNdd and Pst sites. The recombinant plasmld
Human PNP has been an extensively explored drug target(PBvPnp) thus constructed was then transformed Entooli
due to the fact that PNP-deficient patients have greatly BL21-DE3 cells (Stratagene), and synthesis of the recom-
diminished T-cell function but normal B-cell immune Pinant TVPNP protein was induced in the low-phosphate
response 28). PNP inhibitors are being developed as Medium @1).
selective immunosuppressive agents and for treatment of Using the end primers from the TvPNP cDNA/-5
T-cell leukemia. Exploiting the different substrate selectivity GGCAACACCCCA-TAACTCTGCTCAGG-3and 5-GATC-
betweerE. coli PNP and human PNP, tt coliPNP gene ~ GCACTTGAAGCAGCAATC-3, and using genomic DNA
expressed in a viral vector was used in tumor-directed geneisolated 84) from T. vaginalisstrain 3001 as template, PCR
therapy to successfully convert the prodrug, 6-methylpurine was performed using TagPlus (Stratagene). The resultant
deoxyriboside, to the cytotoxic 6-methylpurine at the site of PCR fragment was sequenced.
the tumor R9). The antibiotic formycin A and its derivative, Purification of Recombinant zZPNP. E. coliBL21-DE3
N(6)-methylformycin A, have been shown to specifically cells transformed with pBtvpnp were grown in the low-
inhibit E. coli PNP @0) without any demonstrable effect on  phosphate induction medium at 3T for 24 h @3). The
mammalian PNP. They provided a good example demon- cells were sonicated in the lysis buffer (50 mM Tris-HCI,
strating the effective use of substrate specificity for selective pH 7.2, 1 mMj-mercaptoethanol, 300 mM NaCl, 20 mM
enzyme inhibition to achieve the purpose of chemotherapy. imidazole) with the protease inhibitor cocktail (Roche). The
We would like to find out if there are selective inhibitors of overexpressed recombinant TvPNP protein with a C-terminal
only T. vaginalis PNP but not human PNP. 6-His tag was purified from the lysate using a Ni-NTA
PNP catalyzes reversible phosphorolysis of the glycosidic agarose column (Qiagen) by the following procedure. A
bond of purine ribo- and deoxyribonucleosides to generate sample of 20 mL of clear cell lysate was mixed with 5 mL
the corresponding purine base and ribose 1-phosphate oof Ni-NTA agarose suspension, agitated gently for 1 h,
deoxyribose 1-phosphate. Thermodynamically, nucleosidepacked into a column, and washed with 50 mM Tris-HCI
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buffer, pH 7.2, with 20 mM imidazole and 300 mM NaCl. For noncompetitive inhibition

The tagged protein was then eluted with 200 mM imidazole

and 300 mM NacCl in the same Tris-HCI buffer. The purity U= VI [Kin(1 + 1/Kig) + S+ 1/K;)] )

of the protein was verified by sodium dodecyl sulfate

polyacrylamide gel electrophoresis (SDBAGE). Molecular ~ For uncompetitive inhibition

weight estimation of the purified TVPNP recombinant protein

was performed on a Superose 12 column (Pharmacia V= VoK + S+ 1/K;)] (4)

Biotech) by high-performance liquid chromatography (HPLC). . o .
Enzyme Assayall PNP assays were performed at 32 The nomenclature is t_hat of Clelangi7: v, initial velocity;

in 50 mM Hepes buffer, pH 7.2. Kinetic data were collected Vmax Maximum velocity;A, concentration of substrate A;

using a Beckman DU-640 equipped with a kinetics accessory. Br concentration of substrate Bj, Km for A5 Kp, K for B;

The nucleoside synthetic activities of the TvPNP were > Substrate concentratioks and K, slope and intercept

assayed spectrophotometrically by following the increase in inhibitor constants, respectively; inhibitor concentration.

light absorption at 245 nm for inosine synthesis, at 257 nm _ Equilibrium Isotope Exchangélhe equilibrium isotope
for guanosine synthesis, and at 267 nm for adenosine €Xchange rates for the nucleoside synthesis and nucleoside

synthesis. Under the present assay condition, the extinctionPosphorylase activities of TvPNP were measured with the
coefficients for the formation of inosine from hypoxanthine, Présence of two substrate/product pairs, ribose 1-phosphate/
guanosine from guanine, and adenosine from adenine werd?hosphate and adenine/adenosine, in an experimental design

estimated experimentally to be 1770, 5400, and 1650 M Sudgested by Purich and Allisor8g). The previously
cm1, respectively. estimated equilibrium constar fosphorolysis= 1/54) for PNP-

The inosine and adenosine phosphorylase activities Werecatalyzed reaction8{) was used to set up the concentrations

each measrred n the xanthine oxidase-coupled specrophofy - B0 S BRFICCTE BEAe, 0 et o e
tometric assay3p). For inosine phosphorylase, 0.12 unit of g,

xanthine oxidase was added to a 3Q0reaction mixture to and ad(_enosme were kept constant at 1 mM and 0.2 mM,
convert the product hypoxanthine to uric acid, and the respectively. Concentrations of ribose 1-phosphate (R-1-P)
increase in light absorbance at 293 nm was measured WithanOI phosphate (Pwere kept at a constant ratio of 2:1 but

an estimated extinction coefficient of 12000 Mcm~? for varied from 0.1 mM R-1-P/0.05 mM;Ro 0.8 mM R-1-P/
uric acid. For adenosine phosphorylase activity, an exc:esso'4 mM R. The equilibrium reaction mixtures, each ata final
(1.2 units) amount of xanthine oxidase was added to facilitateVOIume of 100uL, were prepared in 50 mM Hepes buffer,
the formation of 2,8-dihydroxyadenine from adenit3&)( pH 7.2. Aiter addition of 0.4g of the purified TVPNP to

and the resultant increase in absorbance was measured 6;1(:'? rear(l:_tlon m'Xt.llj.Le’. the Ig;cterp\v(;/as_lncu(k))%tgd g%_CBTor
301 nm with an estimated extinction coefficient of 15200 0 achieve equilibrium. [8‘C]Adenine (0.005.Ci) was

M~L et for 2,8-dihydroxyadenine. Guanosine phospho- then added to each of the equilibrated reaction mixtures, and

rylase activity was measured spectrophotometrically by each was further incubated at 3Z for 4 min for converting

. ; adenine to adenosine at its initial rate. The reaction was
following the decrease in absorbance at 257 nm by convert- :
ing guanosine to guanine with an extinction coefficient of quenched by L of 0.5 M EDTA, and the mixture was

5400 M- et analyzed by thin-layer chromatography (TLC) to separate
Inhibition of the adenosine phosphorylase activity by and quantify the radiolabeled adenine and adenosine. Ten

: ; ; e .7 microliters of the mixture was spotted on a PEEllulose
formycin A was examined by measuring the initial velocity

f the TVPNP-catalvzed i trophot ticall plate and developed in 1.8 M ammonium formate with 1.5%
orthe Tv ~catalyzed reaction spectrophotometrically as 5, moniym hydroxide. The radiolabeled spots of adenine and
described previously at different adenosine concentrations

(10-2004M) and varying formycin A concentrations from adenosine were imaged using a phosphorimager (Storm 840,

) . Molecular Dynamics) and quantified using ImageQuant
2 1o 20uM at a fixed phosphate concentration of 10 mM. (version 5.2, Molecular Dynamics). The conversion from P

Data AnalysislInitial velocity data were collected at seven 5 R_1-p under the state of equilibrium was determined in a
to eight different concentrations of the first substrate at gjmilar manner by keeping the &nd R-1-P concentrations
different fixed concentrqtions of the.second substrate. Kinetic constant at 1 and 0.5 mM, respectively, and varying the
constants were determined from LineweavBurk plots of  y4enine/adenosine concentration from 0.0625 mM adenine/
the initial velocity data, using weighted linear regression. 5 0125 mM adenosine to 2 mM adenine/0.4 mM adenosine.
For product inhibition studies, initial velocity results were  Tne ratio between the concentrations of adenine and ad-
collected from seven to eight different concentrations of the onosine remained constant at 5:1. Afe2 hincubation at

first substrate at a saturating concentration of the secondg oc for equilibration, }2P]R, (0.54Ci) was added and the
substrate and different fixed concentrations of a product. ;e pation continued ,for another 4 min at 3C prior to
Initial rate data were fitted into eqs—# using kinetics  EpTA quenching as described above. The reaction mixture
software from BloMetaII|c§ Inc.ka) and Sigma Plot. (5 uL) was analyzed by TLC on PEiellulose plates
For the sequential reaction developed in acetone/ammonium hydroxide (30%)/water (7:
1:2) for quantification of radiolabeled Bnd R-1-P.
v = V., ABK K, + KB+ KA+ AB Q)
RESULTS AND DISCUSSION
For competitive inhibition Isolation of TW/PNP cDNA and Analysis of the Gene

Product by Sequence Alignmerfignce the initial detection
U= Vo J[Ky (1 + 1K) + 9 (2) of PNP and purine nucleoside kinase activities in the cell-
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Ficure 1: Amino acid sequence alignment of tAe vaginalis PNP with various bacterial high molecular mass purine nucleoside
phosphorylases. Conserved residues, known to constitute the active sitecofctilePNP are marked: ) residues involved in phosphate
binding, @) residues involved in purine base binding, aad (esidues involved in binding to the ribose moiety.

free extracts ofT. vaginalis more than 25 years agdf| coli PNP (Figure 1). It has, however, a much lower sequence
18), there has been little effort in further identifying and identity with those of the mammalian PNPs with about 28%
isolating these enzymes, except for a report on partial identity observed with the human PNP. To verify that the
purification of a guanosine kinase activity from this organism cDNA sequence obtained by complementation was not
in 1991 @9). Thus, in the absence of any further information derived from contaminating bacterial DNA, PCR was
on either T. vaginalis guanosine kinase or TvPNP, a performed using end sequences from the cloned cDNA as
functional complementation strategy was used by us to primers andT. vaginalis genomic DNA as template. The
identify theT. vaginaliscDNAs encoding these two enzymes. sequence of the PCR fragment was identical to that of the
A T. vaginalis cDNA library in lambda Zapll was kindly =~ cDNA, thus verifying the identity of the latter as coding for
provided for us by Professor Patricia Johnson of UCLA. It a bona fideT. vaginalis protein.

was excised in vivo and used to transdugecoli strain Sequence alignments with the bacterial high molecular
HO1071, deficient in both guanosine kinase and PNP, andmass PNPs in Figure 1 also clearly identify in theaginalis

the transduced cells were plated onto minimal medium cDNA-encoded protein the key residues known to be
supplemented with guanosine and adenine. Thus, a functionainvolved in binding of substrates in the active pocke€of
complementation for either one of the two missing enzyme coli PNP @9), which are highlighted in Figure 1. Residues
activities will enable the bacterial cells to grow. Six cell intheT. vaginalisprotein that correspond to thosekn coli
colonies were obtained, from which plasmid DNA was PNP include Arg25, Arg44, Arg88, and Ser91 in phosphate
isolated and sequenced. All six plasmids revealed the binding, Cys92, Gly93, Phel60, Tyr161, Asp205, and 1le207
presence of cDNA inserts encoding the same protein. Thein purine base binding, and His5, Vall179, Glul80, Met181,
full-length open reading frame of the cDNA consisted of and Glul82 in binding to the ribose moiety in tke coli

236 amino acid residues with a calculated molecular weight enzyme (Figure 1). Among these identical residues, there is
of 26736. It has high sequence homology with the bacterial but a single conserved substitution of Thr9l in the
PNPs; e.g., there is a 57% sequence identity with th&.of  vaginalis protein corresponding to the Ser91Encoli PNP
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A B Table 1: Kinetics ofT. vaginalis Purine Nucleoside Phosphorylase
Km kcat kcalle
substrate (uMm) (s (uM~1s
gt 200kDa hypoxanthine 45.6-6.3 1.2+0.1 0.026
=t 116 kDa guanine 35.9%-45 0.85+ 0.05 0.024
e ?; tgfi adenine 12321 18.8+ 2.1 1.528
0k R-1-P (with adenine) 4607
45 kDa inosine 31.5:4.3 4.8+0.3 0.152
= S guanosine 59.#8.1 1.1+0.1 0.018
adenosine 6.+ 0.5 1.7+0.2 0.278
i S . 31 kDa P (with adenosine) 178.6 22.3
nucleoside synthetase activity in the purified recombinant
gssms  21.5kDa TvPNP were identified in standard enzyme assays described
in the Materials and Methods section and analyzed using
S 14.4kDa various purine bases and purine nucleosides as substrates.

FIGURE 2: SDS-PAGE profile of purified T. vaginalis PNP. Data on initial velocities record_ed at v.arious concentr_ations
Lanes: 1, Ni-NTA purified PNP; 2, molecular weight markers. of one substrate versus a series of fixed concentratlons of
the other substrate were collected and analyzed in double
(Figure 1). These indications suggest that the cDNA we reciprocal plots. The results indicated a family of intersecting
isolated fromT. vaginalisencodes a PNP protein bearing a lines in both the phosphorolysis and the synthesis reactions
close homology to the bacterial high molecular mass PNPs.representative of a random sequential mechanism of substrate
In a sequence alignment with the mammalian PNPs (databinding and product release. The initial reaction velocities
not shown), a distinctive disparity between our putative were fitted into the four equations for a sequential mechanism
TvPNP and mammalian PNPs, in addition to the overall low of the enzyme-catalyzed reactions, and the kinetic constants
sequence identity, is the presence of Asp205 in TvPNP for each of the substrates in TvPNP-catalyzed reactions were
corresponding to the Asn243 in human PN#O)( The obtained (Table 1). TvPNP catalyzes thedBpendent
significance of Asn243 in the active site of human PNP in phosphorolysis of 6-oxopurine ribosides as well as the
limiting the substrate specificity to 6-oxopurines has been 6-aminopurine riboside adenosine, converting guanosine,
well established through site-directed mutagenddis Most inosine, and adenosine to guanine, hypoxanthine, and
of the bacterial high molecular mass PNPs have an Aspadenine, respectively. The kinetic constants listed in Table
residue at the corresponding position, and they are known1 indicate &, value of 31.5:M for inosine, which compares
to accept both 6-oxopurines and 6-aminopurines as substratesvell with the Ky, values of 32uM for E. coli PNP @2) and
In the crystal structure oE. coli PNP, Asp205 was found  45uM for human PNP41). A comparison of th&, values
to potentially hydrogen bond with the 6-amino group of for guanosine of 2«M and 12 and 59. %M for E. coli
adenosine39), suggesting that TVPNP may also recognize human andT. vaginalis PNP, respectively, indicates that
both 6-oxo- and 6-aminopurines as its substrates like the guanosine binds to TVPNP with a somewhat lower affinity.
bacterial enzymes. The K, for adenosine in the TvPNP-catalyzed reaction is
Overexpression and Purification of RecombinanPNP. 6.1 uM, similar to theK,, value of 12uM for E. coli PNP
The full-lengthT. vaginalis cDNA, tentatively identified to (42) but highly distinctive from the human enzyme which
encode TvPNP, was subcloned into an expression vectorhas an extremely weak binding to adenosine witk,aof
pBAce (33) and expressed in the transformgdcoli cells 650uM (41). It not only suggests that catalysis of adenine
in a low-phosphate induction medium. The His-tagged adenosine interconversion is the primary function of TvPNP
protein was purified from the cell lysate by affinity chro- but also provides the third evidence on the closeness between
matography on a Ni-NTA column. The purity of the affinity- bacterial PNPs and TvPNP in their purine nucleoside
purified protein was verified on a SBFAGE (Figure 2), specificity and catalytic properties. The catalytic efficiencies,
and its molecular mass was determined to be 26.5 kDa,expressed irk../Km for inosine, guanosine, and adenosine
corresponding well with the calculated molecular mass from in the TvPNP-catalyzed reactions, are calculated to be 0.15,
the cloned cDNA. The purified recombinant protein was 0.018, and 0.28M~s™1, respectively (Table 1). Adenosine
subjected to gel filtration through a calibrated Superose 12 appears to be cleaved by TvPNP more efficiently than either
column by HPLC, and the molecular mass of the protein inosine or guanosine, which is, again, a catalytic property
was determined to be 151 kDa (data not shown). It is thus shared byE. coli PNP 60).
highly likely that TvPNP is present in a hexameric form in The nucleoside synthesis catalyzed by TvPNP was also
solution and is thus analogous to most of the bacterial large examined, and the kinetic constants for various purine bases
molecular mass PNPs. The hexameric structure of thesewere determined (Table 1). Adenine has an approximately
PNPs, exemplified b¥. coli PNP, assumes the shape of a 4-fold lower K, but 20-fold higherk.: than those for
large flat cylinder, and its overall organization appears to hypoxanthine and guanine. The catalytic efficiencies for
be a trimer of dimers39), unlike the mammalian enzyme, hypoxanthine, guanine, and adenine in the TvPNP-catalyzed
which assumes a trimeric form4@). This is the second reactions were determined to be 0.026, 0.024, anddV3
indication suggesting that TvPNP could be a member of the s, respectively (Table 1). The 58-fold higher catalytic
bacterial high molecular mass PNP family. efficiency for adenine compared with the other two purine
The Substrate Specificity obPNP.The purine nucleoside  bases indicates that adenine is the natural substrate for
phosphorylase activity and the R-1-P-dependent purine TvPNP. The 5.5-fold higher catalytic efficiency for convert-
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ing adenine to adenosine versus that for changing adenosing e - product Inhibition in TYPNP Kinetics
to adenine suggests that the primary biological function of

TVPNP is to providdl. vaginaliswith adenosine by salvaging product substrate type ofinhibitiorkS («M)
adenine from its living environment. Among the much poorer Bﬂgzgﬂgtg ﬁggg‘g‘i phosphate ng]rﬁpe)gttli\t/ise 1223-07
catalyt_lc efficiencies for 6_—oxopur|ne_bases and nucleosides, guanosine guanine noncompetitive 257
the ratios of 1.3 for guanine/guanosine and 0.17 for hypox- guanosine ribose 1-phosphate  noncompetitive ~ 162.3
anthine/inosine suggest that neither guanine nor hypoxanthineribose 1-phosphate guanosine noncompetitive 37.4
could be efficient sources of purine nucleosides Tor gﬁgi?né-phosphate gﬁggzgmf‘? ngﬁ%ﬁgg‘tfiﬁve 1106-26
vaginalis. This conclusion received support from our recent guanine ohosphate competitive 25

observation that the in vitro growth @t vaginalisin minimal
medium can be supported by adenine but not by guanine o
(unpublished observation). to be both c.apgblelof bmdmg to the free enzyme. Apparerjtly,
The overwhelming preference of TVPNP for 6-aminopu- ;ubstrate binding in the d|rect|o.n of nucIeos@e synthesis is
rine over 6-oxopurine as substrate represents yet anothef" @ random order.iRompetes with both guanine and R-1-P
fundamental disparity from human PNP and close similarity and is thus most likely binding to the free enzyme as well.
to bacterial PNPs. The purine binding pocket in mammalian Guanosine, which exhibits a noncompetitive inhibition
PNP @0, 43, 44) shows distinctive characteristics from that Pattern versus both guanine and R-1-P, appears to bind only
of E. coli PNP (39, 45). In human PNP, Asn243 constitutes {0 the P—enzyme complex. We therefore propose a random-
the deterrent to 6-aminopurine binding, and its replacement©n. ordered-off reaction mechanism for the nucleoside
by Asp increases the catalytic efficiency for adenosine by synthesls reaction catalyzed_by TVPNP. It predicts that both
4300-fold @1). In the active site of. coli PNP @9, 45), the purine base and R-1-P bind ina random ord_er, followed
Asp205 was proposed to bind to the 6-amino group of by an ordered release of thg purine nugle03|de f|rst fpllowed
adenosine through hydrogen bonding, whereas most of thePY R. The reverse reaction would involve binding of
other purine base-binding forces are from their nonspecific Phosphate first, followed by the purine nucleoside, and then
71— interactions with Phe160 and Tyr1639( 45) and, random release of the products, purine base and R-1-P.
hence, may explain the broad substrate specificity. On the Equilibrium Isotope Exchang&he kinetic mechanism of
basis of the sequence alignments (Figure 1), TvPNPEand the TvPNP-catalyzed reaction postulated by data from
coli PNP appear to share a very similar active site and the product inhibition study was further verified by equilibrium
same Asp205 residue, which could explain the overall isotope exchange. The conversion from adenine to adenosine
similarity in substrate specificity between them. was monitored at increasing concentrations of the R-1-P/P
The catalytic mechanism of purine nucleoside phospho- pair. As shown in Figure 3A, the rate of conversion from
rylase has been more extensively studied in trimeric PNPsadenine to adenosine increases with increasing concentrations
from mammalian sources ar@ellulomonasthan the hex-  of the R-1-P/Ppair and reaches the maximum at 0.8 mM
americ high molecular mass bacterial PNPs. Two different R-1-P/0.4 mM R Further concentration increases of the R-1-
catalytic mechanisms have been proposed for mammalianP/R pair exert no effect on the rate of conversion, which
PNPs on the basis of the role of Asn243. Erion et 46) ( remains unchanged at the maximum level. This observation
suggested a role for Asn243 in stabilizing the transition state can be envisaged in a scenario where adenine is capable of
oxocarbenium ion, whereas SchraméT)(proposed proto-  binding to both the free enzyme and the enzyrRel-P
nation by Asn243 on N7 of the purine moiety, leading to an complex, so that decrease in the level of free enzyme and
oxocarbenium intermediate. The corresponding role of increase in the level of enzymdR-1-P complex do not affect
Asp205 inE. coli PNP has not yet been elucidated but is its binding to the active pocket to be converted to adenosine.
most likely implicated in both substrate binding and catalysis It thus suggests bindings of adenine and R-1-P to the enzyme
resulting in significant differences in the catalytic efficiency in a random order.
between 6-oxo- and 6-aminopurines. In the nucleoside phosphorolysis reaction, the conversion
Kinetic Mechanism of JPNP-Catalyzed Reactions: Prod- of P, to R-1-P was observed at increasing concentrations of
uct Inhibition. Product inhibition of the initial rate kinetics  the adenosine/adenine pair. As shown in Figure 3B, the rate
of both nucleoside synthesis and nucleoside phosphorolysisof converting Pto R-1-P increases with increasing concen-
catalyzed by TvPNP was monitored to define the kinetic trations of the adenosine/adenine pair up to a concentration
model of the reaction mechanism. The initial rate data were of 0.25 mM adenine/0.05 mM adenosine. Upon further
fitted into the equations for competitive, noncompetitive, and increases in the concentration of the adenine/adenosine pair,
uncompetitive patterns of inhibition, and the types of the rate of converting;Ro R-1-P decreases proportionally
inhibition for individual product/substrate pairs were deter- until it reaches 10% of the original level at 1.0 mM adenine/
mined by the best fit. Table 2 summarizes the product 0.2 mM adenosine. Thus, at the relatively low range of
inhibition patterns observed along with the estimated inhibi- concentrations of the adenine/adenosine pair, the conversion
tion constants. Guanosine was found to be noncompetitiverate from Pto R-1-P increases with increasing concentrations
to both guanine and ribose 1-phosphate, whereas phosphatef the adenine/adenosine pair because more adenosine
was competitive to both substrates in the direction of becomes available for phosphorolysis, which is reflected in
nucleoside synthesis. In the nucleoside phosphorolysis reacthe increased initial rate of convertingt® R-1-P. Beyond
tion, guanine was noncompetitive to guanosine while com- the saturating concentration of the adenine/adenosine pair,
petitive to R. R-1-P was also nhoncompetitive to guanosine however, the increasing levels of the binary complexes,
but competitive to P On the basis of these product inhibition enzyme-R-1-P-adenine and enzymeadenosine P, in the
profiles, guanine and R-1-P in the synthetic reaction appearstate of equilibrium decreases the level of a particular form
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Ficure 5: Competitive inhibition by formycin A of the inosine
50 phosphorylase activity . vaginalisPNP. LineweavetBurk plots
(] ‘ of the initial velocity obtained at varying inosine concentrations
S 40 and at different fixed concentrations of formycin A: no formycin
= A (®) and 2uM (), 4 uM (V¥), 10 uM (¥), 154M (M), and 20
§ 30 uM (O) formycin A.
(]
o 201 guenching of the intrinsic tyrosine fluorescence was enhanced
by phosphate49, 50). A recently resolved crystal structure
10 of E. coli PNP 60) also suggested that phosphate may play
a role in stabilizing a closed conformation of the enzyme,
0 ‘ ‘ therein moving the side chain of the catalytically essential
0 0.5 1 1.5 2 25 Arg217 into the active site and allowing the nucleoside to
[A], mM (A/Ao=5) bind. Fluorescence quenching of mammalian PNR) (

Ficure 3: Equilibrium isotope exchange by the TvPNP-catalyzed Showed that guanine, R-1-P, andcBuld each bind to free
reaction. (A) Adenine/adenosine exchange at increasing concentra€nzyme, whereas guanosine could not, thus suggesting that
tions of ribose 1-phospahte and phosphate at a fixed ratio of 1:0.5.the synthetic reaction proceeds by a random mechanism,
gi%)nzhgfggﬁetﬁi/ggozﬁ dl‘gggﬁgzﬁtg eaﬁcga’];‘ig: datrg‘t?ge%?ir‘lgocg“CTeRgQNhereas the phosphorolysis reaction is ordered. It appears
experimental procedures are described in detail in Materials andthat both the high mqlepular. mass and th? low molecu!ar
Methods. mass PNPs follow a similar kinetic mechanism of catalysis.
Inhibition of TwPNP by Formycin A.Formycins are

of the enzyme to which ;Ran bind productively. It could  nucleoside antibiotics with a noncleavable-C glycosidic
be either the free enzyme or a hypothetical enzyme bond between the purine and the riboside moieties in a purine
adenosine complex, which would be also increased with ribonucleoside. They are among the first known inhibitors
increasing adenine/adenosine concentration. The rate of Pof the bacterial PNP enzyme famil$Z). Formycin B, an
conversion to R-1-P should not be inhibited by an increase inosine analogue, is a weak inhibitor of mammalian PNP,
of this hypothesized enzyme@denosine complex, if it were  with aK; of 100uM (52), but is more potent towarH. coli
the right form to which Pcan bind. The inhibition indicates  PNP with aK; of 4.6 uM (30). Formycin A, an adenosine
that either Pcannot bind to the enzymedenosine complex,  analogue, is totally inactive toward the mammalian enzyme
which is difficult to envision, or this complex cannot be but inhibitsE. coli PNP by competing with adenosine with
formed at all. The latter explanation suggests an orderedaK; of 5.3 uM (30).
binding of R and adenosine to the active site of the enzyme  Potential inhibition of TvPNP by formycin A was exam-
with P, first and adenosine second. The increased concentrained by determining the initial velocities of the enzyme-
tion of the adenine/adenosine pair reduced the level of freecatalyzed reaction using varying inosine levels and 2.0 mM
enzyme, which is the only form;Ran bind to, and thus phosphate at different fixed concentrations of formycin A.
inhibited the rate of conversion of; Ro R-1-P. This The data, presented in Figure 5, fit best to a competitive
conclusion is in full agreement with that derived from the form of inhibition against inosine, and th€s value was
previous product inhibition study on the random-on and determined to be 2.3 0.1 uM. Thus, inhibition of the
ordered-off kinetic mechanism of nucleoside synthesis, which TvPNP-catalyzed reaction by formycin A appears to be
is now presented in Figure 4. similar to its inhibition of theE. coli enzyme in terms of its

In comparison, fluorescence quenching experiments showedcompetition with purine nucleosides and its potency. The
thatE. coli PNP binds to inorganic phosphate in the absence dependence of. vaginalis on TvPNP for replenishing its
of purine nucleoside4@) and that the methylformycin A purine nucleotide pool and the close resemblance of TvPNP
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to E. coliPNP in every structurefunction we have examined

for antitrichomonial chemotherapy. In view of the availability

of numerous adenosine analogues qualified as potentially

selective inhibitors of high molecular mass PNPs, identifica-
tion of an effective agent among them as a selectively potent

. Y e 25
drug againsfl. vaginalis may not be too difficult.
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