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ABSTRACT. Recent studies have shown tlRdasmodium falciparuns sensitive to a purine salvage block

at purine nucleoside phosphorylase (PNP) and that human PNP is a target for T-cell proliferative diseases.
Specific tight-binding inhibitiors might be designed on the basis of specific PNP transition state structures.
Kinetic isotope effects (KIEs) were measured for arsenolysis of inosine catalyzedfalgiparumand

human purine nucleoside phosphorylases. Intrinsic KIEs framHE, [2'-2H]-, [1'-14C]-, [9-1°N]-, and
[5'-®H]inosines were 1.184- 0.004, 1.031+ 0.004, 1.002+ 0.006, 1.029+ 0.006, and 1.062= 0.002

for the human enzyme and 1.14#60.007, 1.036+ 0.003, 0.996+ 0.006, 1.019+ 0.005, and 1.064-

0.003 forP. falciparum PNPs, respectively. Analysis of KIEs indicated a highly dissociatiw®&AR

(Svl) stepwise mechanism with very little leaving group involvement. The near-uRt§CIKIEs for

both human andP. falciparum PNP agree with the theoretical value for a4C equilibrium isotope

effect for oxacarbenium ion formation when computed at the B1LYP/6-31G(d) level of theory. e 9-

KIE for human PNP is also in agreement with theory for equilibrium formation of hypoxanthine and
oxacarbenium ion at this level of theory. The!®t KIE for P. falciparum PNP shows a constrained
vibrational environment around N9 at the transition state. A relatively sfaséicondary 2°H KIE for

both enzymes indicates &8&ndoconformation for ribose and relatively weak hyperconjugation at the
transition state. The large-8H KIE reveals substantial distortion at thetydroxymethyl group which
causes loosening of the CEH5' bonds during the reaction coordinate.

Plasmodium falciparungP.f.)! is the main cause of life-  express deoxycytidine kinase which salvages deoxycytidine
threatening malaria. It is increasingly difficult to control due to dCMP for DNA synthesis12). The high level of dGuo
to multidrug resistancel( 2). The finding of alternative  that accumulates under impaired PNP activity is a substrate
antimalarial targets is crucial for the development of other for deoxycytidine kinase which converts it to dGMP.
therapeutic approaches. It has long been proposed that thé\ccumulation of dGTP allosterically blocks ribonucleotide
purine salvage pathway may be an antimalarial target ( diphosphate reductase, and the resulting deoxynucleotide
4). P. falciparumis unable to synthesize purines and requires depletion causes apoptotic cell deatB,(14). Immucillin-H
purines supplied from its host for DNA and RNA synthesis. is a PNP transition state analogue that inhibits the division
Hypoxanthine has been identified as the most common of T-cells without affecting noninduced T-lymphocytes or
precursor of purine nucleosides B falciparum and its  any other dividing cells§). Under normal conditions, the
requirement causeB.f. to be sensitive to PNP inhibition.  plood level of deoxyguanosine is less than 10 nM because
PNP inhibition causes purine-less death of the paraSite ( of high levels of PNP in human tissues, but in PNP-deficient
7). Transition state analogues exhibit high specificity for patients, the deoxyguanosine level in blood can reagiML,0
enzymatic transition states, and it may be possible to developcaysing it to accumulate as dGTP in stimulated T-cal8.(

Inhibitors specific for human and malarial isozymes. It is Transition state theory predicts that enzymes stabilize the

still unknown if inhibition of both human an&.f. PNP is transition state structure rather than substrate. binding to it
required to inhibit growth of.f. Details of both the human Ansitl e struct N su » 0Inding 1o 1
with high affinity. Although transition state structure is

and P.f. transition states are required for the initiation of A ;
9 nebulous, kinetic isotope effects are a potent tool for its

isozyme specific inhibitor design. At present, only the : N .
structure of the bovine PNP transition state is known. analysis {6-19). Kinetic isotope effects (KIEs) define the

Human PNP is an important target for T-cell-related ratio of reaction rates for the normal and labeled reactant

cancers and autoimmune diseas®sX1). Dividing T-cells (Kign/kneavy. KIEs reflect changes in the vibrational envi-
ronment from free reactants to the transition state, where

t This work was supported by National Institutes of Health Grants the transition state is the highest energetic barrier in the

Alﬁ9512 and GM41916. _ reaction coordinate. If the labeled atom is more constrained
o 2 om cotespondence should b adessed Telephone: (7191 e ground state than in the transiton state, kineti sotope
I Abbreviations: PNP, purine nucleoside phosphoryldaé; P. effects are normal and the light molecule reacts faster. The

falciparum dGuo, 2-deoxyguanosine; KIE, kinetic isotope effect; EIE, ~heavy isotopomer reacts more rapidly when the heavy atom
equilibrium isotope effect; LB, Luria broth; DFT, density functional 5 more vibrationally constrained at the transition state. In
theory; LYP, correlation functional of Lee, Yang, and Parr; DADMe- L .
ImmH, 4-deaza-taza-2-deoxy-1-(9-methylene)-Immucillin-H: ImmH, general, KIEs reflect alteration in bond strength at an atomic

Immucillin-H; MEP, molecular electrostatic potential. center on conversion from the free molecule to the transition
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Ficure 1: Inosine phosphorolysis catalyzed by purine nucleoside phosphorylase. The hypoxanthine leaving group and phosphate nucleophile
are well-separated from the ribooxacarbenium ion. Two transition state analogue inhibitors are shown in their neutral forms, but are partially
cationic at neutral pH valued§).

state R0). Equilibrium isotope effects (EIES) reflect bond (5-ATGGAGAACGGATACACCTATG-3) and reverse
vibrational differences between stable reactant states. primer with attached stop codon'{6CAACTGGCTTTGT-
Competitive KIE measurements provitfe./Kn isotope CAGGGAG-3) flanked the ends of the open reading frame.
effects up to and including the first irreversible step. After 35 cycles of PCR with Tag DNA polymerase (Invit-
Irreversible steps prior to the transition state prevent a KIE rogen Corp., Carlsbad, CA; denaturation for 0.5 min at 94
and must be identified and corrected to provide intrinsic °C, annealing for 1 min at 59C, and extension for 1.5 min
effects for transition state analysis. at 72°C), the reaction mixture was incubated for 30 min at
KIE analysis for bovine PNP was reported earlier and 72 °C for polyadenylation. The product was a single band
indicated that the enzyme catalyzes inosine phosphorolysiscorresponding to approximately 1 kb as determined by
according to a dissociativend mechanism (RAn; see ref agarose gel electrophoresis. The PCR product was cloned
39 for terminology). At the transition state, the bond order into pCR T7/NT-TOPO (Invitrogen) with an N-terminal His
is 0.38 in the C1-N9 bond but the bond order for the bond tag sequence and transformed into TOP1@fe shot”
to PQy is very weak 21). Immucillin-H was designed as a  Escherichia colicells (Invitrogen). Cells were plated on LB
transition state analogue of bovine PNP and has an equilib-agar with 100ug/mL ampicillin and grown overnight. Ten
rium dissociation constarii* of 23 pM, and theK* was colonies were subcultured, and the plasmids were purified
56 pM for human PNP22). Recently, DADMe-ImmH was  using a QIAprep Spin Miniprep Kit according to the QlAprep
shown to have even tighter bindingi{ = 16 pM) for human ~ Miniprep Handbook. Restriction analysis wiBanH| and
PNP @3, 24). This compound was designed to mimic the EcoRI (New England Biolabs) identified positive clones.
product side of an early transition state or a fully dissociated Agarose gel electrophoresis visualized a band around 1 kb
transition state. DADMe-ImmH has a CIN9 linear distance  corresponding to human PNP with additional up- and
of 2.5 A, versus 1.5 A in Immucillin-H (Figure 1). downstream sequences. The sequence was verified by
In contrast to the concerted bimoleculanAy (Sn2) automated DNA sequencing.

mechanism of bovine PNP, the ricin A chain catalyzes a Transformation and Expression. E. c8L21(DE3) cells

specific adenine depurina_tion in RNA thrqugh_ a stepvx_/ise were transformed with the pCRT7/NT-TOPO-PNP plasmid
Dn*An (Sv1) mechanism with an oxacarbenium intermediate (Invitrogen) and grown in medium with ampicillin (10@y/

(25). An irreversible, isotopically insensitive second step was mL) at 37°C to achieve an optical density G of 0.3.

p%r_lsstyent W'tlh t_eX||3rest5|t;)|n of equtl)llbr!um _|30F0{oe effde_c'E[s, The bacterial pellet (10 min at 4000 rpm) was resuspended
indicating a retatively stable oxacarbenium lon intermediate. ;, 5 ) of fresh LB with ampicillin, addedat 1 L of fresh

K_metlc |s|0t0p_§ eﬁiCt ar;]alys||s of hun:aln "’W@'C'p?‘r“m LB medium with ampicillin, and grown to an Q& of 0.6
puriné nucieoside phosphorylases catalyzing nosine arsen-(3 h). Expression was induced with lactose (0.1%) for 9.5 h

i epored ere: Comparton wih he anson 18t 37°C. Cels were hvested and fozen-at0 °C for
P esubsequent purification.

N-ribosyl transferases indicates substantial differences. Thes

differences are important for future transition state analogue ~ Purification and Protein Concentration Assagzells were
design with discrimination of the malarial PNP isozyme. resuspended in 20 mL of 10 mM imidazole, 300 mM NaCl,

50 mM KPQ, buffer (pH 8.0), lysozyme (0.2 mg/mL), and
MATERIALS AND METHODS Proteinase Inhibitor Cocktailt/, of vial content, Sigma).
Human Purine Nucleoside Phosphorylase (hPNP) Prepa- After 30 min on ice, cells were disrupted with a French press
ration. Polymerase chain reaction (PCR) was used to amplify (three times). After centrifugation (12 000 rpm for 20 min),
the PNP reading frame from pEPD containing human PNP the supernatant was appliegla 7 mLcolumn of N.=NTA
(provided by S. Mclvor, Institute of Human Geneti@&8). resin (QIAgen, Valencia, CA). Buffer (40 mL) containing
Primers were purchased from Invitrogen. The forward primer 10 mM imidazole, 300 mM NaCl, and 50 mM PO,
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(pH 8.0) was applied followed by 40 mL of 20 mM
imidazole, 300 mM NacCl, and 50 mM NdPO, buffer (pH
8.0). Human PNP was eluted with 45 mL of 250 mM
imidazole, 300 mM NaCl, and 50 mM NdPO, buffer (pH
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solid powder. Alternatively, [2°H]ATP was synthesized
from [2'-®H]ribose 5-phosphate and with the carrier ribose
5-phosphate at a concentrationra®? mM. Labeled ATP was
purified by reversed phase HPLC with an Xterra Prep MS

8.0). The PNP concentration was measured at 280 nmCg 10 um, 7.8 mmx 150 mm column. ATP was eluted

[extinction coefficient of 29.8 mM!, based on tryptophan
(nrp) and tyrosine ifry) content (ExPaSy ProtParam Tool,

with 50 mM ammonium formate (pH 3.5) with a retention
time of 7.9 min (adenine was at 16 min). After being freeze-

us.expasy.org)]. The PNP solution was dialyzed to 0.1 M dried, it was dissolved in 0.5 mL of water and stored-80

Tris-HCI (pH 7.5), 0.1 mM EDTA, and 0.1 mM DTT and
concentrated to 16 mg/mL with a Millipore centrifugal device
with 10 000 Da retention.

Enzymes and Reagents for ATP Synthédmsphoribo-

°C.

Corversion of ATP to InosinATP was converted to AMP
in reaction mixtures containing 12 mM glucose, 50 mM
potassium phosphate, 50 mM Tris-HCI (pH 7.8), 6 mM DTT,

isomerase (PRI), pyruvate kinase from rabbit muscle (PK), 52 units/mL myokinase, and 12 units/mL hexokinase for 4

L-glutamic dehydrogenase from bovine (GDH), glucose-6-

phosphate dehydrogenase friu@uconostoc mesenteroides
(G6PDH), phosphogluconic dehydrogenase frdiorula

h at 37°C. Conversion of ATP to AMP was monitored by
HPLC. The AMP was then converted to adenosine in the
same reaction mixture by increasing the pH to 11 with

yeast (GPDH), myokinase from chicken muscle (MK), and alkaline phosphatase %Obuffer (Promega). The reaction

hexokinase fronsaccharomyce@K) were purchased from

was started by adding alkaline phosphatase to a concentration

Sigma. Adenine phosphoribosyltransferase (APRTase) wasof ~2 units/mL and incubated at 3T for 1 h. Adenosine
a generous gift from C. Grubmeyer (Temple University, was converted to inosine by 2 units/mL bovine adenosine

Philadelphia, PA), and'$hosphoribosylpyrophosphate syn-

deaminase for 30 min after the pH was adjusted to pH 8.0

thetase (PRPPase) was a generous gift from P. Bertiwith 1 M hydrochloric acid. Inosine was purified by HPLC
(McMaster University, Hamilton, ON). Alkaline phosphatase with an Xterra Gg column and eluted with ammonium
from calf intestine and adenosine deaminase were purchaseécetate (pH 5.5) with 7.4% (v/v) methanol at a retention time

from Sigma. ATP, monopotassiumiketoglutarate, glucose,

f-nicotinamide adenine dinucleotide phosphate sodium salt

(NADP), phosphoenolpyruvic acid cyclohexylammonium

of 14.8 min. The adenosine retention time was 34 min.
Kinetic Isotope Effect Measuremenitsosine arsenolysis
was carried out in 50 mM disodium arsenate, 50 mM Tris-

salt (PEP), glycylglycine, potassium chloride, mono- and HCI (pH 7.5), and 25Q:M inosine. Two parallel reactions
dipotassium phosphates, magnesium chloride, ammoniumwere performed under identical conditions except for human

chloride, andL-dithiothreitol (DTT) were purchased from
Sigma.

Labeled Starting Compoundg.'-*H]ATP, [1'-*C]ATP,
[5'-1“C]ATP, [5-*H]ATP, and [4-*H]ATP were synthesized
from [2'-*H]glucose, [2-*“C]glucose, [6-*“C]glucose, [6
3H]glucose, and [5°H]glucose, respectively (American Am-
ersham). [23H]ATP was made from [2°H]ribose B-
phosphate as described previousBr)( [9-1°N]JATP was
synthesized from [83C/1,6,91°N]adenine containing 98%
9-'5N-labeled, 92%4°C-labeled, 78% 6-amin&N-labeled,
and 22% 1%N-labeled derivatives (Cambridge Isotope
Laboratories, Inc.). The 8C kinetic isotope effect and PN
KIE are assumed to be negligible.

Labeled ATP Synthesis Proceduteabeled ATPs were
synthesized as described previousil,(28). The reaction
mixture contained 0.5 mM ATP, 510 «Ci of labeled
D-glucose, 190 mM PEP, 95M NADP*, 20 mM o-keto-
glutarate, 2.5 mM DTT, 2 mMb-glucose, 5.5 mM NECI,
50 mM MgClh, 50 mM KCI, 50 mM glycylglycine (pH 7.5),

or P. falciparumPNPs. The reaction progress was followed
spectrophotometrically at 293 nm in a control reaction
monitored by xanthine oxidase (60 milliunits/mL) coupling
(23, 29). Kinetic isotope effect measurements were based
on the®H/*C ratio of ribose products. Partial conversion used
up to 30% of the initial inosine concentration, and total
conversion was achieved with excess enzyme in 8 h
reactions. The initiafH/*C ratio was optimized to be 4/1.
The reaction mixtures were mixed with 100 mg of charcoal
equilibrated with 100 mMb-ribose, applied to spin columns
(DNA purification kit from Qiagen), and centrifuged. The
effluent was collected into scintillation vials. Columns were
eluted five times with 0.5 mL of 100 mM-ribose containing
10% (v/v) ethanol. Control experiments with labeled inosine
demonstrated that inosine is retained while ribose is released.
After being freeze-dried, the eluate was dissolved in 1 mL
of water and 12 mL of xylene-based scintillation fluid
(LiquiScint, National Diagnostic). In control experiments
with mixtures of known!C- and®H-labeled ribose, this

2.8 mM adenine, and 135 mM potassium phosphate buffer procedure does not affect the isotope ratio.

[by adding 14QuL of 1 M potassium phosphate buffer (pH
10.75)] in a final volume of 1 mL. The final pH of the

The kinetic isotope effect was corrected to the 0% reaction
condition using eq 1:

mixture was 7.4. Phosphoriboisomerase (20 units), 4 units
of pyruvate kinase, 0.5 unit af-glutamic dehydrogenase,
0.5 unit of glucose-6-phosphate dehydrogenase, 1.2 units of
phosphogluconic acid dehydrogenase, 3.5 units of myokinasewheref is a fraction of product formation arig andR., are
and 5 units of APRTase and PRPPase were added to thdhe ratios of heavy to light isotopes for partial and total
mixture. The reaction was initiated by adding 0.2 unit of conversion, respectively.

hexokinase and the mixture incubated at &7 for 7 h. Tritium and'“C counts were computed by dual-channel
Enzymes provided as ammonium sulfate suspensions werecounting. Channel 1 wa¥i and*“C, while channel 2 was
pelleted and enzyme pellets resuspended in 50 mM Tris-only *C. The total®H was calculated by eq 2.

HCI (pH 7.5) to avoid excess ammonium sulfate. In the case

of [9-SNJATP synthesis, labeled adenine was added as the °H(total) = *H(channel 1)~ **C(channel 2(*‘C) (2)

KIE = In(1 — f)/In(1 — fR/R,) (1)
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wherer(*/C) is the fraction of“C counts in channel 1. The
total 1*C counts was calculated from eq 3.

4C(total) = *C(channel 2)+ **C(channel 2**C) (3)

Commitment AnalysisThe reverse commitment (ribose
1l-arsenate return to inosine) was assumed to be zero due t
the chemical irreversibility of the arsenolysis reaction.
Forward commitment was determined in trapping experi-
ments from the fraction of bound inosine converted to
product during the first several catalytic turnovers in excess
unlabeled inosine and arsenald,(30). The 20uL reaction
mixtures of 30uM human or P.f. PNP with 430 uM
[8-14C]Jinosine and 50 mM Tris-HCI (pH 7.5) were incubated
for 10 s and diluted to 1 mL with 4.3 mM inosine and
arsenate from 0.1 to 50 mM. After 10 s, the reaction was
guenched with 10@L of 1 M hydrochloric acid and the
mixture frozen. After being concentrated to 200 by a
freeze-drying procedure, samples were applied to an HPLC
Cigreversed phase column [ammonium acetate (pH 5.5) with
7.4% (v/iv) methanol]. Hypoxanthine and unreacted inosine
were collected, made to 2.5 mL; 6 mL of scintillation fluid
was added, and the radioactivity was counted. The forward
commitment C) is the keafkorr ratio of kinetic constants,
wherek:4 is the fraction of the Michaelis complex converted
to product andky is the fraction of inosine in the Michaelis
complex escaping prior to catalysis. It was computed as the
ratio of hypoxanthine to inosine radioactivity at saturating
50 mM arsenate. Controls measured the amount of hypox-
anthine formed under the same conditions, but without
enzyme and in the presence of enzyme without arsenate.

The intrinsic kinetic isotope effect (Kl|Einsic) corrected
for commitment was calculated from Northrop’s equation

(39) (eq 4):
KIEintrinsic + Cf

experiment

KIE 4)

where KlExperimendS the experimental kinetic isotope effect
and C; denotes forward commitment.
Calculations.Optimization of reactants, transition state

models, and oxacarbenium intermediate models was per-

formed withGaussian 9§31) using density functional theory
(DFT) with the Berny algorithm, and bond frequencies were

computed for optimized structures. The one-parameter Becke

(B1) exchange functional with the LYP correlation functional
at standard 6-31G(d) and STO-3G basis sets were used. Th
B1LYP method has been parametrized to yield good quality
vibrational frequencies3@). Kinetic isotope effects were
calculated from the computed frequencies vigtheff 98(33)

on the basis of eq 534):

ke 0
oty

kH =

u

an-6 UY sinh U7,/2)
- X
iU sinh@l/2)

a”=7 U7, sinh(U;, /2)

u, sinh(U,/2)
(5)

wherek /ky is the kinetic isotope effech is the number of
atoms,u = hu/kgT (where h and ks are the Planck and
Boltzmann constants, respectively),is the absolute tem-
perature, and; is the frequency of normal mode vibration.
The superscript indicates the properties of the transition
state. The isotope effects were calculated at 298 K.

b
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Similarly, equilibrium isotope effects were computed on
the basis of the equation

kv
=
VH

306 UiFE sinh(uiFﬁ/Z) 3n-6 urH sinh(uiFLIZ)
X
i U, sinh@}/2)

(6)

iU sinh(},/2)

with modification where imaginary frequencies of the
transition state(/v;;) were omitted and the second term
concerned product frequencies.

Molecular electrostatic potential surfaces were calculated
by the CUBE subprogram d@baussian 9&nd were visual-
ized with the Molekel 4.0 packag8%) at a density of 0.008
electron/bohr, below the van der Waals radius of 0.002
electron/bohr for better resolutio3g).

RESULTS AND DISCUSSION

Intrinsic KIE andCommitment CorrectianThe observed
KIEs in competitive experiments give apparéWta/Km
isotope effects, including commitment facto8¥). Intrinsic
isotope effects reflect vibrational changes caused by bond
breaking or formation at the transition state. In nucleophilic
substitutions, the isotopically sensitive step is bond displace-
ment but also includes binding isotope effects for the
substrate 38). Commitment factors affect the intrinsic KIE
from all atoms to the same degree. The irreversibility of
arsenolysis eliminates reverse commitment. However, for-
ward commitment resulting from conversion of the substrate
of the Michaelis complex to products without equilibration
with free substrate cannot be neglected. The forward com-
mitment for arsenolysis of inosine by bovine PNP was 0.19
(22). If the commitment is largeG; > 0), e.g., wherkorward
> Ko (Where kionwarg denotes the conversion of the ES
complex to product an#ét,; to the substrate), both labeled
and unlabeled substrate molecules are converted to the
product with the same probability and no isotope effects are
observed. Forward commitments for inosine arsenolysis
catalyzed by human PNP aiif. PNP at 50 mM arsenate
were 0.147 and 0.105, respectively, similar to that for bovine
PNP (Figure 3).

Correction of Remote Label KIE®Remote carbon label
5'-1C KIE are expected to be insignificant on the basis of
the four-bond distance to the chemical site; however, remote
5'-3H and 4-°H substrates demonstrate a significant KIE for

ovine PNP and otheaX-ribosyltransferases and cannot be
neglected17). KIEs from [4-2H]inosine were 1.024- 0.003
and 1.009+ 0.002 for human ané.f. PNPs, respectively.
When [4-*H]inosine was used as the remote label, the KIEs
were corrected for this remote label KIE.

Comparison of KIEs for HumarP.f., and Baine PNPs.
Despite the level of amino acid identity between bovine and
human enzymes (86%), their transition states differ on the
basis of substantial differences in intrinsic KIEs (Tables 1
and 3).P. falciparumPNP also passes through a transition
state different from that of bovine PNP but is similar to
human PNP (Tables-13).

1'-%C Isotope EffectsA highly informative KIE for
transition state determination in nucleophilic substitution is
the primary“C KIE. These are expected to be unity for fully
dissociated gl transition states, to be in the range of +02
1.04 for borderline gl reactions or highly expandedys
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FIGURE 2: Synthesis of [E“C]ATP (a) and inosine (b). See Materials and Methods for details. This example indicates the position of the

14C label with an asterisk.

mechanisms, and to approach a maximum of 1.13 for
symmetric concerted nucleophilic transition sta&3).(The
measured 'H“C kinetic isotope effects for human afdf.
PNPs are unity and are consistent with only ‘a4C

[B1LYP/6-31G(d) level of theory] in a dissociativenFA

(Sv1) mechanism where the oxacarbenium ion has a lifetime
that is adequate to permit bond vibrational modes to
equilibrate (Figure 4). Properties of a transition state with a

equilibrium isotope effect for formation of an isolated fully developed oxacarbenium ion can be described on the

carbocation without significant bonding to leaving or attack-
ing groups. The '11“C KIE is unity only when the contribu-
tion from reaction coordinate motion does not contribute to
the KIE. Vibrational changes reflecting an altered zero-point
energy (ZPE) and energy of vibrational excited states (EXC)
are small for carbon atoms. Even small amounts of reaction
coordinate bond order to Cat the transition state can be
eliminated; for example, the'4“C kinetic isotope effect
computed at the B1LYP/6-31G(d) level of theory with a
residual N9-C1' bond order of 0.095 and a nucleophile
O—C1 bond order of 0.04 gives a large#C KIE value of

basis of the 1“C isotope effect. Any interaction of Civith
leaving and/or attacking groups introduces some measure of
the reaction coordinate motion to the isotope effect, and this
invariably gives a KIE of greater than unity. Therefore, the
transition state must have properties vibrationally related to
a fully developed carbocation.

The intrinsic 1-“C KIE for the ricin A chain-catalyzed
depurination of RNA was 0.993, and this transition state also
involves a dissociative oxacarbenium ion (Table 3). The 1
1C KIE for human PNP is 1.002- 0.006 within experi-
mental error of that for the ricin A chain. The transition state

1.11 or 1.10 for N7 unprotonated or protonated, respectively, for human PNP is therefore similar to that of the ricin A

at the transition state. The measuredt’C KIE of unity
matched a calculated equilibrium isotope effect (EIE) of
1.0024 between free inosine andedidooxacarbenium ion

chain. The transition state of ricin involves a freely reversible
oxacarbenium ion with a chemically significant lifetime. Its

formation is followed by an isotopically insensitive, honchem-
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00— ion at the transition state, the most unambiguous probe of
= human PNP Ci=HXInogyrq0= 0.147 1 the transition state is the-}*C equilibrium isotope effect.
o U7 v Pfalciparum PNP Crtinogyyrgp=0.105 . 9-15N KIE. The 94N KIE of 1.029 + 0.006 is in good
£ ] agreement with the theoretical equilibrium isotope effect for
2 0201 1 hypoxanthine formation of 1.025 computed at the B1LYP/
E 15 . . ] 6-31G(d) level of theory. Together with the unity#C KIE
8 015 ey ‘ (1002 & 0.006) for human PNP, these isotope effects
é 040 g S . establish that the interaction between the ribose moiety and
E " ] hypoxanthine in the equilibrium oxacarbenium ion is neg-
g 0.05 % i ligible. The 915N KIE for bovine PNP of 1.010 formed the
T .7 ] basis for the relatively large bond order (0.32) between N9
o004 ¥ - and C1 at the transition state2(). In the case of RTA-

— 11 ' catalyzed RNA depurination, the N KIE (1.012) was
0 10 20 30 40 50 oo T ) . Y

Arsenate concentration [mM] small despite its highly dissociated transition sta2é).(
Ficure 3: Forward commitment experiment for human and. Small leaving grOUp.95N. Isotope eff.e.CtS can arise either
PNPs. Mixtures of human oP.f. PNP with near-saturating TOM bond preservation in the transition state or by N9 to
[8-14Clinosine were incubated for 10 s and then diluted into excess C1' bond breaking being compensated by altered conju-
unlabeled inosine with arsenate at a concentration varied from 0.1gation in the purine ring to strengthen the vibrational

to 50 mM. After 10 s, the reaction was quenched and HPLC analysis enyironment at N9. For human PNP, the largé®9-and

used to quantitate hypoxanthine and inosine. The forward com- 14 ; : :
mitment factor was calculated at 50 mM arsenate, the concentrationsmaII 1-4C isotope effects establish an oxacarbenium ion

used in KIE experiments. The data are fit to the Michaelienten transition state.
equation, and the lines are the best fits of the data. 2'-°H Isotope Effect Human PNP reveals a smaf

secondary 2°H KIE (1.031+ 0.004) compared to KIEs of

ical, and irreversible second ste}b(39). This step provides  1.12—1.16 reported for other nucleosidas&3)( The equi-
a transition state with a negligible contribution from reaction librium isotope effect of 2°H KIE calculated at the B1LYP/
coordinate motion. Intrinsic'#4C KIEs of 0.993 and 1.015 6-31G(d) level of theory for the '#&xo conformation
for depurination of RNA and DNA, respectively, by the ricin  (unconstrained) for ribooxacarbenium ion was 1.214. This
A chain are sufficiently different to demonstrate that the conformation gave a p-orbitalC1'—C2—H2' dihedral angle
transition state for DNA depurination also has oxacarbenium of 6.63 where orbital overlap provides strong hyperconju-
ion character but without the requirement of the second stepgation between the free p-orbital of the?sp-C oxacar-
(40). The 1-“C KIE for human PNP (1.002) indicates a benium ion and the C2H2 bond stabilizing the oxa-
transition state similar to the equilibrated and fully developed carbenium ion (Figure 5). Systematic analysis [B1LYP/6-
oxacarbenium ion. Bovine PNP has a different transition 31G(d)] of the 2-*H KIE with restraints imposed on the
state, with a 11“C KIE of 1.022 @1). Analysis of the bovine  p-orbita-C1 —C2—H2' dihedral angle from O (full hy-
PNP indicates significant bond orders both to the attacking perconjugation) to 90(hyperconjugation disabled) and the
nucleophile (0.03) and to the leaving hypoxanthine (0.32) O5—C5—C4 —C3 dihedral angle restrained at“® match
at the transition state. the 3-°H isotope effect (see below) gave a°” EIE from

1'-*H Kinetic Isotope Effeclargea-secondary hydrogen  1.19 for a p-orbitatC1'—C2 —H2' dihedral angle of Din
KIEs establish dissociative ¥Dy (Sv2 with small bond 3'-exoto the lower limit of 1.051 for 90 in the 3-endo
orders) or Q*Ay (Syl) transition states where 3 sp conformation. The experimental isotope effect of 1.031 is
rehybridization of Clis well developed to give increased most consistent with the'&ndoconformation. The small
freedom to the out-of-plane bending mode and therefore 3-secondary 2°H isotope effect reveals negligible’-2
vibrational “looseness” around H41). Smalla-secondary hyperconjugation in oxacarbenium ion stabilization, and that
hydrogen KIEs indicate symmetrig&transition state1@). condition occurs in only the'3ndo conformation. A 3
The interpretation of am-secondary hydrogen KIE into endoconformation for the oxacarbenium ion transition state
transition state geometry is complicated because this KIE is geometry has also been established for the RNA depurination
sensitive to noncovalent and remote interactio$).( catalyzed by the ricin A chair2g). The angular dependence
However, human PNP gives a higher®l KIE (1.184 &+ of hyperconjugation has been described for the deuterium
0.004) than bovine PNP (1.116 0.007), consistent with a  KIE and gives a maximgt-secondary isotope effect with a
more dissociative transition state for human PNP. A similar dihedral angle of ®(maximum p-orbital overlapsb). After
largea-secondary '1*H KIE was obtained for RTA-catalyzed conversion of the tritum to deuterium KIE from the
RNA depurination (1.163t 0.009), also an oxacarbenium Swain-Schaad relationshigl6) ("KIE = PKIE'44), the 2°H
ion transition state25). The computed equilibrium isotope  KIE of 1.031 is consistent with the p-orbitaCl1 —C2—
effects for 1-3H in formation of a ribooxacarbenium ionin H2' dihedral angle of 574 as found in the ‘3endo
a vacuum are 1.513 and 1.496 fol-eXo and 3-endo conformation.
conformations, respectively [B1LYP/6-31G(d)]. The maxi- 5'-*H Kinetic Isotope EffectfThe 5-3H KIE for chemical
mum experimentabi-secondary KIE reported for any® solvolysis of nucleosides is unity since this bond is not
reaction is 1.33 for deuteriurd). Thea-secondary hydro-  involved in the reaction coordinate. However, the large 5
gen isotope effect is highly sensitive to van der Waals inter- ®H KIE (1.062 4+ 0.002) obtained here reveals a large
actions, and these effects certainly occur in the environmentdistortion in the vibrational modes of-Bydrogens between
of the PNP-stabilized transition sta#4f. Although the 1- the free substrate and the transition state. Similar but smaller
%H KIE is consistent with a well-advanced oxacarbenium remote isotope effects have been described for many other
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Table 1: Kinetic Isotope Effects for Arsenolysis of Inosine Catalyzed by Human PNP

substrate type of KIE experimental KIE intrinsic KIE

[1'-3H]- and [53-'“C]inosine o-secondary 1.168- 0.004 1.184+ 0.004
[2'-3H]- and [5-'4C]inosine pB-secondary 1.024 0.004 1.03%: 0.004
[1'-“C]- and [4-3H]inosine 0.981 0.003 0.978t 0.003

1.0024+ 0.008 1.002+ 0.006
[9-15N/4'-H]- and [3-*“Clinosine primary 1.046- 0.004 1.053+ 0.004

1.025+ 0.006 1.029+ 0.006
[4'-3H]- and [53-1“C]inosine y-secondary 1.02% 0.003 1.024+ 0.003
[5'-3H]- and [B-'4C]inosine o-secondary 1.054 0.002 1.062+ 0.002

a Experimental KIEs have been corrected to 0% substrate depletion (B@H9. I-1“C KIE was corrected for the'4H KIE according to the
expression KIE= KIE ppseredx 4'-3H KIE. € The 945N KIE was corrected for the'4H KIE according to the expression KIE KIE gpserved(4’-H
KIE).

Table 2: Kinetic Isotope Effects for Arsenolysis of Inosine CatalyzedPliyPNP

substrate type of KIE experimental KIE intrinsic KIE

[1'-3H]- and [53-'4C]inosine a-secondary 1.10% 0.007 1.116+ 0.007
[2'-3H]- and [B-'4C]inosine pB-secondary 1.033 0.003 1.036+ 0.003
[1'-C]- and [4-3H]inosine 0.988: 0.004 0.987+ 0.004

0.9964+ 0.008 0.9964+ 0.008
[9-15N/4'-3H]- and [B-1“CJinosine 1.025: 0.003 1.028+ 0.003

1.017+ 0.003 1.0194+ 0.00%
[4'-3H]- and [53-1“C]inosine y-secondary 1.008 0.002 1.009+ 0.002
[5'-3H]- and [B-'4C]inosine o-secondary 1.058: 0.003 1.064+ 0.003

a Experimental KIEs have been corrected to 0% substrate depletion (B@H9. I-1“C KIE was corrected for the'4H KIE according to the
expression KIE= KIE gpseredx 4'-3H KIE. € The 945N KIE was corrected for the'4#H KIE according to the expression KIE KIE gpserved(4'-H
KIE).

Table 3: Comparison of Intrinsic KIEs for Other PuriNeRibosyltransferases

intrinsic KIE
position type of KIE human PNP P.f.PNP bovine PNPZ1) RNA-ricin A chain 25)
1-%H a-secondary 1.184 0.004 1.116+ 0.007 1.144 0.004 1.163t 0.009
2'-°H p-secondary 1.03% 0.004 1.036+ 0.003 1.152+ 0.003 1.012+ 0.004
1'-14C primary 1.002+ 0.006 0.996+ 0.006 1.026+ 0.006 0.993t 0.004
9-15N primary 1.029+ 0.006 1.019+ 0.005 1.010+ 0.005 1.012+ 0.004
4-°H y-secondary 1.024 0.003 1.009t 0.002 1.008t 0.004 0.992+ 0.004
5'-3H d-secondary 1.062- 0.002 1.064+ 0.003 1.033+ 0.005 0.996+ 0.003

6). An internal hydrogen bond between'@#d H3 can be
eliminated, since computational analysis indicated an inverse
5-3H KIE for this interaction.

Table 4: Calculated Equilibrium Isotope Effects foe8eand
3-endoConformations of Oxacarbenium lon Formation at the
B1LYP/6-31G(d) Level of Theofy

position  3exo  3-endo position 3exo  3-endo A cautionary note for computational analysis of KIE is
1'-3H 1.5282 1.5019 14180 0.9831 0.9815 that the geometry of an oxacarbenium ion in a vacuum will
2:4HC 1.2145 1.0584 'SDVO-R-;H 0.9983 1.0775 differ from its conformation in PNP. For example, tHe’Bl

- 1.0026 ~ 1.0024  ‘pro-S°H  0.9497  0.9883 isotope effect depends on the conformational difference
9-15N 1.0250 1.0250 total'8H 0.9481 1.0649 P P

between the free substrate and the transition state. The
oS oo o it oneencr e e SUESIE conformaion atthe ransion siate ca be estmated
ribooxacarbenium ions unconstrained except for tlex@and 3endo from the crystal structures of PNP complexes with trans.ltlon
conformations as described in Materials and Methods. state analogues bound, but these are only approximate.

Despite these limitations, the vibrational frequencies of
inosine minimized in vacuo and the computed transition state
models provide useful generalization for the transition state
structure.

An O5—-C5—-C4—C3 dihedral angle of 178was found
for ImmH in the crystal structure witP. falciparumPNP.
C4—C3 dihedral angle of 46together with a p-orbitat Theoretically, this geometry for thé-8xoconformation of
C1—-C2—H2 dihedral angle restrained to 57.8ives the protonated Immucillin-H at the catalytic site of human and
best fit (1.065) to the experimental value for human PNP of P.f.PNPs can be transposed to inosine at the transition state.
1.062, while 3-exoconformations give lower values (1.038). However, there is no proof that inosine conformation is the
The 3-endoconformation of the oxacarbenium ion has the same as bound ImmH. KIE modeling with restrained
5'-oxygen positioned over the ribose ring; however, the 5 5'-hydroxymethyl group geometry transposed from ImmH
hydroxyl hydrogen is free to interact with a hydrogen bond to inosine gives a '58H KIE outside the range of the
acceptor, known to be histidine in mammalian PNPs (Figure experimental values. Therefore, the unrestrained inosine

nucleosidasesl{). The computed'5®H equilibrium isotope
effect (the product of spro-R and 3-pro-Shydrogen isotope
effects) varies between 0.930 for a constrained—@%H —
C4—C3 dihedral angle of 2and 1.057 for an angle of 46
The constrained '3&ando conformation with an O5-C5—



TS Analysis for Human and Malarial PNPs
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FIGURE 4: Intrinsic kinetic isotope effects for inosine arsenolysis catalyzed by humaR.&rfdNPs. The KIE from [51“CJinosine was
assumed to be unity and was the control for all other experiments. Error limits on the KIE shown here are reported in-Tables 1

]
3-exo
Ficure 5: Conformations of substrate and oxacarbenium ion
optimized at the B1LYP/6-31G(d) level of theory. Minima were
found for the 3-endosubstrate and 8xoand 3endooxacarbenium
ions. Restraints were imposed in only the initial phase of optimiza-
tion and removed for final optimization and frequency calculation.

3-endo

geometry (O5-C5—-C4—C3 dihedral angle of 63 was
used for KIE calculations.

From the 5-°H KIE, it is clear that the transition state
holds the 5hydroxymethyl in a geometry that weakensg

FIGURE 6: Constrained '3endooxacarbenium ion conformation.
The O5-C5—C4—C3 dihedral angle was constrained to°46
match the experimental fritium isotope effects. The p-orbital
C1-C2—H2 dihedral angle of 5723(shown for human PNP) or
55.7 (for P.f. PNP) corresponding to theeiddoconformation was
found from the angular dependence of thél2 KIE (see the text
for details).

[modeled at the B1LYP/6-31G(d) level of theory]. A reduced
9-'5N KIE indicates a more constrained vibrational environ-
ment for N9 at the transition state &f falciparumPNP.
Loss of the C1-N7 bond must therefore be compensated
by altered conjugation in the leaving group.

N7 Protonation StateProton transfer to the 7-nitrogen
proposed in previous transition state analyses of purine
nucleosidases is consistent with the"8- isotope effect

5'-bonds relative to those in the free substrate. This featureobtained here. The hypoxanthine anion would be a poor

of the transition state is not important for the design of

leaving group, and protonation at N7 forms the neutral

transition state analogues since conformational freedom ofpurine. Protonation at N7 also increases the-)¥8 bond

rotation of the 5group permits conformational adjustment
for the B-group geometry.

P. falciparum PNP Isotope Effects-%¥C Isotope Effects.
A slightly inverse 1-“C KIE (0.996) identifies theP.
falciparum transition state as being similar to the oxa-
carbenium ion of RTA for RNA depurination. A transition

order in the N7-protonated hypoxanthine tautomer, partially
conserving the net bond order around N9.

Sokent DO Isotope EffectsThe Vina/Kn solvent deute-
rium isotope effects for arsenolysis catalyzedly are 1.6
and 1.3 in 2.5 and 50 mM arsenate, respectively. These small
solvent effects are consistent with protonation of N7 being

state closely related to the oxacarbenium ion intermediate nearly complete prior to forming the transition state. Solvent

(described above) for human PNP is implicated, with no
significant contribution from '3C reaction coordinate motion.
9-15N Kinetic Isotope EffectThe value of 1.019 for the
9-15N KIE is smaller than the equilibrium isotope effect of
1.025 computed for a fully dissociated transition state

deuterium isotope effects o3 would be expected if the
proton is in motion at the transition stat88]. Solvent
deuterium isotope effects for human PNP are larger at 2.5
and 1.8 in 2.5 and 50 mM arsenate, respectively. The solvent
isotope effects correlate with the!®N equilibrium isotope
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Ficure 7: Molecular electrostatic potential surfaces (MEPSs) for inosine (a), Immucillin-H (b), DADMe-Immucillin-H (c), and the
oxacarbenium/hypoxanthine pair (d). MEP were calculated at the HF/STO-3G level of teurgsfan 9&ube) for the optimized geometry

at the B1LYP/6-31G(d) level of theory and visualized with Molekel 4.0 at a density of 0.008 electron/bohr. The ball-and-stick models
shown at the right have the same geometry as the MEP surfaces.

effects for both human anB.f. PNPs since the net bond The 1-°H and 94°N kinetic isotope effects oP.f. PNP

order at N9 is increased by full protonation at N7. are smaller than for human PNP. Therefore, the oxacar-
2'-3H KIE. The -secondary 2*H KIE of 1.036 for P.f. benium ion transition state fé.f. is more constrained in its

PNP is not significantly different from that of human PNP Vibrational modes. Apart from the speculation provided

(1.031) and also corresponds to that of theBdoconfor- above, the physical and chemical bases for these differences

mation with a p-orbitatC1'—C2—H2' dihedral angle of ~ are unknown.

55.7. The difference of 1.7is not significant. Molecular Electrostatic Potential Surface Analysithe

5'-3H Kinetic Isotope EffectThe 8-3H isotope effects of ~ Proposed R*An mechanisms passing through stabilized
1.064 and 1.062 foP.f. and human PNPs, respectively, ©0xacarbenium ions are consistent with the binding affinities
establish the same conformations of tHengdroxymethyl of transition state analogue inhibitors. The methylene bridge
at these transition states. The presence of His7/His257 inin DADMe-ImmH makes the 9-deazahypoxanthine leaving

H-bonds to both Shydroxyls suggests similar anchoring of 9group analogue more distant from the oxacarbenium ion
the B-hydroxyl groups mimic than in ImmH 4; Figures 1 and 7). The dissociation

constant is improved from 56 pM for ImmH to 16 pM for
DADMe-ImmH against human PNR4, 47). However, no
change is observed fér.f. PNP, giving aK; of 0.6 nM for
ImmH and aK; of 0.5 nM for DADMe-ImmH?

1'-3H Kinetic Isotope EffectThe most striking difference
between human anB.f. PNP isotope effects concerns the
a-secondary 13H kinetic isotope effects. The value of 1.116
+ 0.007 forP.f. PNP is almost 7% lower than the human

1'-3H KIE (1.184+ 0.004). Clearly, the vibrational environ- Increased separation between the oxacarbenium mimic and
ment at the transition state Bff. PNP is stiffer than for the ~ 9-deazahypoxanthine is not the sole cause of binding
human PNP. The peptide carbonyl oxygens of Serd.fn  improvement. Although '19-methylene-ImmH also has

PNP or Ala116 in human PNP are near thedrbon position increased separation between the oxacarbenium mimic and
of transition state analogue inhibitors crystallized in the 9-deazahypoxanthine, its binding to human PNP is wiak (
catalytic siteg. Distances of 4.02 A for human PNP and 3.33 = 250 nM; 23).% The positive charge at N’bf DADMe-

A for P.f. PNP suggest that these van der Waals contacts/MmH mimics the charge distribution of the oxacarbenium
may suppress the-tritium isotope effect for carbocation ~intermediate, localized primarily at Cith a slight hyper-
formation at the transition state. The unpolarizetiyidrogen ~ conjugation between the C-orbital and the C2-H2' bond,

of inosine is a poor candidate for hydrogen bond formation; revealed by the small '2H isotope effect. Molecular
however, the Strong'y po|arized_¢arb0n_hydrogen bond e!eCFrOSFaUC pOtentIal an-alyS|S shows -a similar Charge
in the oxacarbenium ion has the potential to interact with distribution for oxacarbenium/hypoxanthine and DADMe-
these peptide carbonyl groups. Interactions between PNPdMMH (Figure 7).

and H1 at the transition states have the potential to decrease Transition State lon Pair Hypothesis and KIEShe

the 1-3H KIE for P.f. PNP; however, computational model- observation that an ion pair forms at the catalytic sites of
ing with a single carbonyl oxygen fixed at 3.3 A was unable PNPs between PCand N1 of DADMe-Immucillin-H and

to show such charges. This distance occurs with analoguess responsible for tight binding2@) suggests that a similar
of the transition state, and the actual transition state mayion pair may form at the transition state between, R@d
well be characterized by closer interactions. the ribooxacarbenium ion. To be consistent with the contri-

2 Unpublished results of the X-ray crystal structures of human and 2 Unpublished results of the inhibitor specificity of human dné
P.f. PNPs. PNPs.
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bution of negligible reaction coordinate motion to the kinetic
isotope effect, the stabilized ribooxacarbenium ion requires
a stationary position between the hypoxanthine leaving group
and the phosphate anion. If thé-carbon and phosphate

oxygen interaction causes motion at the transition state, the 3.

1'-%C KIE should be greater than unity. However, it is
possible that the equilibrium isotope effect on oxacarbenium
ion formation is slightly inverse and the {¥C]carbocatior

phosphate interaction provides a small normal KIE from

reaction coordinate contribution so the combined effect is
near unity. An inverse EIE of 0.983 for carbocation formation

has been observed for the equilibrium between triphenyl- 6.

methyl chloride and triphenylmethyl catiomd8). This
possibility cannot be experimentally resolved from the data

presented here, but is a possibility that could include a small 7.

contribution of not more than 1.5% of th&%C KIE from
reaction coordinate motion.

CONCLUSIONS 8

Kinetic isotope effect analysis for human aRd. PNPs
has implicated a mechanism where relatively stable oxa-
carbenium ions are formed. The mechanism is different from g
that previously characterized for bovine PNP. The transition
states for human anB.f. PNP resemble those for ricin A
chain depurination of RNA. The oxacarbenium ion formed
by P.f. PNP is possibly followed by an irreversible and
isotopically insensitive step. The vibrational environment for
the oxacarbenium ion in the active siteff. PNP is more
constraining than for human PNP, especially around the
hypoxanthine leaving group. Differences in the hydrogen
bonds to the leaving group or different van der Waals
interaction with the ribooxacarbenium ion could account for
these constraints.

The small differences between human d@hdalciparum
PNP kinetic isotope effects support similar transition state
structures, yet steps leading to these transition states are
different. P.f. PNP has a loweK, for inosine (5uM vs 38
uM for human PNP), and thie, for P.f. PNP is slower than
the value for human PNP by a factor of 108).(On the
basis of the similarity of the transition states, but the lower
intrinsic rate acceleration provided Byf. PNP, the malarial
enzyme differs from human PNP in the weaker binding of
the transition state ensemble or differences in the rate of the ;-
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