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ABSTRACT. The X-ray crystal structures of human purine nucleoside phosphorylase (PNP) with bound
inosine or transition-state analogues show?2Miwithin hydrogen bonding distance of thé&tydroxyl.

The mutants His257Phe, His257Gly, and His257Asp exhibited greatly decreased affinity for Immucillin-H
(ImmH), binding this mimic of an early transition state as much as 370-j¢dK;) less tightly than

native PNP. In contrast, these mutants bound DADMe-ImmH, a mimic of a late transition state, nearly as
well as the native enzyme. These results indicate thaPHisrves an important role in the early stages

of transition-state formation. Whereas mutation of?isesulted in little variation in the PNPADMe-
ImmH-SO, structures, His257PkenmH-PO, showed distortion at the 'fhydroxyl, indicating the
importance of H-bonding in positioning this group during progression to the transition state. Binding
isotope effect (BIE) and kinetic isotope effect (KIE) studies of the rembfidFor the arsenolysis of
inosine with native PNP revealed a BIE of 1.5% and an unexpectedly large intrinsic KIE of 4.6%. This
result is interpreted as a moderate electronic distortion toward the transition state in the Michaelis complex
with continued development of a similar distortion at the transition state. The mutants His257Phe,
His257Gly, and His257Asp altered the 3 intrinsic KIE to —3, —14, and 7%, respectively, while the
BIEs contributed 2, 2, anet2%, respectively. These surprising results establish that forces in the Michaelis
complex, reported by the BIEs, can be reversed or enhanced at the transition state.

Determination of the transition-state structure of enzymatic contributes to th&/K KIE (2, 3). Measurement of both BIEs
reactions allows for the design of tight binding transition- and KIEs permits resolution of binding distortion and bond
state analogue inhibitors. These transition-state mimics candistortions due to chemistry at the transition state.
subvert the energetics that govern formation of the enzymatic  The determination of BIEs to help interpret KIE data has
transition state to achieve binding orders of magnitude recently been applied to thymidine phosphorylase (TP), in
stronger than that of substrate. The transition-state structuresyhich a large secondafH KIE of 6.1%, remote from the
of enzymatic reactions have frequently been established byreaction center, had been fourd).(The correspondingH
measuring kinetic isotope effects (KIE$jom the competi-  BIE was subsequently measured to be 6.0%, accounting for
tive reaction of isotopically labeled substrates. These isotopethe entireV/K KIE (2). Human purine nucleoside phospho-
effects orkca/Km, often termed//K KIEs (1), are a powerful  rylase (HsPNP) catalyzes the mechanistically similar revers-
tool in establishing bond vibrational differences between jble phosphorolysis of purines (e.g., inosine) to yield ribose
reactants free in solution and at the transition state. Unfor- 1-phosphate and free nucleobase (e.g., hypoxanthine). By
tunately, they do not distinguish isotope effects arising from determining the KIEs for the HsPNP-catalyzed arsenolysis
chemistry at the transition state from those generated in thereaction (Figure 1b), Lewandowicz and SchranBndeter-
Michaelis complex (Figure 1a). Equilibrium binding isotope mined the transition-state structure, indicating that the
effects (BIEs), however, can be measured in separatereaction proceeds via anSlike mechanism. As in TP, a
experiments to determine the extent to which binding |arge remote secondary-3H KIE of 6.2% was determined
for HsPNP. The same question is therefore raised: Is this
T Supported by National Institutes of Health Grants GM41916, KIE due primarily to binding interactions or to changes
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Ficure 1: (a) Relationship among BIE//K KIE, and intrinsic KIE using purine nucleoside phosphorylase (PNP) as a model. Ino is
inosine, Hx hypoxanthine, and R1As ribose 1-arsenate. (b) Arsenolysis reaction catalyzed by purine nucleoside phosphorylase, including
the Syl1-like transition state. Unlike the analogous phosphorolysis reaction, arsenolysis is irreversible due to the instability of the ribose
1-arsenate product, which rapidly hydrolyzes. N7 of the leaving group has been depicted as being protonated at the transition state, as this
has been demonstrated to be a common mechanistic feature in PNP and other nucleoside phosphorylases and 3ij)drolases (

H using samples and methods described previo&s9)( The

| /} resulting plasmid was transformed into TOP10Rkemically
His257 competentEscherichia colicells (Invitrogen) and grown

overnight on LB agar plates containing 10@/mL ampi-

cillin. Plasmids isolated from positive transformants were
characterized by restriction analysis using Hindlll and Xbal
(New England Biolabs). The sequence of the HsPNP gene,
including a stop codon prior to the C-terminal histidine tag
of the TOPO vector, was confirmed by automated DNA
sequencing (Albert Einstein College of Medicine, Bronx,

FIGURE 2: Proposed role of H#87 in formation of the transition NY). .
state, featuring dynamic compression of the-©G4 —Op oxygen Mutants were prepared according to the protocol of the
stack. The oxygen stack is represented by hashed bonds connectin@uikChange site-directed mutagenesis kit (Stratagene). Oli-
bolded atoms, and arrows indicate promoting vibrational modes. gonucleotide pairs that were used to introduce mutations into
Dashed bonds represent hydrogen bonds or partial bonds. DynamiGhe forward and reverse directions are listed below, with the
motion in the enzyme active site pushes’' @&d the phosphate : . . '
oxygen toward the ring oxygen, leading to increased electron density Mutated nucleotides underlined. Primers used for the
in the center of reactivity. This contributes electron density to  His257Gly mutant were'SCTGGAGAAGGCCAACGGT-
weaken the N9-C1' bond, enhances hypoxanthine’s leaving group  GAAGAAGTCTTAGCA-3 (forward) and 5TGCTAA-
ability, and forms the developing ribooxacarbenium ion. GACTTCTTCCACCGTTGGCCTTCTCCAG 3(reverse).
contribute to catalysis dynamically, with vibrational com- Primers used for the His257Phe mutant werSECTG-
pression of the three oxygen atoms providing electron density GAGAAGGCCAACTTTGAAGAAGTCTTAGCAGCTG-
that enhances the leaving group ability of the purine base 3' (forward) and 5CAGCTGCTAAGACTTCTTCAAAGT-
through stabilization of the oxacarbenium-like transition state TGGCCTTCTCCAGGC-3(reverse). Primers used for the
(Figure 2). We have also investigated the role of?Mis  His257Asp mutant were LTGGAGAAGGCCAACGAT-
through mutagenesis to evaluate the corresponding kineticGAAGAAGTCTTAGCAGC-3 (forward) and 5GCT-
and structural impacts. X-ray crystal structures with bound GCTAAGACTTCTTCATCGTTGGCCTTCTCCCAG-3re-
ImmH and DADMe-ImmH, transition-state analogues for verse). All mutations were confirmed by automated DNA
HsPNP, reveal distortion of thé-®H when H-bonding to  sequencing.
this group is removed. The-8H V/K KIEs and BIEs on the Overexpression and Purification of PNP MutanfBhe
native and mutant enzymes were determined to establish th@yo57G and H257F recombinant plasmids were transformed
relatiV(_e contributions to catalysis provided by formation of 40 BL21Star(DE3) chemically competeft coli (Invitro-
the Michaelis complex and subsequent changes at thegen) and the His257Asp recombinant plasmid was trans-
transition state. formed into BL21AI(DE3) competent cells (Invitrogen).
MATERIALS AND METHODS Positive trans.fo'rmants from overnightlir_lcubation on LB agar
plates containing 10Qug/mL ampicillin were used to
Site-Directed Mutagenesi$he PCR product for HSPNP  inoculate 10 mL cultures grown overnight in LB containing
was cloned into the pCR-T7/CT-TOPO vector (Invitrogen), 100 xg/mL ampicillin at 37°C with shaking at 200 rpm.
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The overnight cultures were pouredartt L of LB medium mutant crystals were flash-cooled without cryoprotection.
containing 10Qug/mL ampicillin and grown at 37C with X-ray diffraction data were collected at a wavelength of
shaking at 225 rpm until an Qi of 0.5-0.7 was reached. 1.1 A on a Quantum 315 CCD detector using synchrotron
Cells were induced for overexpression for8h at 37°C radiation at beamline X29A at the Brookhaven National

by addition of either 0.1% lactose (His257Gly and His257Phe) Synchrotron Light Source. Data were reduced using the HKL
or 0.2%L-arabinose (His257Asp). Cells were harvested at package 11). HsSPNP mutants were crystallized in the same
4000 rpm for 30 min and stored at“€ overnight. Cell space group as the native apoprotein. The structures of the
pellets were resuspended ir6 mL of lysis buffer [50 mM native HsPNP apo form cocrystallized with DADMe-ImmH
Tris-HCI (pH 8.0) containing one Complete protease inhibitor (PDB entry 1RSZ)or ImmH (PDB entry 1RR6) were used
cocktail tablet (Roche Applied Science) per 50 mL and as starting models for the refinement using CN) (or
~1 mg of DNase [] per gram of pellet weight and lysed by REFMACS5 (13), respectively. Mutated side chains were built
sonication (5 min at 20% duty cycle, power level 6, 400 into the density map using Q4) and COOT {5). The final
Watts) on ice. The cell lysate was clarified by centrifugation models with DADMe-ImmH include residues—284,
at 18 000 rpm for 30 min. DADMe-ImmH, and two sulfate ions for each monomer,
The clarified cell lysate was loaded at 2 mL/min onto a while the final models with ImmH contained residues2B6,
140 mL column of Q-Sepharose Fast Flow resin (Amer- one ImmH, and one phosphate for each monomer. The model
sham), pre-equilibrated with buffer [50 mM Tris-HCI (pH  exhibits good stereochemistry as determined by PROCHECK
8.0)]. After being washed with 2 column volumes of buffer (16). The structures have been submitted to the Protein Data
at 4.6 mL/min, the desired protein was eluted with a linear Bank as entries 2A0W, 2A0X, and 2A0Y for His257Gly,
salt gradient (buffer containing-®0.25 M NacCl, applied over  His257Phe, and His257Asp, respectively, with DADMe-
6 column volumes). Fractions containing the mutant enzyme ImmH and 20C9, 20N6, and 20C4, respectively, with
were identified by SDSPAGE, pooled, and concentrated |ImmH. Data collection and structure refinement statistics are
by ultrafiltration with a 400 mL Amicon stirred cell [10 kDa listed in Table 1.

molecular mass cutoff, Millipore], followed by a 15 mL gia54y.State Kinetic Assays and Inhibition StudBsta-

centrifugal filter (10 kDa moleculgr mass cutt_)ff, Millipore). lytic activity was measured in 50 mM potassium phosphate
The concentrated enzyme solution [approximately 20 mg/ (PH 7.4) at 25°C, using a xanthine oxidase-coupled assay,

ML by Aggo, @ssumingezgo = 28 830 M'* cm™* (10)] Was  as previously describedl), but with the inclusion of
then rapidly frozen in liquid nitrogen and stored-e80 °C. 5.0 mM dithiothreitol. The molar extinction coefficient for

Purified proteins were found to beg5% pure_by SD_S uric acid formation at 293 nm was taken to be 12 900'M
PAGE, and the presence of the correct amino acid sub- -1 (18). Histidine-tagged native and untagged mutant

stitutions was confirmed by electrospray ionization mass ein concentrations were determined by the absorbance
spectrometry: His257Gly, 32061 Da (C"’,‘ICd 32067 Da); 51280 nm using extinction coefficients of 31 650 and 30 160
His257Phe, 32 154 Da (calcd 32 157 Da); and His257Asp, M~* cm™%, respectively, which were calculated from their

32123 Da (ca!cd 32125 -D.a).. S . protein sequenced ). Inosine and inhibitor concentrations
Overexpression and Purification of Histidine-Tagged Wild- were determined spectrophotometrically using eag of

Type HsPNPNative human PNP was expressed and purified 7100 M-t cm-2 (pH 6) (20) and anesg; of 9540 M-t cmL

gs th% I:-terminal histidine-tagged fusion as previously (4 7y 21) respectively. Inhibitor dissociation constants for
escribe .5)'. the phosphorolysis of inosine were based on initial and
Crystallization The HsPNPDADM_e-ImmH-SO4 cry;tal . equilibrium reaction rate measurements with varied inhibitor
complexes were prepared by hangmg-drop vapor diffusion concentrations (typically 2.0 nM to 2/M). Reactions were
at 18°C _by mixing _th_e protein solution @L of a 2(.) ”?9’ performed in the presence of 5.0 mM dithiothreitol at fixed
mL SOIU.“O”) containing DADMe-ImmH (1:1.5 s_t0|ch|or_n- inosine concentrations of 1.0, 5.0, 5.0, and 15.0 mM for
etry) with an equal volume of the reservoir solution e HsPNP, His257Phe, His257Gly, and His257Asp,
containing 100 mM sodium citrate (pH 5'.0) and 1.4 M respectively. Reactions were initiated by the addition of PNP
(NH,4):SC, (Hampton) and equilibrating against 1.0 mL of to final concentrations of 0:51.5 nM. In most cases, the

tk;e reservorr solutlon.dT?)e H_sttF_’Nﬁ\de-PO4 crysdtf'# com- b inhibitor concentration was at least 10-fold greater than the
PIEXES t\;]vere ptre_zparel " y sl Lm% “2)8 var/)orL : lu?on y enzyme concentration, as required for simple analysis of
mixing the protein solution (LL of a 20 mg/mL solution) g onset tight-binding inhibitior). When this condition

containing ImmH anq PO(each 1.5 stoichiometry with . could not be satisfied, corrections were made to compensate
respect to protein) with an equal volume of the reservoir for the concentration of bound inhibito23)

solution containing 100 mM NaOAc (pH 4.6) and 4.0 M ) 5 ) L i
NH4OAc and equilibrating against 8@L of the reservoir Synthesis of [5 H]Irjossme_ and [3-*“Clinosine. To a
solution. Crystals appeared in 2 days and grew to the Solution of 50QuCi of [5'-*H]uridine (33 nmol, 15 Ci/mmol,
maximum size of 0.3 mnx 0.3 mmx 0.3 mm. Diffraction ~ Moravek Biochemicals) in 5QL of 10 mM Tris-HCI
from the HsPNP mutant crystals is consistent with space (PH 8.0) was added 1,0L of E. coli thymidine phospho-
groupR32 (a=b = 142 A, andc = 166 A), with a monomer rylase (1 unit, S_|gma), 5.@L of HSPNP (11 units of a
in the asymmetric unit\(y = 4.7 A¥Da; 76% solvent 32 mg/mL solution), and 1.0L of 1.0 mM hypoxanthmg
content). (Sigma). Note thakE. coli TP accepts uridine as an alternative
Data Collection and Structure RefinemardsPNPDADMe- substrate. After incubation for 10 min at room temperature,
ImmH-SO, mutant crystals were transferred to a cryopro-
tectant composed of crystallization solution containing 20% 2 ca- is the carbon linking C4o N'. The analogous atom in inosine
glycerol and flash-cooled at178 °C. HsSPNPImmH-PO, is the ring oxygen, 04




Remote Contributions to Catalysis in Human PNP Biochemistry, Vol. 46, No. 17, 20056041

Table 1: Data Collection and Structural Refinement Statistics

His257Gly His257Phe His257Asp
DADMe, SO, ImmH, PQ DADMe, SO, ImmH, PQ, DADMe, SO, ImmH, PQ,
(2A0W) (20C9) (2A0X) (20N6) (2A0Y) (20C4)
space group R32 R32 R32 R32 R32 R32
unit cell (A)
a 141.881 142.441 141.764 143.011 142.467 143.386
b 141.881 142.441 141.764 143.011 142.467 143.386
c 166.399 168.765 166.172 168.324 166.029 168.457
Data Collection
resolution (A) 50-2.28 30-2.60 50-2.28 30-2.50 50-2.28 306-2.60
no. of reflections
total 267740 128876 265893 151918 262079 142541
unique 29413 19978 29401 21634 29445 20554
completeness (%) 99.9 (99.9) 97.2 (75.8) 99.9 (100) 94.5 (83.3) 99.9 (99.6) 99.3 (94.6)
Rmerge(%0) 4.6 (19.6) 6.9 (39.9) 6.2 (36.4) 6.6 (37.8) 5.1 (56.4) 7.1(55.1)
Structural Refinement
Reryst (%) 233 19.4 22.7 20.5 243 20.0
Riree (%) 25.4 24.0 25.1 24.6 26.7 24.7
no. of amino acids 282 284 282 286 282 286
no. of ligands 1 DADMe,2S® 1ImmH,1PQ 1DADMe,2SQ 1IlmmH,1PQ 1DADMe,3SQ 1ImmH,1PQ
no. of waters 79 48 60 50 46 53
Root-Mean-Square Deviation
bonds (A) 0.007 0.024 0.007 0.022 0.007 0.029
angles (deg) 1.33 2.2 1.33 2.14 1.31 2.62
Ramachandran Plot
most favored regions 89.5 87.6 90.8 88.7 87.9 84
additional allowed regions ~ 10.1 10.7 8.8 105 11.7 13.9
generously allowed regions 0.0 1.3 0.0 0.4 0.0 1.7
disallowed regions 0.4 0.4 0.4 0.4 0.4 0.4

[5'-3H]inosine was obtained in 98% purity by reverse-phase  cpM(‘C) = cPMypanneist CPMenannels X

HPLC [5% methanol in 50 mM ammonium formate (pH 4.0) (14C channel ratio) (2)

at 1 mL/min] using an analytical C18 column (Deltapak,

Waters). The specific radioactivity of the starting material where {‘C channel ratio) is the ratio fC counts in channels
suggests it is a mixture of &R and 3-Smonolabeled epimers. A and B for a control compound, [C]glucose. The spectral
[5'-1“C]Inosine was prepared from [BC€]glucose as previ-  windows are set such that no counts frék appear in

ously describeds). channel B. The ratios 6H to “C were determined for both
Kinetic |Sot0pe Effect Measurement€lEs were deter- the 30% reactions and the 100% reaction, and the KlES,

mined as described by Lewandowicz and SchraBm[§'- adjusted to 0% reaction, were calculated according to eq 3

*H]Inosine and [5'“Clinosine were mixed at a ratio of 3:1 In(1 — )

and subjected to arsenolysis using 50 mM Tris-HCI (pH 7.5), KIE = ——7_ (3)

50 mM NgHAsO, (Sigma), 250uM carrier inosine, and In(l B fﬁ)

HsPNP. Reactions, monitored by reverse-phase HPLC R,

equipped with a photodiode array detector, were allowed to

proceed until approximately 30% conversion. A one-third wheref is the fraction of reaction progress as determined by
volume aliquot was removed and allowed to react to 100% HPLC andRs andR, are the ratios of heavy to light isotope
completion. The remainder was divided into two equal after partial and complete reaction, respectively. The forward
volumes and quenched by application to charcoal spin commitment factor for HsSPNP of 0.147 was previously
columns (100 mg of activated charcoal in a Qiagen DNA determined §).

purification spin column, previously washed with 1 mL of Equilibrium Binding Isotope Effect MeasuremerB$Es

10 mM p-ribose in 10% ethanol). The labeled ribose was were determined as described by Lewis and Schramm using
eluted with 5x 0.5 mL of 10 mMp-ribose in 10% ethanol, the ultrafiltration methodZ4, 25). To a solution of 50 mM
mixed with 7 mL of scintillation fluid (National Diagnostics ~ Tris-HCI (pH 7.4), 500 mM ammonium sulfate, and-16
Liguiscint), and counted for at least five cycles of 10 min 18uM inosine (>5:1 [5-2H]inosine:[3-“Clinosine ratio by
each. disintegrations per minute) was added-® M HsPNP

The count rate was averaged over all cycles, andithe 0 @ final volume of 32%L. Three 100uL aliquots were

and “C emissions were separated according to the Spectraremoved and added to the upper wells of the ultrafiltration

of standardC samples in identical matrices according to aPparatus, and 22 psp,Mas applied for 6690 min or until
egs 1 and 2 approximately half of the solution had passed through the

dialysis membrane (10 kDa molecular mass retention limit)

c m(3H) —c _c « into the lower well. From both upper and lower wells,
P PMenanneia™ CPMEnanneis 25 ul of solution was sampled using a Hamilton syringe

(**C channel ratio) (1) and added to 1 mL of water in a scintillation vial. Ten
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Table 2: Steady-State Kinetic Parameters of HsPNP antHikitants

Km (uM) Keat (1) Keal Km (M~1579)
enzyme value x-fold change value x-fold change value x-fold change
native PNP 40 1 56 1 1.4x 106 1
His257Al& 210 5 16 4 7x 10 20
His257Phe 3212 8 6.55+ 0.07 9 (2.05+ 0.10) x 10* 68
His257Gly 750+ 60 19 1.75+ 0.04 32 (2.3:0.2) x 1¢° 610
His257Asp 1350t 130 34 1.30+ 0.05 41 (9.6+ 1.3) x 1? 1460

aValues obtained from re27.

milliliters of scintillation fluid (National Diagnostics  reaction and thereby assess its importance in binding and
Liquiscint) was added, and the samples were counted for atcatalysis, this residue was mutated individually to glycine,
least five cycles of 5 min each. phenylalanine, and aspartate. The His257Gly mutant was
Spectral deconvolution oH and'“C was performed as  expected to eliminate bonding of hydrogen to théyadroxyl
described previously using &C standard in a matrix  group of the substrate and to reduce the steric effects in its
identical to the BIE samples. The BIE was then calculated immediate proximity, possibly allowing it to rotate with less
as the quotient of the ratio 8fC to*H bound to the enzyme  restriction. The His257Phe mutant would also remove
(Rp) and free in solutionk). R, was determined according hydrogen-bonding to thefydroxyl group but would retain
to eq 4: steric bulk and hydrophobicity in this region of the active
1 £ site. Finally, the His257Asp mutant would retain the pos-
R, = (ﬁ)R’“ — (EC)Rf (4) sibility of H-bonding to the 5hydroxyl group while intro-
ducing only a minor decrease in size. These mutants were
wheref is the fraction of substrate unbound in the upper tested for their catalytic and structural properties, as well as
well, which is taken as the ratio 8H below the membrane their isotopic discrimination.

to that aboveR,, is the“C:3H ratio above the membrane, Steady-State Kinetics of H#¥ Mutants. The effects of
R is the ratio below the membrane, aRgis the isotopic ~ His?®’ mutation on the steady-state kinetics of inosine
ratio of bound substrate. phosphorolysis were determined (Table 2), and all three

Commitment to CatalysiShe isotope trapping method, mutants exhibited compromised catalysiskin (inosine),
similar to previously reported methods, was used to deter- keay and keofKpy. In comparison to the native enzyme,
mine the commitment to catalysid,(5). A pulse solution His257Phe gave an 8-fold increase Ky and a 9-fold
containing 50 mM Tris-HCI (pH 7.4), 260M [5'-'Clinosine decrease itk.a: As this mutant lacks H-bonding ability yet
(ca. 16 cpm), and 3QuM His257Phe, 20M His257Gly, retains significant catalytic activity, it is clear that the H-bond
or 200 uM His257Asp was prepared and allowed to between Hi¥’and the Shydroxyl of inosine is not essential.
equilibrate at room temperature for 2 min. Ten microliters This notion is further supported by the observation that 5
of this solution was then added to 20D of a chase solution ~ deoxyinosine is a substrate for PNE). The kinetic values
containing 50 mM Tris-HCI (pH 7.4), 10 mM unlabeled of His257Phe are similar to those obtained by Ealick and
inosine, and varying concentrations of sodium arsenate co-workers for His257Ala (Table 2)27). Therefore, it
(from 1 uM to 100 mM). After approximately 6 s, the appears that PNP has some tolerance for hydrophobic side
reaction was quenched by the addition of&0of 1 M HCI. chain substitutions at this position, likely due to the existence
[5'-*C]Ribose generated in the reaction was isolated by of hydrophobic neighboring residues within the ribose-
passing the mixture through charcoal colum®d %0 mg of binding cleft, including Val260, Leu261, and Phe200, as well
a 1.6 charcoal/cellulose mixture), preequilibrated with 20 mM as Phel59 from the adjacent monomer.
ribose in 10% EtOH, and eluted with 2.75 mL of this Removal of the side chain on residue 257, as in the
solution. Seven milliliters of scintillation fluid was added, His257Gly mutant, results in a more pronounced catalytic
and the samples were counted for 1 min each. Controlsimpairment, with 19- and 32-fold changes k&, and keas
measured the amount of ribose formed under the samerespectively. The resulting 610-fold decrease in catalytic
conditions but either without enzyme or without arsenate. efficiency (ke./Km) compared to that of native HSPNP is
The forward commitment factor was determined by plotting likely due to the elimination of stabilizing interactions either

[*“C]ribose/[“Clinosingeeasedagainst [AsQ], where FC]- with substrate via H-bonding or with neighboring residues
iNosingeleasediS the amount of inosine in the pulse solution via hydrophobic packing.
not converted to ribose, given by eq 5: Intriguingly, His257Asp, the mutant that conserved the 5
OH H-bond with the native enzyme, suffered the greatest
[Ino], [E] - [Rib] (5) impact on catalysis. The increase K&, from 40 uM to

Ino =]
(1Nl eteased™ [Ino], + K, 1.35 mM, combined with the 41-fold decreaséig resulted

) S ] in a drop in catalytic efficiency by a factor of 1400. The
where [Ino}, is the total inosine in the pulse solution and g pstitution of a carboxyl group for the imidazole side chain
Km and [E] are the Michaelis constant and enzyme concen- ot histidine introduces a functional group with a lowe€.p
tration for the mutant protein, respectively. As a result, the electrostatic environment surrounding the

5'-OH is made more negative, and the H-bond strength

RESULTS AND DISCUSSION between this hydroxyl group and residue 257 may have been
To examine the contribution of Hi¥ to the unusually  altered. That the negative charge in the active site is not
large 3-°H kinetic isotope effect observed in the PNP tolerated well is supported by the observation that activity
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the presence of DADMe-ImmH and sulfate, a mimic of the

N [ N o phosphate nucleophile. Structures of these mutants, obtained
\ N/) LY N/) at 2.3 A resolution, were determined by molecular replace-
26h AN ment using the previously obtained structure of the native
31A protein® All three are highly similar to native HsPNP,
OH OH o, OH 0PO, OH  OH with rms deviations of 0.140.17 A in the backbone
ImmH DADMe-ImmH §-deoxy-ImmH o-carbons, and with only small differences in the active site
FiGURe 3: Transition-state analogue inhibitors of HsPNP. ImnmH  (Figure 5a). In mutant and native PNP structures with
and DADMe-ImmH are shown with their respective'€C9 (N1 — DADMe-ImmH, the orientation of the’SOH group of the

C9) and C1-0Op distances. Inhibition by'sdeoxy-ImmH was also

tested in this study for comparison with the Hsmutants. bound transition-state analogue is unchanged. As previously

observed with the homologous PNP fravtycobacterium
in this mutant increases at more acidic pH values (maximal tuberculosis (29), the 60 O5—C5—-C4—C4" dihedral
at pH 6.3), where the neutral form of the side chain is more anglé of DADMe-ImmH positions the 50H group in a
favorable. synorientation with respect to the ring, thereby placing O5
Inhibition of Hi¥5” Mutants by Transition-State Analogues. within 3.1 A of C4’ (Figure 5b). This angle is conserved
Immucillin-H (ImmH; Figure 3) and DADMe-Immucillin-H  even in the His257Gly and His257Phe mutants, where no
(DADMe-ImmH) are tight-binding transition-state analogue H-bond to O5 is apparent. Similarly, this 60dihedral
inhibitors of HsPNP, exhibiting slow-onset inhibition with angle is found in the structure of native HsSPNP complexed
dissociation constant&¢) of 58 and 11 pM, respectively.  with inosine @0), indicating that the orientation of the
The greater affinity for DADMe-ImmH is attributed to  5'-OH group is the same for bound inosine and DADMe-
placement of the cationic charge at the anomeric position ImmH. The invariant dihedral angle in these bound
and to increased separation between the sugar ring andigands suggests that the orientation of the hydroxyl
leaving group (2.6 A vs 1.6 A for ImmH), characteristics may be a preferred geometry for these molecules and
which allow DADMe-ImmH to more closely resemble may not be altered by the surrounding protein environ-
HsPNP’s dissociative oxacarbenium ion transition state ment. This notion is supported by structural studies of
(Figure 1b) 28). When DADMe-ImmH was tested with each  inosine and other nucleosides, in whiclsymconformation
of the Hig>” mutants, it was found to givi§* values between  has been found to be statistically predominant for the
270 and 950 pM (Table 3). After we account for differences molecule free in solution31—35); however, the energetic
in K, among the variants, this yields,/K; values from barrier to full rotation at this position of inosine is estimated
337 000 to 2 800 000, all within a factor of 11 of the native to be less than 9 kcal/mol in water, which is similar in
value of 3 700 000. Thus, DADMe-ImmH binds nearly as magnitude to the barrier governing cyclohexane chair
tightly to the mutants as to native HsPNP. In contrast, flipping (36).
differences of as much as 370-fold ka/K; were observed The Hig%” mutants were also crystallized with ImmH and
with ImmH (Table 3). Simple competitive inhibition occurred phosphate, and the resulting structures were determined by
with these mutants with ImmH, in contrast to the slow-onset molecular replacement with the native structtihe contrast
inhibition kinetics exhibited with the native enzyme to the case with DADMe-ImmH, the mutant complexes bind
(Figure 4). This finding reveals the importance of #lsn ImmH in differing orientations (Figure 6a). The ImmH-bound
the early progress toward the transition state, which is His257Gly complex did not differ significantly from the
mimicked by the molecular electrostatic structure of ImmH. native form (Figure 6b), though the G5C5—C4—N4'
As mentioned earlier, the H-bond to Piishas been proposed dihedral angle closed slightly from 590 57 (Figure 7).
to steer the 50H into alignment with O4and the oxygen  The His257Phe mutant was found to bind ImmH in a poorly
of the approaching nucleophile. In the later stages of the ordered manner (Figure 6d). Electron density was absent for
reaction coordinate, which is better mimicked by DADMe- the 3-hydroxyl group, and the inhibitor could be adequately
ImmH, this residue apparently plays a diminished role, and modeled with the iminoribitol moiety rotated such that the
interactions at the reaction center become more significant.5'-hydroxyl points toward the phosphate molecule. Addition-
Specifically, the ion pair between sulfate (a mimic of the ally, whereas the phenyl ring of Péwas shifted away
phosphate anion) and the DADMe-ImmH cation is more from DADMe-ImmH (pink in Figure 6d), it was found to
favorable than that with ImmH (NO distances of 3.1 and have moved closer to ImmH (blue in Figure 6d). The
3.7 A, respectively). His257Asp mutant (Figure 6c), though maintaining
To verify the importance of the interaction between®fis  the overall protein structure, greatly altered the orientation
and the 5-hydroxyl for tight-binding inhibition with ImmH, of the B-hydroxyl, decreasing the dihedral angle to°14
5'-deoxy-ImmH (Figure 3) was tested with HsSPNP and the (Figure 7). This places O%lirectly above N4in a nearly
mutant proteins. This inhibitor bound to native PNP with eclipsed geometry reminiscent of the hypothetical oxygen
345-fold less affinity K; = 20 nM) than ImmH and did not  stack. The aspartate residue in this mutant may have
exhibit slow-onset inhibition (Table 3). However, the native polarized the Shydroxyl, to increase its electronegativity
Kn/Ki of 2000 for B-deoxy-ImmH is the same as that for and promote its interaction with the positively charged.N4
His257Phe with ImmH. Intriguingly, the mutant proteins When the structural changes imposed on ImmH due to
bound 5-deoxy-ImmH up to 9-fold better than ImmH, mutation of Hi$>" are taken in light of the poor binding of
perhaps reflecting favorable hydrophobic interactions with this transition-state analogue observed in the inhibition
the 5-methyl group.
Structures of Hi&’ Mutants Complexed with DADMe- s\ ghj, A. Lewandowicz, P. C. Tyler, R. H. Furneaux, S. C. Almo,
ImmH and ImmH Each Hig%” mutant was crystallized in  and V. L. Schramm, unpublished results.
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Table 3: Dissociation Constants of Transition-State Analogues with HsPNP affd Migants

DADMe-ImmH ImmH 5-deoxy-ImmH
Km/Ki Km/Ki Km/Ki
enzyme  Ki*2(pM) value  x-fold change K;(nM) Ki* (pM) value x-foldchange K{"(nM) value x-fold change
native 10.7£1.1 3700000 1 a 57.9+ 1.5 690000 1 20.0.9 2000 1
His257Phe  95& 60 337 000 11 17216 b 1860 370 19.8: 1.0 16200 8
His257Gly 270+ 20 2800 000 1 11.609 b 68100 10 7.4 0.6 97000 93
His257Asp 900t 100 1 500 000 2 8&7 b 15700 45 54+ 3 25000 12

a2The weak inhibition phaseK() was observed but too short to quantitate, so only the slow-onset, tight-binding pgsis feported.” No

slow-onset phase was observed.
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Ficure 4: Inhibition of native HSPNP and His257Phe by ImmH.
(a) Slow-onset inhibition measured for native HSPNP in the

presence of ImmH at the indicated concentrations. Hypoxanthine

formation is monitored by conversion to uric acid by a xanthine

oxidase-coupled assay. In the inset, the rate during incubation for

100—-120 min with inhibitor ¢;) relative to that of an uninhibited
sample (o) is plotted against the inhibitor concentration to calculate
the dissociation constank;*. Panel b shows the corresponding
plots for His257Phe with ImmH.

studies, it is clear that Hi%' is important for the enzyme as
the reaction approaches the transition state.

Intrinsic Kinetic Isotope Effects from V/K Kinetic Isotope
Effects and Binding Isotope Effect§inetic isotope effects
have been useful in the elucidation of transition-state
structures forN-ribosyltransferase reaction87 38). Al-
thoughV/K KIEs are used in determining these structures,
they do not differentiate isotopically sensitive binding events

ing bond distortion and polarization upon binding from that
occurring in the transition stat89).

The importance of distinguishing BIEs frowiK KIEs is
particularly applicable for remote isotope effects. Although
KIEs are not expected for atoms that are several bonds
removed from the reactive center, remotéltd KIEs have
been measured in sevefdlribosyltransferases and hydro-
lases, including TP 4), pertussis toxin, cholera toxin,
diphtheria toxin 40—43), nucleoside hydrolase44), and
mammalian PNPs5( 45). The V/K 5-3H KIE of 5.4%
previously determined for HSPNP was calculated as an
“intrinsic” KIE of 6.2% with the assumption that there are
no isotopically sensitive steps aside from the chemical event.
This large KIE has been attributed to distortions in the
vibrational modes of the C5H bonds that occur during the
progression from the unbound substrate to the transition state
(5). The BIE analysis of TP by Birck and Schramg) 4),
however, highlights the importance of determining the
relative contributions to the/K KIE that are attributable to
isotopic discrimination during formation of the Michaelis
complex.

The intrinsic KIE from the chemical nature of the transi-
tion state is a function of the/K KIE and the BIE, both of
which can be determined experimentally using appropriate
competitive experiments with isotopically labeled substrates
(Figure 1). For this scheme, assuming the chemical step is
irreversible (i.e.,ky and reverse commitment;, = 0),
the V/IK KIE, symbolized asT(V/K), is related to the
equilibrium BIE (Keg) and the intrinsic KIE Tks) by eq 6
(39, 46):

TKeq ks + Tk, Cy

T —
VK =—"77¢

(6)

where Tk; is the intrinsic KIE for binding andC; is the
forward commitment to catalysis, defined lkafk,. In cases
whereC; is low, theTk;C; term in eq 6 can be approximated
within experimental error a€x,* yielding eq 7:

T T
Keg K3+ C
T _ eq "3 f

VIK)=—Fc— c (7)

4The unprecedented measurement of a kinetic isotope effect on
binding would not significantly change the results and interpretations

from chemistry at the transition state. Binding isotope effects of this study. ATk, similar in magnitude to the BIEs would result in
are usually small and are often ignored, especially when largecalculated’k; values of 1.044, 0.962, 0.845, and 1.070 for native PNP,

isotope effects are being considered. However, when second
ary deuterium or tritium isotope effects are used to establish
a transition-state structure, BIEs are valuable for distinguish-

His257Phe, His257Gly, and His257Asp, respectively, corresponding

to changes of 0.2, 0.6, 1.4, and 0.1%, respectively. Thus, for all but
His257Gly, which has the largest forward commitment, the assumption
of a unity Tk; is within experimental error.
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Ficure 5: Crystal structures of HsSPNP and Ffamutants complexed with DADMe-ImmH and $@a) The superposition of the monomeric
structures of the four HsPNP H# variants reveals very few differences in the position of DADMe-ImmH (cyan) at the active sites.
Secondary structural elements are colored redxfbelices, yellow for3-sheets, and green for random coils. (b) Dihedral angle between
the O3—C5 and C4—C4" bonds in PNP-bound DADMe-ImmH. The model is viewed down the-@C3 bond.

Thus, the intrinsic KIE on the chemical step of interest is These factors are (1) polarization of thehydroxyl group
obtained through the determination of ¥M# KIE, the BIE, and (2) its orientation relative to one of the 'EH
and the forward commitment. o*-orbitals, both of which cause significant changes in the

5'-3H Binding Isotope Effects and Kinetic Isotope Effects C5—H bond length, as illustrated by Lewis and Schramm
on HsPNP.The competitive binding of [5*H]inosine and  through computational analysis of a 2-propanol/formate
[5'-14C]inosine to HSPNP was assessed in the presence ofnodel (Figure 8a) Z4). They demonstrated that as the
sulfate, a phosphate analogue that precludes phosphorolysig-i-bonding partners are brought closer together, theHO
Normal BIEs of 2% were determined for the native enzyme, bond becomes more polarized, resulting in a decreased bond
His257Phe, and His257Gly (Table 4), indicating that [5 order in the adjacent €H bond. This causes a normal
IHJinosine binds more tightly than [SHJinosine, and isotope effect, the magnitude of which increases as the
therefore, the vibrational environment of therfydrogen(s)  distance between H-bonding partners decreases. Lewis and
has become less constrained in the Michaelis complex. In Schramm further showed that alteration of the conformational
contrast, a small but inverse BIE of2% was found for orientation of the hydroxyl group (HC—O—H torsional
His257Asp, indicating an increased constraint upon the 5 angle in 2-propanol) causes significant changes-iti®ond
hydrogen(s) such that the tritiated substrate is slightly stretching and bending force constants (Figure 8b). Depend-
preferred in the Michaelis complex. Note that because theing on the dihedral angle, the oxygen’s lone pair orbitals
labeled substrate exists as a mixtureRf @nd ©)-[5'-3H]- may hyperconjugate with the €H antibonding orbitals,
inosine, the observed isotope effects are averages of eaclyiving rise to normal isotope effects, or they may overlap
stereoisomer, and therefore, their origin cannot be assignedooorly, leading to inverse isotope effects. Thus, contributions
to a single molecular orbital. from polarization and hydroxyl orientation may work in

CompetitiveV/K KIEs and forward commitment factors ~ concert or opposition to yield normal or inverse BIEs and
were measured for the three Pismutants (Table 4), as  KIEs.
performed previously with the native enzym).( The Although the 1.5% BIE found with native HsPNP can be
intrinsic KIEs for all four enzymes were calculated from the explained by the H-bond to Hi%, this interaction cannot
VIK KIEs and BIEs by eq 7. Native HsPNP and the be invoked for the BIEs of the mutant proteins. His257Gly
His257Asp mutant gave large normal intrinsic KIEs of 4.6 and His257Phe lack H-bond potential for theh§droxyl,
and 6.9%, respectively, whereas His257Phe and His257Glyand although His257Asp retains H-bond capability, it exhibits
exhibited inverse isotope effects 6f3.2 and —14.1%,  aninverse BIE. Therefore, the orientation of thengdroxy!
respectively. These results indicate that although the nativemust be a dominant factor in the Michaelis complex. Since
enzyme retains its preference for the lighter isotopologue the BIEs of native HsPNP, His257Gly, and His257Phe are
throughout catalysis, the mutants undergo a reversal ofsimilar, the dihedral angle between thieHk or 5-Hs and
preference during progress from the Michaelis complex to the O3—H bond is proposed to be similar in their respective
the transition state. Michaelis complexes. The generation of the BIE involves

Although the origin of the 5°H isotope effect may be an increased level of hyperconjugation relative to that of
more complicated than what can be explained by presentunbound inosine in solution. In the case of His257Asp,
theory, two features at this position have been demonstratechowever, bond polarization is likely the dominant factor, as
in model systems to contribute to remote isotope effects. supported by the ImmH structural data. This would result in
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Ficure 6: Crystal structures of HsSPNP and Fismutants complexed with ImmH and RQ@) The superposition of the monomeric
structures of the four HsSPNP H¥ variants reveals differences in the orientation of ImmH (cyan) at the active sites. Secondary structure
elements are colored red farhelices, yellow for3-sheets, and green for random coils. The overlays of the active site regions of native
HsPNP and (b) His257Gly, (c) His257Asp, and (d) His257Phe show small changes in the region surroundihgdhex$l of the bound

inhibitor. Side chains of selected active site residues within 3.2 A of ImmH have been included. Carbon atoms of these side chains and of
the inhibitor are colored green for native HSPNP and cyan for the mutant proteins. Phosphate molecules bound to the native and mutant
variants are colored yellow and black, respectively. Water molecules have been excluded for clarity. (e) Superposition of His257Phe
DADMe-ImmH-S0O, (magenta) and His257PHmmH-PQ, (cyan) complexes showing the differences in the positions of*Phad the

ligand. For the Phe mutant in panels d and e, only one of the two most probable orientations of ImmH has been illustrated; in this case, the
phosphate ligand cannot be conclusively located.

poorer n— ¢* orbital overlap and the generation of an transition state of PNP, while the transition state of TP has
inverse BIE. S\2 character. These mechanistic distinctions will result in
The intrinsic KIEs were larger than the corresponding positional and H-bonding environmental differences for the
BIEs, indicating that theV/K KIEs are dominated by 5'-hydroxyl.
transition-state chemistry, rather than binding of inosine. This  The intrinsic KIEs for HsPNP and the H¥ mutants
finding is in contrast to TP, where the BIE was found to be reveal a dichotomy where enzyme variants capable of
equal to theV/K KIE (2). The difference may be related to H-bonding to the Shydroxyl, native HsSPNP and His257Asp,
the Syl-like mechanism involving an oxacarbenium ion give rise to normal KIEs, while those incapable of H-
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Table 4. 5-°H Kinetic Isotope Effect and Binding Isotope Effect

Data
enzyme V/IK KIE BIE Ct intrinsic KIE
native PNP 1.054- 0.002 1.015+ 0.003 0.14% 1.0464 0.004

His257Phe 0.99% 0.003 1.022t 0.004
His257Gly 0.925+ 0.005 1.024t 0.006
His257Asp 1.046- 0.004  0.98Gt 0.005

aValue reported in reb.

0.30H0.010 0.968t 0.005
0.600+ 0.021 0.859+ 0.007
0.042£ 0.002 1.069+ 0.007

His257Phe mutants can be rationalized by the combined
effect of the lack of polarization due to the absence of
H-bonding as well as a decrease in electron density &t O5
during formation of the transition state. As hypothesized in
the dynamic mechanism of PNP catalysis (Figure 2),i©5
moved toward O4to form an oxygen stack that destabilizes
electrons on O4and leads to the developing oxacarbenium
ion. This donation of electron density from the lone pair
electrons causes a further decrease in the level of hypercon-

His257Asp

Ficure 7: Dihedral angle between the G8C5 and C4—N4'

bonds of ImmH bound to native HsPNP, His257Gly, and His257Asp.

The models are viewed down the '€&4 bond.

jugation to the C5-H o*-orbitals, resulting in an inverse
KIE.

CONCLUSIONS

» H B Detailed atomic information of enzymatic transition-state
0 structures is important for understanding the reaction mech-
HaC CH, )J\ HaC CHs anism and for the development of transition-state analogue
O—h---ut & 0 H ~~H inhibitors. Investigation of the interactions between %is

— and the 5hydroxyl in HSPNP through mutagenesis and
Hi:Eonding dietanos subsequent kinetic and structural studies has revealed new
FIGURE 8: 2-Propanol/formate model of Lewis and Schran@#, ( information about the remote contributions to catalysis.

(35)) Cfi(')f: %stillmatinlg thf ?ﬁeCtS ?PE (38, h&(drogertl bondﬁdisttangﬁ at”d Further, combined analysis of BIEs and KIEs has enabled
ihedral angle rotation on the binding isotope effects. Shorter . : PN . -
H-bonds cause an increased level of polarization, which enhancesthe resolution of distortion in the Michaelis complex from

hyperconjugation between the oxygen’s lone pair electrons and thelNtrinsic isotope effects as a result of transition-state chem-
antibonding orbital of the adjacent bond. Dihedral angles that  istry. Together, these experiments have provided a more

increase or decrease the degree of overlap of the oxygen’s lonedetailed understanding of the enzymatic mechanism (Figure
Ioa|r Iorl?nr?l with thga*—ot(bltal give “St.e t(l) an m(;:rtc?]ase(fj or decreasedlt 9). The enzyme approaches the transition state throughHis
iﬁv:ithoer ggﬁ:g?rgf?n&\‘lggérgzrt’gg‘;v:ffﬁc?g erefore may resu dirgcted dynamic movement of thé-Bydroxyl over o4
which promotes the departure of hypoxanthine by the
bonding, His257Gly and His257Phe, result in inverse KIEs. movement of electrons toward CJApproach to the dis-
This observation suggests that polarization of thé-®b sociative transition state initially proceeds through a point
bond may dominate over other factors. In particular, the at which the relative electron deficiency of the incipient
dihedral angle of DADMe-ImmH bound at the catalytic site oxacarbenium ion is localized more at ‘©dnd the hypox-
of native HsPNP and all mutants is the same, but the anthine is closer to the ribose than the phosphate nucleophile.
differences in BIEs establish differences in the vibrational As the phosphateribose distance decreases and the hypox-
environment and/or bond polarization. Substitution of an anthine-ribose distance increases, there is a shift in the
aspartate residue, a stronger H-bond acceptor than histidinepositive charge localization to C1These two stages of
results in a larger intrinsic KIE and strengthens this proposal. transition-state development are analogous to ImmH and
The inverse intrinsic KIEs observed for the His257Gly and DADMe-ImmH, which are known to mimic early and later

Dihedral angle

NH NH NH - NH
> [ [ 0 (>
. . + O . 7 H . N
H|5257 N (0] H|5257 N5 H HI$257 N N NH H|8257 N 4 | )NH
\ v " T !
H o NS - <P;+| NH Hoo G H NN
o) <N » 05 &8 N/) 0 N">N o)
.. N | ] /
0 /4 O/ o/ : 0
HO HO HO HO HO Hoa}O PO HO HO O~POs
“0-PO,4 L 5 O—PO; s

Ficure 9: Mechanism of the HsPNP reaction illustrating the role ofHid he H-bond between N\of His?®” and the 5-hydroxyl polarizes

OS5, which is steered toward Q4This electron density loosens theakygen’s lone pair electrons, which interact with the antibonding

orbital of the C1—N9 bond. Further along the reaction coordinate, as the bond to the leaving group is largely broken, significant positive
charge density is localized at CFormation of a bond to the nucleophile completes the phosphorolysis reaction. N7 of the leaving group

has been depicted as being protonated at the transition state, as this has been demonstrated to be a common mechanistic feature in PNP an
other nucleoside phosphorylases and hydrola3@s (
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transition-state structures, respectively. These experiments 14.

expand on the nature of intrinsic KIEs and the transition state
for PNP. The inhibitory characteristics of the transition-state
analogues ImmH and DADMe-ImmH are better defined

through these results.
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